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1 Overview

This project develops control strategies for a future in which multi-agent systems, typically composed of
groups of UAVs or other robotic platforms, execute military missions currently performed by humans. While
such systems will be guided by humans, this human guidance should be “high level,” typically by setting
objectives for the systems; all the low-level task planning should be performed autonomously by the agents
themselves. The objective of this project is to design methods for doing this well for a wide array of network
control objectives.

Our benchmark multi-agent control problems are formation control, leader-following, allocation of a
divisible resource such as bandwidth, and cooperative estimation/learning. These were chosen due to their
cross-cutting applicability throughout many application domains. However, these applications were treated
within a general optimization framework so that the advances within this project are “portable” to problems
beyond those considered here.

Over the past decade many researchers in the field of multi-agent control have been developing dis-
tributed controllers for accomplishing many diverse network objectives, including those we study here. This
proposal builds on that work to focus on a number of directions making network control faster, more re-
silient, and scalable. Specifically, we are interested in three thrusts. First, can we scale multi-agent control
to thousands of agents or even more? Many multi-agent control protocols tend to break down by slowing
down as the number of agents grows. Secondly, can we design multi-agent control strategies that are resilient
to perturbations and noise, even in the regime when the number of agents is large? Finally, at a general level,
multi-agent control strategies solve network-wide optimization problems; can we design strategies that solve
such problems in a way that is competitive with the best centralized method? In other words, we want to
design distributed controllers that perform as well as a a hypothetical centralized decision maker that has
access to all the information in the network one place. The ensuing sections detail progress on each of these
thrusts.

2 Scalability

How well does multi-agent control scale with the number of agents? One natural metric is the number of
“rounds,” where each round consists of each agent sensing the position of neighboring agents, exchanging
messages with the same agents, and then moving to a new location. How many rounds does it take n agents
to come close to an objective across a collection of useful tasks such as formation control, leader following,
cooperative learning, or resource allocation?

It is common to consider protocols which, on a network of n agents, take O(n?) and O(n*) rounds, as
scalable. This intuition comes from computer science, where a round is typically a computation; but in
multi-agent control, a round involves a position adjustment. An algorithm which took, for example, 1’
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rounds would, in a network of 100 agents, take 100,000 position adjustments, making it quite impractical
in most real-world situations.

The mathematical tool used in many multi-agent control is the so-called consensus problem, and in pa-
per [J1] we developed a protocol for the consensus problem which takes O(n) rounds on a network with
n agents. This immediately leads O(n) protocols for formation control, leader-following, as well as coop-
erative learning as well as general models of distributed optimization. This is orders of magnitude faster
compared to all previous control strategies for multi-agent systems.

We illustrate these results in the figures below. Figure 1 shows formation control on the 2D grid, while
Figure 2 shows formation control on the 3D grid. The ensuing Figure 3 and Figure 4 show convergence
times for these formations, using our proposed formation control strategies, as a function of the number of
nodes. The linear scalability is easily seen on both graphs. For example, 200-300 position adjustments
suffice for both of these formations even when the number of nodes is in the thousands.

Figure 1: Formation control: 2D grid formation Figure 2: Formation control: 3D grid formation

3 Noise Resilience

A classic line of research within control shows that large interconnected system may be “brittle” in the
sense of being destabilized by small perturbations. Examples of this phenomena date to work in the 1960s
on so-called “string instability.” In recent years, the same phenomenon was observed for multi-agent control
systems.

Our main advance on this thrust is a precise understanding of just how resilient a formation is with respect
to noise. We consider a formation control protocols defined on a undirected graphs G, in which every node
knows what the position of its neighbors should be in its own coordinate system. Formation control can then
be done in a distributed way by performing gradient descent on the function Y, ;wi;||pi — p; — rijl ]%, where
pi is the position of node i while r;; is the desire offset between nodes i and j, and w;; are weights which
are nonzero whenever an edge exists in G between i and j. This is the standard model for formation control
from offsets — but how resilient is it with respect to noise?

In the paper [J4] we showed that a formation control with independent noise with variance o at each
node will converge to a neighborhood of the optimal formation, with expected square distance of 62K to
the closest formation. Here K is the so-called Kemeny constant, defined as the expected time to reach a
random node in the Markov chain with weights w;;. The novelty of this result is that it is an equality: we
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exactly characterize the limit of the square distance to the closest formation. All previous work, to the PIs
knowledge, had only succeeded in bounding this quantity, in contrast to the exact characterization developed
in this project.

This characterization immediately provides guidelines about scalable formations. For example, as dis-
cussed in [J4], for a star graph on n nodes we have that K = O(n) while for a binary tree on n nodes we have
K = O(logn). In other words, the binary tree formation is exponentially more resilient to noise than the star
formation! We illustrate this finding empirically in the next set of figures. Figures 5 and 6 show formation
control on the star graphs; as it can be seen, this is not scalable, and the performance degradation in going
from 7 to 127 agents is severe. On the other hand, Figures 7 and 8 show us the same formation control
protocol on the complete binary tree, where we see a more graceful degradation, in line with our theoretical
predictions.

More broadly, our characterization of resiliency of formation control in terms of the Kemeny constant
allows us to make the same calculations for any formation. By identifying the key quantity which measures
noise resilience, we are able to separate formations which scale well from formations with scale poorly; a
table of formations with associated scalings may be found in [J4].

4 Optimality

A lot of multi-agent control boils down to solving an optimization problem: a global set of positions must
be agreed upon which need to be optimal for a certain cost/objective, and this agreement can only take
place as a consequence of local actions. To that end, we study general distributed protocols for optimization
problems. The benchmark problems in this thrust are cooperative estimation and cooperative learning.

Supposing that node i collects a certain amount of data, and consequently knows a function f;(w) which
fits how well the model w fits the data at node i, the nodes want to collectively agree of a minimizer of

Fw) =Y fiw). m
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Figure 6: Formation control on the star graph

Figure 5: Formation control on the star graph with 127 nodes with noise.
with 7 nodes with noise.

In words, the nodes want to find a parameter w which fits all the data across all the nodes. The catch is that
only node i knows its local function f;(w).

The generality of the model allows it to be used in many application domains. For example, f;(w) could
denote how well a neural network with weights w explains that data collected by node i. Our work in this
model focuses on training support vector machines (SMVs), but it could be useful even for much simpler
estimation problems.

A sequence of papers produced by the PI analyzed methods to minimize F (w) in a network. In [J2] the
first method which converges geometrically over time-varying graph was given. In [J5], a special case of
this problem was studied where (the dual of) F'(w) represents the best way to allocate a divisible resource,
such as bandwidth, across a network. The conference papers [C2] and [C5] represented conference versions
of this work. The final outcome of this line of research was the development of an asymptotically network
independent method in the paper [J6], which we describe next.

To explain the significance of our advances, we begin by observing that, to minimize Eq. (1) over a
network of n agents results in two competing effects. On the one hand, a host of real-world problems
(e.g., node crashes, message losses, delays, asynchrony, time-varying networks) will create less-than-perfect
coordination among nodes. On the other hand, the total computing power has been multiplied by a factor n,
at least relative to a hypothetical single processor that has access to all the data in one place. Obviously the
first effective is negative while the second effect is positive. In all past research on the topic, the first effect
has outweighed the second: distributed optimization methods were worse than their centralized counterparts.
In his past work, the PI has often referred to this as the price of decentralization.

As a result of this project, this is no longer the case. In particular, the paper [J6] developed an optimiza-
tion method for Eq. (1) which, after a transient period, exhibit the same performance as a centralized method
with the same total processing power as all the nodes in the network combined. This has been accomplished
under the assumption that the functions f;(w) are strongly convex with Lipschitz gradients. It is this property
that we refer to as asymptotic network independence, meaning that, after a transient, the network does not
matter.

We illustrate these results in Figure 9 and Figure 10 for the problem of distributed training of an SVM.

4
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Figure 7: Formation control on the tree graph Figure 8: Formation control on the tree graph
with 7 nodes with noise. with 127 nodes with noise.

The classification problem itself is showed in Figure 9; the goal is to find a binary linear classifier to separate
the orange and blue points in the regime when there is a small but non-negligible amount of overlap. This
problem can easily be solved using a variety of centralized methods. The key question for us is how well it
can be solved with distributed methods.

Our asymptotically network independent method is simulated in Figure 10. The orange line in Figure 10
represents the performance of the best centralized training procedure — that is, of a hypothetical centralized
processor that has access to all the functions fi(w),..., fu(w). The dark blue line represents the performance
of the distributed methods. As can be seen, during an initial transient period the dark blue line is far above
the orange line; but, over time, the dark-blue line catches up, and in the end the distributed and best possible
centralized are indistinguishable. Finally, the light blue line represents disagreement among the various
nodes (demonstrating that, in fact, several distinct classifiers are found by different nodes of the system).

5 Outreach

The PI wrote three tutorials as a part of this project:

e The paper [J3] was provided new and simple proofs of basic facts in distributed optimization. The
paper was a self-contained introduction to the field. Published in the Proceedings of the IEEE, the
paper was written with the goal of making the field accessible to a wider array of researchers.

e The papers [C3] and [C4] accompanied tutorials given at the IEEE Conference on Decision and Con-
trol. While [C4] explained how much of multi-agent control can be done in linear time (see Section 2
for details), [C3] focus on one application area — distributed learning — and explained the repercussion
of the results in Section 4 for that application domain. The goal of both papers was to popularize the
outcomes of research done within the scope of this project.

6 Papers produced by this project

Papers are listed in inverse chronological order. All authors are always in alphabetical order.
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