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ABSTRACT

Neural Temporal Difference (TD) Learning is an approximate temporal difference
method for policy evaluation that uses a neural network for function approxima-
tion. Analysis of Neural TD Learning has proven to be challenging. In this paper
we provide a convergence analysis of Neural TD Learning with a projection onto
B(fy,w), a ball of fixed radius w around the initial point . We show an approx-
imation bound of O(e + 1/+/m) where € is the approximation quality of the best
neural network in B(fy,w) and m is the width of all hidden layers in the network.

1 INTRODUCTION

Temporal difference (TD) learning is considered to be a major milestone of reinforcement learning
(RL). Proposed by Sutton| (1988)), TD Learning uses the Bellman error, which is a difference between
an agent’s predictions in a Markov Decision Process (MDP) and what it actually observes, to drive
the process of learning an estimate of the value of every state.

To deal with large state-spaces, TD learning with linear function approximation was introduced in
Tesauro|(1995). A mathematical analysis was given in|[Tsitsiklis & Van Roy|(1996), which shows the
process converges under appropriate assumptions on step-size and sampling procedure. However,
with nonlinear function approximation, TD Learning is not guaranteed to converge, as observed in
Tsitsiklis & Van Roy|(1996) (see also|Achiam et al.|(2019) for a more recent treatment).

Nevertheless, TD with neural network approximation, referred to as Neural TD, is used in practice
despite the lack of strong theoretical guarantees. To our knowledge, rigorous analysis was only
addressed in the three papers|Cai et al.|(2019); Xu & Gu|(2020);[Cayci et al.|(2021).

In|Cai et al.| (2019), a single hidden layer neural architecture was considered along with projection
on a ball around the initial condition; approximate convergence was proved to be an approximate sta-
tionary point of a certain function related to the linearization around the initial point. This result was
generalized to multiple hidden layers in|Xu & Gu|(2020), but this generalization required projection
on a ball of radius of w ~ m~1/2 around the initial point, where m is the width of the hidden layers.
Because the radius of this projection goes to zero with m, this effectively fixes the neural network
to a small distance from its initial condition. Both |Cai et al.| (2019); Xu & Gu| (2020) additionally
required certain regularity conditions on the policy. Finally,|Cayci et al.| (2021)) gave a convergence
result for a single hidden layer, also with a projection onto a radius of w ~ m~'/2 around the initial
point, but with the final objective being the representation error of neural approximation without
any kind of linearization. This result also required a condition on the representability of the value
function of the policy in terms of features from random initialization.

In this paper, we analyze Neural TD with a projection onto B(f, w), a ball of fixed radius w around
the initial point . We show an approximation bound of O(e+1/1/m) where € is the approximation
quality of the best neural network in B(fy,w). Our result improves on previous work because it does
not require taking the radius w to decay with m, does not make any regularity or representability
assumptions on the policy, applies to any number of hidden layers, and bounds the error associated
with the neural approximation without any kind of linearization around the initial condition.
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The main technical difference between our paper and previous works is the choice of norm for
analysis. We will describe this at a more technical level in the main body of the paper, but we
use a norm introduced by [Ollivier] (2018)), which is a convex combination of the usual /5-norm
weighted by the stationary distribution of the policy with the so-called Dirichlet semi-norm. The
later has previously been used in the convergence analysis of Markov chains (Diaconis & Saloff-
Coste| (1996); |[Levin & Peres| (2017)). It was shown in |Ollivier| (2018) that Neural TD is exactly
gradient descent on this convex combination of norms if the underlying policy is reversible.

In the case where the policy is not reversible, these results were partially generalized in [Liu &
Olshevsky| (2021)), where it was shown that TD Learning with linear function approximation can be
viewed as a so-called gradient splitting, a process which is analogous to gradient descent. We build
heavily on that interpretation here. Our main technical argument is that Neural TD approximates
the gradient splitting process at each step so that despite the nonlinearity of the approximation, an
improvement in approximation quality can be guaranteed unless the system is already close to the
best possible approximation over the projection radius. Notably, our arguments do not imply that
the neural network stays close to its initialization and our empirical simulations show a significant
benefit from taking the projection radius w not to decay with the width m.

2 PRELIMINARIES

2.1 MARKOV DECISION PROCESSES

In this section, we present key concepts from MDPs, mostly to introduce our notation.

A finite discounted-reward MDP can be described by a tuple (S, A, Pepy,7,7), where S =
{51,82,...,8n} is a finite state-space whose elements are vectors; A is a finite action space;
Penv = (Penv(8]8,a))s,s'c5,ac4 18 the transition probability matrix, where Pep,(s'|s,a) is the
probability of transitioning from s to s’ after taking action a; r : S X A — R is the reward function;
and vy € (0, 1) is the discount factor. A policy 7 in an MDP is a mapping 7 : S x A — [0, 1] such
that ) ., m(s,a) = 1forall s € S, where (s, a) is the probability that the agent takes action a
in state s. We will use n for the number of states, i.e., |S| = n.

Given a policy 7, we define the corresponding transition probability matrix P = (P(s'|s))s,s7es as
P(s'|s) = > _ m(s,a) Peny (5|5, ).
acA
We also define the state reward function as

Although P and r(s) depend on the policy 7, throughout this paper the policy will be fixed and
hence we will suppress this dependence in the notation.

The stationary distribution p corresponding to the policy 7 is defined to be a nonnegative vector
with coordinates summing to one and satisfying 7 = p” P. The Perron-Frobenius theorem guar-
antees that such a p exists and is unique subject to some conditions on P, e.g., aperiodicity and
irreducibility (Gantmacher| (1964)). We use p(s) to denote each entry of .

The value function of the policy 7 is defined as:

+oo
V*(s) = Es gn lz vtr(st)] ,
t=0

where E; .~ stands for the expectation when the starting state is s and actions are taken according
to policy 7, and st is the ¢’th state encountered. Note that this quantity depends on 7, but once again
we suppress this dependence because the policy will be fixed throughout this paper. Moreover,
note that, despite the star superscript, V* is not the optimal value function but rather the true value
function corresponding to policy 7.

It is well known that this value function satisfies the Bellman equation,
V*=R+~yPV*, (1)
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where V* is a vector whose ¢’th element is V*(s;) and R is a vector whose ¢’th element is 7(s;).

We will further assume that rewards are bounded in [—7'max, Tmax] as in the following assumption.
Assumption 2.1. Forany s,a € S X A, we have |r(s,a)| < rmax-

This immediately implies that

r
V*(s)| < /£, Vs € S. )
Vo)l <

2.2 MARKOV CHAIN NOISE MODEL

There are two standard sampling models where policy evaluation methods are usually considered.
The simplest model involves i.i.d. sampling of s; at each step from stationary distribution .

Alternatively, in the Markov model the states s; are collected from a single path of Markov chain
transitioning according to P. It is still assumed in this case that the initial distribution is u, so
that the distribution of each s; is still x, with the difference that the successive states are now not
independent. This can always be approximately satisfied by generating a sufficiently long path from
P and ignoring the initial states.

Assuming that the underlying Markov chain mixes with a geometric rate is common in many anal-
yses, like Bhandari et al.| (2018)); lILiu & Olshevsky| (2021). We will also make this assumption.
Formally, let P* denote the matrix P raised to the #’th power, P! . be the row of P’ corresponding
to state s, and || - || v the total variation distance.

Assumption 2.2. There exists constant C > 0 and 3 € (0, 1) such that
max [|P;; — pl|rv < OB

This assumption guarantees “mixing”: no matter the initial distribution, the state will get closer
and closer to the stationary distribution p as t increases. As pointed out in [Levin & Peres|(2017),
this assumption always holds when the Markov chain is irreducible and aperiodic. Another useful
quantity is the mixing time, Tyix (€mix ), defined as the smallest integer ¢ such that

m;‘ix ||P;£, - IU‘HTV < €mix-

Note that Assumption[2.2]implies

€mix
Tmix(emix) = 10g5 C . (3)
For simplicity, we will use 7,;x Without specifying its dependence on €,;, throughout the paper.

2.3 D-NORM AND DIRICHLET NORM IN MDPs

We now introduce the so-called D-norm || - || p and the Dirichlet semi-norm || - ||p;, associated with
a policy. While the former has long been used for the analysis of temporal difference learning dating
back to|Tsitsiklis & Van Roy|(1996), the latter has, to our knowledge, been introduced in the context
of RL relatively recently in|Ollivier| (2018)).

Let D = diag(p(s)) be the diagonal matrix whose elements are given by the entries of the stationary
distribution p. Given a function f : S — R, its D-norm is defined as

1f1[H = f"Df = nu(s)f(s)*. “
seS
The D-norm is similar to the Euclidean norm except each entry is weighted proportionally to the

stationary distribution. We also define the Dirichlet semi-norm of f:

LS W) Ps) () — £(s))°. )

111 = 5
s,s’€S

A semi-norm satisfies the triangle inequality and absolute homogeneity, as any norm, but it is not a
norm as it may be equal to zero at a non-zero vector. Note that || f||pir depends on the policy both
through the stationary distribution 1(s) as well as through the transition matrix P.
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Finally, following Ollivier| (2018)), the weighted combination of the D-norm and the Dirichlet semi-
norm is denoted as A (f) and defined as

N(f) = @ =DIAID + A f D

Note that /N (f) is a valid norm: since N(f) is quadratic, we can write N'(f) = fTNf for
some symmetric matrix IV; examining the first term in the definition of N'(f) we see that N =
(1 —~)diag(m,...,m,) = 0 by irreducibility and aperiodicity.

2.4 NEURAL NETWORK BASED APPROXIMATION

In this section we closely follow the notation from the previous works in |Cai et al.|(2019);|Allen-Zhu
et al.[ (2019); [Liu et al.[ (2020); Ollivier| (2018) on neural approximations. We define a multi-layer
fully connected neural network by the following recursion:

1
200 — T (9<’“>x<’€*1>) fork e {1,..., K},

where o is an activation function and the input is state of the MDP: z(*) € S. Next, we define

1
V(S,e) = ﬁle'(K),

to be the output with no activation function on the output. We assume that each entry of (%) are
initialized from N (0, 1) and each entry of the vector b satisfies |b,.| < 1, Vr. We further assume that
all the hidden layers have the same width which we denote by m, i.e., all the matrices 6(%) have first
dimension of m. Note that the total number of layers in the neural network is denoted by K.

We will stack up the weights of different layers into a column vector 6 consisting of the entries of
the matrices 61, ..., 85) with norm defined by

K
16117 = > 11613,
k=1

where || - || 7 is the Frobenius norm. During the training process, only the weights 6 will be updated
while the weights b will be left to their initial value.

This particular definition of a neural network, as well as the decision to leave b fixed, is used by
many papers on both TD Learning (i.e.,|Xu & Gu|(2020)) and Deep Neural Network (i.e., Liu et al.
(2020)) analysis. Although there is not an explicit bias term above, this definition does allow each
layer to have different bias. This can be reached by setting the last entry of z(°) to be 1 and last row
of each ) to be (0, ...,0,1).

We can view this neural network as mapping the parameters 6 to a vector with as many entries as
the number of states. Specifically, we can define the vector V() whose i’th entry is

V(O] = V(si,0),Vi€1,2,...,n

Note that n in the above equation denotes the number of states in the MDP, i.e., |S|. We remark that
this vector will never be actually used in the execution of any algorithms we discuss due to its large
size, but its use is still useful conceptually. The Jacobian of V'(#) is then the matrix

VoV (s1,0)
VoV (0) = : ,

VoV (sn,0)

where, abusing standard notation, V¢V (s, 8) are defined to be row vectors.
A standard assumption made to simplify the analysis is the following.

Assumption 2.3. Suppose for any i € {1,2,...,n},

si|| < 1 where || - || stands for the ly-norm.



Published as a conference paper at ICLR 2023

Assumption [2.3| can always be satisfied by scaling, as we typically have control of how we choose
to represent the states of the MDP. It is also a common assumption that appears in many previous
works (e.g.,|Cai et al.|(2019); /Allen-Zhu et al.[(2019)).

A function f is called L-Lipschitz if

|f(z) = f(y)| < Llz —y|, Vz,y.
And a differentiable function f : R — R is ¢g-smooth if

|fl(x) - f/(y)| < Coll‘ - y‘7 vxa Y,
where f’ stands for the derivative of f. We find it helpful to make the following assumption:
Assumption 2.4. The activation function o is l-Lipschitz and cq-smooth.

The smoothness condition implies that our results below are not directly applicable to popular func-
tions like ReLU. However, many activation functions are twice differentiable (e.g., sigmoid, tanh,
arctan, softplus) and one could always use a smooth approximation to a ReL.U activation (e.g., GeLU
or ELU). We do need the smoothness of the input-to-output map as we will use the result from [Liu

et al.| (2020), which claims the neural network is O( 1m )-smoothness with respect to its parameters.

The following assumption is also required to implement their result:
Assumption 2.5. Forany k € {1,2,...,K}, given i € {1,2,...,m}, there exists some constant

c®) > 0, such that |x2(»k)\ = O(1) at initialization. Here, z®)

i

means the i’th entry of ©(*).

2.5 NEURAL TD

In this section, we introduce (projected) neural TD learning. At each time step ¢, this algorithm
samples state s from the stationary distribution from either of two sampling models discussed earlier,
generates the next state s’ in the MDP, and computes the temporal difference error, defined as

0 = 1(s) £V (s',0;) = V(s,0,).
Defining g(6;) as
9(0t) = VoV (s,0:)0s,
projected neural TD updates the weights as
01172 = O + cug(0y),
Or+1 = Proj(0;11/2),
where the projection is onto a ball of radius w around the initial condition:
Proj(f) = arg min |l — 6|

z:||z—60||<w
Projection is a common tool in neural TD and neural Q-learning to try to stabilize the iterates, since
divergence can occur (Achiam et al.|(2019); Van Hasselt et al.|(2018))). Most analyses of TD learning
proceed by comparing the evolution of TD to the mean-path update, defined as
01172 = O + e g(0:),

Or+1 = Proj(0;11/2),

(6)

where
g(0:) = E[g(6,)[6:]
= Zu(s)ve‘/(s, 0)Egs[r(s) + 7V (s',0:) — V (s, 04)]

= VoV (0;)T'D(R + PV (8;) — V(6,)).

It is convenient to rewrite g(6;) in terms of the difference between V' (6;) and V*, which can be done
by subtracting Eq.(T) with the result being
§(0:) = VoV (0,)" D(yP = I)(V(6:) — V*). )
For simplicity, for the rest of paper we will define © to be the set onto which we are projecting:
© = B(o,w) = {0 | |6 — bol| < w}.

Finally, we will say that V*is an e-approximation to the true value function V* if

max |[V*(s) = V*(s)| < e. )

se

We will denote 6, to be the point where the function V(é*) = V* is the e-approximation of V'*.
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3 OUR MAIN RESULT

We can now state the main contribution of this paper, which is a performance result for Neural TD.
We will require an assumption to the effect that the initialization is not too large.

Assumption 3.1. Forallk € {1,2,..., K}, [|6”]] < O(y/m).
This is a common assumption: theoretical justification can be found in|Liu et al.|(2020). In particular,

this assumption holds with high probability for a random Gaussian initialization if, for example, K
(the depth) grows slower than exponentially in m (the width).

Now we are ready to state our result.

Theorem 3.1. Suppose Assumption hold, 0, is generated by projected
Neural TD with the constant step-size o = «, and C, 3 come from the Assumption[2.2]

(a) Under i.i.d. sampling, we have

T-1

LS e - v < Pt o (cr D) voted) -
t=0

In particular, if o = T2 and € < 1, we have

1 e 1160 — 6.2 1 1 1
T;E[N(V(Gt) V(é)*))]éi%/f +O(e+m>+(l_7)20<ﬁ>.

(b) Under Markov sampling, we have

1 ; 160 — 0.1 1 ) 1

= EN((V(8,) — V(6. ——F—F—F—+O0 — 0]

T 2 NV(V(6y) (0.))] < 5T + €+\/m + (ae)+(1_7)2

log € 1 log €
+O0 a—2e | + Ola—= ]|,
( - ) (=7 < -4
In particular, if « = T~ Y2 and € < 1, we have
T-1 5

1 . |60 — 0.2 ( 1 ) 1 ( 1 )

= EN(V(6:) — V(0. < ———+0|e+—= |+ ——0| —=

7 2, BV 6) -V 6)) NG vin) T\ VT

1 1 log(CvT
N 0 0g(CVT) |
(1—=7) 1-8 VT

In all O(-) notations above, we treat factors that do not depend on
T,e,m,a, 3,0y as constants. y
As mentioned earlier, the key distinguishing feature of this theorem is the -1V ()
choice of norm. The left-hand side of all the equations measures the differ- ‘
ence between V' (6;) and the best possible V' (6.) within B(6p,w) by taking
the AV (-) norm.
We note that since, trivially, ||f||% < N(f)/(1 — v), where 7 is the dis-
count factor, one can simply replace the left-hand sides of all the equations by
|| ||% to obtain results that look more similar to the previous literature on TD, Figure 1: Key
which usually proceeds based on an analysis in the D-norm (e.g., [Tsitsiklis| property of gradient
& Van Roy] (1996)). splitting: h(6) has

the same inner

As is common in analyses of SGD, the performance measure is the average )
product with a — 6

of performance measures from 1 to 7. If a particular 6, is sought that satis-
fies the bounds obtained, a standard trick is to choose #’ to_be uniform from as (1/2)V £(6).
1,...,T. In that case, the expectation E[N (V () — V(6.)] is exactly the

left-hand side of all the bounds in the theorem.
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Looking at the right-hand sides of all the equations, the theorem guarantees

a final error of O(e 4 1/,/m), with a convergence rate that scales as O(1/v/T). The difference
between the two cases is that that the Markov sampling case contains an additional term containing
the mixing time. As a result of this extra term, the convergence time in the Markov case is worse by

a factor of O(log VT).

We now revisit
the discussion of
the novelty of this
paper. First, in
contrast to previous
work, we do not
assume the projec- .,
tion radius w has
to decay with m, (a) Mountaincar, 3 (b) Mountaincar, 5 (c) Mountaincar, 7
nor do we restrict
our analysis to a  *
single hidden layer  *
case. In our proof,
the projection ra-
dius appears as a
constant in the O(-) R T I ) T T

iteration/20 iteration/20 iteration/20

notation, which (d) Cartpole, 3 (e) Cartpole, 5 (f) Cartpole, 7
is why we need

to assume it is a

constant.  Second, wl |,
the left-hand side of o\
the equations is a °
measure of the error ”
V(o) - V(). -

0 2 @ 100 [ 2 Y 100 0 EY @ 100

L © LY © @ ®
iteration/20 iteration/20 iteration/20

which  can  be e s 5w 5 s % @ N
thought of the dif- (g) Acrobot, 3 (h) Acrobot, 5 (i) Acrobot, 7
ference between the

error of the neural Figure 2: Averaged Bellman error.

network and the
best possible error in B(fy,w). Moreover, as already discussed, the left-hand side of the equations
above is greater than the quantity

L=V () = V(@)[H = (1 =7) Y ul(s)(V(s,6:) = V(s,0.))°,

which is a natural measure of the average error. The point is that the network is not being linearized
around the initial condition in any sense. Finally, no additional assumptions on the policy are being
made here; in particular, no assumptions that the policy is regular or that it is representable are neces-
sary. As outlined in the Introduction, out of the four potentially undesirable elements discussed here
(small projection radius, linearization around the initial condition, assumptions on policy, restriction
to single layer case) all previous papers suffered from at least three.

4 DISTINGUISHING FEATURE OF OUR ANALYSIS

The main technical difference between our work and the previous papers is the use of the function
N () to measure the approximation error. Here, we follow [Ollivier| (2018); |Liu & Olshevsky| (2021}
which explained why this function is the “right” function to analyze policy evaluation.

In|Ollivier| (2018]) it was shown that if the matrix P corresponds to a reversible Markov chain, then
E[g(6:)] = VoN(f) for some f. This makes neural TD very easy to analyze, as it can be viewed
as gradient descent. Unfortunately, in practice policies are almost never reversible.

InLiu & Olshevsky|(2021), it was shown how to further use the function A/(-) to analyze TD with
linear approximation when the policy is not necessarily reversible. The key idea was the notion of a
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gradient splitting: a linear function h(#) is said to be a gradient splitting of a convex quadratic f(6)
minimized at § = a if

SVIO) (@~ 6) = h(6) (¢~ a). ©

In other words, h(0)

has exactly the same
inner product with
the “direction to the o |
optimal  solution” 3 |
as the true gradient ||
of f(6) (up to the ||
factor of 1/2). The "
significance of this
is that it allows
many analyses of
gradient descent | ;
to be modified to . |
analyze TD with £ ]
linear approxima- ||
tion, since the key % — . y e
step in analyses of
gradient descent is (d) Cartpole, 3 (e) Cartpole, 5 (f) Cartpole, 7
usually to argue that
the left-hand side of | /™7™
Eq. (©) is negative, ’
signifying that
gradient descent
“makes  progress”
towards the optimal
solution. In [Liu & (g) Acrobot, 3 (h) Acrobot, 5 (i) Acrobot, 7
Olshevsky| (2021)

it was shown that

for TD with linear Figure 3: Distance to initialization divided by the projection radius.
approximation, g(6)

is exactly the gradient splitting of A/(f). We build on that idea in this paper as follows. We use
recent NTK-style bounds from |Liu et al.| (2020) to argue that with increasing width, the neural
approximation gets more linear. For finite m, we can then modify existing techniques for analyzing
gradient descent with errors in the gradient evaluations to analyze the neural TD update, which we
view as gradient splitting with error in the evaluations.

istan

£ @ £ @ @
iteration/20 iteration20 iteration20

(a) Mountaincar, 3 (b) Mountaincar, 5 (c) Mountaincar, 7
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It should be stressed that the most interesting “regime” to which we expect these results to be ap-
plicable is when m is only moderately large. Intuitively, when m is too large, the network will be
very close to linear, and the benefit over taking random linear features will be small. In terms of
our bounds, in this case we would expect the € term in Theorem to be large. On the other hand,
when m is too small, the error bound scaling with width of m~!/2 will not be very attractive. On
the other hand, our results can be applied to the “middle range” — say m ~ 100 — where, depend-
ing on the context of the problem, an ~ m~'/2 error is acceptable. Informally, in this regime the
network will be sufficiently linear to converge well, but not so linear to lose approximation quality.
Our simulations confirm this, as we verify good approximations for networks of approximately this
width on several open Al benchmarks.

5 SIMULATIONS

It might be objected that many analysis of neural network training in the large-width regime proceed
by arguing that the neural network stays around its initial point (e.g., (Chizat et al.|(2019); Telgarsky
(2020)). If so, then the part of our results dealing with avoiding a projection radius that goes to zero
with m would not make much of a difference in practice. Here, we show empirically that, setting
the projection radius w to be a constant rather than w ~ m~'/? does make a substantial difference.
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We produce simulations on Open Al Gym tasks: Mountaincar, Cartpole and Acrobot. In each
task, a trained policy is used to sample data to train a fully connected neural network for policy
evaluation using Projected Neural TD learning. The policy in Mountaincar and Cartpole is trained
by Proximal Policy Optimization (PPO) (Schulman et al|(2017)) while in Acrobot it is trained by
Deep Q-Learning (DQN) (Mnih et al.[(2015)). Both algorithms are implemented through the Stable
Baselines package Raffin et al.|(2021).

We run a total
of 2000 (5000
in Acrobot task)
steps on each task, 0l-
computing the y . “]-
value during the 2

training process .|~

every 20 (50 in i o
Acrobot task) step. ettt im0 -
Different  widths (2) Mountaincar, 3 (b) Mountaincar, 5

m are chosen for
each task. In each
figure, the x-axis
plots time steps
while the y-axis
plots the averaged - -
Bellman error, the et 4 onad” e
distance to initial-
ization (given by
7”9‘;00”), and the
difference between — =0\
gradients (given by :..|™
VoV (se,0:)  — = 2oe
v9V<St)00)H)7 s -
respectively. Each T
subtitle of each fig-
ure suggests which
task is performed

on and how many Figure 4: Gradient differences [IVoV (s¢,0:) — VoV (st,6p)|| as a measure

hidden layers are of nonlinearity of the neural network.
used. It is clear

from the figures that
the networks we use are nonlinear. It is also clear that networks with a decaying projection radius
are significantly outperformed by networks with a constant projection radius.

@ 100 o 2

0 & ) & @ @
iteration/s0. iteration/s0 iteration/50

(g) Acrobot, 3 (h) Acrobot, 5 (i) Acrobot, 7

6 CONCLUSIONS

We have provided an analysis of Projected Neural TD for policy evaluation. We have shown that if
the projection set is a ball of constant radius B(fy,w) around the initial point 6, the final approx-
imation error is O(e + 1/1/m), where € is the approximation quality of the best neural network in
B(8y,w) and m is the width of all hidden layers in the network. Our result improves on previous
works because it does not require taking the radius w to decay with m, does not make any regularity
or representability assumptions on the policy, applies to any number of hidden layers, and bounds
the error associated with the neural approximation without any kind of linearization around the ini-
tial condition. We conjecture that unprojected neural TD converges to the optimal solution with high
probability provided it begins within a radius of O(+/m) away from a point which exactly describes
the true value function. This conjecture is proved for single hidden layer networks. Finally, we have
demonstrated empirically that these changes can make a substantial difference in performance.
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A PROOF FOR THE MAIN RESULT

A.1 USEFUL LEMMAS

Before we go into details, we first introduce the following lemmas.

Recall we have defined () as

N(f) = @ =DIAID + 1D
The first lemma implies an important property of N (-).

Lemma A.1. For any function f defined on the state space S, the following equation holds:

=N(f) = f"D(P - I)f.
Proof. We can perform the following sequence of manipulations:

171 = - P 18)1(5) = )
= 5 S U + 5 S HOPEISE = Sl P9I )
=2 S ()" + 3 2 M) = (s P ) (011
S~ PGSO,

where the first equation uses Eq.() and the forth equation uses Eq.()). Thus,
f'D(yP = I)f = = f"Df +~f"D(Pf)
= = lIAID +9 D n()f(s) D P(s'Is) f(s)
s s’

== =D = I F1[Dsr
= -N(f).

O

The following lemmas are some variations of the mean-value theorem. In this lemma and below, we

adopt the notation that gradients are row vectors.

Lemma A.2. (a). Let h : R — R be any differentiable function. For any x,y € R, there exists

A€ (0,1) and z = Az + (1 — N)y such that
h(y) = h(z) = W' (2)(y — @)

(b). Let & : R* — R be any differentiable function. For any x,y € R?, there exists A € (0,1)

and z = Az + (1 — \)y such that
§y) = &) =€)y — o).

(c). Let f : R* — RY be any differentiable function and e € R® be any vector. For any

x,y € R?, there exists A € (0,1) and z = Az + (1 — \)y such that
eI (fly) = fx)) =" f'(2)(y — ),

where f'(z) is the Jacobian at z.

Proof. (a). This is a direct result of the well-known mean value theorem (Theorem 5.10 in

Rudin| (1976)).

12



Published as a conference paper at ICLR 2023

(b). Define h : R — R such that h(w) = &(x + w(y — «)). Using the above fact, for any
u,v € R, there exists A € (0, 1) such that

h(v) — h(u) =K' (Au + (1 — A)v)(v — u).
By letting v = 1 and u = 0,
§) — &) =Mz + (1= Ny)(y — ).

(c). Define £ : R® — R such that ¢ = e’ f. Using the above fact, for any vectors z,y €
R4 there exists A € (0,1) and z = Az + (1 — A)y such that

E(y) —&(x) = &' (2)(y — x).

Notice that in this case, £(y) — &(x) = €T (f(y) — f(z)) and £'(2) = T f/(2). So for any
vectors x, y, there exists 2 = Az + (1 — \)y such that

T fy) — e f(a) =" f'(2)(y — 2),
which is exactly what needs to be proved.
O

Lemma A.3. Let f : R® — R be any differentiable function. For any x,y € R®, there exists
A€ (0,1) and z = Ax + (1 — N)y such that

£ () = fF@I < L ly — |-
Proof. Letus take e = f(y) — f(x) in Lemma[A.2] We thus have
(f(y) = F@) " (f(y) = F(@)) = (f(y) = f@)" ' (2)(y — ).

We now apply Cauchy-Schwarz inequality on the right hand side to obtain,

1 () = F@)IP < If () = F@)I]- 1 (2)(y = 2],

and finally using the definition of matrix norm,

1f () = F@I < 1)y =)l < 1] - [y — ]

O
The next lemma shows how the mean-value theorem can help to analyze Neural TD Learning.
Lemma A.4. The Projected Neural TD Learning with a mean-path update can be rewritten as
Or+1 = Proj(6 + (71 (0¢) + 52(0:) + g3(6:)))
with G1(0t), §2(0+), G3(0+) defined as follows:
31(0:) = VoV (01" )" D(vP — )(V(8;) — V (0.)), (10)
g2(60) = (VoV (6:) = VoV (07")) T D(yP — D)(V(6:) = V(D)) (11)
93(01) = VoV (0)" D(yP — D)(V* = V™), (12)

where \ € [0,1] is a scalar and 079 = X0, + (1 — \)0. is a vector such that

(
(6:~0.)"V oV (07T D(yP—1)(V(8,)—V (8.)) = (V(6:)—V (8.))" D(yP—I)(V (6,)V (6.)).

(13)
Proof. By Eq. (),
§(0:) =VoV(0)" D(vP = I)(V(6:) = V") (14)
=VoV ()" D(YP = D)(V(6:) = V(0.)) + VoV (0)" D(yP — D)(V* = V™).

13
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Now let D(vP — I)(V(6;) — V (0.)) be the vector e in Lemma There exists a scalar A € (0,1)

and a vector 0114 = \0; + (1 — \)6, such that

(0:=0.)"VoV (07" ) D(yP=I)(V (0,) =V (0.)) = (V(0,) =V (0.)) " D(vP=1)(V (6:) =V (D))
This gives the reason to divide Eq.(T4) into two parts as follows:
VeV (0r)" D(yP = D)V (6r) = V(0.))
VG V(OO D(P — T)(V(8) — V(D))
+ (VoV (8:) = VoV (07"4) T D(yP — I)(V (6:) = V(6.)).

The following lemma builds the relationship between x” Dy and expectation.

Lemma A.5. Let z,y be two vectors and (i), y(i) denote their i’th entries, respectively. Let T,q
be two scalars such that |x(i)| < Z and |y(i)| < § hold for all i. The following results hold:

+T Dy = yT Dz < 77,
«"DPy < 7y,
yI'DPx < z7j.
Proof. We expand z” Dy, 7 DPy and y” D Pz as follows:

2Dy =y D=3 ulsi)e(@y(i) < nls:)zy < 73,

O

The following lemmas implies two important properties of neural network approximation: Lips-
chitzness and smoothness.

Lemma A.6. Forallk € {1,2,...,K},
1%} < O(v/m).

Proof.
k k
16911 < 116™ — 66711 + 1165”1
k

<w+ 167

< O(Vm),
where the second inequality is by projection and the last inequality uses Assumption[3.1]and the fact
w is constant to m. O

Lemma A.7. Forallk € {1,2,...,K},
2] < O(v/m).
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Proof. From Assumption[2.3} |[z(?)|| < 1. By LemmalA.6}

1 2
||gc(1)|‘2 = ng(g(l)x(O))
1
< 200227 + o (0)
< O(m).
induction, suppose ||z < O(m). emma|A.6|
By induction, suppose [[z*)||* < O(m). By L
1
[l D2 = ||ﬁ0(9(k“)l"(k))|l2
1
< EZQHNH)\|2||1?(k)||2 +]o(0)f?
< O(m).

Lemma A.8. Forallk € {1,2,...,K},
IVouw-naz®|| < O(1).

Proof.

Vaoenz® (i, §) Z9<k) i, )z * () | 0M (6, ),

which implies

m

|V - a®|> = sup Z ZV we-nx® (i L J)v;

loll=13=1

= sup —||29 1)”2
[[v]|=1 T

< 2102
m
<0(1).

where X' is a diagonal matrix with ¥'(4,4) = o’(3_; 0% (i, j)x*=1)(4)). The last inequality holds
because of Lemmal[A.6 ' O

Lemma A.9. Forallk € {1,2,...,K},
Vo™ < O(1)

Here, Vg x*) is defined to be a matrix whose (i, (j —1)m+ h) 'th entry ¥V gy £ (i, j, h) is given
by
9z (4)

Vomaz® (i, j,h) = W(Jh)

Proof.

1
\v4 (k) ~7 " A 14 = / g(k) i h (k—1) h (k=1) (.1 )
a®6.3.5) = i = o' | 0GRk ) 200G
We can write this as

Voor(i.1.) = Z=1i = )

15
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which implies

||V9(k,>:17 2: sup Z Zve(ml’ (4,33 ) Vg

IVIlr=1:2

4.4’
2
1 - i (1)
= s 30| 1= jR@e TV ()i
m [IVIIF=1 i=1 7,3
2
=— sup 1{i = jye@)var1;
m V= 1Z Z ’
_ 1 sup Zé(i)Q [ka_l]j
m [IV]lr=1 i=1
1
= sup —|[|Z'VatD?
IVI|F=1"
1 _
< || fla )P
m
<O(1).
The last inequality holds because of Lemma[A.7] O

Lemma A.10. Forall s € S and 0,
IVeV (s,0)|] < O(1).

with respect to m.

Proof. Since each entry of b satisfies |b,.| < 1, it is easy to see that

Vo0 V(s, 0)]| = —=I[bl] < 1.

1
N
By Lemma[A8] Lemma[A.9] and the chain rule,

||Vg(k)V(S,9)|| = Hvx(x)V(S, H)meq)x(K) e vz(k)x(k-i_l)VQ(k).’E(k)H S 0(1)

It follows:

K
VoV (s,0)[1> = sup Y (Vo V(s,0)Vi)* < O(1).

Vilr=1,_3

O
Lemma A.11. The Hessian matrix, which is V3V (s,0), has a norm of O(m~®). In other words,

IVEV (5,0)]] < O(m™"?).

This is a direct result of Theorem 3.2 in |Liu et al.| (2020). Notice that since we assume Assump-
tion 3.1 and2.3] (which correspond to Lemma G.1 and Lemma G.4 in [Liu et al (2020)) holds with
probability 1, Lemma[ATT]also holds with probability 1.

The following lemma implies that the update during each step will not be too large.
Lemma A.12. We have the following bound for ||g(6)||:

g(6:)[1* < O(e?) +
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Proof. Recall that Eq. (1) tell us the property V'* satisfies, and it can be rewritten as

V*(s) =r(s) + 7 Z P(s"|s)V*(s").
Moreover, recall that g(6;) is defined to be
9(0:) = VoV (s,6,) [r(s) + 7V (5", 6:) — V (s, 61)]

. This immediately implies that g(6;) is actually a random variable and implicitly relies on the state
s. This allows g(6;) to be rewritten as

9(0:) =VoV(s,0¢) [r(s) + 7V (', 0¢) = V(s, 61)]

=VoV(s,0:) |V*(s) — V(s,6;) + '}/Z P(s"|s)(V(s',0;) — V*(s”))]

=,V (s,0;) [ (V(s, 6.) — V(s et)) + (V*(s) V(s é*))

+9 Y P(1s) (V(s'300) = V(s',0.) + V(s 8,) = V() + V() = V(") }

st

=VyV (s,0;) [ f(s)+ (V*(s) — Vs, é*))

£ P (<) V0 = V) 1) - V) |

I9(62)|1> <511V V (s, 6,)| [f<s>2 + (vZHs“Is)f(s’)) + (V) - Visb)

s/’

2 2
+ (7 > PE"s)(V(s0.) ~ V*(S')> + (V > P8 (VH(s) ~ V*(S”))> } :
There are five different terms, and now we will bound them respectively. By Lemma [A.T0] which

says f(s) is O(1)-Lipschitz and the fact that ||0; — é*H <w,
f(s)? <o),
Using the above fact,

[vzp<s~|s>f<s’>] _ ()2 <2200,

Using Eq.(8) , we can derive
.12
[V*(s) —V{(s, 9*)} < O(e?).

Using the above fact,

[\v]
A
)
(V]
S
~—~
e}
[\v]
N~—

2
[v S PG I)(V(S'6) — v*<s')>] =2 [V(s',6.) - V*(5)
Using Eq.(2) and Jensen’s inequality,

[7 S PV () - v*@”»] <P TP (122) = o)

s’

s

17
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Combine the above five facts, and we have the bound for ||g(6;)||*:

2
(61> <5170V (s oon?[ (7213 "Is)f(s ) (Vi) - Visd)

(vZP "|s)(V(s',6.) — 8')) + (vZP(S”IS)(V*(S')—V*(S”))> ]

s/’ s’

<5V (5,6, (0<1> 1120(1) + 0(&) +7°0() + 1 om)

<1 +72)0(1 + €2) + i 0(1)

(1—7)?
15)
where the last inequality uses Lemma[A-T0] Since 0 < v < 1, we can simplify the bound as
1
0:)])? < O(e? O(1).
Hg(6)[]" < O(e”) + e (1)
O
A.2 PROOF FOR THE MAIN RESULT
Proof. Consider Projected Neural TD Learning, it is easy to see
1041 = 6:|* = ||Pr0j(9t +aig(6r)) — 0.
< 16r = 0u + crg(01)|?
= (00 — 0.1 + 20, (6, — 0.)"9(8:) + o ll9(6,)1*
=110 = 0.1* + 206 — 0.)7g(6:) + 7119 (0:)|I* + 204(0; — 6.)" (9(6:) — §(9t6))~
(16)

First, we consider 20y (0; — 0,)75(0;). Lemma allows us to divide it into several parts and
bound them respectively as follows:

201(0, — 0.)79(0:) = 20(8: — 0.)" (91 (61) + G2(6) + g3 (1))
To bound (6; — 6,) g1 (6;),
(6: —0.)"51(6)
=(9t 0.) VoV (0 D(YP — I)(V(6;) — V(6.))
) =V(0.)"D(YP = I)(V(6;) — V(6.))
—/\/( (6:) — V(0.)),

where the first equality is by Eq.(I0), the second equality is by Eq. (I3), and the third equality is by
setting f = V(6;) — V(0.) in Lemma

To bound (6;—6,.)” g2 (6;), we first notice that Lemma means V (s, 6) is O(m~"-%)-smoothness
with respect to 6. Hence,

V6V (5,0:) = VoV (5,07")]] < O(m™"%) - [|0; — 67| = O(m™"?),

where the inequality is by Lemmaand the equality is because both 6; and §7"' are in B(6, w).
Similarly, Lemma tells us that V' (s, 0) is O(1)-Lipschitz. This means

1V (s,60) = V(s,0.)|| < O(1) - ||6: — b.]| = O(1),

where the inequality is by Lemma and the equality is because both 6, and 0, lie in B(y.w).
These two facts imply that each entry of (VV (6;) — VoV (64))(0; — 6..) is upper-bounded by
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O(m~°5) and each entry of V'(6,) — V(6,.) is upper-bounded by O(1). With this fact,

(6: — 6.)"g2(61)

(00 = 0T (VgV (0r) = VoV (07)) " D(vP — I)(V(6:) = V(0.)
(1+7)0(m™"?)

O(m™9%).

where the equality is by Eq.(IT) and the first inequality is by setting @ to be (VoV(6;) —
VoV (0i9)) (6, — 0.), y to be V(6;) — V(6.) in LemmalA 3]

To bound (6; — 6,)Tg3(6,),

IN A

where the equality is by Eq. and the first inequality is by setting « to be VoV (6;)(6; — é*), y to
be V* — V*in Lemma as each entry of VoV (0;)(0; — 0.) is bounded by O(1) using Lemma
and each entry of V* — V* is bounded by € using Assumption 3

Combining the above facts,

200:(0; — 0,)Tg(0;) < =20, N (V (8;) — V(6,)) + O (m™0° +¢€)),
which is the bound of the first part in Eq.(T6).
Second, we consider o?||g(6;)||?. By Lemma

1 2
WO(%)-

The above facts are all we need to establish the result when each s; is sampled i.i.d. from p. In
summary,

200(0; — 0.)T5(00) + o [|g(00)[1* < — 204N (V(6:) — V (6.))

afllg(@)I* < O(afe®) +

ﬁO(af),

which just simply combines the bound for 2a; (6; — 6,)Tg(6;) and o2||g(6;)||? we obtained earlier.

+ O (m™"° 4 €)) + O(aje®) +

Given 0, taking expectation on both sides of Eq.(T6):
E[[[0s41 — 0:]°]

<16 — 0.11* + 20(0; — 0.)5(61) + E[aF[1g(6:)]%] + 200 (8, — 0.)E[g(6:) — g(6:)]
=10 — 0.]1* + 20 (6 — 0.)9(6:) + E[aF]|9(6:)]|?]
<|10s — 0,17 — 20N (V (6;) — V(8,)) + Oy (m ™2 4 €)) + O(a2€?) + ﬁO(af),

where the equality uses the condition that given s; are sampled i.i.d. from p, which will lead to
E[g(6:) — g(6;)] = 0. From now on we fix a; = «, and this leads to

E(||8e1 — 6.1 _E[16: — 6.11%]

L — = < —EIN(V(0) -V (0.))+0(m ™" +e)+0(ae?)+

o
(1=7)?

Telescoping a sum from 1 to 7" and dividing both sides by 7', we establish the result in i.i.d. case.

O(a).

To continue with the non i.i.d. case, we need to consider 2a(6; — 6,)T(g(8;) — §(6;)) in Eq.
which is no longer 0. We will use Tyix, the mixing time defined in Eq.(3)), to split it into two terms
and bound them separately. This idea is from Sun et al.|(2018)).
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Our first step is to divide it into two terms:

2a(0; = 0.)(9(01) = §(61)) = 20(0r = 017, )(9(01) — §(0r)) + 20(O1—7,1 — 0:)(9(67) — §(9(t1)7))7

To bound 2a(0; — 61—, )(g(0:) — g(6:)), notice that Lemma implies ||g(0:)|| < O(e) +
775 0(1). As a consequence of Eq. we have

10 = Ot —rpin || <01 — O1—rpiy, + g(Or—-1))]

<NOr—2 = Ot re + [g(Or—1) + g(0:—2)] ||
<...

Ot = Ot e + @ [9(01—1) + g(Or—2) + -+ - + g(Or—r )] ||
1

< U 1 mix-

< [O(e) + T _70( )} T

Further, the same upper bound that g(6;) has holds for g(6;) since §(6;) = E[g(6;)]. These obser-
vations imply that

20{(015 — Ht,Tmix)(g(Gt) — g(@t)) S a27—mix |:O(€2) +

To bound 2a(0;—,, .. — 0.)(g(6:) — g(6:)), observe that, conditioned on 6;_. . , the quantity

0y .. — 0. is deterministic, and E[g(0;) — §(0;)|0¢—rmix] can be bounded by

1 .
Bl 60) ~ 9006 < [0(0) + 1O maxl|Pzz ~ ey

< [0(6) + 1_170(1)} €mix-

The first inequality follows because, conditional on s;_,_,_, the random variable s; has the distribu-
tion of one row of P™ix . Thus, the second term in Eq.({17)) can be bounded as

E2a(0—r, — 0+)(9(0:) — 3(01))] = E[E[20(0;— 7., — 04)(9(0r) — G(01)) (617, ]]
1
< —_— ix-
< [O(e) + = 70(1)} O€mix
Thus, coming back to Eq.(17), we obtain that

E[20 (0, — 0.)(g(0:) — 5(0))] < 0?7 {0(62)+ ! O(l)}—i—{O(e)—&-lO(l) —

TR =
Now let €nix = a, by the definition of Tix, Tmix = ll(:)ggg . Using the fact thatlogx < z—1,Vz > 0,
we derive

o « C
log & < log & _ logg’
log = -1 1-p
where the first inequality is because log f < 5 — 1 < 0 and log % < 0. The bound can be rewritten
as

. log € 1 1
E[2 —0. -g <a? 22 He ——o ——0(1)|
200(t ~ 8.(a(60) ~ 960)] < o722 [0() + =—00)| + 000 + {201 @
Now we are ready to consider Eq.(T6). Taking expectation on both sides,

E[2a(8; — 0.)"9(8:) + |19 (60)|I]

< —2aN(V(8;) = V(6.)) + O(a(m™°? 4 €)) + O(a®€?) + a _17)20(042)
5 log % 2 1 R o
a’s —5 O(e”) + a _7)20(1)} + {O(e) + 1—70(1)]
=~ 20N(V(6) = V(5.) + Ola(m™ + ) + Oael) + _17)2 0(a?)
o log % 9 1 5 log g
+ O(« 1—56 )+ TEESE (a 1—ﬁ)'
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Rewrite this inequality as

E[||8er1 — 0117 E[6: — 6.1

2 2c

1

=—N(V () = V(0.)) +0(m™° +€) + O(ae®) + W0(@)
log € 1 log €
+O0(a—2¢?) + a—2).
R ) R
Telescoping a sum from 1 to 7" and dividing both sides by 7', we establish the result in non the i.i.d.
case. O
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B ANALYSIS OF UNPROJECTED TD LEARNING — PROOF OF OUR
CONJECTURE FOR THE SINGLE HIDDEN LAYER CASE

B.1 RESULT WITHOUT PROJECTION
Here we prove that when the distance from the optimal solution is O(+/m), unprojected TD learning
converges with high probability. We begin by standardizing notation.

Recall g(6;) is defined by
g(gt) = ng(S,et)ét,

where
0 =1(s) +yV(s',0:) — V(s,0:).
Without projection, there is only one step in the algorithm, which is
Or1 = 01 + arg(6y).

We call this algorithm Non Projected Neural TD Learning. Similarly to the way we proceeded
earlier in this paper, Non Projected Neural TD Learning with mean-path update is given by

01 = 0r + . g(0:).

We will need to make the following assumption on exact approximation, which is stronger than what
we assumed in the projected case.

Assumption B.1. There exists some 0, such that V (0,) = V*.

Now, for simplicity of notations, we also introduce the following notation. Remember the smallest
eigenvalue A, of some matrix A is defined as

|| Ax]]

Amin(A) = arg min )
z ||

2,D .
-~ of a matrix A:

min

A similar way can be applied to define the smallest 2, D eigenvalue o

2P (A) = argmin

min

2,D

For simplicity, we will use o', to denote the 2, D eigenvalue of VoV (0,).

We will always suppose each s; is sampled i.i.d. from p. We now introduce the following result.

Theorem B.1. In the Non Projected Neural TD learning using a one hidden layer neural network,
smooth and Lipschitz activation function, suppose each s; are sampled i.i.d from u, and stepsize is

chosen to be oy = ﬁ Further, let A be the event
2(1 — W)(UQ"D)Z)\ —3'1+7%) o5
A=<sup X; < i m-°,
{ WP A(1 + 7)ol
and assume

2
(200 =% = 3141+ 42))
64(1 + v)2c312)\2

Then, A happens with probability at least 1 — § and the sequence {E [| |6 — 0] |2|A] } converges to
0.

E [[16o — 0.]|2] < mo — 2.

B.2 USEFUL LEMMAS

Lemma B.1. (0, — 0.)7g(0,) can be rewritten as

(6: — 0.)75(0:) = 91(6%) + g2(0:) + G3(6:),
where §1(0:),92(0:), g3(0;) are defined as follows:
§1(01) = (0 = 0.)" VoV (0.) " D(vP — 1) V4V (60.) (0 — 0.), (18)
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2(0:) = (6 — 0.)" (VoV (6:) — VoV (6.))" D(vP = I)(V(8:) — V(6..)), (19)
g3(0:) = (6 — 0.)" VoV (6.)" D(vP — I)(VeV (05") — VoV (6.)) (6 — 6.).  (20)
Here, \y € [0,1] is a scalar and 0519 = \30; + (1 — A\2)0. is a vector such that

(0:—0.)" VoV (0.)T D(vP—I)VoV (055 (0:—0.) = (0;—0.)T VeV (0.)T D(yP—I)(V (6;)—V (6,)).

Proof. First, we divide (6; — 6,)Tg(6,) into two parts,
(0: — 0.)79(0:) = (61 — 0.)" VgV (0,)" D(yP = I)(V(6,) — V(6.))
= (0: = 0.)" VoV (0.)" D(vP — I)(V(0:) — V(6.))
+ (0 = 0.)T(VoV (0:) — VoV (0.))" D(vP — I)(V (6:) = V(6.))
= (0: = 0.)" VeV (0.)" D(yP — I)(V (6:) = V(6.)) + 32(0:)

where the first equality is by the definition of g(6;) in Eq.(7 . Now let (6, —0.)TVV (0.)T D(vP—
T) be the vector e in Lemma 2| There exists a scalar Ay € [0, 1] and a vector 054 = \y0; + (1 —
A2)0. such that

(0:—0.)"VoV (0.)T D(yP—I)VoV (055 (0;—0.) = (0;—0.)TVeV (0.)T D(yP—I)(V (0;)—V (6,)).

Using this fact, (6; — 0.)TVeV (0,)TD(vP — I)(V(6;) — V(0.)) can be divided by
(0 = 0.)" VoV (0.)" D(yP — I)(V(6:) = V (6.))
= (0 — 0.)" VeV (0.)" D(yP — I)V4V (6.)(6; — 0.)
+ (0 — 0.)" VoV (0.)" D(yP — I)(VeV (65"%) = VoV (6.))(0: — 6.)
= 51(0¢) + g3(0:).
O

Lemma B.2. If the activation function is [-Lipschitz and co-smooth, for any s, 61 and 05, the in-
equalities
IVeV (5,01) — VoV (s,02)|| < com™"?||01 — o],
VoV (s, 00)|| <1

hold where c1 is a scalar that is independent of m and 6.

Proof. Using the definition of neural network in Section 2.4, one hidden layer neural network would
be simplified as

V(s,0) bro (07T s)
Jm Z
It is easy to see that

VoV (s,0) = ——[b1o’ (0" 8)sT, -+ b’ (6™ 5)sT]T.

1
vm
Suppose the activation function o is cg-smooth. That is, for any x and v,

o’ (x) — o' (y)]] < collz —yl|-
This means

1
V0V (s,61) = VoV (s,62)|I* = —I|[by <a'<eiTs> - a'(eéTs»sT, b (o (07T s) — o (05T

*ZH 17(e o'(65"s))?
*ZH 13677 s — 05" s)°
EZHSH“CSII@T*%II2

2
C
21161 — 62|
m

I A

\ A

IN
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which proves the first part of the lemma. Now let us move on to the second part of the lemma. By
Lipschitzness,

IV (5,00)[]> = —[|[b10” (0} 8)s", -+, byna” (07T 5)s™ |2

1

a
l 2¢ 1tirT 2
sz:HSH CACED)
<i§:l2

Sml

=12

IN

Now we finish the second part of the lemma. O

Lemma B.3. The following inequality holds:

[

min

Proof. To begin with, the definition of A is

N(VoV(0:)(0 — 0.)) = (1 =)|[VoV (0:)(0 — 0|5 +7I[VeV (0:)(0 — 0.)][B
> (1=)IVeV (0.)(0 — 0.)lI.-

2,D

min?

Using the definition of o

0.)(0 — 0, 0.)(0 — 6.)||?
N(VoV (8:)( i ) 2(177)”%‘/( )( i )ID
116 — 0. 116 — 6.]]
> (1= (omin)?,
which establishes the result. O
Lemma B.4. If a non negative sequence { X} satisfies
c b
X <(1-——)X
e = =559) TR

for some b, ¢ > 0, then the sequence {X;} converges to 0.

Proof. Recursively applying the relation between X1 and X, we can derive the following:

t

b t
5 [T a-2+TJa-5%. @1)
T A

i= j=i+1

b
Xt§t72+

t—1
1
The first term in Eq.(21) definitely goes to 0 as ¢ goes to infinity. Now let us consider the term

H;: i1 (1= ]9) A logarithm usually helps us to convert it into a sum, so we perform the following
manipulations:

t t
Yomi-5<— Y S <o+ 1) -t +1)),
j=it1 J j=it1?
where the first inequality uses the fact In(1 + ) < x and the second inequality uses Z;Zl 11 % >

In(t 4+ 1) — In(i + 1). So,

t . c
[ (1- &) = Shonma=—5) g gemst - (D"
J - (t+1)c

j=i+1
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By setting ¢ = 0, this means the third term in Eq.(ZI)) goes to 0 as ¢ goes to infinity. Now consider

Z:;:ll Z% ;:7;4,1(1 - ?), we Obtain
t—1 b t t—1
- <
i2 H “(t+ 1 c Z
i=1 Jj=i+1 i=1
t—1
<Sarme it
i=1
4b 4b ¢
S + i+ 1) di,
S ESIL (t+1)c/1 (i+1)
where the second inequality uses the fact (zti;)? < 4 for all positive integer 7, and the third inequality

combine the two facts ZZ S +1)72 < [0+ 1) 2di < [{(i + 1)°2di given ¢ > 2 and
S 1)72 < f i+1)¢72di < ft(z +1)¢2di given ¢ < 2. If ¢ # 1, then

t—1

t .
b 4b 4b t4 1)1 —9gc1
= [l a SN ESIE +(t+1)6'< >c71 '
1 Jj=i+1

~.

7

If c =1, then

t— t

ZZ% 11 175) b(1+ln(t+1) In2).

1=1 J=i+1 t
Under both cases, we can easily argue that the second term in Eq. goes to 0.

Now, we have proved that all three terms in the right hand side of Eq.(2T)) go to 0 as ¢ goes to infinity.
This directly implies { X} converges to 0. O

Lemma B.5. (Optional Stopping Theorem) Suppose {X;} is a super martingale and T is a stop-
ping time. If there exists a constant ¢ such that | X, nr| < ¢ holds for all T, then we have

E[X,] < E[Xy].
This is also called Doob’s Optional Stopping Theorem. See Theorem 10.10 of [Williams| (1991)).

B.3 PROOF OF LEMMA B.1

Consider Non Projected Neural TD Learning,
1001 — 0.1 = 116 — 6. + g (8,)]]?
=110 — 0:[1* + 204 (6, — 0.)" 9(6:) + f[|g(8,)[]*.

Given 6, the only randomness is from s;. Taking expectation on both side and using the fact that
E[g(6:)] = §(6:) (since we assume s; are sampled i.i.d. from (), we obtain

E [|6e41 — 0:11%16:] = 110 — 041> + 200 (6, — 02) (6:) + o7 E [||g(6:)[1716¢] . (22)

First, we consider 2 (6; — 6.)7g(6;). Lemma allows us to divide it into several parts and thus
we can bound them respectively:

20 (0 — 0.)"g(6:) = 204(g1(6) + g2(6¢) + g3(6¢)).
To bound g1 (6;),
91(0:) =(0; — 0.)" VoV (0.)" D(yP — I)VoV (6,)(6; — 6,)
=—N(VoV(0:)(0r — 0.))
— (L= (o5,

where the first equality is because the definition of gy (6;) in Eq.(18), the second equality is by setting
f=VoV(6,)(0; — 6.) in Lemmal[A.1] and the inequality is by Lemma|[B.3]
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To bound g2 (6;),
32(60,) =(0: — 0.)7 (VoV (6) = VoV (6.))T D(yP — D)(V (B) =V (6.))
<[, = 6.7 (VoV (6,) ~ VoV (8. DP(V (6,) - V(6.))
+ (60 = 007 (VoV (61) = VoV (6.))T DV (61) - V(©.)

<(1+7y)colm™(16, — 0.,

where the equality is because the definition of g»(6;) in Eq., the first inequality is by triangle
inequality which says |z +y| < |z|+ |y|, and the second inequality is by setting x to be (Vo V (6;) —

VoV (0.))(0: — 0.), y to be V(0;) — V() in Lemma with each entry of z, y bounded by
com 0510 — 0.]|%, 1]|0; — 0.]| respectively using Lemma|B.2

To bound g3(6;),
35(0,) =(6: — 0.)"VoV(0.)"D(YP — I)(VoV (055%) — VoV (6.))(6; — 6.)
<760 = 0.7V (0.)T DP(ToV (05°%) ~ VoV (6.))(61 ~ 0.)

+ \(et —0.)TVV(0.)T D(VV (02) — VoV (0.))(6; — 6.)

<(1+7)colm™ 2|6, — 6.1,

where the equality is because of the definition of gs(6;) in Eq., the first inequality is because of
the triangle inequality, and the second inequality is by setting « to be (Vo V (6519) — V,V (6.,.)) (6 —

0.),y tobe VgV (0.)(6; —0,) in Lemmal|A.5|with each entry of , y bounded by com =%-%||0; — 6. ]|?,
1]|6; — 6.|| respectively using Lemma

Combine the above facts and we now have the bound for the second term in the right hand side of
Eq.(22),

200 (6 — 0.)"9(0:) < —200(1 — ) (omin)? 116 — 6.1 + dar (1 + y)colm ™[0, — 6.|I°.

min)

Second, we consider E[a?||g(6;)||?|0;] in Eq.(22). For simplicity, define f(s) = V (s, 0.)—V (s, 0;).
Since we are using one hidden layer neural network to approximate V (s, ),

F()1* = [V(s,0.) = V(s,0,)|"
2

= S b (o (6s) — o0r5))
<D billo(0rs) — o (bls)|?
< 3 2liors — o7l
<320 — 1)
= l;HGt — 0.,
Recall that V (s, 6,) satisfies Eq.(I), which is
V(s,0.) =7(s) +vY_P(s"|s)V(s",0.),
and g(0;) is defined to be g(6;) = VoV (s, 6;) [TES) ++V(s',0:) — V(s,0;)]. This latter immedi-

ately implies that g(6;) is actually a random variable and implicitly relies on the state s. Using these
facts, we obtain

9(0¢) = VoV (s,0:) [r(s) + YV (5", 01) — V (s, 04)]

=VoV(s,0:) | f(s) — 'yZP(s”\s)f(s’) + 72P(s”|s) (V(s',0.) =V (s",0.))

s’ s’
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By Eq.(2) we can obtain the following quick result:

V(s 0,)—V(s",0.)] <

And this leads to the following:

lg(00)I* = HWV(& 0:) [f(S) —1 Y P("Is)f(s") + 7 Y P(s"Is)(V(s',6.) = V(s",6.))

s/t s/t

2 2
<3[[VoV (s, 00)|* |1f(s)]” + +

v P19 f()| 4 |y D P(s"1s)(V(s',64) = V(s",6.))

<3[[VeV (s, 0,7 [If(S)I2 +72 ) P19 (S)P 97 ) Pl [9)IV(s',6.) — V(S”ﬁ*)lﬂ

s’ s

129113
§3(1 +’72)l4||9t - 9*”2 + W,

(23)

where the first inequality uses the fact that (a + b + ¢)? < 3(a® + b + ¢?), the second inequality
is by Jensen’s inequality, and the third inequality simply uses Lemma[B.2]to bound ||VyV (s, 6;)]|.
Further,

120772112, .
Q2R [||g(6:)]116:] < 3aZ(1 +~2)1%(|6; — 6.]]> + (1”_*7)

Now let us go back to Eq.(22), where the second and third terms on the right hand side can be
bounded by

204(6: — 0.)" g(0:) + o7E [||9(6:)|[|6:]
< = 204 (1 = Y)(02i)?[10: — 0411 + 4 (1 + 7)colm ™[]0, — 0.
120‘%’72127}211&)(
BT
= (=200(1 = )(O%0)? + 3aF(1+ 920 ) 16, — 0.1
120377110
(1-m2

+ 307 (1+%)0Y]0 — 0.1 +

+ 4oy (14 7)colm=2||6, — 0, +

This means

E [[[6:+1 — 0x|[°]6]
< (1= 200(1 = M) (o%)? + (L4921 16, - 6.

24
_ 5 12029201272
o (L 9)eolm 03|, — 0, e,
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For simplicity, we define the following notations:

X =0, — 0],
c :12')/2127'?nax7
A% (1 —7)?
_ 1
TN+ 1)

a; =204 (1 — ) (o) — 3aZ (1 + 7)1,
by =4ay (1 + 7)colm ™2,
2l27’2

max __ C
1-72  (+1%

dy :% (while dj is defined to be dy = 2).

12ay
Cy =

We can rewrite Eq.(24) as
]E [Xt2+1|Xt] S (1 — Q¢ —+ tht)XtQ + Ct,

(20—7)(022)2A=31" (14+2))

while the condition E [[|6p — 6. ] < md — 2 is just

64(1+7)2c2i2 A2
E[X2]<—a%5 d
>~ — Q-

07 = 4p2

Under such notations, an important fact is that

¢t <dy — diyr.

1 1

This can be showed easily since ﬁ <3i- =1

If we define the stopping time 7" = inf; {X; > $2} and the sequence {Y}} to be

X2 +d; ift<T
Y; = .
Y4 ift>T

Now we first claim that the sequence {Y;} is a super martingale. We show this as follows:

Suppose T = 0, and we find that Y; = Yp,Vt. In this trivial case, obviously, {Y;} is a super
martingale. Now we assume 7" > 0.

When t = 0, we have
1
E[XZXo] < (1 - 5ao)Xg’ +eo < X +co< X2+ do—dy.

which means E[Y7|Yy] < Y.

For t < T, by the definition of 7" we know that X; < 2“7%, which implies that X; < 2% (this is

because by the definition of a; and by, h(t) = 2% is increasing with ¢). Hence,

E[X7 X < (1— %at)th ter < X2 4o < XPAdy —digy.
which means E[Y;41]Y;] < Vi
For t > T, by the definition of {Y;} we know that Y; = Y.
Hence, combine all the above facts and we conclude the sequence {Y;} is a super martingale.
Next, we claim that X; < Q‘ITOO, Vt holds with probability at least 1 —§. This can be shown as follows:

Let A be the event {supt Xi < ;T‘;} = {XO < g X1 < g, } To compute P(A), notice

that
ag

P X
( 0<2b07

X < 0 =P Y<a—(2)+d Y<a—%+d
1 2b07 - 0 4b% 0,11 4b(2) 1 .
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We can easily check that T is also a stopping time for {Y;}. In order to use Lemma B.5] we need to
check the conditions that |Y7| < ¢ for some constant c¢. We split it into two cases.

First, if 7 < T, then |Y; a7| = |Y+|. Because of the definition of T' we know that

a2 a?
Y| < W +d —5 + 2,
where we use the fact that {d;} is a decreasing sequence and dy = 2.
Second, if 7 > T, then |Y;ar| = |Y7|. Recall that update of the algorithm is
Orr1 = 0; + arg(0y).

which implies

[Or+1 — ]| < 1166 — ]| + e[ |g(62)]]-
Now we lett = T' — 1 and use X; notations. The above fact can be rewritten as

[ X7| < [ X7 +04T—1\|9(9T—1)||~

Because of the definition of 7', we know that | X7_1| < 2. Moreover, Eq.(23] . give us a bound for
||g(9T 1)|], which is ||g(67—1)|] < \/3 14+~ )l4X% L+ % Finally, ap_1 is set to be

(1
so it is obviously bounded. All these facts lead to the result that |Y7| is bounded.

(t+1)
Combining the above two cases, we are now eligible to use Lemma@ Hence, we obtain
E[Y;ar] < E[Yo].
On the other hand, E[Y,Ar| can be expanded as
E[Yrar] = EYoar|T < 7]P(T < 1) + E[Yo a7 |T > 7] P(T > 7)
=E}Y7|P(T <7)+E[Y;]P(T > ).
Combining these two facts,

E[Yy] > E[Y7]P(T < 7)

> ( ; +dT) P(T < 7).

where the second inequality using the fact that Y; > 4b2 + dr. Hence,

]E[Yo] ]E[Xo] +dy ]E[Xo] +dy

ao

PT<71)< <
b2 + dT b2 + dT 4b2

<.

where the equality is because E[Yy] = E[X?]+dy, the second inequality is because d; is nonnegtive,

and the third inequality is because of the condition E[X2] < %6 — dp. Next, it is easy to see

= 4b2

P<Y0 4b2 +do, Y1 < +d17" Yo <4b2—|—d> P(T >T)

=1-P(T<7)
>1-6.

4b2

This result holds for all 7, so we can let 7 — 0o and obtain
P(A)>1-6.

= Vit

Actually, using h(t) = 2b is monotonically increase with ¢ again, event A implies X; < T

With this fact,

1
E[X7 )X, A] < (1—ap + b X)) XP + ¢ < (1—§at)X + ¢, V.
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042 2 27,,2
dPlugging ina; = 20,(1 = 7)(05i0)? = 3aF (1 + 72l ¢, = 2 and oy = 5k, we can
crive
1— 2Dy2 31 4 42)4 12~212y2
E [X7:2+1|Xt,A} S 1_ ( ,Y)(O—mln) + ( +Py ) t2 ’7 rmax .
AE+ 1) INZ(L + 1)2 (1—7)2\2(t + 1)
Given that X, < o < 0=Dm 7 (005)" Iud
1ven thal t S 2y = W ence, we conclude

x2, 30— 21+ (onD)*m 129201202,
T S 7 (s} R R E Iy

(1 —)(o2D)?

1= At +1)

E [Xt2+1|Xt7A] <

Take expectation on both sides and we derive

(1 =)o) 3(1— )21+ (onl)*m 12921272

max

E[X2,)4] < |1~ E[X?|A]+

At +1) 8A2(1+7)2c3(t +1)2 (1 —7)2X2(¢t +1)2°

By Lemma we conclude that the sequence {IE [X 2 |A] } converges to 0.
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