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Abstract:

This paper extends off-policy reinforcement learning to the multi-agent case in which a set
of networked agents communicating with their neighbors according to a time-varying graph
collaboratively evaluates and improves a target policy while following a distinct behavior policy.
To this end, the paper develops a multi-agent version of emphatic temporal difference learning
for off-policy policy evaluation, and proves convergence under linear function approximation.
The paper then leverages this result, in conjunction with a novel multi-agent off-policy policy
gradient theorem and recent work in both multi-agent on-policy and single-agent off-policy
actor-critic methods, to develop and give convergence guarantees for a new multi-agent off-
policy actor-critic algorithm. An empirical validation of these theoretical results is given.

Keywords: consensus and reinforcement learning control, adaptive control of multi-agent
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1. INTRODUCTION

The field of multi-agent reinforcement learning (MARL)
has recently seen a flurry of interest in the control and
machine learning communities. In this paper, we consider
the distributed MARL setting, where a set of agents
communicating via a connected but possibly time-varying
communication network collaboratively perform policy im-
provement while sharing only local information. Important
recent theoretical works in this area include Kar et al.
[2013], where the communication network is incorporated
into the underlying model, Zhang et al. [2018b,a], where
the theoretical basis for distributed on-policy actor-critic
methods is established, Chen et al. [2018], Lin et al. [2019],
where progress is made in developing communication-
efficient algorithms for this setting, and Doan et al. [2019],
where key finite-time results for the multi-agent case are
obtained. However, in order for methods based on these re-
cent developments to find widespread future use in impor-
tant potential application areas — e.g. multi-player games,
multi-robot motion planning, and distributed control of
energy networks — the development of theoretical tools
enabling principled design of data- and resource-efficient
algorithms is essential.

* All proofs have been omitted due to space considerations and can
be found in Suttle et al. [2019]. This research was supported in part
by ONR MURI Grant N00014-16-1-2710, in part by the US Army
Research Laboratory (ARL) Cooperative Agreement W911NF-17-2-
0196, and in part by the Australian Research Council under grants
DP-130103610 and DP-160104500, and Data61-CSIRO.

Copyright lies with the authors

Off-policy reinforcement learning with importance sam-
pling correction is an active research area that has recently
been leveraged to develop data- and resource-efficient re-
inforcement learning algorithms for off-policy control. In
such methods, an agent seeks to evaluate or improve a
given target policy by generating experience according
to a distinct behavior policy and reweighting the sam-
ples generated to correct for off-policy errors. Algorithms
incorporating these methods include Retrace(A) (Munos
et al. [2016], Espeholt et al. [2018]), which use importance
sampling to enable reuse of past experience and more
intelligent use of multi-processing and parallel computing
capabilities. The theory underlying importance sampling-
based off-policy methods is relatively well-developed. An
off-policy extension of the well-known temporal differences
(TD(X)) algorithm for policy evaluation (Sutton [1995]),
called the method of emphatic temporal differences or
ETD()), has been developed and shown to converge under
linear function approximation (Yu [2015], Sutton et al.
[2016]). Following the foundational policy gradient theo-
rem of Sutton et al. [2000] for the on-policy case, recent
efforts in the area of off-policy policy improvement include
Gu et al. [2017], as well as Maei [2018], which builds off the
off-policy policy gradient theorem of Degris et al. [2012] in
the tabular case to prove convergence of the actor step
under linear approximation architectures. Building on the
off-policy policy evaluation results in Yu [2015] and Sutton
et al. [2016], Imani et al. [2018] provides an off-policy
policy gradient theorem using the emphatic weightings
that are central to ETD()), and describes an off-policy
actor-critic algorithm based on their result.
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Given the usefulness of off-policy methods in the devel-
opment of data- and resource-efficient algorithms for rein-
forcement learning, it is clear that extending such methods
to distributed MARL is essential, since such methods can
be used to help mitigate slower convergence rates inherited
from the distributed setting. In this paper, we present a
new off-policy actor-critic algorithm for distributed MARL
and provide convergence guarantees. Our algorithm uses
a novel multi-agent consensus-based version of ETD())
for the critic updates and relies on a new multi-agent off-
policy policy gradient theorem using emphatic weightings
to enable each agent to compute its portion of the policy
gradient for the actor updates. The reader can find empir-
ical results validating our theoretical guarantees in Suttle
et al. [2019]. Though the area of off-policy actor-critic
methods for distributed MARL is new, and the results
we provide in this paper are novel, a very recent work in
off-policy actor-critic MARL (Zhang and Zavlanos [2019])
based on gradient temporal differencing (see Lagoudakis
and Parr [2003]) appeared within a few days of the first
version of our current paper becoming available. We leave
comparison of our ETD-based approach and the GTD-
based approach in Zhang and Zavlanos [2019] as an im-
portant future direction.

2. MODEL FORMULATION

The multi-agent reinforcement learning problem is for-
mulated as a Markov decision process (MDP) model
on a time-varying communication network. Let N =
{1,...,n} denote a set of n agents, and let {Gi}ieny =
{(WNV, &) }ien denote a possibly time-varying sequence of
directed graphs on AN, which depicts the neighbor rela-
tionships among the agents. Specifically, (j,7) is an edge
in (G; whenever agents j and ¢ can communicate. Then,
(S, A, P,{r*}ien, {Gi}ien,y) characterizes a networked
multi-agent discounted MDP, where S is the shared state
space, A = [[icn A' is the joint action space (which is
assumed to be constant, and where A’ is the action space of
agent 1), P : S xS x A — [0,1] is the transition probability
function, r* : § x A — [0,1] is the local reward function
for each agent ¢ € N, the sequence {G;}ien describes the
communication network at each timestep, and v € (0,1)
is an appropriately chosen discount factor.

We assume that the state and action spaces are finite.
We also assume that, for each graph G;, there is an
associated, nonnegative, possibly random weight matrix
C; that respects the topology of G, in that, if (i,7) ¢ &,
then [Cy];; = 0. Several important assumptions about
the sequence {C}}ien will be made explicit in Section 6.1
below. Finally, let 7111 denote the global reward generated
at time ¢t + 1, and let 7 : S x A — R be given by

7(s,a) = %Zi@vri(s,a) = E[fty1 | 8¢ = s,a¢ = al.

Recall that a policy function v : A x S — [0,1] leads
to a conditional probability distribution v(-|s) over A for
each element s € S. For a given policy v, the state-value
function is

oo
0u(5) = Bows [ 30" e | 1= 5]
k=1

which satisfies

v, (s) =Y vlals) Y P(s'ls,a)[F(s, a) +yv,(s)].
acA s’'es
The action-value function is

(s,a) = Y P(s']s,a)(F(s,a) + v, ().
s’es
Let each agent i € N be equipped with its own local
behavior policy p? : A* x § — [0,1]. For each i € N,
let 7), : A® x S — [0,1] be some suitable set of local
target policy functions parametrized by 6° € ©°, where
©' C R™ is compact. We further assume that each
mh: is continuously differentiable with respect to 6. Set

0 =1[0F,...,051T. Define

u:H,u,i:AXS—HO,l} a.ndTl'gZHﬂ';i :Ax S —[0,1].
i=1 i=1

These correspond to the global behavior function and
global parametrized target policy function, respectively.
Assume that p’(a’ls) > 0 whenever ), (a’[s) > 0, for all
i€ N, all (a’,s) € A" x S, and all §° € ©. For all § € O,
assume that the Markov chains generated by 7y and p are
irreducible and aperiodic, and let d,,d,, € [0, 1]'5I denote
their respective steady-state distributions, i.e. d,(s) is the
steady-state probability of the my-induced chain being in
state s € S, and similarly for d,(s).

Finally, let each agent be equipped with a state value
function estimator v, : S — R parametrized by w’ € Q,
where @ ¢ RM M € N,M > 0 is parameter space
shared by all agents. This family of functions will be
used in the following to maintain a running approximation
of the true value function for the current policy. We
emphasize that each agent maintains its own local estimate
w’ of the current value function parameters, but that
all agents use identical approximation architectures, i.e.
v, = v, whenever w'® = w/. In the case of general
approximation architectures, it is only required that v,, be
a suitably expressive approximator that is differentiable in
w, such as a neural network. In our convergence analysis,
however, we assume the standard linear approximation
architecture v, (s) = ¢(s)Tw, where ¢(s) is the feature
vector corresponding to s € S.

3. EMPHATIC TEMPORAL DIFFERENCE
LEARNING

Given our use on ETD(])), it is helpful to summarize the
basic form of single-agent ETD(A) with linear function
approximation in this section. We are given a discounted
MDP (S, A, P,r,v), target policy = : A x S — [0,1],
and behavior policy p : A x S — [0,1], with # # pu.
It is assumed that the steady-state distributions d.,d,,
of 7, 1 exist, and that the transition probability matrices
that they induce are given by Py, P,. The goal is to
perform on-line policy evaluation on 7 while behaving
according to p over the course of a single, infinitely long
trajectory. This is accomplished by carrying out TD(\)-
like updates that incorporate importance sampling ratios
to reweight the updates sampled from p to correspond
to samples obtained from 7. At a given state-action pair

(s,a), the corresponding importance sampling ratio is
m(als)

given by p(saa) = n(als)?

with the assumption that if

1576



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

m(als) > 0, then p(als) > 0, and the convention that
p(s,a) = 0if p(als) = w(als) = 0.

The work Yu [2015] proves the convergence of ETD())
with linear function approximation using rather general
forms of discounting, bootstrapping, and a notion of state-
dependent “interest”. First, instead of a fixed discount rate
v € (0,1), a state-dependent discounting function v : S —
[0,1] is used. Second, a state-dependent bootstrapping
parameter A\ : S — [0, 1] at each step is allowed. Finally,
Yu [2015] include an interest function ¢ : S — Ry that
stipulates the user-specified interest in each state.

Let ® € RISI¥* be the matrix whose rows are the feature
vectors corresponding to each state in S, and let ¢(s)
denote the row corresponding to state s. Given a trajectory
{(st,a¢) beew, let ¢r = d(s¢), pe = p(s¢,ae),ve = Y(5¢), At =
A(st), and r4 = r(s¢, as). An iteration of the general form of
ETD(A) using linear function approximation is as follows:

Wit = wi + Qgpres(Teg1 + Yep100 W — OF wi),

where the eligibility trace e; is defined by

et = Mvepr—1€i—1 + Moy,
and M, is the emphatic weighting given by

My = Mi(s¢) + (1 = M) Fy, Fy = vepe—1F—1 +i(sq).

The stepsizes {a; }en satisfy the standard conditions «y >
0,5, ap = 00,5, a7 < oo, and (eg, Fy,wp) are specified
initial conditions, which may be arbitrary. We refer the
reader to Sutton et al. [2016] for an intuitive description
and complete derivation of ETD(A). It is important for
our purposes, however, to recognize the projected Bellman
equation that it almost surely (a.s.) solves, as well as the
associated ordinary differential equation (ODE) that it
asymptotically tracks a.s.

Following Yu [2015], let S = {s1,..., Sk} be an enumera-
tion of S. Define diagonal matrices I' = diag(vy(s1), . ..
and A = diag(A(s1),...,A(sg)). Let rr € R* be such that
its j-th entry is given by r(s;,m(s;)), and define
A —1
P} =1—(I-PTA)" (I - P.T),
rp = (I —PTA) 're
Associated with ETD(A) is the generalized Bellman equa-
tion Sutton [1995], Yu [2015]
_ A A
v=rz.,+ P v,

with unique solution which we denote by v,. ETD())
solves the projected Bellman equation

v = H(Tﬁ,'y + PTi\,'y’U)v (1)
where v is constrained to lie in the column space of @,

and II is the projection onto colsp(®) with respect to the
Euclidean norm weighted by the diagonal matrix
T — T A y—1
M= dla‘g(dp,i(j - Pﬂ',’y) )7
where d,, ;(s;) = du(s;) -i(s;), for j = 1,..., k. It does
this by finding the solution to the equation
Dw+b=0, (2)
where w € R is the element in the approximation
space R* corresponding to the linear combination ®w €
colsp(®), and D and b are given by
D=—-0"M(I-P})®, b=®"Mr)_.

When D is negative definite, ETD() is proven in Yu [2015]
to almost surely find the unique solution w* = —D7'b

;7 (8k))

of equation (2) above, which is equivalent to finding the
unique element ®w* € colsp(P) solving (1).

In our extension of ETD(A) to the multi-agent case, we
make the notation-simplifying assumptions that ~(s) =
€ (0,1) and A(s) = A € [0,1], and i(s) = 1, for all s € S.

4. MULTI-AGENT OFF-POLICY POLICY
GRADIENT THEOREM

Following Degris et al. [2012] and Imani et al. [2018], when
performing gradient ascent on the global policy function,
we seek to maximize

Tu(0) = du(s)vr, (5). (3)

ses

For an agent to perform its gradient update at each actor
step, it needs access to an estimate of its portion of the
policy gradient. In the single-agent case, Imani et al. [2018]
obtains the expression

Vodu(0) =Y _mls) Y _[Vem(als)lgn, (s, a),
seS a€A
for the policy gradient, where m(s) is the emphatic weight-
ing of s € S, with vector form m’ = dE(IfPQ_,Y)*l, where

Py € RISIXIS has entries given by

Py (s,8") = Z mo(als)P(s'|s, a).
acA

Recall that 6% is the parameter of the local target policy
wgi, Vi € N. We will henceforth use the shorthand g to
refer to the action-value function g, of policy 7y. Building
on the work in Imani et al. [2018] and Zhang et al. [2018b],
which themselves are built on Sutton et al. [2000], for the
multi-agent case we obtain the following expression for the
off-policy policy gradient in the multi-agent case, the proof
of which can be found in Suttle et al. [2019]:

Theorem 4.1. The gradient of J,(0) defined in (3) with
respect to each 0 is

Vi J,.(0) = Zm(s) Z 7 (als)qe(s, a)Ve: log mp: (a’|s).

seS a€A
(4)

It is also possible to incorporate baselines similar to
those in Zhang et al. [2018b] in this expression, and the
derivations are similar to those in that paper.

Let p¢, Fy be as in the previous section, and let 6; = r{, | +
VUi (St+1) — vyi(st) denote the temporal difference of the
actor update at agent ¢ at time ¢. For the actor portion
of our algorithm, we need a slightly different emphatic
weighting update than that in ETD()), corresponding to
the update used in Imani et al. [2018]. Define

MS =1 =X+ N F =14 XNyp_1F_1.

In the actor portion of our algorithm given in the next
section, we will be sampling from the expectation

Ep[peM{ 6,V g log my (ars:)] (5)
and using it as an estimate of the policy gradient at each

timestep. To see why sampling from (5) might give us an
estimate of the desired gradient, note that, for fixed 6,

Z 7o (als)ge(s, a)Vgi log myi (a'[s)
acA
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= > nlals)po(s, a)as (s, a) Vi log mh (a']s).
a€cA
To justify this sampling procedure, it is also important to
note that, given the true gp, for policy my,, such sampling
leads to unbiased estimates, i.e.

> m(s) Y do, (st,a0) Vi (aflse)

ses acA
= Eu[Pth(Sivei logwéi (a¢]se)]. (6)

Proof of (6) in the single-agent case can be found in Imani
et al. [2018], and the multi-agent case is an immediate
consequence.

5. ALGORITHMS
5.1 Single-agent Algorithm

Before introducing our multi-agent algorithm, we first
describe the single-agent version. This is a two-timescale
off-policy actor-critic algorithm, where the critic updates
are carried out at the faster timescale using ETD(\), while
the actor updates are performed at the slower timescale
using the emphatically-weighted updates as in the previous
section. The form of the following algorithm is based on
Imani et al. [2018], but we choose an explicit method for
performing the w updates.

Let w € Q € RF and # € © C R! be the value function
and policy function parameters, respectively. For now, we
can simply take Q@ = RF and ® = R!. We will impose
conditions on them (O, in particular) in the Assumptions
section below. First initialize the parameters by setting
p =0, wo =e_1 =0, F .y =0, p_; = 1.1 In each
iteration, execute action a; ~ pu(-|s¢) and observe r;11 and
S¢+1, then update the emphatic weightings by

My =X+ (1-NEF, M} =1+ Xryp 1 Fia,

with F; = 1 + «vpy—1 F;_1. Finally, update the actor and
critic parameters using the emphatic weightings:

Wit1 = Wt + Bu,tpt (i1 + YV, (St41) — Vw, (5t))et,
Orr1 =01 + Bg,tpthVg log g, (at|st)dt,
where e; is given by e; = yAer—1 + MV, v, (st), and 6 =
Ti41 + YVw, (St41) — Uw, (s¢) is the standard TD(0) error.
It is important to mention that §; can also be regarded as

an estimate of the advantage function ¢ (s¢,at) — v (st),
which is the standard example of including baselines.

5.2 Multi-agent Algorithm

The overall structure of the multi-agent algorithm is simi-
lar to the single-agent version, with two key differences:
(i) the agents perform the critic updates at the faster
timescale using one consensus process to average their
current w estimates and an inner consensus process to
obtain the importance sampling ratios necessary to per-
form ETD()\) for the current “static” global policy; (ii)
each agent is responsible for updating only its own portion
of the policy gradient at each actor update at the slower
timescale.

I TImani et al. [2018] suggests A\Y = 0.9 as a default value. We
currently have no suggestions for A.

All agents are initialized as in the single-agent case. At
each step, each agent first performs a consensus average
of its neighbor’s w-estimates, selects its next action, and
computes its local importance sampling ratio. Specifically,
at the t-th iteration, agent i first receives @] _; from each
of its neighbors j € N;(i), executes its own action a} ~
i (+|st), and observes the joint action ay, its own reward
ri +1, and the next state s;1. Agent i then aggregates
the information obtained from its neighbors with the
consensus update wi = > ci-1(4,7)@]_;, and also
computes the log of its local importance sampling ratio
p; = log [Wég (aﬂst)/ui(aﬂst)].

Here ¢(3, j) is the communication weight from agents j to
1 at time ¢. For undirected graphs, one particular choice of
the weights ¢(4, j) that relies on only local information of

the agents is known as the Metropolis weights (Xiao et al.
[2005]) given by

iy §) = (1+ max{dy (), &y (5)]) ', Vi, J) € &,
aliyi)=1- > ali,j), YieN,
JEN ()
where N;(i) = {j € N': (4,1) € &} is the set of neighbors

of agent i at time ¢, and d;(i) = |[N¢(7)| is the number of
neighbors at time .

Next, the agents enter an inner loop and perform the
following, repeating until a consensus average of the orig-
inal values is achieved. In each iteration of the inner
loop, each agent i broadcasts its local p to its neighbors

and receives p] from each neighbor j € N;(7). Agent i
then updates its local log importance sampling ratio via
Pl > jen (i, j)pi. Such an iteration is repeated until
consensus is reached, and all the agents break out of the
inner loop. For directed graphs, the average consensus can
be achieved by using the idea of the push-sum protocol
Kempe et al. [2003]; see Liu and Morse [2012] for a detailed
description of the algorithm. After achieving consensus,

pi = p{ for all 4,5 € N. Notice that p! = %Z?:l log pt,
so that exp(npy) = exp(3_;_;logpi) = [ pf = pr =
7o, (ar|se)/palse).

Each agent then performs the local critic and actor up-
dates. For the critic update, agent i first computes the
emphatic weighting and the importance sampling ratio

My =X+ (1-\NF,,  p = exp(np)),

where F; is given by F; = 1 + yp;_1F;_1. Notice that
this update will be identical across agents. Then, agent 4
updates its critic parameter W] via

er = YAer—1 + MV, (se),
@f = wj + Buipidier,
where 8 = ri 4 + VUi (St+1) — vyi(se) is the TD-error

computed locally by agent i. The parameter w! is then
broadcast to all the neighbors in N (). Finally, for the
actor update, the emphatic weighting M? is obtained by

M} =14 Xryp_1F,
and the parameter of the local policy ﬂé is updated via
i1 = 0] + Bo.pe M Vi log Wég (st,a})0;.

A concise presentation of the algorithm is given below.
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Algorithm 1 Multi-agent Off-policy Actor-critic

Initialize 6 = 0,wp = e_1 = 0,F_1 = 0,p_; = 1,
for all i € N, the initial state sg, and the stepsizes
{Buttren, {Bo,t Hen.
repeat
for all i € A do
receive w;_, from neighbors j € N;(i)
Wi = D e n C—1(8, §)@7_y
execute al ~ p;(|s¢)
ﬂéz(ai\St)
Pt = Gl
pi = log p
observe 1¢, ¢, St41
repeat .
broadcast pi, receive p] from j € Ny (i)
p% — Zje/\/ Cf(%])pi
until consensus is achieved
pt = exp(np})
Fo=1+9pi—1Fi
er = yAer—1 + Mtvwvw;ﬁ(st)
Of = Tip1 + Wi (St41) — Vi (Se)
Wi = wy + Bu,tpidies
M} =14+ MNyp 1 F o
0i 1 = 0} + Bo..p MV gi log HCHERLY
broadcast @! to neighbors over network

end for
until convergence

6. THEORETICAL RESULTS

As is standard in two-timescale stochastic approximation
schemes Borkar [2009], in our convergence analysis we first
prove the a.s. convergence of the faster timescale updates
while viewing the slower timescale 6 and corresponding
policy mg as static, and then show the a.s. convergence
of the 6 updates while viewing the value of the faster
timescale w as equilibrated at every timestep. In our case,
we have the additional complications that experience is be-
ing generated by each agent i according to a fixed behavior
policy u?, the critic updates are achieved using a multi-
agent, consensus-based version of ETD(A), and we are
using an off-policy gradient sampling scheme in our actor
updates, but our convergence analysis still follows this two-
stage pattern: Theorem 6.1 provides convergence of the
critic updates, while Theorem 6.2 provides convergence of
the actor updates. See Suttle et al. [2019] for proofs as well
as an empirical evaluation of our theoretical results.

6.1 Assumptions

Assumptions 6.1.1, 6.1.2, and 6.1.3 are standard conditions
taken from Zhang et al. [2018b]. 6.1.4 is a standard
condition in stochastic approximation. 6.1.5 requires that
the behavior policy be sufficiently exploratory, and also
allows us to bound the importance sampling ratios py,
which is critical in our convergence proofs. 6.1.6 simplifies
the convergence analysis in the present work, but, as
mentioned above, the assumption can likely be weakened
or removed by carefully bounding the errors resulting

from terminating the inner loop after a specified level of
precision is achieved.

Assumption 6.1.1. For each agent i € N, the local 0-
update is carried out using the projection operator I'* :
R™ — ©' C R™:. Furthermore, the set © = [[;_, ©°
contains at least one local optimum of J,.(9).
Assumption 6.1.2. For each element Cy € {C}}ien,

(1) Cy is row stochastic, E[Cy] is column stochastic, and
there exists o € (0,1) such that, for any c,(i,j) > 0,
we have ¢(i,7) > a.

(2) If (i,5) ¢ &, we have ¢(i,5) = 0.

(3) The spectral norm p = p(E[CE(I — 11T /N)Cy))
satisfies p < 1.

(4) Given the o-algebra o(Cr,{ri}ica;T < t), Cp is
conditionally independent of T§+1 for each i € N.
Assumption 6.1.3. The feature matriz ® has linearly
independent columns, and the value function approximator

v,(8) = ¢(s)Tw is linear in w.
Assumption 6.1.4. Y, 1 = >, o = 00, >, B2, +

B3, <00, Boi=0(Bus), and lim o 25 =1,

Assumption 6.1.5. For some fized 0 < ¢ < ﬁ, we

have € < p(als), for all state-action pairs (s,a) € S x A.
Assumption 6.1.6. Fach agent performs its update at
timestep t using the exact value of p;.

6.2 Convergence

For the first step of our analysis we prove that, for a fixed
target policy mg and behavior policy i, when using linear
function approximation the multi-agent version of ETD(\)
given in the critic step of our algorithm converges in the
following sense: almost surely, each agent asymptotically

obtains a copy of the unique solution wy f v = D1
described in Section 3, which provides each agent with the
best approximator ®wy of the global value function vy for
the multi-agent MDP under policy mg. More concisely:

Theorem 6.1. Given a fized target policy mg and be-
havior policy p, multi-agent ETD(\) achieves consensus
a.s. when using linear function approximation, and, under
Assumption 6.1.3, the consensus vector is a.s. the unique
solution of (2).

For the second step of our analysis, we show that the vector
0, = [(09)" ... (Qf)T}T of the agents’ policy parameters
converges a.s. to an equilibrium point 6* of a certain ODE
((7) given below). Let

Ai = T§+1 + 7¢?+1W§ - @Twi, wi = Vyi log Wé;ﬁ(at|5t)7
and Gy = o(0,;7 < t) be the o-algebra generated by the
f-iterates up to time t. Define

Atg=rimt 7¢?+1W0 — ¢} we,

where wy is the limit of the critic step at the faster timestep
under target policy mg. We then have the following:

Theorem 6.2. The update
i =100 + BotpeM{ Ajn))) (7)

converges a.s. to the set of asymptotically stable equilibria
of the ODE

0" =T"(h'(9)), (8)
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where hi(0;) = ElpeM{ AL, i | G and T(h(z)) =
1im€w F(Jc+eiz(a:))—m ]

Theorem 6.2 is in the same vein as the classic convergence
results for single-agent actor-critic under linear function
approximation architectures Bhatnagar et al. [2009], Bhat-
nagar [2010], Degris et al. [2012]. For discussion of the def-

inition of I, see the section on the Kushner-Clark lemma
in Suttle et al. [2019]. It is important to note that, since
the approximation ®wy obtained during the critic step is
in general a biased estimate of the true value function vy,
the term p; M/ A’t'ﬂ(b% will usually also be a biased estimate
of the true policy gradient. However, given that the error
between the true value function vg+ and the estimate ®wy-
is small, the point 8* will lie within a small neighborhood
of a local optimum of (3), as noted in Zhang et al. [2018b].

7. CONCLUSIONS

In this paper we have rigorously extended off-policy actor-
critic methods to the multi-agent reinforcement learning
context. Based on these foundations, promising future
directions include exploring additional theoretical applica-
tions of multi-agent emphatic temporal difference learning,
practical and theoretical methods for handling Assump-
tion 6.1.6, empirical comparison of our algorithm with
other off-policy multi-agent reinforcement learning algo-
rithms, and the development of practical applications.
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