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Abstract

Temporal-difference learning with gradient correction (TDC) is a two time-scale
algorithm for policy evaluation in reinforcement learning. This algorithm was
initially proposed with linear function approximation, and was later extended to the
one with general smooth function approximation. The asymptotic convergence for
the on-policy setting with general smooth function approximation was established
in [Bhatnagar et al., 2009], however, the non-asymptotic convergence analysis
remains unsolved due to challenges in the non-linear and two-time-scale update
structure, non-convex objective function and the projection onto a time-varying
tangent plane. In this paper, we develop novel techniques to address the above chal-
lenges and explicitly characterize the non-asymptotic error bound for the general
off-policy setting with i.i.d. or Markovian samples, and show that it converges as
fast as O(1/

√
T ) (up to a factor of O(log T )). Our approach can be applied to a

wide range of value-based reinforcement learning algorithms with general smooth
function approximation.

1 Introduction

In reinforcement learning (RL), an agent interacts with a stochastic environment in order to maximize
the total reward [Sutton and Barto, 2018]. Towards this goal, it is often needed to evaluate how good a
policy performs, and more specifically, to learn its value function. Temporal difference (TD) learning
algorithm is one of the most popular policy evaluation approaches. However, when applied with
function approximation approach and/or under the off-policy setting, the TD learning algorithm may
diverge [Baird, 1995, Tsitsiklis and Van Roy, 1997]. To address this issue, a family of gradient-based
TD (GTD) algorithms, e.g., GTD, GTD2, temporal-difference learning with gradient correction
(TDC) and Greedy-GQ, were developed for the case with linear function approximation [Maei, 2011,
Sutton et al., 2009b, Maei et al., 2010, Sutton et al., 2009a,b]. These algorithms were later extended
to the case with general smooth function approximation in [Bhatnagar et al., 2009], where asymptotic
convergence guarantee was established for the on-policy setting with i.i.d. samples.

Despite the success of the GTD methods in practice, previous theoretical studies only showed that
these algorithms converge asymptotically, and did not suggest how fast these algorithms converge
and how the accuracy of the solution depends on various parameters of the algorithms. Not until
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recently have the non-asymptotic error bounds for these algorithms been investigated, e.g., [Dalal
et al., 2020, Karmakar and Bhatnagar, 2018, Wang and Zou, 2020, Xu et al., 2019, Kaledin et al.,
2020, Dalal et al., 2018, Wang et al., 2017], which mainly focus on the case with linear function
approximation. These results thus cannot be directly applied to more practical applications with
general smooth function approximation, e.g., neural networks, which have greater representation
power, do not need to construct feature mapping, and are widely used in practice.

In this paper, we develop a non-asymptotic analysis for the TDC algorithm with general smooth
function approximation (which we refer to as non-linear TDC) for both i.i.d. and Markovian samples.
Technically, the analysis in this paper is not a straightforward extension of previous studies on those
GTD algorithms with linear function approximation. First of all, different from existing studies with
linear function approximation whose objective functions are convex and the updates are linear, the
objective function of the non-linear TDC algorithm is non-convex, and the two time-scale updates
are non-linear functions of the parameters. Second, the objective function of the non-linear TDC
algorithm, the mean-square projected Bellman error (MSPBE), involves a projection onto a time-
varying tangent plane which depends on the sample trajectory, whereas for GTD algorithms with
linear function approximation, this projection is time-invariant. Third, due to the two time-scale
structure of the algorithm and the Markovian noise, novel techniques to deal with the stochastic bias
and the tracking error need to be developed.

1.1 Challenges and Contributions

In this section, we summarize the technical challenges and our contributions.

Analysis for two time-scale non-linear updates and non-convex objective. Unlike many existing
results on two time-scale stochastic approximation, e.g., [Konda et al., 2004, Gupta et al., 2019,
Kaledin et al., 2020] and the studies of linear GTD algorithms in [Xu et al., 2019, Ma et al., 2020,
Wang et al., 2017, Dalal et al., 2020], the objective function of the non-linear TDC is non-convex,
and its two time-scale updates are non-linear. Therefore, existing studies on linear two time-scale
algorithms cannot be directly applied. Moreover, the convergence to global optimum cannot be
guaranteed for the non-linear TDC algorithm, and therefore, we study the convergence to stationary
points. In this paper, we develop a novel non-asymptotic analysis of the non-linear TDC algorithm,
which solves RL problems from a non-convex optimization perspective. We note that our analysis is
not a straightforward extension of analyses of non-convex optimization, as the update rule here is two
time-scale and the noise is Markovian. The framework we develop in this paper can be applied to
analyze a wide range of value-based RL algorithms with general smooth function approximation.

Time-varying projection. For the MSPBE, a projection of the Bellman error onto the parameterized
function class is involved. However, unlike linear function approximation, the projection onto a
general smooth class of functions usually does not have a closed-form solution. Thus, a projection
onto the tangent plane at the current parameter is used instead, which incurs a time-varying projection
that depends on the current parameter and thus the sample trajectory. This brings in additional
challenges in the bias and variance analysis due to such dependency. We develop a novel approach to
decouple such a dependency and characterize the bias by exploiting the uniform ergodicity of the
underlying MDP and the smoothness of the parameterized function. The new challenges posed by the
time-varying projection and the dependence between the projection and the sample trajectory are not
special to the non-linear TDC investigated in this paper, and they exist in a wide range of value-based
algorithms with general smooth function approximation, where our techniques can be applied.

A tight tracking error analysis. Due to the two time-scale structure of the update rule, the tracking
error, which measures how fast the fast time-scale tracks its own limit, needs to be explicitly bounded.
Unlike the studies on two time-scale linear stochastic approximation [Dalal et al., 2020, Kaledin et al.,
2020, Konda et al., 2004], where a linear transformation can asymptotically decouple the dependence
between the fast and slow time-scale updates, it is non-trivial to construct such a transformation for
non-linear updates. To develop a tight bound on the tracking error, we develop a novel technique that
bounds the tracking error as a function of the gradient of the MSPBE. This leads to a tighter bound
on the tracking error compared to many existing works on two time-scale analysis, e.g., [Wu et al.,
2020, Hong et al., 2020]. Although we do not decouple the fast and slow time-scale updates, we
still obtain a desired convergence rate of O(1/

√
T ) (up to a factor of log T ), which matches with the

complexity of stochastic gradient descent for non-convex problems [Ghadimi and Lan, 2013].
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1.2 Related Work

TD, Q-learning and SARSA. The asymptotic convergence of TD with linear function approximation
was shown in [Tsitsiklis and Van Roy, 1997], and the non-asymptotic analysis of TD was developed
in [Srikant and Ying, 2019, Lakshminarayanan and Szepesvari, 2018, Bhandari et al., 2018, Dalal
et al., 2018, Sun et al., 2020]. Moreover, [Cai et al., 2019] further studied the non-asymptotic error
bound of TD learning with neural function approximation. Q-learning and SARSA are usually used
for solving the optimal control problem and were shown to converge asymptotically under some
conditions in [Melo et al., 2008, Perkins and Precup, 2003]. Their non-asymptotic error bounds
were also studied in [Zou et al., 2019]. The non-asymptotic analysis of Q-learning under the neural
function approximation was developed in [Cai et al., 2019, Xu and Gu, 2020]. Note that all these
algorithms are one time-scale, while the TDC algorithm we study is a two time-scale algorithm.

GTD methods with linear function approximation. A class of GTD algorithms were proposed
to address the divergence issue for off-policy training [Baird, 1995] and arbitrary smooth function
approximation [Tsitsiklis and Van Roy, 1997], e.g., GTD, GTD2 and TDC [Maei, 2011, Sutton et al.,
2009b, Maei et al., 2010, Sutton et al., 2009a,b]. Recent studies established their non-asymptotic
convergence rate, e.g., [Dalal et al., 2018, Wang et al., 2017, Liu et al., 2015, Gupta et al., 2019,
Xu et al., 2019, Dalal et al., 2020, Kaledin et al., 2020, Ma et al., 2020, Wang and Zou, 2020,
Ma et al., 2021] under i.i.d. and Markovian settings. These studies focus on the case with linear
function approximation, and thus the objective functions are convex, and the updates are linear. In
this paper, we focus on the non-linear TDC algorithm with general smooth function approximation,
where the two time-scale update rule is non-linear, the objective is non-convex, and the projection is
time-varying, and thus new techniques are required to develop the non-asymptotic analysis.

Non-linear two time-scale stochastic approximation. There are also studies on asymptotic con-
vergence rate and non-asymptotic analysis for non-linear two time-scale stochastic approximation,
e.g., [Mokkadem et al., 2006, Doan, 2021]. Although the non-linear update rule is investigated,
it is assumed that the algorithm converges to the global optimum. In this paper, we do not make
such an assumption on the global convergence, which may not necessarily hold for the non-linear
TDC algorithm, and instead, we study the convergence to stationary points, which is a widely used
convergence criterion for non-convex optimization problems. We also note that there is a resent work
studying the batch-based non-linear TDC in [Xu and Liang, 2021], where at each update, a batch of
samples is used. To achieve a sample complexity of O(ε−2), a batch size of O(ε−1) is required in [Xu
and Liang, 2021] to control the bias and variance. We note that by setting the batch size being one
in [Xu and Liang, 2021], the desired sample complexity cannot be obtained, and their error bound
will be a constant. In this paper, we focus on the non-linear TDC algorithm without using the batch
method, where the parameters update in an online and incremental fashion and at each update only
one sample is used. Our error analysis is novel and more refined as it does not require a large batch
size of O(ε−1) while still achieving the same sample complexity.

2 Preliminaries

2.1 Markov Decision Process

A Markov decision process (MDP) is a tuple (S,A,P, r, γ), where S and A are the state and action
spaces, P = P(s′|s, a) is the transition kernel, r : S×A× S→ R+ is the reward function bounded
by rmax, and γ ∈ [0, 1] is the discount factor. A stationary policy π maps a state s ∈ S to a probability
distribution π(·|s) over the action space A. At each time-step t, suppose the process is at some state
st ∈ S, and an action at ∈ A is taken. Then the system transits to the next state st+1 following the
transition kernel P(·|st, at), and the agent receives a reward r(st, at, st+1).

For a given policy π and any initial state s ∈ S, we define its value function as V π (s) =
E [
∑∞
t=0 γ

tr(St, At, St+1)|S0 = s, π]. The goal of policy evaluation is to use the samples gen-
erated from the MDP to estimate the value function. The value function satisfies the Bellman
equation: V π(s) = TπV π(s) for any s ∈ S, where the Bellman operator Tπ is defined as

TπV (s) =
∑

s′∈S,a∈A
P(s′|s, a)π(a|s)r(s, a, s′) + γ

∑

s′∈S,a∈A
P(s′|s, a)π(a|s)V (s′). (1)

Hence the value function V π is the fixed point of the Bellman operator Tπ [Bertsekas, 2011].

3



2.2 Function Approximation

In practice, the state space S usually contains a large number of states or is even continuous, which
will induce a heavy computational overhead. A popular approach is to approximate the value
function using a parameterized class of functions. Consider a parameterized family of functions{
Vθ : S→ R|θ ∈ RN

}
, e.g., neural networks. The goal is to find a Vθ with a compact representation

in θ to approximate the value function V π. In this paper, we focus on a general family of smooth
functions, which may not be linear in θ.

3 TDC with Non-Linear Function Approximation

In this section, we introduce the TDC algorithm with general smooth function approximation in
[Bhatnagar et al., 2009] for the off-policy setting with both i.i.d. samples and Markovian samples,
and further characterize the non-asymptotic error bounds.

Consider the the following mean-square projected Bellman error (MSPBE):

J(θ) = Eµπ
[
‖Vθ(s)−ΠθT

πVθ(s)‖2
]
, (2)

where µπ is the stationary distribution induced by the policy π, and Πθ is the orthogonal projection
onto the tangent plane of Vθ at θ:

{
V̂ζ(s)|ζ ∈ RN and V̂ζ(s) = φθ(s)

>ζ
}

and φθ(s) = ∇Vθ(s).
Note that the projection is onto the tangent plane instead of

{
Vθ : θ ∈ RN

}
since the projection onto

the latter one may not be computationally tractable if Vθ is non-linear.

In [Bhatnagar et al., 2009], the authors proposed a two time-scale TDC algorithm to minimize the
MSPBE J(θ). Specifically, a stochastic gradient descent approach is used with the weight doubling
trick (for the double sampling problem) [Sutton et al., 2009a], which yield a two time-scale update
rule. We note that the algorithm developed in [Bhatnagar et al., 2009] was for the on-policy setting
with i.i.d. samples from the stationary distribution, and the asymptotic convergence of the algorithm
to stationary points was established.

In the off-policy setting, the goal is to estimate the value function V π of the target policy π using the
samples from a different behavior policy πb. In this case, the MSPBE can be written as

J(θ) = Eµπb [‖Vθ(s)−ΠθT
πVθ(s)‖2], (3)

and we use the approach of importance sampling. Following steps similar to those in [Maei, 2011],
J(θ) can be further written as

J(θ) = Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]>A−1θ Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)], (4)

where δs,a,s′(θ) = r(s, a, s′) + γVθ(s
′) − Vθ(s) is the TD error, φθ(s) = ∇Vθ(s) is the character

vector, ρ(s, a) = π(a|s)
πb(a|s) is the importance sampling ratio for a given sample O = (s, a, r, s′) and

Aθ = Eµπb [φθ(S)φθ(S)>].
To compute ∇J(θ), we consider its i-th entry, i.e., the partial derivative w.r.t. the i-th entry of θ:

− 1

2

∂J(θ)

∂θi

= −Eµπb
[
∂

∂θi
(ρδφ)

]>
A−1θ Eµπb [ρδφ]

︸ ︷︷ ︸
(a)

+
1

2
(A−1θ Eµπb [ρδφ])>Eµπb

[
∂

∂θi
(φφ>)

]
(A−1θ Eµπb [ρδφ])

︸ ︷︷ ︸
(b)

,

(5)

where to simplify notations, we omit the dependence on θ, S,A and S′. To get an unbiased estimate
of the terms in (5), several independent samples are needed, but this is not applicable when there is
only one sample trajectory. Hence we employ the weight doubling trick [Sutton et al., 2009a]. Define
ω(θ) = A−1θ Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)] , then term (a) can be written as follows:

− Eµπb
[
∂

∂θi
(ρδφ)

]>
A−1θ Eµπb [ρδφ]
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= −Eµπb [ρ(γ(φθ(S′))i − (φθ(S))i)φθ(S)]
>
ω(θ)− Eµπb

[
ρδ(∇2V )i

]>
ω(θ); (6)

and term (b) can be written as follows:

(A−1θ Eµπb [ρδφ])>Eµπb
[
∂

∂θi
(φφ>)

]
(A−1θ Eµπb [ρδφ]) = 2Eµπb

[
φ>ω(θ)(

∂

∂θi
φ>)ω(θ)

]
. (7)

Hence the gradient can be re-written as

−∇J(θ)
2

= Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]− h(θ, ω(θ))− γEµπb
[
ρ(S,A)φθ(S

′)φθ(S)
>]ω(θ),

(8)

where h(θ, ω) = Eµπb [
(
ρ(S,A)δS,A,S′(θ)− φθ(S)>ω

)
∇2Vθ(S)ω]. Thus with this weight doubling

trick [Sutton et al., 2009a], a two time-scale stochastic gradient descent algorithm can be constructed.
In Algorithm 1, we present the algorithm for the Markovian setting. The algorithm under the i.i.d.
setting is slightly different, hence we refer the readers to Algorithm 2 in Appendix B.

Algorithm 1 Non-Linear Off-Policy TDC under the Markovian Setting

Input: T , α, β, π, πb,
{
Vθ|θ ∈ RN

}
Initialization: θ0,w0

1: Choose W ∼ Uniform(0, 1, ..., T − 1)
2: for t = 0, 1, ...,W − 1 do
3: Sample Ot = (st, at, rt, st+1) following πb
4: δt(θt) = r(st, at, st+1) + γVθt(st+1)− Vθt(st)
5: ρt =

π(at|st)
πb(at|st)

6: ht(θt, ωt) =
(
ρtδt(θt)− φθt(st)>ωt

)
∇2Vθt(st)ωt

7: ωt+1 = ΠRω

(
ωt + β

(
− φθt(st)φθt(st)>ωt + ρtδt(θt)φθt(st)

))

8: θt+1 = θt + α
(
ρtδt(θt)φθt(st)− γρtφθt(st+1)φθt(st)

>ωt − ht(θt, ωt)
)

9: end for
Output: θW

In Algorithm 1, ΠRω (v) = argmin‖w‖≤Rω ‖v − w‖ denotes the projection operator, where Rω =
ρmaxCφ
λv

(rmax + (1 + γ)Cv) (the constants are defined in Section 3.1). As we will show in (44) in
the appendix that for any θ ∈ RN , ω(θ) is always upper bounded by Rω, i.e., ‖ω(θ)‖ ≤ Rω. The
projection step in the algorithm is introduced mainly for the convenience of the analysis. Motivated
by the randomized stochastic gradient method in [Ghadimi and Lan, 2013], which is designed to
analyze non-convex optimization problems, in this paper, we also consider a randomized version of
the non-linear TDC algorithm. Specifically, let W be an independent random variable with a uniform
distribution over {0, 1, ..., T − 1}. We then run the non-linear TDC algorithm for W steps and output
θW .

3.1 Non-asymptotic Error Bounds

In this section, we present our main results of the non-asymptotic error bounds on the convergence of
the off-policy non-linear TDC algorithm. Our results will be based on the following assumptions.
Assumption 1 (Boundedness and Smoothness). For any s ∈ S and any θ, θ′ ∈ RN ,

|Vθ(s)| ≤ Cv, ‖φθ(s)‖ ≤ Cφ,
‖∇2Vθ(s)‖ ≤ Dv, ‖∇2Vθ(s)−∇2Vθ′(s)‖ ≤ LV ‖θ − θ′‖,

where Cφ, Cv , Dv and LV are some positive constants.

From Assumption 1, it follows that for any θ, θ′ ∈ RN , |Vθ(s) − Vθ′(s)| ≤ Cφ‖θ − θ′‖, and
‖φθ(s)− φθ′(s)‖ ≤ Dv‖θ − θ′‖. We note that these assumptions are equivalent to the assumptions
adopted in the original non-linear TDC asymptotic convergence analysis in [Bhatnagar et al., 2009],
and can be easily satisfied by appropriately choosing the function class

{
Vθ : θ ∈ RN

}
. For example,

in neural networks, these assumptions can be satisfied if the activation function is Lipschitz and
smooth [Du et al., 2019, Neyshabur, 2017, Miyato et al., 2018].
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Assumption 2 (Non-singularity). For any θ ∈ RN , λL (Aθ) ≥ λv > 0, where λL(A) denotes the
minimal eigenvalue of the matrix A and λv is a positive constant.

Assumption 3 (Bounded Importance Sampling Ratio). For any (s, a) ∈ S×A, ρ(s, a) = π(a|s)
πb(a|s) ≤

ρmax, for some positive constant ρmax.

The following assumption is only needed for the analysis under the Markovian setting, and is widely
used for analyzing the Markovian noise, e.g., [Wang and Zou, 2020, Kaledin et al., 2020, Xu and
Liang, 2021, Zou et al., 2019, Srikant and Ying, 2019, Bhandari et al., 2018].

Assumption 4 (Geometric uniform ergodicity). There exist some constants m > 0 and κ ∈ (0, 1)
such that sups∈S dTV (P(st = ·|s0 = s, π), µπ) ≤ mκt, for any t > 0, where dTV denotes the
total-variation distance between the probability measures.

We then present the bounds on the convergence of the TDC algorithm with general smooth function
approximation in the following theorem.

Theorem 1. Consider the following step-sizes: α = O
(

1
Ta

)
, and β = O

(
1
T b

)
, where 1

2 ≤ a ≤ 1

and 0 < b ≤ a. Then, (1) under the i.i.d. setting, ‖∇J(θW )‖2 = O
(

1
T 1−a + 1

T b
+ 1

T 1−b
)
; and (2)

under the Markovian setting, ‖∇J(θW )‖2 = O
(

log T
T 1−a + 1

T 1−b +
log T
T b

)
.

Here we only assume the order of the step-sizes in terms of T for simplicity, their exact assumptions
on them can be found in Section B.3 and Section C.3. Similarly, we only provide the order of the
bounds here, and the explicit bounds can be found in (86) and (133) in the appendix. It can be seen
that the rate under the Markovian setting is slower than the one under the i.i.d. setting by a factor of
log T , which is essentially the mixing time introduced by the dependence of samples.

Theorem 1 characterizes the dependence between convergence rate and the step-sizes α and β. We
also optimize over the step-sizes in the following corollary.

Corollary 1. Let a = b = 1
2 , i.e., α, β = O(1/

√
T ), then (1) under the i.i.d. setting, ‖∇J(θW )‖2 =

O(1/
√
T ); and (2) under the Markovian setting, ‖∇J(θW )‖2 = O(log T/

√
T ).

Remark 1. Our result matches with the sample complexity for the batch-based algorithm in [Xu and
Liang, 2021]. But their work requires a large batch size of O(ε−1) to control the bias and variance,
while ours only needs one sample in each step to update θ and ω and can still obtain the same
convergence rate. We note that by setting the batch size being one in [Xu and Liang, 2021], their
desired sample complexity cannot be obtained, and their error bound will be a constant. To obtain
our non-asymptotic bound and sample complexity for the non-linear TDC algorithm, we develop a
novel and more refined analysis on the tracking error, which will be discussed in the next section.
Moreover, our result matches with the convergence rate of solving general non-convex optimization
problems using stochastic gradient descent in [Ghadimi and Lan, 2013]. Compared to their work,
our analysis is more challenging due to the two time-scale structure and the gradient bias from the
Markovian noise and the tracking error.

Remark 2. Some analyses on two time-scale stochastic approximation bound the tracking error in
terms of αβ , and require α

β → 0 in order to drive the tracking error to zero resulting in a convergence

rate of O
(
β + α

β

)
[Borkar, 2009]. In this paper, we develop a much tighter bound on the tracking

error in terms of the slow time-scale parameter∇J(θ). Therefore, the tracking error in our analysis is
driven to zero by∇J(θ)→ 0 not αβ → 0. Similar results that do not need α

β → 0 can also be found,
e.g., in [Konda et al., 2004, Kaledin et al., 2020]. We would like to point out that the techniques in
[Konda et al., 2004, Kaledin et al., 2020] cannot be applied in our analysis due to the non-linear two
time-scale updates in this paper.

4 Proof Sketch

In this section, we provide an outline of the proof of Theorem 1 under the Markovian setting, and
highlight our major technical contributions. For the complete proof of Theorem 1, we refer the
readers to Appendices B.2 and C.2.
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Let Ot = (st, at, rt, st+1) be the sample observed at time t. Denote the tracking error by zt =
ωt − ω(θt), which characterizes the error between the fast time-scale update and its limit if the
slow time-scale update θt is kept fixed and only the fast time-scale is being updated. Denote by
Gt+1(θ, ω) , ρtδt(θ)φθ(st)− γρtφθ(st+1)φθ(st)

>ωt− ht(θ, ω). Denote by τβ the mixing time of
the MDP, i.e., τβ , min {t : mκt ≤ β}.
Step 1. In this step, we decompose the error of gradient norm into two parts: the stochastic bias and
the tracking error. We first show in Appendix A that J(θ) is LJ -smooth: for any θ1, θ2 ∈ RN ,

‖∇J(θ1)−∇J(θ2)‖ ≤ LJ‖θ1 − θ2‖. (9)

We note that the smoothness of J(θ) is also used in [Xu and Liang, 2021], which, however, is assumed
instead of being proved as in this paper. It then follows that

α

2
‖∇J(θt)‖2≤J(θt)− J(θt+1) + α〈∇J(θt),−Gt+1(θt, ω(θt)) +Gt+1(θt, ωt)〉︸ ︷︷ ︸

(a)

+ α

〈
∇J(θt),

∇J(θt)
2

+Gt+1(θt, ω(θt))

〉

︸ ︷︷ ︸
(b)

+
LJ
2
α2‖Gt+1(θt, ωt)‖2. (10)

This implies that the error bound on the gradient norm is controlled by the tracking error (a) which
is introduced by the two time-scale update rule, and the stochastic bias (b) which is due to the
time-varying projection and the Markovian sampling.

Step 2. We first bound the tracking error. Re-write the update of ωt in terms of zt: zt+1 =
zt + β (−Aθt(st)zt + bt(θt)) + ω(θt)− ω(θt+1), where Aθt(st) = φθt(st)φθt(st)

> and bt(θt) =
−Aθt(st)ω(θt) + ρtδt(θt)φθt(st). From the Lipschitz continuity of ω(θ), it follows that

‖zt+1‖ ≤ (1 + βC2
φ)‖zt‖+ β(bmax + LωCg),

‖zt+1 − zt‖ ≤ βC2
φ‖zt‖+ β(bmax + LωCg), (11)

which further implies

E
[
‖zt+1‖2 − ‖zt‖2

]

≤ E[2z>t (zt+1 − zt + βAθtzt)]︸ ︷︷ ︸
(c)

+O
(
β2E[‖zt‖2] + β2

)
+ βE

[
2z>t (−Aθt)zt

]
, (12)

where the last term in (12) can be further upper bounded by −2βλvE[‖zt‖2].
One challenging part in our analysis is to bound term (c). Equivalently, we decompose the following
term into three parts:

E
[
z>t

(
−Aθtzt −

1

β
(zt+1 − zt)

)]

= E[z>t (−Aθt +Aθt(st))zt]︸ ︷︷ ︸
(d)

−E[z>t bt(θt)]︸ ︷︷ ︸
(e)

−E
[
z>t

ω(θt)− ω(θt+1)

β

]

︸ ︷︷ ︸
(f)

. (13)

Consider term (d) in (13). Unlike the case with linear function approximation, where the character
function∇Vθ(s) = φ(s) is independent with θ, here the character function φθ(s) depends on θ. We
use the geometric uniform ergodicity property of the MDP and the Lipschitz continuity of Aθ and
Aθ(s) to decouple the dependence. More specifically, for any fixed θ, E[Aθ(st)] converges to Aθ as
t increases. Let t = τβ , then we have that

E
[
z>τβ (−Aθτβ +Aθτβ (sτβ ))zτβ

]

= E
[
z>0 (−Aθ0 +Aθ0(sτβ ))z0

]
+ E

[
z>0 (−Aθτβ +Aθτβ (sτβ ) +Aθ0 −Aθ0(sτβ )))z0

]

+ E
[
(zτβ − z0)>(−Aθτβ +Aθτβ (sτβ ))(zτβ − z0)

]
+ 2E

[
(zτβ − z0)>(−Aθτβ +Aθτβ (sτβ ))z0

]
,

(14)
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which can be further bounded using the mixing time τβ and the Lipschitz property of Aθ and Aθ(sτβ ).
We note that from the update of zt, we can bound ‖zτβ − z0‖ and ‖z0‖ by ‖zτβ‖, hence the bound in
(14) can be bounded in terms of ‖zτβ‖.
Similarly, note that E[bt(θ)] converges to 0 as t→∞, then we can also bound term (e) in (13):

E[z>τβbτβ (θτβ )] = E[(zτβ − z0)>bτβ (θτβ )] + E[z>0 bτβ (θ0)] + E[z>0 (bτβ (θτβ )− bτβ (θ0))], (15)

which can be similarly bounded in terms of ‖zτβ‖.
The challenge of bounding the third term (f) in (13) lies in bounding the difference between ω(θt)
and ω(θt+1). One simple approach is to use the Lipschitz continuity of ω(θ) and bound ‖θt − θt+1‖
by a constant of order O(α), but this will lead to a loose bound because the update Gt+1(θt, ωt) is
actually an estimator of the gradient, which will also converge to zero. The key idea in our analysis
is to bound term (f) in terms of the gradient of the objective function ∇J(θ). Specifically, we
first rewrite term 〈zt, ω(θt)− ω(θt+1)〉 = −〈zt,∇ω(θ̂t)(θt+1 − θt)〉 = −α〈∇ω(θ̂t)Gt+1(θt, ωt)〉,
where θ̂t = cθt + (1− c)θt+1 for some c ∈ [0, 1]. It can be shown that

E
[
z>τβ

ω(θτβ )− ω(θτβ+1)

β

]
= −α

β
E[z>τβ∇ω(θ̂τβ )(Gτβ+1(θτβ , ωτβ )−Gτβ+1(θτβ , ω(θτβ )))]

− α

β
E
[
z>τβ∇ω(θ̂τβ )

(
Gτβ+1(θτβ , ω(θτβ )) +

∇J(θτβ )
2

)]
+
α

β
E
[
z>τβ∇ω(θ̂τβ )

(∇J(θτβ )
2

)]
.

(16)

The first term in (16) can be bounded in terms of ‖zτβ‖2 using the Lipschitz property of Gτβ+1(θ, ω)
in ω. The second term can be bounded using the uniform ergodicity of the MDP and the Lipschitz
property of z>0 ∇ω(θ)

(
Gτβ+1(θ, ω(θ)) +

∇J(θ)
2

)
in θ. The third term can be bounded in terms of

‖zτβ‖2 and ‖∇J(θτβ )‖2. Combining all bounds together, we have the bound on term (f) in (13):
∣∣∣∣E
[
z>τβ

ω(θτβ )− ω(θτβ+1)

β

]∣∣∣∣

≤ O

(
α

β

)
E
[∥∥zτβ

∥∥2
]
+ O (ατβ)E

[∥∥zτβ
∥∥]+ O (ατβ) + O

(
α

8β

)
E
[∥∥∇J(θτβ )

∥∥2
]
. (17)

We combine all the bounds on terms (d), (e) and (f) and hence get the error bound on (13):

E
[
z>t

(
−Aθtzt −

1

β
(zt+1 − zt)

)]
≤ O

(
α

β

)
E[‖zt‖2] + O(βτβ) + O

(
α

β

)
E[‖∇J(θt)‖2].

(18)

Plugging the above bound in (12), we have the following recursive bound on the tracking error:

E
[
‖zt+1‖2

]
≤ O(1− β)E

[
‖zt‖2

]
+ O(α)E

[
‖∇J(θt)‖2

]
+ O(β2τβ). (19)

Then by recursively applying the inequality in (19) and summing up w.r.t. t from 0 to T − 1, we
obtain the bound on the tracking error

∑T−1
t=0 E[‖zt‖2]/T :

∑T−1
t=0 E[‖zt‖2]

T
≤ O

(
1

Tβ
+
α

β

∑T−1
t=0 E[‖∇J(θt)‖2]

T
+ βτβ

)
.

Step 3. In this step we bound the stochastic bias term E
[〈
∇J(θt), ∇J(θt)2 +Gt+1(θt, ω(θt))

〉]
.

Similarly, we add and subtract∇J(θ0) and Gτβ+1(θ0, ω(θ0)), and obtain that
〈
∇J(θτβ ),

∇J(θτβ )
2

+Gτβ+1(θτβ , ω(θτβ ))

〉

=

〈
∇J(θ0),

∇J(θ0)
2

+Gτβ+1(θ0, ω(θ0))

〉
+

(〈
∇J(θτβ ),

∇J(θτβ )
2

+Gτβ+1(θτβ , ω(θτβ ))

〉
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−
〈
∇J(θ0),

∇J(θ0)
2

+Gτβ+1(θ0, ω(θ0))

〉)
, (20)

which again can be bounded using the geometry uniform ergodicity of the MDP and the Lipschitz
continuity of

〈
∇J(θ), ∇J(θ)2 +Gτβ+1(θ, ω(θ))

〉
.

Step 4. Plugging in the bounds on the tracking error and the stochastic bias and rearranging the

terms, then it follows that
∑T−1
t=0 E[‖∇J(θt)‖2]

T ≤ U

√∑T−1
t=0 E[‖∇J(θt)‖2]

T + V, where U and V are
some constants depending on the step sizes, and the explicit definitions can be found in (132). By

solving the inequality of
∑T−1
t=0 E[‖∇J(θt)‖2]

T , we obtain that
∑T−1
t=0 E[‖∇J(θt)‖2]

T
≤ O

(
βτβ +

1

Tβ
+ ατβ +

1

Tα

)
.

5 Conclusion

In this paper, we extend the on-policy non-linear TDC algorithm to the off-policy setting, and
characterize its non-asymptotic error bounds under both the i.i.d. and the Markovian settings. We
show that the non-linear TDC algorithm converges as fast as O(1/

√
T ) (up to a factor of log T ). The

techniques and tools developed in this paper can be used to analyze a wide range of value-based RL
algorithms with general smooth function approximation.

Limitations: It is not clear yet whether the stationary points that the TDC converges to are second-
order stationary or potentially saddle points.

Negative social impacts: This work is a theoretical investigation of some fundamental RL algorithms,
and therefore, the authors do not foresee any negative societal impact.
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We first introduce some notations. In the following proofs, ‖a‖ denotes the `2 norm if a is a vector;
and ‖A‖ denotes the operator norm if A is a matrix.

In Appendix A, we prove the Lipschitz continuity of some important functions, including ω(θ),∇ω(θ)
and the gradient∇J(θ) of objective function. In Appendix B, we present the non-asymptotic analysis
for the i.i.d. setting. In Appendix C, we present the non-asymptotic analysis for the Markovian
setting. In appendix D, we present some numerical experiments.

A Useful Lemmas

A.1 Lipschitz Continuity of ω(θ)

In this section, we show that ω(θ) is Lipschitz in θ.
Lemma 1. For any θ, θ′ ∈ RN , we have that

‖ω(θ)− ω(θ′)‖ ≤ Lω‖θ − θ′‖, (21)

where Lω = 1
λv

(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
+

2C2
φDv
λ2
v

(rmax + (1 + γ)Cv).

Proof. Recall that

ω(θ) = Eµπb [φθ(S)φθ(S)>]−1Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]
= A−1θ Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)], (22)

hence we can show the conclusion by showing that A−1θ and Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)] are both
Lipschitz and bounded.

From Assumption 2, we know that

‖A−1θ ‖ ≤
1

λv
. (23)
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We also show that

‖A−1θ −A−1θ′ ‖
= ‖A−1θ Aθ′A

−1
θ′ −A−1θ AθA

−1
θ′ ‖

= ‖A−1θ (Aθ′ −Aθ)A−1θ′ ‖

≤ 2CφDv

λ2v
‖θ − θ′‖, (24)

which is from the fact that ‖Aθ − Aθ′‖ =
∥∥Eµπb [φθ(S)φθ(S)>]− Eµπb [φθ′(S)φθ′(S)>]

∥∥ ≤
2CφDv‖θ − θ′‖.
By Assumption 1 and the boundedness of the reward function, it can be shown that for any θ ∈ RN
and any (s, a, s′) ∈ S×A× S,

|δs,a,s′(θ)| = |r(s, a, s′) + γVθ(s
′)− Vθ(s)| ≤ rmax + (1 + γ)Cv. (25)

We then show that δs,a,s′(θ) is Lipschitz, i.e., for any θ, θ′ ∈ RN and any (s, a, s′) ∈ S×A× S,

|δs,a,s′(θ)− δs,a,s′(θ′)|
= |γVθ(s′)− Vθ(s)− γVθ′(s′)− Vθ′(s)|
≤ (γ + 1)Cφ‖θ − θ′‖. (26)

Hence, the function ‖Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]‖ is Lipschitz:

‖Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]− Eµπb [ρ(S,A)δS,A,S′(θ′)φθ′(S)]‖
= ‖Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]− Eµπb [ρ(S,A)δS,A,S′(θ′)φθ(S)]
+ Eµπb [ρ(S,A)δS,A,S′(θ′)φθ(S)]− Eµπb [ρ(S,A)δS,A,S′(θ′)φθ′(S)]‖
≤ ‖Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]− Eµπb [ρ(S,A)δS,A,S′(θ′)φθ(S)]‖
+ ‖Eµπb [ρ(S,A)δS,A,S′(θ′)φθ(S)]− Eµπb [ρ(S,A)δS,A,S′(θ′)φθ′(S)]‖
≤ Eµπb [ρ(S,A)|δS,A,S′(θ)− δS,A,S′(θ′)|‖φθ(S)‖]
+ Eµπb [ρ(S,A)|δS,A,S′(θ′)|‖φθ(S)− φθ′(S)‖]

(a)

≤ (1 + γ)C2
φ‖θ − θ′‖+ (rmax + (1 + γ)Cv)Dv‖θ − θ′‖

=
(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
‖θ − θ′‖, (27)

where (a) is from (26) and the fact that Eµπb [ρ(S,A)] = 1. Also ‖Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]‖
can be upper bounded as follows:

‖Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]‖ ≤ Cφ(rmax + (1 + γ)Cv). (28)

Combining (23), (24), (28) and (27), we show that ω(·) is Lipschitz in θ:

‖ω(θ)− ω(θ′)‖

≤
(

1

λv

(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
+

2C2
φDv

λ2v
(rmax + (1 + γ)Cv)

)
‖θ − θ′‖

, Lω‖θ − θ′‖, (29)

where Lω = 1
λv

(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
+

2C2
φDv
λ2
v

(rmax + (1 + γ)Cv).

A.2 Lipschitz Continuity of∇ω(θ)

In this section, we show that∇ω(θ) is Lipschitz.

Lemma 2. For any θ, θ′ ∈ RN , it follows that

‖∇ω(θ)−∇ω(θ′)‖ ≤ Dω‖θ − θ′‖, (30)
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where

Dω =

(
(CφLv + 2D2

v +DvCφ)

λ2v
+

8C2
φD

2
v

λ3v

)
Cφ(rmax + Cv + γCv)

+
4CφDv

λ2v

(
C2
φ(1 + γ) +Dv(rmax + (1 + γ)Cv)

)

+
3CφDv(1 + γ) + Lv(rmax + (1 + γ)Cv)

λv
. (31)

Proof. Recall the definition of ω(θ) = A−1θ Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)], hence we have

∇ω(θ) = −A−1θ (∇Aθ)A−1θ Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]
+A−1θ Eµπb [∇ρ(S,A)δS,A,S′(θ)φθ(S)], (32)

where the tensor ∇Aθ can be equivalently viewed as an operator: RN → RN×N , i.e., ∇Aθ(w) =
∇(Aθw) for any w ∈ RN .

We show that the operator norm of∇Aθ is bounded as follows:

‖∇Aθ‖ = sup
‖w‖=1

‖∇Aθ(w)‖

= sup
‖w‖=1

‖∇(Aθw)‖

= sup
‖w‖=1

‖∇Eµπb [φθ(S)φθ(S)>w]‖

= sup
‖w‖=1

‖Eµπb [(φθ(S)>w)∇φθ(S)] + Eµπb [φθ(S)(∇φθ(S)>w)>]‖

≤ sup
‖w‖=1

2CφDv‖w‖

= 2CφDv. (33)

The Lipschitz continuous of∇Aθ can be shown as follows:

‖∇Aθ −∇Aθ′‖
= sup
‖w‖=1

‖∇(Aθw)−∇(Aθ′w)‖

= sup
‖w‖=1

‖Eµπb [∇φθ(S)(φθ(S)>w) + (∇φθ(S)>w)φθ(S)> −∇φθ′(S)(φθ′(S)>w)

− (∇φθ′(S)>w)φθ′(S)>]‖
≤ sup
‖w‖=1

(CφLv + 2D2
v +DvCφ)‖θ − θ′‖‖w‖

= (CφLv + 2D2
v +DvCφ)‖θ − θ′‖. (34)

Then we conclude that the operator norm of −A−1θ (∇Aθ) is upper bounded by 2CφDv
λv

, and is

Lipschitz with constant (CφLv+2D2
v+DvCφ)

λv
+

4C2
φD

2
v

λ2
v

. It can be further seen that −A−1θ (∇Aθ)A−1θ
is upper bounded by 2CφDv

λ2
v

, and Lipschitz with constant (CφLv+2D2
v+DvCφ)

λ2
v

+
8C2

φD
2
v

λ3
v

.

Recall that we have shown in (28) that

‖Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]− Eµπb [ρ(S,A)δS,A,S′(θ′)φθ′(S)]‖
≤
(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
‖θ − θ′‖, (35)

and it is upper bounded by Cφ(rmax + (1 + γ)CV ). Hence we have that
−A−1θ (∇Aθ)A−1θ Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)] can be upper bounded by (rmax + (1 +

γ)CV )
2C2

φDv
λ2
v

, and it is Lipschitz with constant
(

(CφLv+2D2
v+DvCφ)

λ2
v

+
8C2

φD
2
v

λ3
v

)
Cφ(rmax + Cv +

γCv) +
2CφDv
λ2
v

(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
, LA.

15



For the second term of (32), we also show it is Lipschitz as follows. First
note that ∇δs,a,s′(θ)φθ(s) = ∇δs,a,s′(θ)φθ(s)> + δs,a,s′(θ)∇φθ(s), hence we know
Eµπb [∇ρ(S,A)δS,A,S′(θ)φθ(S)] can be upper bounded by C2

φ(1 + γ) + Dv(rmax + (1 + γ)Cv),
and is Lipschitz with constant 3CφDv(1 + γ) + Lv(rmax + (1 + γ)Cv). Finally we con-
clude that the second term in (32) A−1θ Eµπb [∇ρ(S,A)δS,A,S′(θ)φθ(S)] is Lipschitz with constant
2CφDv
λ2
v

(
C2
φ(1 + γ) +Dv(rmax + (1 + γ)Cv)

)
+

3CφDv(1+γ)+Lv(rmax+(1+γ)Cv)
λv

, L′A.

Hence∇ω(θ) is Lipschitz with constant LA + L′A , Dω , where

Dω =

(
(CφLv + 2D2

v +DvCφ)

λ2v
+

8C2
φD

2
v

λ3v

)
Cφ(rmax + Cv + γCv)

+
4CφDv

λ2v

(
C2
φ(1 + γ) +Dv(rmax + (1 + γ)Cv)

)

+
3CφDv(1 + γ) + Lv(rmax + (1 + γ)Cv)

λv
. (36)

A.3 Smoothness of J(θ)

In the following lemma, we show that the objective function J(θ) is LJ -smooth. We note that the
smoothness of J(θ) is assumed in [Xu and Liang, 2021] instead of being proved as in this paper.
Lemma 3. J(θ) is LJ -smooth, i.e., for any θ, θ′ ∈ RN ,

‖∇J(θ)−∇J(θ′)‖ ≤ LJ‖θ − θ′‖, (37)

where

LJ =2
(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
+ 2γ

(
C2
φLω + 2Dv

C2
φ

λv
(rmax + (1 + γ)Cv)

)

+ 2

(
(DvRω + CφLω + (1 + γ)Cφ)DvRω

+ (RωLV +DvLω) ((rmax + (1 + γ)Cv) + CφRω)

)
. (38)

Proof. Before we prove the main statement, we first drive some boundedness and Lipschitz properties.
Recall that

−∇J(θ)
2

= Eµπb
[(
ρ(S,A)δS,A,S′(θ)φθ(S)− γρ(S,A)φθ(S′)φθ(S)>ω(θ)

− hS,A,S′(θ, ω(θ))
)]
, (39)

ω(θ) = Eµπb [φθ(S)φθ(S)>]−1Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)], (40)

hs,a,s′(θ, ω(θ)) = (ρ(s, a)δs,a,s′(θ)− φθ(s)>ω(θ))∇2Vθ(s)ω(θ). (41)

We have shown in Lemma 1 that for any θ ∈ RN and any (s, a, s′) ∈ S×A× S,

|δs,a,s′(θ)| = |r(s, a, s′) + γVθ(s
′)− Vθ(s)| ≤ rmax + (1 + γ)Cv; (42)

and that

‖Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)]− Eµπb [ρ(S,A)δS,A,S′(θ′)φθ′(S)]‖
≤
(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
‖θ − θ′‖. (43)

Also it is easy to see from the definition that

‖ω(θ)‖ ≤ Cφ
λv

(rmax + (1 + γ)Cv) , Rω. (44)
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Hence the Lipschitz continuity of Eµπb [ρ(S,A)φθ(S′)φθ(S)>]ω(θ) can be shown as follows
∥∥Eµπb [ρ(S,A)φθ(S′)φθ(S)>]ω(θ)− Eµπb [ρ(S,A)φθ′(S′)φθ′(S)>]ω(θ′)

∥∥
≤
∥∥Eµπb [ρ(S,A)φθ(S′)φθ(S)>]ω(θ)− Eµπb [ρ(S,A)φθ(S′)φθ(S)>]ω(θ′)

∥∥
+
∥∥Eµπb [ρ(S,A)φθ(S′)φθ(S)>]ω(θ′)− Eµπb [ρ(S,A)φθ′(S′)φθ′(S)>]ω(θ′)

∥∥
(a)

≤ C2
φLω‖θ − θ′‖+ 2CφDvRω‖θ − θ′‖

=

(
C2
φLω + 2Dv

C2
φ

λv
(rmax + (1 + γ)Cv)

)
‖θ − θ′‖, (45)

where (a) is due to the fact that ω(θ) is Lipschitz in (21) and the fact that
∥∥Eµπb [ρ(S,A)φθ(S′)φθ(S)>]− Eµπb [ρ(S,A)φθ′(S′)φθ′(S)>]

∥∥ ≤ 2CφDv‖θ − θ′‖. (46)

We then show that the function hs,a,s′(θ, ω(θ)) is Lipschitz in θ as follows. We first note that for any
s ∈ S and θ, θ′ ∈ RN ,

‖φθ(s)>ω(θ)− φθ′(s)>ω(θ′)‖
≤ ‖φθ(s)>ω(θ)− φθ′(s)>ω(θ)‖+ ‖φθ′(s)>ω(θ)− φθ′(s)>ω(θ′)‖
≤ (DvRω + CφLω) ‖θ − θ′‖. (47)

This implies that for any (s, a, s′) ∈ S×A× S and θ, θ′ ∈ RN ,

‖ρ(s, a)δs,a,s′(θ)− φθ(s)>ω(θ)− ρ(s, a)δs,a,s′(θ′) + φθ′(s)
>ω(θ′)‖

≤ (DvRω + CφLω + (1 + γ)Cφρ(s, a)) ‖θ − θ′‖. (48)

We also show the following function is Lipschitz:

‖∇2Vθ(s)ω(θ)−∇2Vθ′(s)ω(θ
′)‖

≤ ‖∇2Vθ(s)ω(θ)−∇2Vθ′(s)ω(θ)‖+ ‖∇2Vθ′(s)ω(θ)−∇2Vθ′(s)ω(θ
′)‖

≤ RωLV ‖θ − θ′‖+DvLω‖θ − θ′‖
= (RωLV +DvLω) ‖θ − θ′‖. (49)

Combining (48) and (49), it can be shown that hs,a,s′(θ, ω(θ)) is Lipschitz in θ as follows

‖hs,a,s′(θ, ω(θ))− hs,a,s′(θ′, ω(θ′))‖
= ‖

(
ρ(s, a)δs,a,s′(θ)− φθ(s)>ω(θ)

)
∇2Vθ(s)ω(θ)

−
(
ρ(s, a)δs,a,s′(θ

′)− φθ′(s)>ω(θ′)
)
∇2Vθ′(s)ω(θ

′)‖
≤ ((DvRω + CφLω + (1 + γ)Cφρ(s, a))DvRω) ‖θ − θ′‖
+ (RωLV +DvLω) (ρ(s, a)(rmax + (1 + γ)Cv) + CφRω)‖θ − θ′‖. (50)

From the results in (43), (45) and (50), it follows that

‖∇J(θ)−∇J(θ′)‖
≤ 2 ‖Eµπb [ρ(S,A)δS,A,S′(θ)φθ(S)− ρ(S,A)δS,A,S′(θ′)φθ′(S)]‖
+ 2γ

∥∥Eµπb
[
ρ(S,A)φθ(S

′)φθ(S)
>ω(θ)− ρ(S,A)φθ′(S′)φθ′(S)>ω(θ′)

]∥∥
+ 2 ‖Eµπb [hS,A,S′(θ, ω(θ))− hS,A,S′(θ′, ω(θ′))]‖

≤2
(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
‖θ − θ′‖

+ 2γ

(
C2
φLω + 2Dv

C2
φ

λv
(rmax + (1 + γ)Cv)

)
‖θ − θ′‖

+ 2Eµπb [((DvRω + CφLω + (1 + γ)Cφρ(S,A))DvRω)]‖θ − θ′‖
+ 2Eµπb [(RωLV +DvLω) (ρ(S,A)(rmax + (1 + γ)Cv) + CφRω)]‖θ − θ′‖
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(a)

≤ 2
(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
‖θ − θ′‖

+ 2γ

(
C2
φLω + 2Dv

C2
φ

λv
(rmax + (1 + γ)Cv)

)
‖θ − θ′‖

+ 2
(
(DvRω + CφLω + (1 + γ)Cφ)DvRω

+ (RωLV +DvLω) ((rmax + (1 + γ)Cv) + CφRω)
)
‖θ − θ′‖

, LJ‖θ − θ′‖, (51)

where (a) is due to the fact that Eµπb [ρ(S,A)] = 1, and

LJ =2
(
(1 + γ)C2

φ + (rmax + (1 + γ)Cv)Dv

)
+ 2γ

(
C2
φLω + 2Dv

C2
φ

λv
(rmax + (1 + γ)Cv)

)

+ 2
(
(DvRω + CφLω + (1 + γ)Cφ)DvRω

+ (RωLV +DvLω) ((rmax + (1 + γ)Cv) + CφRω)
)
. (52)

This completes the proof.

B Non-asymptotic Analysis under the i.i.d. Setting

First we introduce the off-policy TDC learning with non-linear function approximation algorithm
under the i.i.d. setting in Algorithm 2. We then bound the tracking error in Appendix B.1, and prove
the Theorem 1 under the i.i.d. setting in Appendix B.2.

Algorithm 2 Non-Linear Off-Policy TDC under the i.i.d. Setting

Input: T , α, β, π, πb,
{
Vθ|θ ∈ RN

}
Initialization: θ0,ω0

1: Choose W ∼ Uniform(0, 1, ..., T − 1)
2: for t = 0, 1, ...,W − 1 do
3: Sample Ot = (st, at, rt, s

′
t) according to µπb

4: ρt =
π(at|st)
πb(at|st)

5: δt(θt) = r(st, at, s
′
t) + γVθt(s

′
t)− Vθt(st)

6: ht(θt, ωt) =
(
ρtδt(θt)− φθt(st)>ωt

)
∇2Vθt(st)ωt

7: ωt+1 = ΠRω

(
ωt + β

(
−φθt(st)φθt(st)>ωt + ρtδt(θt)φθt(st)

))

8: θt+1 = θt + α
(
ρtδt(θt)φθt(st)− γρtφθt(s′t)φθt(st)>ωt − ht(θt, ωt)

)
9: end for

Output: θW

We note that under the i.i.d. setting, it is assumed that at each time step t, a sampleOt = (st, at, rt, s
′
t)

is available, where st ∼ µπb(·), at ∼ πb(·|st) and s′t ∼ P(·|st, at).

B.1 Tracking Error Analysis under the i.i.d. Setting

Denote the tracking error by zt = ωt − ω(θt). Then by the update of ωt, the update of zt can be
written as

zt+1 = ωt+1 − ω(θt+1)

= ωt + β
(
−φθt(st)φθt(st)>ωt + ρtδt(θt)φθt(st)

)
− ω(θt+1)

= zt + ω(θt)− ω(θt+1) + β
(
−φθt(st)φθt(st)>(zt + ω(θt)) + ρtδt(θt)φθt(st)

)

= zt + ω(θt)− ω(θt+1) + β (−Aθt(st)zt −Aθt(st)ω(θt) + ρtδt(θt)φθt(st)) , (53)

where Aθt(st) = φθt(st)φθt(st)
>. It then follows that

‖zt+1‖2
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= ‖zt + ω(θt)− ω(θt+1) + β (−Aθt(st)zt −Aθt(st)ω(θt) + ρtδt(θt)φθt(st))‖2

= ‖zt‖2 + ‖ω(θt)− ω(θt+1) + β (−Aθt(st)zt −Aθt(st)ω(θt) + ρtδt(θt)φθt(st)) ‖2
+ 2〈zt, ω(θt)− ω(θt+1)〉 − 2β〈zt, Aθt(st)zt〉+ 2β〈zt,−Aθt(st)ω(θt) + ρtδt(θt)φθt(st)〉
≤ ‖zt‖2 + 2β2‖ (−Aθt(st)zt −Aθt(st)ω(θt) + ρtδt(θt)φθt(st)) ‖2︸ ︷︷ ︸

(a)

+ 2‖ω(θt)− ω(θt+1)‖2︸ ︷︷ ︸
(b)

+2〈zt, ω(θt)− ω(θt+1)〉︸ ︷︷ ︸
(c)

−2β〈zt, Aθt(st)zt〉︸ ︷︷ ︸
(d)

+ 2β〈zt,−Aθt(st)ω(θt) + ρtδt(θt)φθt(st)〉. (54)

We then provide the bounds of the terms in (54) one by one. Their proofs can be found in Appen-
dices B.1.1 to B.1.4.

Term (a) can be bounded as follows:

2β2‖ (−Aθt(st)zt −Aθt(st)ω(θt) + ρtδt(θt)φθt(st)) ‖2 ≤ 4β2C2
φ‖zt‖2 + 4β2Cg1, (55)

where Cg1 =
(
C3
φ

λv
(rmax + (1 + γ)Cv) + ρmaxCφ(rmax + (1 + γ)Cv)

)2
.

Term (b) can be bounded as follows:

2‖ω(θt)− ω(θt+1)‖2 ≤ 4α2L2
ωL

2
g‖zt‖2 + 4α2C2

gL
2
ω, (56)

whereCg = ρmaxCφ(rmax+(1+γ)Cv)+γρmaxRωC
2
φ+DvRω(RωCφ+ρmax(rmax+Cv+γCv)).

Term (c) can be bounded as follows:

2〈zt, ω(θt)− ω(θt+1)〉

≤ 2(αLωLg +
1

2
αLω + 4α2CgLgDω)‖zt‖2 +

αLω
4
‖∇J(θt)‖2 +

α2C3
gDω

Lg
+ 2αηG(θt, zt, Ot),

(57)

where ηG(θt, zt, Ot) = −
〈
zt,∇ω(θt)

(
Gt+1(θt, ω(θt)) +

∇J(θt)
2

)〉
.

Term (d) can be bounded as follows:

−2β〈zt, Aθt(st)zt〉 ≤ −2βλv‖zt‖2 + 2β〈zt, (Aθt −Aθt(st))zt〉, (58)

where Aθ = Eµπb
[
φθ(S)φθ(S)

>] is the expectation of Aθ(S).

By plugging all the bounds from (55), (56), (57) and (58) in (54), it follows that

‖zt+1‖2

≤ (1 + 4β2C2
φ + 4α2L2

ωL
2
g + 2αLwLg + αLw + 8α2CgLgDω − 2βλv)‖zt‖2

+
1

4
αLω‖∇J(θt)‖2 + 4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg
+ 2αηG(θt, zt, Ot)

+ 2β〈zt, (Aθt −Aθt(st))zt〉+ 2β〈zt,−Aθt(st)ω(θt) + ρtδt(θt)φθt(st)〉

, (1− q)‖zt‖2 +
αLω
4
‖∇J(θt)‖2 + 4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg
+ 2αηG(θt, zt, Ot)

+ 2β〈zt, (Aθt −Aθt(st))zt〉+ 2β〈zt,−Aθt(st)ω(θt) + ρtδt(θt)φθt(st)〉, (59)

where q = 2βλv − 4β2C2
φ − 4α2L2

ωL
2
g − 2αLwLg − αLw − 8α2CgLgDω. Note that q = O(β −

β2 − α− α2) = O(β), hence we can choose α and β such that q > 0.

Note that under the i.i.d. setting,

E [ηG(θt, zt, Ot)] = E [E [ηG(θt, zt, Ot)|Ft]]

= E

[
−
〈
zt,∇ω(θt)E

[(
Gt+1(θt, ω(θt)) +

∇J(θt)
2

) ∣∣∣∣∣Ft
]〉]
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= 0, (60)

which is due to the fact that Eµπb [Gt+1(θ, ω(θ))] = −∇J(θ)2 when θ is fixed, and Ft is the σ-field
generated by the randomness until θt and ωt. Similarly, it can also be shown that

E[〈zt, (Aθt −Aθt(st))zt〉] = 0 (61)
E[〈zt,−Aθt(st)ω(θt) + ρtδt(θt)φθt(st)〉] = 0. (62)

Hence the tracking error in (59) can be further bounded as

E[‖zt+1‖2] ≤ (1− q)E
[
‖zt‖2

]
+
αLω
4

E
[
‖∇J(θt)‖2

]
+ 4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg
.

(63)

Recursively applying the inequality in (63), it follows that

E
[
‖zt‖2

]
≤ (1− q)t‖z0‖2 +

αLω
4

t∑

i=0

(1− q)t−iE
[
‖∇J(θi)‖2

]

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

)
, (64)

and summing up w.r.t. t from 0 to T − 1, it follows that
∑T−1
t=0 E

[
‖zt‖2

]

T
≤
∑T−1
t=0 (1− q)t

T
‖z0‖2 +

αLω
4T

T−1∑

t=0

t∑

i=0

(1− q)t−iE
[
‖∇J(θi)‖2

]

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

)

(a)

≤ ‖z0‖
2

Tq
+
αLω
4q

∑T−1
t=0 E

[
‖∇J(θt)‖2

]

T

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

)

= O

(
1

Tβ
+
α

β

∑T−1
t=0 E

[
‖∇J(θt)‖2

]

T
+ β

)
, (65)

where (a) is due to the double-sum trick, i.e., for any xi ≥ 0,
∑T−1
t=0

∑t
i=0(1−q)t−ixi ≤

∑T−1
t=0 (1−

q)t
∑T−1
t=0 xt ≤ 1

q

∑T−1
t=0 xt, and the last step is because q = O(β).

B.1.1 Bound on Term (a)

In this section we provide the detailed proof of the bound on term (a) in (55).

It can be shown that

‖ (−Aθt(st)zt −Aθt(st)ω(θt) + ρtδt(θt)φθt(st)) ‖2

≤ 2‖ −Aθt(st)zt‖2 + 2‖ −Aθt(st)ω(θt) + ρtδt(θt)φθt(st)‖2

(a)

≤ 2C2
φ‖zt‖2 + 2

(
C3
φ

λv
(rmax + (1 + γ)Cv) + ρmaxCφ(rmax + (1 + γ)Cv)

)2

, (66)

where (a) is from the fact that ‖Aθ(s)‖ = ‖φθ(s)φθ(s)>‖ ≤ C2
φ and the bounds in (42) and (44).

B.1.2 Bound on Term (b)

In this section we provide the detailed proof of the bound on term (b) in (56).
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We first show that Gt+1(θ, ω) is Lipschitz in ω for any fixed θ. Specifically, for any θ, ω1, ω2 ∈ RN ,
it follows that

‖Gt+1(θ, ω1)−Gt+1(θ, ω2)‖
= ‖ρtδt(θ)φθ(st)− γρtφθ(s′t)φθ(st)>ω1 − ht(θ, ω1)− ρtδt(θ)φθ(st) + γρtφθ(s

′
t)φθ(st)

>ω2

+ ht(θ, ω2)‖
≤ ‖ht(θ, ω1)− ht(θ, ω2)‖+ ‖γρtφθ(s′t)φθ(st)>ω1 − γρtφθ(s′t)φθ(st)>ω2‖
(a)

≤
(
CφDvRω +Dv(CφRω + ρmax(rmax + Cv + γCv)) + γρmaxC

2
φ

)
‖ω1 − ω2‖

, Lg‖ω1 − ω2‖, (67)

where Lg = Dv(2CφRω + ρmax(rmax + Cv + γCv)) + γρmaxC
2
φ, and (a) is from the Lipschitz

continuous of ht(θ, ·), i.e.,

‖ht(θ, ω1)− ht(θ, ω2)‖ ≤ ρmax(rmax + (1 + γ)Cv)Dv‖ω1 − ω2‖+ 2CφDvRω‖ω1 − ω2‖.
(68)

We note that to show (67), we use the bound on ωt, which is guaranteed by the projection step. And
this is the only step in our proof where the projection is used.

Then it follows that

‖θt+1 − θt‖ = α‖Gt+1(θt, ωt)‖
≤ α‖Gt+1(θt, ωt)−Gt+1(θt, ω(θt)) +Gt+1(θt, ω(θt))‖
≤ αLg‖zt‖+ α‖Gt+1(θt, ω(θt))‖
≤ αLg‖zt‖+ αCg, (69)

whereCg = ρmaxCφ(rmax+(1+γ)Cv)+γρmaxRωC
2
φ+DvRω(RωCφ+ρmax(rmax+Cv+γCv)),

and the last step in (69) can be shown as follows

‖Gt+1(θt, ω(θt))‖
= ‖ρtδt(θ)φθ(st)− γρtφθ(s′t)φθ(st)>ω(θ)− ht(θ, ω(θ))‖
≤ ρmaxCφ(rmax + (1 + γ)Cv) + γρmaxRωC

2
φ +DvRω(RωCφ + ρmax(rmax + Cv + γCv)).

(70)

Using (21) and (69), it follows that

‖ω(θt)− ω(θt+1)‖ ≤ Lω‖θt+1 − θt‖ ≤ αLωLg‖zt‖+ αCgLω, (71)

and

‖ω(θt)− ω(θt+1)‖2 ≤ 2α2L2
ωL

2
g‖zt‖2 + 2α2C2

gL
2
ω. (72)

This completes the proof for term (b).

B.1.3 Bound on Term (c)

In this section we provide the detailed proof of the bound on term (c) in (57).

Consider the inner product 〈zt, ω(θt)− ω(θt+1)〉. By the Mean-Value Theorem, it follows that

〈zt, ω(θt)〉 − 〈zt, ω(θt+1)〉 = 〈zt, ω(θt)− ω(θt+1)〉 = 〈zt,∇ω(θ̂t)(θt − θt+1)〉, (73)

where θ̂t = cθt + (1− c)θt+1 for some c ∈ [0, 1]. Thus, it follows that

〈zt, ω(θt)− ω(θt+1)〉
= 〈zt,∇ω(θ̂t)(θt − θt+1)〉
= −α〈zt,∇ω(θ̂t)Gt+1(θt, ωt)〉

= −α
〈
zt,∇ω(θ̂t)

(
Gt+1(θt, ωt)−Gt+1(θt, ω(θt)) +Gt+1(θt, ω(θt)) +

∇J(θt)
2

)〉
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+ α

〈
zt,∇ω(θ̂t)

∇J(θt)
2

〉

= −α
〈
zt,∇ω(θ̂t) (Gt+1(θt, ωt)−Gt+1(θt, ω(θt)))

〉
+ α

〈
zt,∇ω(θ̂t)

∇J(θt)
2

〉

− α
〈
zt,∇ω(θ̂t)

(
Gt+1(θt, ω(θt)) +

∇J(θt)
2

)〉

(a)

≤ αLωLg‖zt‖2 + αLω‖zt‖
∥∥∥∥
∇J(θt)

2

∥∥∥∥− α
〈
zt,∇ω(θt)

(
Gt+1(θt, ω(θt)) +

∇J(θt)
2

)〉

+ α

〈
zt, (∇ω(θt)−∇ω(θ̂t))

(
Gt+1(θt, ω(θt)) +

∇J(θt)
2

)〉

≤ αLωLg‖zt‖2 +
1

2
αLω‖zt‖2 +

αLω
8
‖∇J(θt)‖2 + αηG(θt, zt, Ot)

+ α‖zt‖‖∇ω(θt)−∇ω(θ̂t)‖
∥∥∥∥Gt+1(θt, ω(θt)) +

∇J(θt)
2

∥∥∥∥
(b)

≤ αLωLg‖zt‖2 +
1

2
αLω‖zt‖2 +

αLω
8
‖∇J(θt)‖2 + αηG(θt, zt, Ot) + 2αCgDω‖zt‖‖θt − θ̂t‖

(c)

≤ αLωLg‖zt‖2 +
1

2
αLω‖zt‖2 +

αLω
8
‖∇J(θt)‖2 + αηG(θt, zt, Ot)

+ 2αCgDω‖zt‖‖θt − θt+1‖
(d)

≤ αLωLg‖zt‖2 +
1

2
αLω‖zt‖2 +

αLω
8
‖∇J(θt)‖2 + αηG(θt, zt, Ot)

+ 2αCgDω‖zt‖(αLg‖zt‖+ αCg)

(e)

≤ αLωLg‖zt‖2 +
1

2
αLω‖zt‖2 +

αLω
8
‖∇J(θt)‖2 + αηG(θt, zt, Ot)

+ 2α2CgDω

(
2Lg‖zt‖2 +

C2
g

4Lg

)

≤ (αLωLg +
1

2
αLω + 4α2CgLgDω)‖zt‖2 +

αLω
8
‖∇J(θt)‖2 +

α2C3
gDω

2Lg
+ αηG(θt, zt, Ot),

(74)

where ηG(θt, zt, Ot) = −
〈
zt,∇ω(θt)

(
Gt+1(θt, ω(θt)) +

∇J(θt)
2

)〉
, (a) is from the Lipschitz

continuity of Gt+1(θ, ·) proved in (67), (b) is from the Lipschitz continuity of ∇ω(θ), which is
shown in (30), (c) is from the fact that ‖θt − θ̂t‖ = (1− c)‖θt − θt+1‖ ≤ ‖θt − θt+1‖, (d) is from

the bound of ‖θt − θt+1‖ in (69), and (e) is from the fact that Cg‖zt‖ ≤ Lg‖zt‖2 + C2
g

4Lg
.

This completes the proof.

B.1.4 Bound on Term (d)

In this section we provide the detailed proof of the bound on term (d) in (58).

It can be shown that

−2β〈zt, Aθt(st)zt〉 = −2β〈zt, Aθtzt〉+ 2β〈zt, (Aθt −Aθt(st))zt〉
≤ −2βλv‖zt‖2 + 2β〈zt, (Aθt −Aθt(st))zt〉, (75)

where the inequality is due to the fact that 〈zt, Aθtzt〉 = z>t Aθtzt ≥ λL(Aθt)‖zt‖2 ≥ λv‖zt‖2.

B.2 Proof under the i.i.d. Setting

In this section we provide the proof of Theorem 1 under the i.i.d. setting.

22



From Lemma 3, we know that the objective function J(θ) is LJ -smooth, hence it follows that

J(θt+1) ≤ J(θt) + 〈∇J(θt), θt+1 − θt〉+
LJ
2
‖θt+1 − θt‖2

= J(θt) + α 〈∇J(θt), Gt+1(θt, ωt)〉+
LJ
2
α2‖Gt+1(θt, ωt)‖2

= J(θt)− α
〈
∇J(θt),−Gt+1(θt, ωt)−

∇J(θt)
2

+Gt+1(θt, ω(θt))−Gt+1(θt, ω(θt))

〉

− α

2
‖∇J(θt)‖2 +

LJ
2
α2‖Gt+1(θt, ωt)‖2

= J(θt)− α 〈∇J(θt),−Gt+1(θt, ωt) +Gt+1(θt, ω(θt))〉

+ α

〈
∇J(θt),

∇J(θt)
2

+Gt+1(θt, ω(θt))

〉
− α

2
‖∇J(θt)‖2 +

LJ
2
α2‖Gt+1(θt, ωt)‖2

(a)

≤ J(θt) + αLg‖∇J(θt)‖‖ω(θt)− ωt‖+ α

〈
∇J(θt),

∇J(θt)
2

+Gt+1(θt, ω(θt))

〉

− α

2
‖∇J(θt)‖2 +

LJ
2
α2‖Gt+1(θt, ωt)‖2

(b)

≤ J(θt) + αLg‖∇J(θt)‖‖zt‖+ α

〈
∇J(θt),

∇J(θt)
2

+Gt+1(θt, ω(θt))

〉

− α

2
‖∇J(θt)‖2 +

LJ
2
α2
(
2L2

g‖zt‖2 + 2C2
g

)
, (76)

where (a) is from (67) and (b) is because ‖θt+1−θt‖ = α‖Gt+1(θt, ωt)‖ ≤ αLg‖zt‖+αCg , whose
detailed proof is provided in (69). Thus by re-arranging the terms, taking expectation and summing
up w.r.t. t from 0 to T − 1, it follows that

α

2

T−1∑

t=0

E[‖∇J(θt)‖2]

≤ −E[J(θT )] + J(θ0) + αLg

√√√√
T−1∑

t=0

E[‖∇J(θt)‖2]

√√√√
T−1∑

t=0

E[‖zt‖2] + α2LJL
2
g

T−1∑

t=0

E[‖zt‖2]

+ α2C2
gLJT, (77)

which is due to the fact that under the i.i.d. setting,

E
[〈
∇J(θt),

∇J(θt)
2

+Gt+1(θt, ω(θt))

〉]

= E
[〈
∇J(θt),E

[∇J(θt)
2

+Gt+1(θt, ω(θt))
∣∣∣Ft
]〉]

= 0, (78)

and the Cauchy’s inequality

T−1∑

t=0

E[‖∇J(θt)‖‖zt‖] ≤

√√√√
T−1∑

t=0

E[‖∇J(θt)‖2]

√√√√
T−1∑

t=0

E[‖zt‖2]. (79)

Thus dividing both sides by αT
2 , it follows that

∑T−1
t=0 E[‖∇J(θt)‖2]

T

≤ 2(J(θ0)− J∗)
Tα

+ 2Lg

√∑T−1
t=0 E[‖∇J(θt)‖2]

T

√∑T−1
t=0 E[‖zt‖2]

T

+ 2αLJL
2
g

∑T−1
t=0 E[‖zt‖2]

T
+ 2αC2

gLJ , (80)
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where J∗ , minθ J(θ).

Recall the tracking error in (65):
∑T−1
t=0 E

[
‖zt‖2

]

T

≤‖z0‖
2

Tq
+
αLω
4q

∑T−1
t=0 E

[
‖∇J(θt)‖2

]

T
+

1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

)
. (81)

We then plug in the tracking error and obtain that
∑T−1
t=0 E[‖∇J(θt)‖2]

T

≤ 2(J(θ0)− J∗)
Tα

+ 2αC2
gLJ + 2Lg

√∑T−1
t=0 E[‖∇J(θt)‖2]

T

×
√
‖z0‖2
Tq

+ αLω
1

4q

∑T−1
t=0 E [‖∇J(θt)‖2]

T
+

1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

)

+ 2αLJL
2
g

(
‖z0‖2
Tq

+ αLω
1

4q

∑T−1
t=0 E

[
‖∇J(θt)‖2

]

T

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

))

≤ 2(J(θ0)− J∗)
Tα

+ 2αC2
gLJ + Lg

√
αLω
q

∑T−1
t=0 E

[
‖∇J(θt)‖2

]

T

+ 2Lg

√∑T−1
t=0 E[‖∇J(θt)‖2]

T

√
‖z0‖2
Tq

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

)

+ 2αLJL
2
g

(
‖z0‖2
Tq

+ αLω
1

4q

∑T−1
t=0 E

[
‖∇J(θt)‖2

]

T

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

))
, (82)

where the last step is from the fact that
√
x+ y ≤ √x +

√
y for any x, y ≥ 0. Re-arranging the

terms, it follows that
(
1− Lg

√
αLω
q
− α2LJL

2
gLω

2q

) ∑T−1
t=0 E[‖∇J(θt)‖2]

T

≤ 2(J(θ0)− J∗)
Tα

+ 2αC2
gLJ + 2αLJL

2
g

(
‖z0‖2
Tq

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

))

+ 2Lg

√∑T−1
t=0 E[‖∇J(θt)‖2]

T

√
‖z0‖2
Tq

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

)
. (83)

Note that
(
Lg

√
αLω
q +

α2LJL
2
gLω

2q

)
= O

(√
α
β + α2

β

)
, hence we can choose α and β such that

(
1− Lg

√
αLω
q −

α2LJL
2
gLω

2q

)
≥ 1

2 . Thus (83) implies that
∑T−1
t=0 E[‖∇J(θt)‖2]

T

≤ 4(J(θ0)− J∗)
Tα

+ 4αC2
gLJ + 4αLJL

2
g

(
‖z0‖2
Tq

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

))
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+ 4Lg

√∑T−1
t=0 E[‖∇J(θt)‖2]

T

√
‖z0‖2
Tq

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

)
. (84)

Denote U = 4(J(θ0)−J∗)
Tα + 4αC2

gLJ + 4αLJL
2
g

(
‖z0‖2
Tq + 1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω
Lg

))
,

and V = 4Lg

√
‖z0‖2
Tq + 1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω
Lg

)
. Then it follows that

∑T−1
t=0 E[‖∇J(θt)‖2]

T
≤ V

√∑T−1
t=0 E[‖∇J(θt)‖2]

T
+ U, (85)

which further implies that∑T−1
t=0 E[‖∇J(θt)‖2]

T

≤ V 2 + 2U

= 16L2
g

(
‖z0‖2
Tq

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

))
+

8(J(θ0)− J∗)
Tα

+ 8αC2
gLJ + 8αLJL

2
g

(
‖z0‖2
Tq

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

))

= (16L2
g + 8αLJL

2
g)

(
‖z0‖2
Tq

+
1

q

(
4β2Cg1 + 4α2C2

gL
2
ω +

α2C3
gDω

Lg

))

+
8(J(θ0)− J∗)

Tα
+ 8αC2

gLJ

= O

(
1

Tβ
+ β +

1

Tα

)

= O

(
1

T 1−a +
1

T b
+

1

T 1−b

)
. (86)

This completes the proof.

B.3 Choice of Step-sizes

As the proof is complicated and we have made several assumptions on the step-sizes, in this section
we summarize all the assumptions we made on the step-sizes. This would help the readers to have a
more clear understanding of the choice of α and β.

In the proof under the i.i.d. setting, we made two assumptions on step-sizes. In (59), we assume
q = 2βλv − 4β2C2

φ − 4α2L2
ωL

2
g − 2αLwLg − αLw − 8α2CgLgDω > 0; (87)

And in (83), we moreover assume(
1− Lg

√
αLω
q
− α2LJL

2
gLω

2q

)
≥ 1

2
. (88)

Note that the first one can be satisfied if β ≤ min
{
1, λv

4C2
φ

}
and α

β ≤ λv
4L2

ωL
2
g+2LwLg+Lw+8CgLgDω

.

As for assumption (88), we only need to find α and β such that

Lg

√
αLω
q
≤ 1

4
,

α2LJL
2
gLω

2q
≤ 1

4
. (89)

Note that these two conditions are satisfied if condition (87) is satisfied.

Hence to meet all the requirements on the step-sizes, we can set β ≤ min
{
1, λv

4C2
φ

}
and α

β ≤

min
{
1, λv

4L2
ωL

2
g+2LwLg+Lw+8CgLgDω

}
.
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C Non-asymptotic Analysis under the Markovian Setting

In this section we provide the proof of Theorem 1 under that Markovian setting. In Appendix C.1 we
develop the finite-time analysis of the tracking error and in Appendix C.2 we prove Theorem 1.

C.1 Tracking Error Analysis under the Markovian Setting

We first define the mixing time τβ = inf {t : mκt ≤ β} (Assumption 4). It can be shown that for
any bounded function ‖f(Ot)‖ ≤ Cf , for any t ≥ τβ , ‖E[f(Ot)] − EO∼µπb [f(O)]‖ ≤ Cfβ and
τβ = O(− log β). We note that βτβ → 0 as β → 0, and we assume that βτβC2

φ ≤ 1
4 .

From (53), the update of the tracking error zt can be written as

zt+1 = zt + β(−Aθt(st)zt + bt(θt)) + ω(θt)− ω(θt+1), (90)

where Aθt(st) = φθt(st)φθt(st)
> and bt(θt) = −Aθt(st)ω(θt) + ρtδt(θt)φθt(st). Note that for

any θ ∈ RN and any sample Ot = (st, at, rt, st+1) ∈ S × A × R × S, ‖bt(θt)‖ ≤ C2
φRω +

ρmaxCφ(rmax + Cv + γCv) , bmax.

Then it can be shown that

E
[
‖zt+1‖2 − ‖zt‖2

]

= E
[
2z>t (zt+1 − zt) + ‖zt+1 − zt‖2

]

= E
[
2z>t (zt+1 − zt + βAθtzt)

]
+ E

[
‖zt+1 − zt‖2

]
+ βE

[
2z>t (−Aθt)zt

]

≤ E
[
‖zt+1 − zt‖2

]
︸ ︷︷ ︸

(a)

+E
[
2z>t (zt+1 − zt + βAθtzt)

]
︸ ︷︷ ︸

(b)

−2βλvE
[
‖zt‖2

]
, (91)

where the last inequality is due to the fact that λL(Aθt) ≥ λv . We first provide the bounds on terms
(a) and (b) as follows, and their detailed proof can be found in Appendices C.1.1 and C.1.2.

Term (a) can be bounded as follows:

For any t ≥ 0, we have that

‖zt+1 − zt‖2 ≤ 2β2C4
φ‖zt‖2 + 2β2(bmax + LωCg)

2. (92)

Term (b) can be bounded as follows:

For any t ≥ τβ , we have that
∣∣∣∣E
[
z>t

(
−Aθtzt −

1

β
(zt+1 − zt)

)]∣∣∣∣

≤ (R1 +R3 + P1 + P2 + P3)E
[
‖zt‖2

]
+ (Q1 +Q2 +Q3 + P1 + P2 + P3)

+
α

8β
LωE

[
‖∇J(θt)‖2

]
, (93)

where the definition of Pi, Qi and Ri, i = 1, 2, 3, can be found in (114), (117) and (120).

From (91), it can be shown that for any t ≥ τβ ,

E
[
‖zt+1‖2 − ‖zt‖2

]

≤ 2β(R1 +R3 + P1 + P2 + P3)E
[
‖zt‖2

]
+ 2β(Q1 +Q2 +Q3 + P1 + P2 + P3)

+
α

4
LωE

[
‖∇J(θt)‖2

]
+ 2β2C4

φE
[
‖zt‖2

]
+ 2β2(bmax + LωCg)

2 − 2βλvE
[
‖zt‖2

]
. (94)

Thus by re-arranging the terms we obtain that

E
[
‖zt+1‖2

]

≤ (1− 2βλv + 2β(R1 +R3 + P1 + P2 + P3) + 2β2C4
φ)E

[
‖zt‖2

]
+
α

4
LωE

[
‖∇J(θt)‖2

]
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+ 2β(Q1 +Q2 +Q3 + P1 + P2 + P3) + 2β2(bmax + LωCg)
2

, (1− q)E
[
‖zt‖2

]
+
α

4
LωE

[
‖∇J(θt)‖2

]
+ p, (95)

where q = 2βλv − 2β(R1 +R3 + P1 + P2 + P3)− 2β2C4
φ = O(β) and p = 2β(Q1 +Q2 +Q3 +

P1+P2+P3)+2β2(bmax+LωCg)
2 = O(β2τβ). Then by recursively using the previous inequality,

it follows that for any t ≥ τβ ,

E[‖zt‖2] ≤ (1− q)t−τβE
[∥∥zτβ

∥∥2
]
+
αLω
4

t∑

j=0

(1− q)t−jE[|∇J(θj)‖2] +
p

q
, (96)

and hence
∑T−1
t=0 E[‖zt‖2]

T

=

∑T−1
t=τβ

E[‖zt‖2]
T

+

∑τβ−1
t=0 E[‖zt‖2]

T

≤
E
[∥∥zτβ

∥∥2
]

Tq
+
τβ (2‖z0‖+ 2βτβ(bmax + LωCg))

2

T
+
αLω
4q

∑T−1
t=0 E[‖∇J(θt)‖2]

T
+
p

q

≤ (2‖z0‖+ 2βτβ(bmax + LωCg))
2

(
1

Tq
+
τβ
T

)
+
αLω
4q

∑T−1
t=0 E[‖∇J(θt)‖2]

T
+
p

q

= O

(
1

Tβ
+
α

β

∑T−1
t=0 E[‖∇J(θt)‖2]

T
+ βτβ

)
, (97)

where the last step is because q = O(β) and p = O(β2τβ).

C.1.1 Bound on Term (a)

In this section we provide the detailed proof of the bound on term (a) in (91).

We first note that from the update of zt in (90), term ‖zt+1 − zt‖ can be bounded as follows

‖zt+1 − zt‖ ≤ ‖β(−Aθt(st)zt + bt(θt))‖+ ‖ω(θt)− ω(θt+1)‖
≤ βC2

φ‖zt‖+ βbmax + Lω‖θt − θt+1‖
(a)

≤ βC2
φ‖zt‖+ βbmax + αLωCg

≤ βC2
φ‖zt‖+ β(bmax + LωCg), (98)

where (a) is due to the fact ‖Gt+1(θt, ωt)‖ ≤ Cg for any t ≥ 0, and where the last inequality is from
the fact that α ≤ β. Hence term (a) can be bounded as follows

‖zt+1 − zt‖2 ≤ 2β2C4
φ‖zt‖2 + 2β2(bmax + LωCg)

2. (99)

This completes the proof.

C.1.2 Bound on Term (b)

In this section we provide the detailed proof of the bound on term (b) in (91).

From (98), it follows that

‖zt+1‖ ≤ (1 + βC2
φ)‖zt‖+ βbmax + αLωCg

≤ (1 + βC2
φ)‖zt‖+ β(bmax + LωCg). (100)

By applying (100) recursively, it follows that

‖zt‖ ≤ (1 + βC2
φ)
t‖z0‖+ β(bmax + LωCg)

(1 + βC2
φ)
t − 1

βC2
φ
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= (1 + βC2
φ)
t‖z0‖+ (bmax + LωCg)

(1 + βC2
φ)
t − 1

C2
φ

. (101)

We first show the following lemma which bounds the update
∥∥zt − zt−τβ

∥∥ by ‖zt‖.
Lemma 4. For any t ≥ τβ and t ≥ j ≥ t− τβ , we have that

‖zj‖ ≤ 2‖zt−τβ‖+ 2βτβ(bmax + LωCg); (102)

‖zt − zt−τβ‖ ≤ 2βτβC
2
φ‖zt−τβ‖+ 2βτβ(bmax + LωCg), (103)

‖zt − zt−τβ‖ ≤ 4βτβC
2
φ‖zt‖+ 4βτβ(bmax + LωCg). (104)

Proof. From (100), it follows that

‖zt+1‖ ≤ (1 + βC2
φ)‖zt‖+ β(bmax + LωCg). (105)

First note that βC2
φτβ ≤ 1

4 and hence βC2
φ ≤ 1

4τβ
≤ log 2

τβ−1 . This implies that

(1 + βC2
φ)
τβ ≤ 1 + 2τββC

2
φ, (106)

which is because (1 + x)k ≤ 1 + 2kx for x ≤ log 2
k−1 .

Applying inequality (105) recursively, it follows that

‖zj‖ ≤ (1 + βC2
φ)
j−t+τβ‖zt−τβ‖+ (bmax + LωCg)

(1 + βC2
φ)
τβ − 1

C2
φ

≤ (1 + βC2
φ)
τβ‖zt−τβ‖+ (bmax + LωCg)

(1 + βC2
φ)
τβ − 1

C2
φ

(a)

≤ (1 + 2τββC
2
φ)‖zt−τβ‖+ 2βτβ(bmax + LωCg)

(b)

≤ 2‖zt−τβ‖+ 2βτβ(bmax + LωCg), (107)

where (a) is from (106), and (b) is from the fact that βτβC2
φ ≤ 1

4 .

To prove (103) and (104), first note that

‖zt − zt−τβ‖ ≤
t−1∑

j=t−τβ
‖zj+1 − zj‖

(a)

≤
t−1∑

j=t−τβ
βC2

φ‖zj‖+ βτβ(bmax + LωCg)

(b)

≤
t−1∑

j=t−τβ
βC2

φ(2‖zt−τβ‖+ 2βτβ(bmax + LωCg)) + βτβ(bmax + LωCg)

≤βτβC2
φ(2‖zt−τβ‖+ 2βτβ(bmax + LωCg)) + βτβ(bmax + LωCg)

= 2βτβC
2
φ‖zt−τβ‖+ (2β2τ2βC

2
φ + βτβ)(bmax + LωCg)

(c)

≤ 2βτβC
2
φ‖zt−τβ‖+ 2βτβ(bmax + LωCg), (108)

where (a) is from (98), (b) is from (107) and (c) is due to the fact that βτβC2
φ ≤ 1

4 . Moreover, it
can be further shown that

‖zt − zt−τβ‖ ≤ 2βτβC
2
φ(‖zt‖+ ‖zt − zt−τβ‖) + 2βτβ(bmax + LωCg)

≤ 2βτβC
2
φ‖zt‖+

1

2
‖zt − zt−τβ‖+ 2βτβ(bmax + LωCg), (109)

where the last step is because βτβC2
φ ≤ 1

4 . Hence

‖zt − zt−τβ‖ ≤ 4βτβC
2
φ‖zt‖+ 4βτβ(bmax + LωCg). (110)

28



The bound on term (b) in (91) is straightforward from the following lemma.
Lemma 5. For any t ≥ τβ , it follows that

∣∣∣∣E
[
z>t

(
−Aθtzt −

1

β
(zt+1 − zt)

)]∣∣∣∣

≤ (R1 +R3 + P1 + P2 + P3)E
[
‖zt‖2

]
+ (Q1 +Q2 +Q3 + P1 + P2 + P3)

+
α

8β
LωE

[
‖∇J(θt)‖2

]
, (111)

where the definition of Pi, Qi and Ri, i = 1, 2, 3, can be found in (114), (117) and (120).

Proof. We only prove the case t = τβ here. The proof for the general case with t > τβ is similar,
and thus is omitted here. First note that

E
[
z>τβ

(
−Aθτβ zτβ −

1

β

(
zτβ+1 − zτβ

))]

= E
[
z>τβ

(
−Aθτβ +Aθτβ

(
sτβ
))
zτβ

]
− E

[
z>τβbτβ

]
− E

[
z>τβ

ω
(
θτβ
)
− ω

(
θτβ+1

)

β

]
. (112)

We then bound the terms in (112) one by one. First, it can be shown that
∣∣∣E
[
z>τβ

(
−Aθτβ +Aθτβ

(
sτβ
))
zτβ

]∣∣∣

≤
∣∣∣E
[
z>0
(
−Aθτβ +Aθτβ

(
sτβ
))
z0

]∣∣∣+
∣∣∣E
[(
zτβ − z0

)> (−Aθτβ +Aθτβ
(
sτβ
)) (

zτβ − z0
)]∣∣∣

+ 2
∣∣∣E
[(
zτβ − z0

)> (−Aθτβ +Aθτβ
(
sτβ
))
z0

]∣∣∣

≤ ‖z0‖2
∥∥∥E
[
−Aθτβ +Aθτβ

(
sτβ
)]∥∥∥+ 2C2

φE
[
‖zτβ − z0‖2

]
+ 4‖z0‖C2

φE
[
‖zτβ − z0‖

]

≤ ‖z0‖2
∥∥E
[
−Aθ0 +Aθ0

(
sτβ
)]∥∥+ ‖z0‖2

∥∥∥E
[
−Aθ0 +Aθτβ

]∥∥∥

+ ‖z0‖2
∥∥∥E
[
−Aθτβ

(
sτβ
)
+Aθ0

(
sτβ
)]∥∥∥+ 2C2

φE
[
‖zτβ − z0‖2

]
+ 4‖z0‖C2

φE
[
‖zτβ − z0‖

]

(a)

≤
(
βC2

φ + 4CφDvCgατβ
)
‖z0‖2 + 2C2

φE
[
‖zτβ − z0‖2

]
+ 4‖z0‖C2

φE
[
‖zτβ − z0‖

]
, (113)

where (a) is due to the facts that
∥∥E
[
−Aθ0 +Aθ0(sτβ )

]∥∥ ≤ C2
φβ from the uniform ergodicity of the

MDP, both Aθ and Aθ(sτβ ) are Lipschitz with constant 2CφDv , and ‖θ0 − θτβ‖ ≤
∑τβ−1
j=0 ‖θj+1 −

θj‖ ≤ ατβCg .

We then plug in the results from Lemma 4, and hence we have that
∣∣∣E
[
z>τβ

(
−Aθτβ +Aθτβ

(
sτβ
))
zτβ

]∣∣∣
≤
(
βC2

φ + 4CφDvCgατβ
)
‖z0‖2 + 2C2

φE
[
‖zτβ − z0‖2

]
+ 4‖z0‖C2

φE
[
‖zτβ − z0‖

]

(a)

≤
(
βC2

φ + 4CφDvCgατβ
) (

2(1 + 4βτβC
2
φ)

2E
[∥∥zτβ

∥∥2
]
+ 32β2τ2β(bmax + LωCg)

2
)

+ 2C2
φ

(
32β2τ2βC

4
φE
[∥∥zτβ

∥∥2
]
+ 32β2τ2β(bmax + LωCg)

2
)

+ 4C2
φ

(
4βτβC

2
φ(1 + 4βτβC

2
φ)E

[∥∥zτβ
∥∥2
]
+ 4βτβ(bmax + LωCg)(1 + 8βτβC

2
φ)E

[∥∥zτβ
∥∥]
)

+ 64C2
φβ

2τ2β(bmax + LωCg)
2

, R1E
[∥∥zτβ

∥∥2
]
+ P1E

[∥∥zτβ
∥∥]+Q1, (114)

where (a) is from (104) and the fact that

‖z0‖ ≤
∥∥zτβ − z0

∥∥+
∥∥zτβ

∥∥ ≤ (1 + 4βτβC
2
φ)
∥∥zτβ

∥∥+ 4βτβ(bmax + LωCg); (115)
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and R1 = 2(1 + 4βτβC
2
φ)

2
(
βC2

φ + 4CφDvCgατβ

)
+ 64β2τ2βC

6
φ + 16βτβC

4
φ(1 + 4βτβC

2
φ) =

O(βτβ), P1 = 16C2
φβτβ(bmax + LωCg)(1 + 8βτβC

2
φ) = O(βτβ) and Q1 =(

βC2
φ + 4CφDvCgατβ

)
32β2τ2β(bmax+LωCg)

2+64C2
φβ

2τ2β(bmax+LωCg)
2+64C2

φβ
2τ2β(bmax+

LωCg)
2 = O(β2τ2).

Similarly, the second term in (112) can be bounded as follows
∣∣∣E
[
z>τβbτβ (θτβ )

]∣∣∣ ≤
∣∣E
[
(zτβ − z0)>bτβ (θτβ )

]∣∣+
∣∣E
[
z>0 bτβ (θ0)

]∣∣

+ ‖E
[
z>0 (bτβ (θτβ )− bτβ (θ0))

]
‖

≤ bmaxE
[
‖zτβ − z0‖

]
+ βbmax‖z0‖+ ατβCgLb‖z0‖, (116)

where Lb = 2CφDvRω + LωC
2
φ + ρmax((1 + γ)C2

φ + Dv(rmax + (1 + γ)Cv)) is the Lipschitz
constant of bt(θ). Again applying Lemma 4 implies that

∣∣∣E
[
z>τβbτβ (θτβ )

]∣∣∣
≤ bmaxE

[
‖zτβ − z0‖

]
+ βbmax‖z0‖+ ατβCgLb‖z0‖

≤ bmax

(
4βτβC

2
φE
[∥∥zτβ

∥∥]+ 4βτβ(bmax + LωCg)
)

+ (βbmax + ατβCgLb)
((
1 + 4βτβC

2
φ

)
E
[∥∥zτβ

∥∥]+ 4βτβ(bmax + LωCg)
)

, P2E
[∥∥zτβ

∥∥]+Q2, (117)

where P2 = 4βτβbmaxC
2
φ+(βbmax+ατβCgLb)

(
1 + 4βτβC

2
φ

)
= O(βτβ) andQ2 = 4βτβ(bmax+

LωCg)(bmax + βbmax + ατβCgLb) = O(βτβ).

We then bound the last term in (112) as follows
∣∣∣∣E
[
z>τβ

ω(θτβ )− ω(θτβ+1)

β

]∣∣∣∣
(a)
=

∣∣∣∣
1

β
E[z>τβ∇ω(θ̂τβ )(θτβ+1 − θτβ )]

∣∣∣∣

=

∣∣∣∣
α

β
E[z>τβ∇ω(θ̂τβ )Gτβ+1(θτβ , ωτβ )]

∣∣∣∣

=

∣∣∣∣∣
α

β
E

[
z>τβ∇ω(θ̂τβ )

(
Gτβ+1(θτβ , ωτβ )−Gτβ+1(θτβ , ω(θτβ )) +Gτβ+1(θτβ , ω(θτβ ))

+
∇J(θτβ )

2
− ∇J(θτβ )

2

)]∣∣∣∣∣

=

∣∣∣∣∣
α

β
E

[
z>τβ∇ω(θ̂τβ )(Gτβ+1(θτβ , ωτβ )−Gτβ+1(θτβ , ω(θτβ )))

]∣∣∣∣∣

+

∣∣∣∣
α

β
E
[
z>τβ∇ω(θ̂τβ )

(
Gτβ+1(θτβ , ω(θτβ )) +

∇J(θτβ )
2

)]∣∣∣∣

+

∣∣∣∣∣
α

β
E

[
z>τβ∇ω(θ̂τβ )

(
−∇J(θτβ )

2

)]∣∣∣∣∣
(b)

≤ α

β
LωLgE

[∥∥zτβ
∥∥2
]
+

α

2β
LωE

[∥∥zτβ
∥∥2
]
+

α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]

+
α

β

∣∣∣∣E
[
z>τβ∇ω(θτβ )

(
Gτβ+1(θτβ , ω(θτβ )) +

∇J(θτβ )
2

)]∣∣∣∣

+
α

β

∣∣∣∣E
[
z>τβ (∇ω(θ̂τβ )−∇ω(θτβ ))

(
Gτβ+1(θτβ , ω(θτβ )) +

∇J(θτβ )
2

)]∣∣∣∣
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≤ α

β
LωLgE

[∥∥zτβ
∥∥2
]
+

α

2β
LωE

[∥∥zτβ
∥∥2
]
+

α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]

+
α

β

∣∣∣∣E
[
z>0 ∇ω(θτβ )

(
Gτβ+1(θτβ , ω(θτβ )) +

∇J(θτβ )
2

)]∣∣∣∣

+
α

β

∣∣∣∣E
[
(zτβ − z0)>∇ω(θτβ )

(
Gτβ+1(θτβ , ω(θτβ )) +

∇J(θτβ )
2

)]∣∣∣∣

+
2α

β
CgDωE

[∥∥zτβ
∥∥ ∥∥θτβ − θτβ+1

∥∥]

≤ α

β
LωLgE

[∥∥zτβ
∥∥2
]
+

α

2β
LωE

[∥∥zτβ
∥∥2
]
+

α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]

+
α

β

∣∣∣∣E
[
z>0 ∇ω(θ0)

(
Gτβ+1(θ0, ω(θ0)) +

∇J(θ0)
2

)]∣∣∣∣

+
α

β

∣∣∣∣∣E
[
z>0

(
∇ω(θτβ )

(
Gτβ+1(θτβ , ω(θτβ )) +

∇J(θτβ )
2

)

−∇ω(θ0)
(
Gτβ+1(θ0, ω(θ0)) +

∇J(θ0)
2

))]∣∣∣∣∣

+
α

β

∣∣∣∣E
[
(zτβ − z0)>∇ω(θτβ )

(
Gτβ+1(θτβ , ω(θτβ ) +

∇J(θτβ )
2

)]∣∣∣∣

+
2α

β
CgDωE

[∥∥zτβ
∥∥ ∥∥θτβ − θτβ+1

∥∥]

≤ α

β
LωLgE

[∥∥zτβ
∥∥2
]
+

α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]

+
α

β
‖z0‖Lω

∥∥∥∥E
[
Gτβ+1(θ0, ω(θ0)) +

∇J(θτβ )
2

]∥∥∥∥

+
α

2β
LωE

[∥∥zτβ
∥∥2
]
+
α

β
‖z0‖LkE

[∥∥θτβ − θ0
∥∥]+ 2α

β
LωCgE

[∥∥zτβ − z0
∥∥]

+
2α

β
CgDωE

[∥∥zτβ
∥∥ ∥∥θτβ − θτβ+1

∥∥]

(c)

≤ α

β
LωLgE

[∥∥zτβ
∥∥2
]
+

α

2β
LωE

[∥∥zτβ
∥∥2
]
+

α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]
+
α

β
‖z0‖LωCgβ

+
α2

β
τβLk‖z0‖Cg +

2α

β
LωCgE

[∥∥zτβ − z0
∥∥]+ 2α2

β
C2
gDωE

[∥∥zτβ
∥∥]

=

(
α

β
LωLg +

α

2β
Lω

)
E
[∥∥zτβ

∥∥2
]
+

2α2

β
C2
gDωE

[∥∥zτβ
∥∥]+ α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]

+

(
αLωCg +

α2

β
τβLkCg

)
‖z0‖+

2α

β
LωCgE

[∥∥zτβ − z0
∥∥] , (118)

where (a) is from the Mean-Value theorem and θ̂τβ = cθτβ + (1− c)θτβ+1 for some c ∈ [0, 1], (b)

is from Lemmas 1 and 2, (c) is due to the fact that
∥∥∥E
[
Gt+1(θ0, ω(θ0)) +

∇J(θ0)
2

]∥∥∥ ≤ Cgβ for any

t ≥ τβ and ‖θτβ − θ0‖ ≤ ατβCg, and Lk = 2CgDω +
(
LJ +

L′g
2

)
Lω is the Lipschitz constant of

∇ω(θ)
(
Gt+1(θ, ω(θ)) +

∇J(θ)
2

)
, and L′g is the Lipschitz constant of Gt+1(θ, ω(θ)).

Our next step is to rewrite the bound in (118) using ‖zτβ‖. Note that from Lemma 4, we have that

‖z0‖ ≤
∥∥zτβ − z0

∥∥+
∥∥zτβ

∥∥ ≤ (1 + 4βτβC
2
φ)
∥∥zτβ

∥∥+ 4βτβ(bmax + LωCg). (119)

Plugging in (118), it follows that
∣∣∣∣E
[
z>τβ

ω(θτβ )− ω(θτβ+1)

β

]∣∣∣∣
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≤
(
α

β
LωLg +

α

2β
Lω

)
E
[∥∥zτβ

∥∥2
]
+

2α2

β
C2
gDωE

[∥∥zτβ
∥∥]+ α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]

+

(
αLωCg +

α2

β
τβLkCg

)
‖z0‖+

2α

β
LωCgE

[∥∥zτβ − z0
∥∥]

≤
(
α

β
LωLg +

α

2β
Lω

)
E
[∥∥zτβ

∥∥2
]
+

2α2

β
C2
gDωE

[∥∥zτβ
∥∥]+ α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]

+

(
αLωCg +

α2

β
τβLkCg

)(
(1 + 4βτβC

2
φ)E

[∥∥zτβ
∥∥]+ 4βτβ(bmax + LωCg)

)

+
2α

β
LωCg

(
E
[
4βτβC

2
φ

∥∥zτβ
∥∥]+ 4βτβ(bmax + LωCg)

)

=

(
α

β
LωLg +

α

2β
Lω

)
E
[∥∥zτβ

∥∥2
]

+

(
2α2

β
C2
gDω +

(
αLωCg +

α2

β
τβLkCg

)
(1 + 4βτβC

2
φ) + 8ατβLωCgC

2
φ

)
E
[∥∥zτβ

∥∥]

+
α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]
+

(
αLωCg +

α2

β
τβLkCg

)
(4βτβ(bmax + LωCg))

+ 8ατβLωCg(bmax + LωCg)

, R3E
[∥∥zτβ

∥∥2
]
+ P3E

[∥∥zτβ
∥∥]+Q3 +

α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]
, (120)

where R3 =
(
α
βLωLg +

α
2βLω

)
= O

(
α
β

)
, P3 =

(
2α2

β C2
gDω +

(
αLωCg +

α2

β τβLkCg

)
(1 + 4βτβC

2
φ) + 8ατβLωCgC

2
φ

)
= O(ατβ) and Q3 =

(
αLωCg +

α2

β τβLkCg

)
(4βτβ(bmax + LωCg)) + 8ατβLωCg(bmax + LωCg) = O(ατβ).

Then we combine all three bounds in (114), (117) and (120), and it follows that
∣∣∣∣E
[
z>τβ

(
−Aθτβ zτβ −

1

β

(
zτβ+1 − zτβ

))]∣∣∣∣

≤ (R1 +R3)E
[∥∥zτβ

∥∥2
]
+ (P1 + P2 + P3)E

[∥∥zτβ
∥∥]+ (Q1 +Q2 +Q3)

+
α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]
, (121)

Finally due to the fact that x ≤ x2 + 1, ∀x ∈ R, it follows that
∣∣∣∣E
[
z>τβ

(
−Aθτβ zτβ −

1

β

(
zτβ+1 − zτβ

))]∣∣∣∣

≤ (R1 +R3 + P1 + P2 + P3)E
[∥∥zτβ

∥∥2
]
+ (Q1 +Q2 +Q3 + P1 + P2 + P3)

+
α

8β
LωE

[∥∥∇J(θτβ )
∥∥2
]
. (122)

This completes the proof.

C.2 Proof under the Markovian Setting

In this section, we prove Theorem 1 under the Markovian setting.

From the LJ -smoothness of J(θ), it follows that

J(θt+1) ≤ J(θt) + 〈∇J(θt), θt+1 − θt〉+
LJ
2
‖θt+1 − θt‖2

= J(θt) + α 〈∇J(θt), Gt+1(θt, ωt)〉+
LJ
2
α2‖Gt+1(θt, ωt)‖2
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= J(θt)− α
〈
∇J(θt),−Gt+1(θt, ωt)−

∇J(θt)
2

+Gt+1(θt, ω(θt))−Gt+1(θt, ω(θt))

〉

− α

2
‖∇J(θt)‖2 +

LJ
2
α2‖Gt+1(θt, ωt)‖2

= J(θt)− α 〈∇J(θt),−Gt+1(θt, ωt) +Gt+1(θt, ω(θt))〉

+ α

〈
∇J(θt),

∇J(θt)
2

+Gt+1(θt, ω(θt))

〉
− α

2
‖∇J(θt)‖2 +

LJ
2
α2‖Gt+1(θt, ωt)‖2

≤J(θt) + αLg‖∇J(θt)‖‖ω(θt)− ωt‖+ α

〈
∇J(θt),

∇J(θt)
2

+Gt+1(θt, ω(θt))

〉

− α

2
‖∇J(θt)‖2 +

LJ
2
α2‖Gt+1(θt, ωt)‖2

(a)

≤ J(θt) + αLg‖∇J(θt)‖‖zt‖+ α

〈
∇J(θt),

∇J(θt)
2

+Gt+1(θt, ω(θt))

〉

− α

2
‖∇J(θt)‖2 +

LJ
2
α2C2

g , (123)

where (a) is from the fact that ‖θt+1−θt‖ ≤ αCg . Thus by re-arranging the terms, taking expectation
and summing up w.r.t. t from 0 to T − 1, it follows that

α

2

T−1∑

t=0

E[‖∇J(θt)‖2]

≤ −E[J(θT )] + J(θ0) + αLg

√√√√
T−1∑

t=0

E[‖∇J(θt)‖2]

√√√√
T−1∑

t=0

E[‖zt‖2] +
T−1∑

t=0

αE[ζG(θt, Ot)]

+ LJα
2TC2

g , (124)

where ζG(θt, Ot) =
〈
∇J(θt), ∇J(θt)2 +Gt+1(θt, ω(θt))

〉
. We then bound ζG in the following

lemma.
Lemma 6. For any t ≥ τβ ,

E[ζG(θt, Ot)] ≤ 2C2
gβ + 2ατβLζCg. (125)

Proof. We only need to consider the case t = τβ , the proof for general case of t ≥ τβ is similar, and
thus is omitted here. We first have that

ζG(θτβ , Oτβ ) =

〈
∇J(θτβ ),

∇J(θτβ )
2

+Gτβ+1(θτβ , ω(θτβ ))

〉

=

〈
∇J(θ0),

∇J(θ0)
2

+Gτβ+1(θ0, ω(θ0))

〉

+

〈
∇J(θτβ ),

∇J(θτβ )
2

+Gτβ+1(θτβ , ω(θτβ ))

〉

−
〈
∇J(θ0),

∇J(θ0)
2

+Gτβ+1(θ0, ω(θ0))

〉

≤
〈
∇J(θ0),

∇J(θ0)
2

+Gτβ+1(θ0, ω(θ0))

〉
+ 2Lζ‖θτβ − θ0‖

≤
〈
∇J(θ0),

∇J(θ0)
2

+Gτβ+1(θ0, ω(θ0))

〉
+ 2ατβLζCg, (126)

where Lζ = 2Cg(L
′
g +

3LJ
2 ) is the Lipschitz constant of ζG(θ,Ot).

Then it follows that

E[ζG(θτβ , Oτβ )]
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= E
[〈
∇J(θ0),

∇J(θ0)
2

+Gτβ+1(θ0, ω(θ0))

〉]
+ 2αLζCgτβ

≤ 2C2
gβ + 2ατβLζCg, (127)

where the last step follows from the uniform ergodicity of the MDP (Assumption 4).

Plugging the bound in (124), it follows that

α

2

T−1∑

t=0

E[‖∇J(θt)‖2]

≤ J(θ0)− J∗ + αLg

√√√√
T−1∑

t=0

E[‖∇J(θt)‖2]

√√√√
T−1∑

t=0

E[‖zt‖2]

+ α2C2
gLJT + α

(
T (2C2

gβ + 2ατβLζCg) + 4τβC
2
g

)
, (128)

and thus
T−1∑

t=0

E[‖∇J(θt)‖2]

≤ 2(J(θ0)− J∗)
α

+ 2Lg

√√√√
T−1∑

t=0

E[‖∇J(θt)‖2]

√√√√
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E[‖zt‖2] + 2αC2
gLJT

+ 2
(
T (2C2

gβ + 2ατβLζCg) + 4τβC
2
g

)
. (129)

This further implies that
∑T−1
t=0 E[‖∇J(θt)‖2]

T

≤ 2(J(θ0)− J∗)
αT

+ 2Lg

√∑T−1
t=0 E[‖∇J(θt)‖2]

T

√∑T−1
t=0 E[‖zt‖2]

T
+ 2αC2

gLJ

+ 2
(
(2C2

gβ + 2ατβLζCg) + 4C2
g

τβ
T

)
. (130)

We plug in the tracking error (97), and it follows that
∑T−1
t=0 E[‖∇J(θt)‖2]

T

≤ 2(J(θ0)− J∗)
αT

+ 2αC2
gLJ + 2

(
(2C2

gβ + 2ατβLζCg) + 4C2
g

τβ
T

)
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·
√
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2

(
1

Tq
+
τβ
T

)
+
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4q
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T
+
p

q
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αT
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(2C2

gβ + 2ατβLζCg) + 4C2
g
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+ 2Lg

√
αLω
4q
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T
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1

Tq
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p

q
. (131)

Note that 2Lg
√

αLω
4q = O

(√
α
β

)
, hence we can choose α and β such that 2Lg

√
αLω
4q ≤ 1

2 . Hence

it follows that∑T−1
t=0 E[‖∇J(θt)‖2]

T
≤ 4(J(θ0)− J∗)

αT
+ 4αC2

gLJ + 4
(
(2C2

gβ + 2ατβLζCg) + 4C2
g

τβ
T

)

34



+ 4Lg

√∑T−1
t=0 E[‖∇J(θt)‖2]

T

·
√

(2‖z0‖+ 2βτβ(bmax + LωCg))
2

(
1

Tq
+
τβ
T

)
+
p

q

, U

√∑T−1
t=0 E[‖∇J(θt)‖2]

T
+ V, (132)

where U = 4Lg

√
(2‖z0‖+ 2βτβ(bmax + LωCg))

2
(

1
Tq +

τβ
T

)
+ p

q = O
(√

βτβ + 1
Tβ

)
and V =

4(J(θ0)−J∗)
αT + 4αC2

gLJ + 4
(
(2C2

gβ + 2ατβLζCg) + 4C2
g
τβ
T

)
= O

(
1
Tα + ατβ + β

)
. Thus it can

be shown that
∑T−1
t=0 E[‖∇J(θt)‖2]

T
≤
(
U +

√
U2 + 4V

2

)2

≤ U2 + 2V

= 16L2
g

(
(2‖z0‖+ 2βτβ(bmax + LωCg))

2

(
1

Tq
+
τβ
T

)
+
p

q

)

+
8(J(θ0)− J∗)

αT
+ 8αC2

gLJ + 8
(
(2C2

gβ + 2ατβLζCg) + 4C2
g

τβ
T

)

= O

(
βτβ +

1

Tβ
+ ατβ +

1

Tα

)
. (133)

This completes the proof.

C.3 Choice of Step-sizes

In the proof under the Markovian setting, we first assume βτβC2
φ ≤ 1

4 . The last assumption on the
step-sizes is α

q ≤ 1
4L2

gLω
, where q = 2βλv − 2β(R1 +R3 +P1 +P2 +P3)− 2β2C4

φ = O(β). Note
that this assumption can be satisfied by controlling α

β similar to Section B.3, which we omit here.

Hence we set β < min
{
1, 1

4τβC2
φ

}
, and α

q ≤
{
1, 1

4L2
gLω

}
.

D Experiments

In this section, we provide some numerical experiments on two RL examples: the Garnet problem
[Archibald et al., 1995] and the “spiral” counter example in [Tsitsiklis and Van Roy, 1997].

D.1 Garnet Problem

The first experiment is on the Garnet problem [Archibald et al., 1995], which can be characterized by
G(|S|, |A|, b,N). Here b is a branching parameter specifying how many next states are possible for
each state-action pair, and these b states are chosen uniformly at random. The transition probabilities
are generated by sampling uniformly and randomly between 0 and 1. The parameter N is the
dimension of θ to be updated. In our experiments, we generate a reward matrix uniformly and
randomly between 0 and 1. For every state s we randomly generate one feature function k(s) ∈ [0, 1]
using as the input. In both experiments, we use a five-layer neural network with (1,2,2,3,1) neurons in
each layer as the function approximator. And for the activation function, we use the Sigmoid function,
i.e., f(x) = 1

1+e−x . We set all the weights and bias of the neurons as the parameter θ ∈ R23.

We consider two sets of parameters: G(5, 2, 5, 23) and G(3, 2, 3, 23). We set the step-size α = 0.01
and β = 0.05, and also the discount factor γ = 0.95. In Figures 1 and 2, we plot the squared gradient
norm v.s. the number of samples using 40 Garnet MDP trajectories, i.e., at each time t, we plot
‖∇J(θt)‖2. The upper and lower envelopes of the curves correspond to the 95 and 5 percentiles of
the 40 curves, respectively. We also plot the estimated variance of the stochastic update along the
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iterations in Figures 1(b) and 2(b). Specifically, we first run the algorithm to get a sequence of θt and
ωt. Then we generate 500 different trajectories Oi = (Oi1, O

i
2, ..., O

i
t, ...) where i = 1, ..., 500, and

use them to estimate the variance ‖Git+1(θt, ωt)−∇J(θt)‖2 and plot
∑500
i=1 ‖Git+1(θt,ωt)−∇J(θt)‖2

500 at
each time t.

It can be seen from the figures that both gradient norm ‖∇J(θt)‖ and the estimated variance converge
to zero.

(a) ‖∇J(θt)‖2. (b) Estimated variance.

Figure 1: Garnet problem 1: G(5, 2, 5, 23).

D.2 Spiral Counter Example

In our second experiment, we consider the spiral counter example proposed in [Tsitsiklis and
Van Roy, 1997], which is often used to show the TD algorithm may diverge with nonlinear function
approximation. The problem setting is given in Figure 3. There are three states and each state can
transit to the next one with probability 1

2 or stay at the current state with probability 1
2 . The reward is

always zero with the discount factor γ = 0.9. Similar to [Bhatnagar et al., 2009], we consider the
value function approximation:

Vθ(s) = (a(s) cos(kθ) + b(s) sin(kθ))eεθ, (134)

where in Figure 4, a = [0.94,−0.43, 0.18] and b = [0.21,−0.52, 0.76]; and in Figure 5, a =
[0.21,−0.33, 0.29] and b = [0.68, 0.41, 0.82]. We let k = 0.866 and ε = 0.1. The step-size are
chosen as α = 0.01 and β = 0.05. In Figures 4(a) and 5(a), we plot the squared gradient norm v.s.
the number of samples using 40 MDP trajectories. The upper and lower envelopes of the curves
correspond to the 95 and 5 percentiles of the 40 curves. Similarly, we also plot the estimated variance
‖Gt+1(θt, ωt)−∇J(θt)‖2 of the stochastic update along the iterations using 50 samples at each time
step. More specifically, we first run the algorithm to get a sequence of θt and ωt. Then we generate

(a) ‖∇J(θt)‖2. (b) Estimated variance.

Figure 2: Garnet problem 2: G(3, 2, 3, 23).
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50 different trajectories Oi = (Oi1, O
i
2, ..., O

i
t, ...) where i = 1, ..., 50, and use them to estimate the

variance ‖Git+1(θt, ωt)−∇J(θt)‖2 and plot
∑50
i=1 ‖Git+1(θt,ωt)−∇J(θt)‖2

50 at each time t.

It can be seen that in both experiments, the gradient norm ‖∇J(θt)‖ converges to 0, i.e., the algorithm
converges to a stationary point. The estimated variance also decreases to zero.

Figure 3: Spiral counter example.

(a) ‖∇J(θt)‖2. (b) Estimated variance.

Figure 4: Spiral counter example 1:
a = [0.94,−0.43, 0.18],b = [0.21,−0.52, 0.76].
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(a) ‖∇J(θt)‖2. (b) Estimated variance.

Figure 5: Spiral counter example 2:
a = [0.21,−0.33, 0.29], b = [0.68, 0.41, 0.82].
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