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Abstract

This paper studies the transfer reinforcement
learning (RL) problem where multiple RL prob-
lems have different reward functions but share
the same underlying transition dynamics. In this
setting, the Q-function of each RL problem (task)
can be decomposed into a successor feature (SF)
and a reward mapping: the former characterizes
the transition dynamics, and the latter character-
izes the task-specific reward function. This Q-
function decomposition, coupled with a policy
improvement operator known as generalized pol-
icy improvement (GPI), reduces the sample com-
plexity of finding the optimal Q-function, and
thus the SF & GPI framework exhibits promising
empirical performance compared to traditional
RL methods like Q-learning. However, its theo-
retical foundations remain largely unestablished,
especially when learning the successor features
using deep neural networks (SF-DQN). This pa-
per studies the provable knowledge transfer us-
ing SFs-DQN in transfer RL problems. We es-
tablish the first convergence analysis with prov-
able generalization guarantees for SF-DQN with
GPI. The theory reveals that SF-DQN with GPI
outperforms conventional RL approaches, such
as deep Q-network, in terms of both faster con-
vergence rate and better generalization. Numer-
ical experiments on real and synthetic RL tasks
support the superior performance of SF-DQN &
GPI, aligning with our theoretical findings.
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1. Introduction

In reinforcement learning (RL), the goal is to train an agent
to perform a task within an environment in a desirable man-
ner by allowing the agent to interact with the environment.
Here, the agent is guided towards the desirable behavior
by the rewards, and the optimal policy is derived from a
learned value function (Q-function) in selecting the best ac-
tions to maximize the immediate and future rewards. This
framework can effectively capture a wide array of real-
world applications, such as gaming (Mnih et al.| [2013; Sil-
ver et al., 2017), robotics (Kalashnikov et al., 2018), au-
tonomous vehicles (Shalev-Shwartz et al., [2016; Schwart-
ing et al.,|2018)), healthcare (Coronato et al.,2020), and nat-
ural language processing (Tenney et al.l |2018). However,
RL agents often need numerous interactions with the envi-
ronment to manage complex tasks, especially when RL is
equipped with deep neural networks (DNNs). For example,
AlphaGo (Silver et al.| 2017) required 29 million matches
and 5000 TPUs at a cost exceeding $35 million, which
is time-consuming and memory-intensive. Nevertheless,
many complex real-world problems can naturally decom-
pose into multiple interrelated sub-problems, all sharing
the same environmental dynamics (Sutton et al., | 1999; Ba-
con et al., |2017; |[Kulkarni et al.| [2016a)). In such scenar-
ios, it becomes highly advantageous for an agent to harness
knowledge acquired from previous tasks to enhance its per-
formance in tackling new but related challenges. This prac-
tice of leveraging knowledge from one task to improve per-
formance in others is known as transfer learning (Lazaric,
2012; Taylor & Stone, [2009; Barreto et al.,|[2017).

This paper focuses on an RL setting with learning multi-
ple tasks, where each task is associated with a different re-
ward function but shares the same environment. This set-
ting naturally arises in many real-world applications such
as robotics (Yu et al.| 2020). We consider exploring the
knowledge transfer among multiple tasks via the successor
feature (SF) framework (Barreto et al.,|2017) which disen-
tangles the environment dynamic from the reward function
at an incremental computational cost. The SF framework is
derived from successor representation (SR) (Dayan, [1993)
by introducing the value function approximation. Specifi-
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cally, SR (Dayan, [1993)) decouples the value function into
a future state occupancy measure and a reward mapping.
Here, the future state occupancy characterizes the transi-
tion dynamics of the environment, and the reward mapping
characterizes the reward function of the task. SF is a natu-
ral application of SR in solving value function approxima-
tion. Furthermore, (Barreto et al., 2017) propose a gener-
alization of the classic policy improvement, termed gener-
alized policy improvement (GPI), enabling smooth knowl-
edge transfer across learned policies. In contrast to tradi-
tional policy improvement, which typically considers only
a single policy, Generalized Policy Improvement (GPI) op-
erates by maintaining a set of policies, each associated with
a distinct skill the agent has acquired. This approach en-
ables the agent to switch among these policies based on
the current state or task requirements, providing a flexi-
ble and adaptive framework for decision-making. Empir-
ical findings presented in (Barreto et al |2017) highlight
the superior transfer performance of SF & GPI in deep
RL when compared to conventional methods like Deep
Q-Networks (DQNs). Subsequent works further justified
the improved performance of SF in subgoal identification
(Kulkarni et all |2016b) and real-world robot navigation
(Zhang et al.| 2017).

Focus of this paper. While performance guarantees of
SF-based learning are provided in the simple tabular set-
ting (Barreto et al., 2017; |2018)), less is known for such
approaches in the widely used function approximation set-
ting, especially for non-linear models including DNNs. In
this context, this paper aims to close this gap by provid-
ing theoretical guarantees for SF learning in the context of
DNNs. Our objective is to explore the convergence and
generalization analysis of SF when paired with DNN ap-
proximation. We also seek to delineate the conditions un-
der which SF learning can offer more effective knowledge
transfer among tasks when contrasted with classical deep
reinforcement learning (DRL) approaches.

Contributions. This paper presents the first convergence
analysis with generalization guarantees for successor fea-
ture learning with deep neural network approximation (SF-
DQN). This paper focuses on estimating the optimal Q-
value function through the successor feature decomposi-
tion, where the successor feature decomposition compo-
nent is approximated through a deep neural network. The
paper offers a comprehensive analysis of the convergence
of deep Q-networks with successor feature decomposition
and provides insights into the improved performance of the
learned Q-value function derived from successor feature
decomposition. The key contributions are as follows:

(C1) The convergence analysis of the proposed SF-DQN
to the optimal Q-function with generalization guaran-
tees. By decomposing the reward into a linear combination

of the transition feature and reward mapping, we demon-
strate that the optimal Q-function can be learned by alter-
nately updating the reward mapping and the successor fea-
ture using the collected data in online RL, where the cor-
responding successor feature is parameterized by a deep
neural network. The learned Q-function converges to the
optimal Q-function with generalization guarantees at a rate
of 1/T, where T is the number of iterations in updating
transition features and reward mappings.

(C2) The theoretical characterization of enhanced per-
formance by leveraging knowledge from previous tasks
through GPI. This paper characterizes the convergence
rate with generalization guarantees in transfer RL utilizing
GPI. The convergence rate accelerates following the degree
of correlation between the source and target tasks.

(C3) The theoretical characterization of the superior
transfer learning performance with SF-DQN over non-
representation learning approach DQNs. This paper
quantifies the transfer learning ability of SF-DQN and
DQN algorithms by evaluating their generalization error
when transferring knowledge from one task to another. Our
results indicate that SF-DQN achieves improved general-
ization compared to DQN, demonstrating the superiority
of SF-DQN in transfer RL.

1.1. Related Works

Successor features in RL. In pioneering works, (Dayan)
1993)) introduced the concept of SR, demonstrating that the
value function can be decomposed into a reward mapping
and a state representation that measures the future state oc-
cupancy from a given state, with learning feasibility proof
in tabular settings. Subsequently, (Barreto et al., [2017) ex-
tended SR from three perspectives: (1) the feature domain
of SR is extended from states to state-action pairs, known
as SF; (2) DNNs are deployed as function approximators to
represent the SF and reward mappings; (3) GPI algorithm
is introduced to accelerate policy transfer for multi-tasks.
Furthermore, (Kulkarni et al., |2016b; [Zhang et al., [2017)
apply SF learning with DNN-based schemes to subgoal
identification (Kulkarni et al.||2016b) and robot navigation
(Zhang et al.l |2017). However, only (Barreto et al., 2017
2018)) provided transfer guarantees for Q-learning with SF
and GPI for the tabular case under the assumption that the
Q-function from the source task is well-estimated. How-
ever, to the best of our knowledge, none of works have
provided any theoretical guarantees of SF in the function
approximation with neural networks. In addition, instead
of assuming that the Q-function of the source task is well
estimated, our paper offers both convergence analysis and
sample complexity for successor feature learning in both
the source task training stage and transfer learning stages.
We refer readers to a comprehensive comparison of rein-
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forcement learning transfer using Successor Features, as
detailed in (Zhu et al., [2023).

RL with neural networks. Recent advancements of the-
oretical analysis in RL with neural network approximation
mainly include the Bellman Eluder dimension (Jiang et al.}
2017; Russo & Van Roy, [2013), Neural Tangent Kernel
(NTK) (Yang et al.|[2020; |Cai et al.| [2019; [Xu & Gul [2020;
Du et all [2020), and Besov regularity (Suzukil [2019; [Ji
et al.l 2022; Nguyen-Tang et al., 2022). However, each
of these frameworks has its limitations. The Eluder di-
mension exhibits exponential growth even for shallow neu-
ral networks (Dong et al.l [2021), making it challenging to
characterize sample complexity in real-world applications
of DRL. The NTK framework linearizes DNNs to bypass
the non-convexity derived from the non-linear activation
function in neural networks. Nevertheless, it requires us-
ing computationally inefficient, extremely wide neural net-
works (Yang et al.l 2020). Moreover, the NTK approach
falls short in explaining the advantages of utilizing non-
linear neural networks over linear function approximation
(Liu et al.,2022; [Fan et al.|[2020). The Besov space frame-
work (J1 et al.| [2022; Nguyen-Tang et al., [2022} Liu et al.,
2022; |Fan et al.L |2020) requires sparsity on neural networks
and makes the impractical assumption that the algorithm
can effectively identify the global optimum, which is un-
feasible for non-convex optimization involving NNs.

Theory of generalization in deep learning. The theory
of generalization in deep learning has been extensively de-
veloped in supervised learning, where labeled data is avail-
able throughout training. Generalization in learned mod-
els necessitates low training error and small generalization
gap. However, in DNNs, training errors and generaliza-
tion gaps are analyzed separately due to their non-convex
nature. To ensure bounded generalization, it is common
to focus on one-hidden-layer neural networks (Safran &
Shamir, 2018) in convergence analysis. Existing theoreti-
cal analysis tools in supervised learning with generalization
guarantees draw heavily from various frameworks, includ-
ing the Neural Tangent Kernel (NTK) framework (Jacot
et al., 2018} |Du et al.||2018}; [Lee et al.| 2018)), model recov-
ery techniques (Zhong et al., 2017;|Ge et al., [2018}; [Bakshi
et al.,[2019;Soltanolkotabi et al., 2018} Zhang et al.,|2020),
and the analysis of structured data (L1 & Liang| 2018} |Shi
et al.l 2022; Brutzkus & Globerson, 2021} [Allen-Zhu &
Li,[2022; Karp et al.| 2021} Wen & Lil 2021} Zhang et al.,
2023b; |Li et al., 2023} |(Chowdhury et al., [2023).

2. Preliminaries

In this paper, we address the learning problem involving
multiple tasks {7;}7; and aim to find the optimal policy
m for each task 7;. We begin by presenting the preliminar-
ies for a single task and then elaborate on our algorithm for

learning with multiple tasks in the following section.

Markov decision process and Q-learning. The
Markov decision process (MDP) is defined as a tuple
(S, A, P,r,v), where S is the state space and A is the set
of possible actions. The transition operator P : § x A —
A(S) gives the probability of transitioning from the cur-
rent state s and action a to the next state s’. The function
r: 8 X AXS = [—Rmax, Rmax] measures the reward
for a given state-action pair. The discount factor vy € [0,1)
determines the significance of future rewards.

For the i-th task, the goal of the agent is to find the opti-
mal policy 7 with a; = 7} (s;) at each time step t. The
aim is to maximize the expected discounted sum of reward
as > 007" - ri(St, ai, Si41), where r; denotes the reward
function for the i-th task. For any state-action pair (s, a),
we define the action-value function ()T given a policy 7 as

Q7 (s,a) :EW,P[Zzo v'ri(se,at, 8e41) | S0 = 8,00 = a]
The optimal Q-function, denoted as Qf* or 7, satisfies

Qi (s, ) i=max Q} (s,a)

. ey
=Eg 5,0 7i(8,0a,8") + ymax Qf (s',a’),
(l/
where (1)) is also known as the Bellman equation. Through
the optimal action-value function ()7, the agent can de-
rive the optimal policy (Watkins & Dayan, 1992} |Sutton
& Barto, [2018) following

*

w7 (s) = argmax Q; (s, ). @)
Deep Q-networks (DQNs). The DQN utilizes a DNN pa-
rameterized with weights w, i.e., Q;(s, a;w) : R — R for
the ¢-th task, to approximate the optimal Q-value function
Qy in (I). Specifically, given input feature x := x(s,a),
the output of the L-hidden-layer DNN is defined as

Qi(s,a;w) = w/ /K - J(wir . ~a(wfac)), 3)
where o(-) is the ReLU activation function, i.e., o(z) =
max{0, z}.

Successor feature. For i-the task, suppose the expected
one-step reward associated with the transition (s, a, 8’) can
be computed as

ri(s,a,8") = ¢(s,a,8) w}, with p,w; € RY,  (4)

1

where ¢ remains the same for all the tasks. With the reward
function in (@), the Q-value function in () is reformulated

Q7 (s, a)
0o T
=Erp[ YooV (e, a1, 8041) | S0,a0] wi  (5)

=T (s,a) T wr.

i
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Then, the optimal Q function satisfies
Qi (s,a)
o0 % LI
ZEW;,P[ZZ:OW &(siai,841) | s0,a0] w;  (6)
= (s,a) T w}.

7

3. Problem Formulation and Algorithm

Problem formulation. Without loss of generality, the data
is assumed to be collected from the tasks in the order of
71 to T, during the learning process. The goal is to uti-
lize collected data for the current task, e.g., 7;, and the
learned knowledge from previous tasks {7}}{;11 to derive
the optimal policy 77 for the current 7;. These tasks share
the same environment dynamic but the reward function
changes across the task as shown in (). For each task 7;,
we denote its reward as

||¢)H2 S (bmaxa (7)

r,=¢ wr, with

where ¢ is the transition feature across all the tasks and w
is the reward mapping.

From (6], the learning of optimal Q-function for the i-th
task is decomposed as two sub-tasks: learning SF ¢} (s, a)
and learning reward w.

Reward mapping. To find the optimal w;, we utilize the
information from ¢(s, a, s') and r;(s, a, s’). The value of
w can be obtained by solving the optimization problem

Ming, : ||r; — @ - w;|2. (8)

Successor features. We use 1] to denote the successor
feature for the i-th task, and 1] satisfies

wf(s,a) = Es’\s,a ¢(S,a73/) + - ¢ZT (Sl,ﬂ'<8/)). ©)]

The expression given by (O) aligns perfectly with the Bell-
man equation in @]) where ¢ acts as the reward. Therefore,
following DQNs, we utilize a function (s, a) parameter-
ized using the DNN as

1i(0;;58,a) = H(@i; a:(s,a)), (10)

where © : S x A — R? is the feature mapping of the
state-action pair. Without loss of generality, we assume
|z(s,a)| < 1. Then, finding ¢* is to minimize the mean
squared Bellman error (MSBE)

r%m f(@z) = IE(s,(z)w'rr* |:Es/|s,a %(@u 870‘)
: , ap
— ¢(s,a,8') — - l/Ji(@i; SlﬂT*(S/))} :

It is worth mentioning that although (TT)) and (8) appear to
be independent of each other, the update of w; does affect

the update of 1); through the shift in data distribution. The
collected data is estimated based on the policy depending
on the current estimated values of ¢; and w;, which shifts
the distribution of the collected data away from 7. This,
in turn, leads to a bias depending on the value of w; in the
calculation of the gradient of ©; in minimizing (TT).

Generalized policy improvement (GPI). Suppose we
have acquired knowledge about the optimal successor fea-
tures for the previous n tasks, and we use 1&1 to denote the
estimated successor feature function for the i-th task with
i € [n]. Now, let’s consider a new task 7,1 with the re-
ward function defined as 7,11 = ¢wy; ;. Instead of train-
ing from scratch, we can leverage the knowledge acquired
from previous tasks to improve our approach. We achieve
this by deriving the policy as follows

m(als) = arg max  max lﬁi(s,a)T'w;_H. (12)

1<i<n+

This strategy tends to yield better performance than relying
solely on 1/3n+1(s,a)Tw,*L+1, especially when ), has
not yet converged to the optimal successor feature 1y, | |
during the early learning stage, while some task is closely
related to the new tasks, i.e., some w; is close to wy, ;.
This policy improvement operator is derived from Bell-
man’s policy improvement theorem (Bertsekas & Tsitsik-
lisl [1996)) and @) When the reward is fixed across differ-
ent policies, e.g., {m;}_,, and given that the optimal Q-
function represents the maximum across the entire policy
space, the maximum of multiple Q-functions correspond-
ing to different policies, maxi <<, Q™™, is expected to be
closer to Q* than any individual Q-function, Q™. In this
paper, the parameter ¢ in learning the successor feature is
analogous to the reward in learning the Q-function. As ¢
remains the same for different tasks, this analogy has in-
spired the utilization of GPI in our setting, even where the
rewards change.

3.1. Successor feature Deep Q-Network

The goal is to find w; and ©; by solving the optimization
problems in (8)) and for each task sequentially, and the
optimization problems are solved by mini-batch stochastic
gradient descent (mini-batch SGD). Algorithm [T] contains
two loops, and the outer loop number n is the number of
tasks and inner loop number 7' is the maximum number
of iterations in solving (8) and for each task. At the

beginning, we initialize the parameters as ©(®) and w§°)
for task ¢ with 1 < ¢ < n. In t-th inner loop for the ¢-
th task, let s; be the current state, and 6. be the learned
weights for task c. The agent selects and executes actions

according to

a = mg(max.ef) Y (Oc; s, a)—'—w(t))7 (13)

2
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where m3(Q(s¢,a)) is the policy operator based on the
function Q(s;,a), e.g., greedy, e-greedy, and softmax.
For example, if 7g(-) stands for greedy policy, then a =
arg max, maxX.c[;] ¥(0.; st, a)ngt). The collected data
are stored in a replay buffer with size N. Then, we sample
a mini-batch of samples from the replay buffer and denote
the samples as D;.

Algorithm 1 Successor Feature Deep Q-Network (SF-
DQN)
Input: Number of iterations 7', and experience replay
buffer size N, step size {1y, k¢ }1eq.
Initialize {@EO)}?:I and {wgo) .
for Taski =1,2,--- ,ndo
fort=0,1,2,--- ;T —1do
Collect data and store in the experience replay
buffer D; following a behavior policy 7 in (13).
Perform gradient descent steps on @l(-t) and w®
following (T4).
end for
Return Q; = wi(GET))TwET) fori =1,2,--- n.
end for

Next, denote the gradient as gu (S, @m, 8hy;w?) =
(¢(Sm/7 Am, S’lm)Tw(t) ’I”(Sm, Am, Sfm))

O (Smyam,s.)) and  go(Sm,am,s,,;0) —
(w(@l(_t); Smy @m) — P(Sm, A, Shy) _7'1/)(92@; s a/)) )
Vo, (0"); 8., am). we update the current weights using
a mini-batch gradient descent algorithm following

w(t+1) = w(t) — Kt Z gw(sma Ay, Sin; w(t))

meD;

@Et+1) = egt) — Mt Z g@(s'rna QAm, S;n; @(1&))7
meDy

(14)

where 7; and k; are the step sizes, and o =

arg max, max.c[;) ¥(0c; s, a)TwEt). The gradient for

Cr<m»

@(t), as go(Sm, @m, s,,; 01 in (T4), can be viewed as

the gradient of
D [%i(Oii8m, am) = D(8ims am, 57,)—
o _ s
B loman mgx¢i(®<t)~s’ an)]”,

7 YT my ' m
m

which is the approximation to via replacing max,s 1}
with max, ’(/)i(@Z(-t)).

4. Theoretical Results
4.1. Summary of Major Theoretical Findings

To the best of our knowledge, our results (formally pre-
sented in Section [4.3)) provide the first theoretical charac-
terization for SF-DQN with GPI, including a comparison

with the conventional Q-learning under commonly used as-
sumptions. Before formally presenting them, we summa-
rize the highlights as follows.

Table 1: Important Notations

Number of neurons in the hidden layer.

Number of the hidden layers.

Dimension of the feature mapping of (s, a).

Nl =

Number of iterations.
©7, w} | The global optimal to and (8) for i-th task.

7 7

N | Replay buffer size.
p1 | The smallest
EV;(0F)V;(07) 7.
p2 | The smallest eigenvalue of E¢(s, a)@(s, a

eigenvalue of

)"

q A variable indicates the relevance between cur-
rent and previous tasks.

C* | A constant related to the distribution shift be-
tween the behavior and optimal policies.

(T1) Learned Q-function converges to the optimal Q-
function at a rate of 1/7 with generalization guaran-
tees. We demonstrate that the learned parameters ®§T)
and 'wZ(T) converge towards their respective ground truths,
O7 and w;, indicating that SF-DQN converges to optimal
Q-function at a rate of 1/ as depicted in (22)) (Theorem

[I). Moreover, the generalization error of the learned Q-

function scales on the order of w® —w* |, - L
Iy QW-1/2)-qcCn T

By employing a large replay buffer /N, minimizing the data
distribution shift factor C*, and improving the estimation
of task-specific reward weights w(®), we can achieve a
lower generalization error.

(T2) GPI enhances the generalization of the learned
model with respect to the task relevance factor ¢*. We
demonstrate that, when GPI is employed, the learned pa-
rameters exhibit improved estimation error with a reduction
rate at 1i;C* for some constant ¢ < 1 (Theorem , where
¢* is defined in 23). From (23), it is clear that ¢* decreases
as the distances between task-specific reward weights, de-
noted as ||w} — wj||2, become smaller. This indicates a
close relationship between the previous tasks and the cur-
rent task, resulting in a smaller ¢* and, consequently, a
larger improvement through the usage of GPL

(T3) SF-DQN achieves a superior performance over
conventional DQN by a factor of v for the estimation
error of the optimal Q-function. When we directly trans-
fer the learned knowledge of the Q-function to a new task
without any additional training, our results demonstrate
that SF-DQN always outperforms its conventional counter-
part, DQN, by a factor of v (Theorems [3|and ). As ~ ap-
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proaches one, we raise the emphasis on long-term rewards,
making the accumulated error derived from the incorrect
Q-function more significant. Consequently, this leads to
reduced transferability between the source tasks and the
target task. Conversely, when v is small, indicating sub-
stantial potential for transfer learning between the source
and target tasks, we observe a more significant improve-
ment when using SF-DQN.

4.2. Assumptions

In this section, we propose the assumptions in deriving our
major theoretical results. These assumptions are commonly
used in existing RL and neural network learning theories.

Assumption 1. There exists a deep neural network with
weights ©F such that it minimizes (L1)) for the i-th task, i.e,

f(©7) =0

Assumption [T] assumes a substantial expressive power of
the deep neural network, allowing it to effectively represent
1* in the presence of an unknown ground truth ©*.

Assumption 2. At any fixed outer iteration t, the behavior
policy m; and its corresponding transition kernel P; satisfy
SUPgcs drv (]P’(sT €)] 8= s),Pt) <7, (16)

for some constant X > 0 and v € (0,1), where dry de-
notes the total-variation distance.

Assumption [2| assumes the Markov chain {s,,, Gy, Sn+1}
induced by the behavior policy is uniformly ergodic with
the corresponding invariant measure P;. This assumption
is standard in Q-learning (Xu & Gu,[2020;/Zou et al.,2019;
Bhandari et al., [2018])), where the data are non-i.i.d.

Assumption 3. Let Q* and Q; be the optimal and esti-
mated Q-function, respectively. We assume the greedy pol-
icy my, L.e., m(als) = arg maxy Qi(s,a’), satisfies

mu(als) — =*(als)
< C - sup(, ) [|Q1(s,a) — Q*(s,a)||F,

where C'is a positive constant. Equivalently, when QQ; =
w(@gt))—rwz(t), we have

a7

*

|mi(als) — 7*(als) as)
< C- (165" = Oflla + w;” —wi]]2).
Assumption [3] indicates the policy difference between the
behavior policy and the optimal policy. Moreover, (18)) can
be considered as a more relaxed variant of condition (2)
in (Zou et all, [2019) as (I8) only requires the holding for
the distance of an arbitrary function from the ground truth,
rather than the distance between two arbitrary functions.

4.3. Main Theoretical Findings
4.3.1. CONVERGENCE ANALYSIS OF SF-DQN

Theorem [I] demonstrates that the learned Q function con-
verges to the optimal Q function when using SF-DQN for
Task 1. Notably, GPI is not employed for the initial task, as
we lack prior knowledge about the environment. Specifi-
cally, given conditions (i) the initial weights for v are close
to the ground truth as shown in (I9), (ii) the replay buffer
is large enough as in (20)), and (iii) the distribution shift be-
tween the behavior policy and optimal policy is bounded
(as shown in Remark), the learned parameters from Algo-
rithm (T for task 1, 41 (©1) and w1, converge to the ground
truth 9% and w7 as in 1)), indicating that the learned Q
function converges to the optimal Q function as in (22).

Theorem 1 (Convergence analysis of SF-DQN without
GPI). Suppose the assumptions in Section.2|hold and the
initial neuron weights of the SF of task 1 satisfy

16" — o1lr
erls

P1
< (1—cN)-ﬁ, (19)
for some positive cy. When we select the step size as n; =
; +1, and the size of the replay buffer is

N = Q(cppit - K? - L*dlogq). (20)

Then, with the high probability of at least 1 — q~%, the
weights 0T from Algorithm satisfy

C1+C* - w” —

o™ _er|, <
191 e e = s

T P2 \T, (o N
oo —will < (1= 27wl — il
(21)
where C = ( + )+ Rmax, and C* = |A| - Rpax - (1 4+

log, \™' + 1) -
satisfies

C. Specifically, the learned Q-function

)—Q*

Oy + lwl”
< 4o

max
s,a

—wills  log®T

y—en)l=v)p—1 T
nw$*—wﬂhme(l_ )
1 -7 ¢max

(22)

+

Remark 1 (upper bound of C): To ensure the meaning-
fulness of the upper bound in (22), specifically that the de-
nominator needs to be greater than 0, C' has an explicit
upper bound as C' < a- V‘AclN)(l Vs Considering the
definition of C' in Assumption [3] it implies that the differ-

ence between the behavior policy and the optimal policy is

max
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bounded. In other words, the fraction of bad tuples E]in the
collected samples is constrained.

Remark 2 (Initialization): Note that (T9) requires a good
initialization. Firstly, it is still a state-of-the-art practice in
analyzing Q-learning via deep neural network approxima-
tion. Secondly, according to the NTK theory (Jacot et al.,
2018)), there always exist some good local minima, which
is almost as good as the global minima, near some random
initialization. Finally, such a good initialization can also be
adapted from some pre-trained models.

4.3.2. IMPROVED PERFORMANCE WITH GPI.

Theorem [2] establishes that the estimated Q function con-
verges towards the optimal solution with the implementa-
tion of GPI as shown in (24), leveraging the prior knowl-
edge learned from previous tasks. The enhanced perfor-
mance associated with GPI finds its expression as ¢* de-
fined in (23). Notably, when tasks 7 and j exhibit a higher
degree of correlation, meaning that the distance between
w] and wj*- for tasks ¢ and j is smaller, we can observe a
more substantial enhancement by employing GPI in trans-
ferring knowledge from task 4 to task j from (24).

Theorem 2 (Convergence analysis of SF-DQN with GPI).
Let us define

- 27 - Rax . minlgiﬁjfl Hw: — w;H2

— 0 *
1= 165" —©;ll2

(23)

Then, with the probability of at least 1 — ¢~ ¢, the neuron
weights @;T) for the j-th task satisfy

(1)
165" = &jll2

O+ C*|lw” —w log? T

1—v—cn)(1—7)p1 —min{g*,1}-C* T
(24

=1

Remark 3 (Improvement via GPI): Utilizing GPI en-

hances the convergence rate from in the order of ==+ - 7
1

to in the order of T % When the distance between
the source task and target tasks is small, ¢* can approach
zero, indicating an improved generalization error by a fac-

tor of 1 — C*, where C* is proportional to the fraction of

'A “bad tuple” refers to the data (s,a) collected based on
behavior policy a = m¢(s) that differs from the optimal policy
a = 7*(s). Intuitively, we can clearly see that the fraction of “bad
tuples” is positively related to the distance between the behav-
ior policy and the optimal policy (the motivation of Assumption
[B). In fact, similar assumptions can be found in many theoretical
frameworks when analyzing Q-learning with function approxima-
tion (Zou et al.l 2019) to guarantee that there is a certain fraction
of collected data that is useful for estimating the ground-truth Q-
value.

bad tuples. The improvement achieved through GPI is de-
rived from the reduction of the distance between the behav-
ior policy and the optimal policy, subsequently decreasing
the fraction of bad tuples in the collected data. Here, C*
is proportional to the fraction of bad tuples without using
GPI, and ¢* - C"* is proportional to the fraction of bad tuples
when GPI is employed.

4.3.3. IMPROVED PERFORMANCE WITH THE
KNOWLEDGE TRANSFER

Using our proposed SF-DQN, we have estimated Qf’: for
task 7. When the reward changes to r,41(s,a,s’) =
¢ (s,a,s")w} ., foranew task 7,1, and once w*n + 1
is estimated, we can calculate the estimated Q-value func-
tion for 7,1 by setting

Qi (s,a) = max v(Of s, a)w),y.  (29)

j<n

t . . . .
As 'wa)_l experiences linear convergence to its optimal

w*, which is significantly faster than the sub-linear con-
vergence of @S}rl, as shown in I)), this derivation of
Qn41 in simplifies the computation of ©}, , ; into a
much more manageable supervised setting for approximat-
ing wy, , ; with only a modest performance loss as shown in
(26). This is demonstrated in the following Theorem 3]

Theorem 3 (Transfer learning via SF-DQN). For the (n +
1)-th task with r11 = ¢Tw7*l+1, suppose the Q-value
function is derived based on [23), we have

max | QT (s.a) — Q1 (s.0)
[[wr i1l (26)
(L=n)-T

2y
< ——— Pmax min |wi — w} +
< g fme iy le] = wniala
Remark 4 (Connection with existing works of SF in tab-

ular cases): The second term of the upper bound in (26),

% characterizes the value of € assumed in (Barreto
et al.|[2017), which results from the approximation error ot

the optimal Q-functions in the previous tasks ﬂ

Without the SF decomposition as shown in (6), one can
apply a similar strategy in for DQN as
Tt _ (7).

Q. (s,a) = 1§JannQ(wj iS,a). 27
In Theorem (4] (28) illustrates the performance of
through DQN. Compared to Theorem [3] transfer learning
via DQN is worse than that via SF-DQN by a factor of H%
when comparing the estimation error of the optimal func-
tion @}, in (26) and (28), indicating the advantages of
using SFs in transfer reinforcement learning.

2Our upper bound in 26) differs from the one in (Barreto
et al.,[2017) in the first term. This distinction arises from our im-
provement in Lemma [9] compared to Lemma 1 in (Barreto et al)
2017). See Appendix|Gfor the proof of Lemmal[9}
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Theorem 4 (Transfer learning via DQN). For the (n + 1)-

thtask with v, 11 = ¢-wy, 1, suppose the Q-value function
is derived based on (277)), we have

max : [Q11 (5,0) = Qi (5, 0)]
' N (28)
Hwn+1”2

2 . N
S g o 100 ) — w0l e + T

“1l-v j€[n]

Remark 5 (Improvement by a factor of 1+T”): Trans-
fer learning performance in SF-DQN is influenced by the
knowledge gap between previous and current tasks, primar-
ily attributed to differences in rewards and data distribu-
tion. In SF-DQN, the impact of reward differences is rel-
atively small since ¢ that plays the role of reward remains
fixed. The parameter v affects the influence of data dis-
tribution differences. A small ~ prioritizes immediate re-
wards, thereby the impact of data distribution on the knowl-
edge gap is not significant. With a small ~, the impact of
reward difference dominates, resulting in a high gap be-
tween SF-DQN and DQN in transfer learning.

4.4. Technical Challenges, and Comparison with
Existing Works

Beyond deep learning theory: challenges in deep rein-
forcement learning. The proof of Theorem(I|is inspired by
the convergence analysis of one-hidden-layer neural net-
works within the semi-supervised learning (Zhong et al.,
2017; [Zhang et al.| 2022) and a recent theoretical frame-
work in analyzing DQN (Zhang et al.| 2023a)). This proof
tackles two primary objectives: (i) the first objective in-
volves characterizing the local convex region of the ob-
jective functions presented in (T1)) and (B); (ii) the second
objective focuses on quantifying the distance between the
gradient defined in (I4) and the gradient of the objective
functions in (1)) and (8).

However, extending this approach from the semi-
supervised learning setting to the deep reinforcement learn-
ing domain introduces additional challenges. First, we
expand our proof beyond the scope of one-hidden-layer
neural networks to encompass multi-layer neural networks.
This extension requires new technical tools for characteriz-
ing the Hessian matrix and concentration bounds, as out-
lined in Appendix Second, the approximation error
bound deviates from the supervised learning scenarios due
to several factors: the non-i.i.d. of the collected data, the
distribution shift between the behavior policy and the op-
timal policy, and the approximation error incurred when
utilizing to estimate (TT)). Addressing these challenges
requires developing supplementary tools, as mentioned in
Lemma Notably, this approximation does not exhibit
scaling behavior proportional to ||©; — ©F |2, resulting in a
sublinear convergence rate.

Beyond DQN: challenges in GPI. The major challenges
in proving Theorems [2}{4] centers on deriving the improved
performance by utilizing GPI. The intuition is as follows.
Imagine we have two closely related tasks, labeled as ¢ and
J» with their respective optimal weight vectors, w} and w7,
being close to each other. This closeness suggests that these
tasks share similar rewards, leading to a bounded distribu-
tional shift in the data, which, in turn, implies that their op-
timal Q-functions should exhibit similarity. To rigorously
establish this intuition, we aim to characterize the distance
between these optimal Q-functions, denoted as |Q} — Q7],
in terms of the Euclidean distance between their optimal
weight vectors, ||w; — w}||2 (See details in Appendix @
Furthermore, we can only estimate the optimal Q-function
for previous tasks during the learning process, and such
an estimation error accumulates in the temporal difference
learning, e.g., the case of the SF learning of 1*. We de-
veloped novel analytical tools to quantify the error accu-
mulating in the temporal difference learning (see details in
Appendix [C), which is not a challenge for previous works
in the supervised learning setting.

5. Experiments

This section summarizes empirical validation for the the-
oretical results obtained in Section [4] using a synthetic RL
environment. The experiment setup and additional exper-
imental results for real-world RL benchmarks are summa-
rized in Appendix [E]

Convergence of SF-DQN with varied initialization. Fig-
ure [T| shows the performance of Algorithm [ with different
initial w§°) to the ground truth wj. When the initializa-
tion is close to the ground truth, we observe an increased
accumulated reward, which verifies our theoretical findings
in (22) that the estimation error of the optimal Q-function

reduces as ngo) — w*||2 decreases.

W = wil
—— 20
—— 40
- 60
—&— 80

9.4x1071 —k— SFDQN (GPI)
-»- DQN (GPI)

normalized average reward

normalized average reward

0 25 50 75 100 125 150 175 200
number of episodes

TR R
Figure 2: Transfer compar-
ison for SF-DQN and DQN
(with GPI)

Figure 1: Performance of
SF-DQN presented in Algo-
rithm|T|on Task 1.

Performance of SF-DQN with GPI when adapting to
tasks with varying relevance. We conducted experiments
to investigate the impact of GPI with varied task relevance.
Since the difference in reward mapping impacts data dis-
tribution shift, rewards, and consequently the optimal Q-
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Table 2: Normalized average reward for SF-DQN with and without GPI.

|wi — wi| =0.01 =0.1 =1 =10
SF-DQN (w/ GPI) 0.986 + 0.007 0.965 £ 0.007 0.827 £+ 0.008 0.717 £0.012
SF-DQN (w/o GPI) 0.942 + 0.004 0.911 £0.013 0.813 £ 0.009 0.707 £0.011

function, we utilize the metric ||w} — w3 |2 to measure the
task irrelevance. The results summarized in Table[2ldemon-
strate that when tasks are similar (i.e., small ||w} — w3||),
SF-DQN with GPI consistently outperforms its counterpart
without GPI. However, when tasks are dissimilar (i.e., large
||lwF —w3||), both exhibit the same or similar performance,
indicating that GPI is ineffective when two tasks are irrel-
evant. The observations in Table 2 validate our theoretical
findings in (24), showing a more significant improvement
in using GPI as ||w; — w3 ||z decreases.

Comparison of the SF-DQN agent and DQN agent.
From Figure [2] it is evident that the SF-DQN agent con-
sistently achieves a higher average reward (task 2) than the
DQN when starting training on task 2, where transfer learn-
ing occurs. These results strongly indicate the improved
performance of the SF-DQN agent over the DQN, align-
ing with our findings in (26) and (28). SF-DQN benefits
from reduced estimation error of the optimal Q-function
compared to DQN when engaging in transfer reinforcement
learning for relevant tasks.

6. Conclusions

This paper analyzes the transfer learning performance of
SF & GPI, with SF being learned using deep neural net-
works. Theoretically, we present a convergence analysis
of our proposed SF-DQN with generalization guarantees
and provide theoretical justification for its superiority over
DQN without using SF in transfer reinforcement learning.
We further verify our theoretical findings through numer-
ical experiments conducted in both synthetic and bench-
mark RL environments. Future directions include explor-
ing the possibility of learning ¢ using a DNN approxima-
tion and exploring the combination of successor features
with other deep reinforcement learning algorithms.
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Before moving into the technical details, we provide an overview of the structure of the appendix.

In Appendix [A] we define some notations and useful lemmas to simplify the presentation and analysis. Some important
notations for understanding the proof is summarized in Table 3]

In Appendix [B] we provide some preliminary lemmas and proof for Theorem[I] A proof sketch is included as (i) character-
ization of the local convex region of the objective function in and (8) (Lemma @, (ii) Characterization of the difference
between the empirical gradient in (I4) and the gradient of the objective function (Lemma 7)), (iii) Characterization of the
relation of two consecutive iterations ©**1) and ©*) in (61}, and (iv) Mathematical induction over (¢ + 1) - [|@®) — ©*||;
from ¢ = 1 to T to obtain the error bound between the learned model weights ©(7) and the optimal ©*.

In Appendix [C] we provide the proof for Theorems[3]and[d A proof sketch is included as follows: (1) Characterization of
(23)) by assuming knowledge of the optimal Q-function for previous tasks. (2) Characterization of the accumulated error
resulting from the estimation error of the learned Q-function in previous tasks. (3) Combining the bounds from (1) and (2)
leads to the error bound between (23)) derived from the estimated Q-function of previous tasks and the optimal Q-function
for the new tasks.

In Appendix [D] we provide the proof for Theorem[2} The proof sketch is a direct application of the existing results of the
convergence analysis as shown in Appendix [B]and the error bound between ([23)) derived from the estimated Q-function of
previous tasks and the optimal Q-function for the new tasks as shown in Appendix [C]

In Appendix [E] we provide additional experiments to further support the proposed SF-DQN in Algorithm [T]and our theo-
retical findings.

In Appendix [F| we provide the proofs for the preliminary lemmas in proving Theorems [T]and
In Appendix[G] we provide the proofs for the preliminary lemmas in proving Theorems [3]and ]

In Appendix [Hl we provide the proof for some additional lemmas.

A. Notations and preliminary results

Population risk function. We define a population risk function as

* 2
fﬂ'* (9) = ]E(s,a)~7r* ¢(97 s, CL) - Es’\(s,a),a’rvﬂ'*(s’) (¢($, a, 3/) +7- ¢(9 5 S/a a/)) H2 (29)

We can see that 6* is the global minimal to (29) with Assumption[I] For the convenience of presentation, we simplify f
as f in the supplementary materials.

Then, the gradient of (29) is

vf‘rr* (9)

1 *. ol ! (30)
= E(s,a)wﬂ'*,s’|(s,a)~7’,a’~‘n’* (1/1(9, S, a) - ¢(Sa a,s ) - 1/1(9 ;8,0 )) : V¢(9, S, a)'

Given f is a smooth function, we have the gradient of f with respect to any 6, at the ground truth 6* equals to zero, namely,

Vof(6*) =V, f(6*) =0, Ve [L] 31)

Vectorized Gradient of 6 and w at iteration ¢. To avoid unnecessary high-dimensional tensor analysis, the gradient with
respect to 0, denoted as Vg H for some function H, is represented as its corresponding vectorized version, Vec(g) H.

Let n denote the dimension of W defined in (2)). We denote n; as the dimension of the vectorized neuron weights in the
{-th layer, namely, n, = dim(vec(6y)).

Then, the gradient in updating 6 as
g (0W; Dy)
= 3 (0 50 0m) = DSms s 51,) =7 - G058, 1,) ) - Vo (0D 8, ) 2

meD;
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with g (6); D,) € R". Then, we have

gD =60 — ;- gD (00 Dy). (33)
Similar to (32)), we define the gradient
D@5 D) = 3 (65ms s 53) "0 = 1(810s0ms1,) ) - Gy Gy 53 (34)
meD,
In addition, without special descriptions, & = [a], 9, ,a}]" stands for any unit vector that in R¥¢Ke—1 with

o € RE1 (K = d). Therefore, we have

K OH
IVeH |2 = max loe™ VeH |2 = e ‘ Za; Owy ‘7
J= (35)
K OH 2
V382 = gl V7 H el = mpx (3o 5om)

Derivation of the gradient of deep neural networks. We use 1Y) (6) to denote the input in the ¢-th layer (or the output
in the (¢ — 1)-th layer) of deep neural network ¢(6), and h(") = x(s, a), where

h9(0;s,a) =o(0] RV =... = 0(9;0(9571 o] x(s, a)))) (36)

Then, we denote the dimension of h(©) as K. Then, ¢)(6; s, a) can be written as

T & T 1T T
P(0;s,a) = K, Zg(eL,kh(L)) = KiLU(aLU(aL—lh(Lfl))% (37)
k=1

where 6, . denotes the k-th neuron weights in the /-th layer. Then, we define a group of functions J,(6) € R"® — RX
such that

Je(0)
B { (176" (07 hD)0] - o' (0] _ R D)0 o' (0], hDYO],, ] if £>1 (38)
1 if (=1 '

Then, the gradient of ¢ can be represented as

9
90p,c

(6) = K%jf,kw)o’(9Zkh“><9>>h“)<9>7 (39

where [J¢ j, stands for the k-th component of J,.

Order-wise Analysis. Most constant numbers will be ignored in most steps. In particular, we use h1(z) 2 (or <, ~)h2(2)
to denote there exists some positive constant C' such that hy(z) > (or <,=)C - ha(z) when z € R is sufficiently large. In
this paper, we consider the case where 6} is well-conditioned, such that its largest singular value ¥; (¢) and the condition
number X1 (€) /o (¢) can be viewed as constants and will be hidden in the order-wise analysis.
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Table 3: Notations for the proofs

d Dimension of the feature mappings of the state-action pair (s,a) € S x A.

K Number of neurons in the hidden layer.

L Number of hidden layers.

T Number of iterations.
wgt) The estimated value for reward mapping of task ¢ at ¢-th iteration.
@Et) The estimated neuron weights for the successor feature of task ¢ at ¢-th iteration.
6 The value of 95” to simplify the notation in the analyses without GPI.

g(t) (g(t); Dy)

The pseudo-gradient function defined in (32) at point 6 with respect to the
dataset D;.

fa= or f | The population risk function defined in (29).
VH (é) The gradient of a function H with respect to the components of 8, at point 0.
VZH (é) The Hessian matrix of a function H with respect to the components of 6, at point
0.

QT The Q-function of task ¢ for policy 7.

Qr The Q-function of task ¢ for the optimal policy 7*.

q* A constant defined in (80), depending on task relevance ||w; — w;||2.

s The step size for updating neuron weights ©; for the successor feature.

Kt The step size for updating the parameter for the weight mapping.

cCN A constant in the order of 1/v/N.

n The dimension of 6.

Ny The dimension of vectorized 6,.

K, The dimension of the input for the ¢-th layer for the deep neural network. Ky = d.
Jo(W) | A function in R® — RX defined in (38).

Cy The distribution shift between the optimal policy and behavior policy at iteration

t, defined in Assumption (3).
N The size of the experience replay buffer.
Pmax The upper bound of the transition feature.
1 A constant defined in (84).
02 The smallest eigenvalue of E¢(s, a)¢(s,a) " € RI¥9,
Omax The upper bound of the transition feature.

A.1. Useful Lemmas for matrix concentration

Lemma 1 (Weyl’s inequality, (Bhatia, 2013)). Let B = A + E be a matrix with dimension m x m. Let \;(B) and \;(A)
be the i-th largest eigenvalues of B and A, respectively. Then, we have

Ai(B) = Ai(A)| < [|Ell2, V i€[m] (40)
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Lemma 2 ((Troppl [2012), Theorem 1.6). Consider a finite sequence {Zy} of independent, random matrices with dimen-
sions di X ds. Assume that such random matrix satisfies

E(Zy) =0 and | Zi|| <R almost surely.
Define

)

§2 = max{H S E(Z,.27)
k

Prob{ Z Zy,
k

Lemma 3 (Lemma 5.2, (Vershynin| 2010)). Let B(0,1) € {a|||lal2 = 1,a € R?} denote a unit ball in R?. Then, a
subset S¢ is called a {-net of B(0, 1) if every point z € B(0, 1) can be approximated to within & by some point o € 3(0, 1),
ie., ||z — all2 < & Then the minimal cardinality of a §-net S¢ satisfies

ZE(Z,:Zk)“}.
k

Then for all t > 0, we have

S =]

S| < (1+2/6)%. (41)

Lemma 4 (Lemma 5.3, (Vershynin, 2010)). Let A be an dy x dg matrix, and let S¢(d) be a §-net of B(0, 1) in R? for some
£€(0,1). Then

A2 < (1-¢)™* lof Acy|. 42)

max
o ESg(dl),ag ES{ (dg)

Lemma 5 (Mean Value Theorem). Let U C R™ be open and f : U — R™ be continuously differentiable, and x € U,
h € R™ vectors such that the line segment x + th, 0 < t < 1 remains in U. Then we have:

1
flx+h)— f(z)= (/ Vf(x +th)dt) - h,
0
where V f denotes the Jacobian matrix of f.

A.2. Definitions of Sub-Gaussian and Sub-exponential.

Definition 1 (Definition 5.7, (Vershyninl 2010)). A random variable X is called a sub-Gaussian random variable if it
satisfies

(EIX[P)Y? < e1y/p (43)
forall p > 1 and some constant c; > 0. In addition, we have
Ees(X—EX) < ecqunizsz (44)
for all s € R and some constant co > 0, where || X|y, is the sub-Gaussian norm of X defined as || X||y, =
SUP,>1 p~V2(E|X|P)V/P,

Moreover, a random vector X € R? belongs to the sub-Gaussian distribution if one-dimensional marginal o™ X is sub-
Gaussian for any o € R?, and the sub-Gaussian norm of X is defined as || X ||y, = sup| o, =1 [[" X[ y,-

Definition 2 (Definition 5.13, (Vershynin, 2010)). A random variable X is called a sub-exponential random variable if it
satisfies

o

(EIX|P)MP < egp (45)

forall p > 1 and some constant c3 > 0. In addition, we have
Ees(X-EX) < eC4\|X|@132 46)

for s < 1/||X||y, and some constant ¢4 > 0, where || X||y, is the sub-exponential norm of X defined as || X||y, =
SUp,>1 pH(E|X|P)MP.
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B. Proof of Theorem [1]

Lemma 6 (Local convexity of f;+). Given any 6 € R", let 0 satisfy
CN " OK
6— 0|, < N K @7)
16612 55 2

for some constant cy € (0,1). Then, for the fr- defined in 29), we have

(1—cn)p

L LG (0) % (8)

K

Lemma 7 (Upper bound of the error gradient). Let fr« be the function defined in 29). Let g, be the function defined in
(32). Then, with probability at least 1 — g~ %=1, we have

1 Ko_1logqg v
Vefre (0) — (09D H <= 0%l - [ RELO8 L T g0 g
[Vt 0) = 000520, S 10— 071 [FE2ET 1 o — o

Rmax
+ (L) M (49)
L—n
R 1
. max 1 1 —1 .
+ |A| T (1+41log, A +—1_V) Ct,
where 7% = min{t | \v* < nr}, and v & X are defined in Assumption@
Lemma 8 (Convergence of w®)). With probability at least 1 — q—%, w enjoys a linear convergence rate to w* as
||w(t+1) _ w*HQ S(l _ %) . ||w(t) _ w*||2. (50)
Proof of Theorem[l] From Algorithm[T} the update of 6 can be written as
oD —g®) _p, . g (9D D)
(S
=01 — e - VFOD) + 1, - (VD) — g (00 Dy)).
Since V f is a smooth function and 6* is a local (global) optimal to f, then we have
ViOW) =V W) - Vi)
(52)

1
:/ v2f(9<t) Fu- (00 — 9*))du (00 — %),
0

where the last equality comes from Mean Value Theory in Lemma For notational convenience, we use A(*) to denote
the integration as

1
AW = / v? f(e(” +u- (00 —9*))du. (53)
0

Then, we have

16¢HD — 6%|2 <|IT— n AW 2 - |6 — 6*l2 + ne - [VF(6)) — gV (8 D) |15

L
(54
<IT = Az 0 = 0%z +me - Y [[Ver0) - g0 (0175 D)
=1
From Lemmal[6] we have
1—cn)-
1T = AD 2 <1 = (K# (55)
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From Lemma([7] we have

* KZ— logq Y *
[9esne 0) = 0u(00: )| <2 -0 — 6 R T ol Al

Rmax
1— ”y (LT

+

1
-V

Bmax (1 4 1og, A1 yen
+ A 7(+ogM t1—,) G

With Assumption[3] we have
Cy < C- (/109 = 02+ [lw® — w*[|2).

When we have a sufficiently large number of samples at iteration ¢ as

L
Dl 2 e ot (D Kev/Ker)” - logg,

(33) can be simplified as

16+ — 0%z < (1 — e - €) - 0 = 0%l + e - Ar + 1 - O[0! — w o

where
Bz (1 | 1og, A~ .
= AL T (o, X 4 )€
(I-—v—cn)p1
= T_C
Rmax *
Atzl_y-a+vﬁ-npﬂ.
Letn; = (t+1) we have

(tE+1) 00D =0 a <t 00 — 0" fa+ €71 A+ €7 Ol — w o

Next, we have

!
-

(t+1) - 04D =02 — - 69 —6%2

H_
Il
<

=
-

<D (A H O —w?a).
t=0

With the definition of A; in (39), we have

ZAt<ZAt—|— ZA‘ Ay

t=T1*
T-1
Rinax Rmax'(1+’7) " 1
< omax A2 Ve, —
ZT ;; 1~ TT 1
<Rmax-log T+ Riax - (1+7) -log” T’
A 1—n

With Lemma 8] that w enjoys a geometric decay, we have

Z lw® —w* [l < w0 —w"l2.
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By multiplying 1/7 on both sides of (61)), we have

(247) - Rmax - log? T + C*[w® —w*[l; 1

o) — 94|, < : 64
|| o < S e = (64
[
C. Proofs of Theorems 3 and 4
Lemma 9. We have 5
Q7 (5,0) = Q1 (s,0)] < 7= -maxlri(s, a) — (5,0 (©5)
— ’Y s,a
Proof of Theorem 3] For any task j € [n], we have
szll(s’a) - Qn+l(8 a) = 5112[1>]<Qn+1(s ,a) — QZ{'H(S,a)
7 66
> Qi (s.0) - @nﬂ(s a) (00)
= (1;(0) — 1;(O)) - wi .
According to Theorem I] we have
(247) - Runax - 10g* T+ C*lw)” —wilz 1 ¢
(O — o (OTNI, < J gz 2 . _ =3 (67)
Hdh( ,7) 1/’]( j )||2— (1—’y—cN)p1K72—C* T T
Then, we have
Cs||w}
T QT (5,0) 2 QT (s,0) — 7 12nnl2, (68)
Therefore, with the contraction property of the Bellman operator 7™, we have
Qn+1(8 a) = hm (Tﬂ) Qn+1(5 a)
Csllwyiall2
m\k—1 3 n+1
> lim (T QR (5,0) -7 =12
Csllwy 42
T\k—2 T 3 n+1
= lim (772 77 (Qy (s,) — y— 22 )
: Csllwy 412
= i 4 2750 P nt 12
= lim (77) (T Qula(s,0) =7 —— )
Csllwyiall2 Csllwyiqll2
T\k—2 n+1 2 n+1
_ hm (7' ) (Qnﬂ(s a) — -y T — T ) 69)
(o] O *
Qn+1 (s,a) — Z’Ykisnwjﬁﬂnz
k=1
- v Csl|w) g2
=Q(s.0) - =
o Csllwy 412 v Csllwy 2
>Q" - -
—QTL-‘,-I(S’ a’) T 1— v T
¥ 1 Csllwy ]2
_Qn-l-l(saa) 1= ~ T .
For any policy 77 with j € [n], we have
QZ-H(S»@) - inﬁl(& a) = (Qn+1(3 a) — Qn+1(3 a)) + (QZH(S a) — QZ{H(s,a)). (70)
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From Lemma[9] we have
* w; 2’7
Qri1(s,a) = Q4 (s,a) < T max |rny1(s, a) = 75(s, a)l,
and (69) suggests that
; .2 Csllwy 11 l2

J < .
Qn-‘,—l(s CL) Qn+1(87a’) — (1 _ ’}/)T
Therefore, (70) can be upper bounded as
Q:Hrl (Sv a) - QZ:—Jrll (57 a’)
= (Qnia(8:0) = @ (8,0) + (Quia(s,0) — Qi (s,)
2 Csllwy
< 2 mara(0) = (s + el

2’7'¢max 03||w;;+1||2
1_7 ||w"+1_w]||2+ (1—’}/)T .

IN

Since holds for any j, we have
m 27 - ¢max C?)”w:LJrl ||2
Qriq1(s,a) — Q. (s,a)| < ——= min ||lwy4+1 — wjlls + —————.
@ia(o00) — QT 20)] < 2 i o o +
Proof of Theorem[| Let 7], | be generalized policy with DQN via GPI. Similar to (66), we have

’ 7T/-
Qnii (s,a) — Q4 (s, a)

= maXQn+1(5 a) — QZ+1(3 a)

i€[n]
2> QZQl(s,a) n+1(57a)
= 90wy — (05wl
~ (0w — (05w
= (O wh 4y — 1 (O w4+ 505wy .y — (O )wy

1
T
> = 105 = O5 | il = 7= dmax - [0 = w] |2

Following similar steps in the proof of Theorem[3] we have

Py 27 . ¢m1x . C3||w*+1||2
r(s,a) — Q" (s a)] <—/———= min ||lwp+1 — wjlla + ————
|Qn+1( ) Q +1 ( )| = 1—~ jem) || n+1 J”2 (1 _ ,Y)T
1
+ ligbmax m%n] ||w w;HQ
2y - ¢max C3||w7);+1||2
<— mln wy, Wil + —F———-
[ w1 — wjll2 A=)

D. Proof of Theorem

Proof of Theorem[2] For task i, let 7; be the policy derived from v; (@gT))w;‘ with 1 < j <4, where @;T)

neuron weights for the successor feature of task 7.
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Similar to (74), we have

* 27 * Pmax CSHW*HZ
Qr(s,a) — Q7 (s,a) < ——=||wj — wif|s + ——5—. (77)
(5.0) = QF (.0) € T fan; — o+ P05
Let 7’ be the policy derived from ¢i(®§t) Jw? at iteration ¢ for task ¢, we have
Qi(s,a) = QT <16 = Of[l2 - [w]]]2. (78)

Therefore, at iteration ¢ for task 7, we have

x®
Cy =|Qj (s,a) — Q;° |

2 - max C w * *
B s i g — il + A2 o® 0
o i (1T 79

2 - max . * * 1 1
< min {l min |lw; — w;|2, ||@Z(.t) — 072 |Jw; ||2} (As T is sufficiently large)
1-— voo1<i<i

gmin{

= min{q,, 1} - |01 — 7],

where ] ” |
27 - Rmax  Mini<i<j1 |Jw) — w72
e Dol (80)
v H@j - ®j ||2
Following similar steps in (58)) in the proof of Theorem[I} with C; satisfying (79), we have
T-1 2
1 (2 Rinax - log? T+ C*|[w® —w*|, 1
(I1—-y—cn)p K2 —min{l, ¢} - C* T
=
O

E. Additional numerical experiments

In this section we empirically validate the theoretical results obtained in the previous section, using synthetic and real-world
RL benchmarks.

E.1. Synthetic data settings

Here, we define an MDP that contains two tasks with shared state transition dynamics. The MDP consists of a state space
= 10,000, an action space with |.4| = 4. For the first task, its successor feature is parameterized by a deep neural
network with the randomly generated neuron weights O7, and w7 are randomly generated as the corresponding reward
mapping. We then generate ¢ based on (9) with ¢/(©7). Since ¢ is shared across all tasks, for Task 2, we randomly generate
the reward mapping w3 and then calculate 13 accordingly.

E.2. Additional experiments on synthetic RL benchmarks

Comparison for transfer from multiple source tasks. In addition to the single source task case discussed in Section 3]
we also investigate the transfer performance of SFDQN (with and without GPI) and DQN (GPI) agents when trained on
multiple source tasks. For this purpose, we generate ¢ as described in the previous section, and generate additional source
tasks and a target task by pertubing w3. Thus, we obtain w3, w3, w3, the reward vectors for three additional source tasks.
The norm of all weight vectors is set to 1 to make sure the reward scales are similar across multiple source tasks. Then we
train each learning agent on the four source tasks and apply transfer using GPI. Note that while we also test the case for
SFDQN without GPI (thus no transfer), this agent leverages the similarity of source tasks and the target task. The results
are shown in Figure It can be seen that the SFDQN agent performs the best, which can leverage the task closeness due
to the proximity of source task weight vectors to that of the target task, and the transition dynamics information via GPIL
SFDQN agent without GPI on the other hand can only leverage the task closeness due to the proximity of source weight
vectors. DQN-GPI agent cannot leverage the task closeness information or the transition dynamic information explicitly
as the SFDN agent, and hence performs worse.
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Effect of || w] —w}|| on knowledge transfer. We investigate the effect of the distance between w7 to w3, on the transfer
performance of the SFDQN. For this purpose, we assume SF-DQN agents have access to optimal reward mappings when
training on Tasks 1 and 2. After obtaining ¢ as described earlier, we initialize and train O using ¢ and w3, with GPIL.
Reward defined by ¢ - w3 is used to obtain the average reward for Task 2. We repeat the process for different choices of
w3, and the results are shown in Figure[3b] It can be seen that, when the task similarity is low (i.e. [|w} —w}]| is large), the
performance of the SF-DQN agent with GPI is poor. On the other hand, when the task similarity is high, the performance
becomes significantly better.

=% DQN (GPI)
5.6 x 10~ { = SFDQN (GPI)
=¥~ SFDQN (no GPI)

8x1071
5.5x 107!

5.4x107!

7x1071 wy —wy |

' NI

5.3x 1071
—e— 2.0

—— 4.0
—>— 6.0
—— 8.0

52x107!

normalized average reward
normalized average reward

5.1x 107!

0 25 50 75 100 125 150 175 200 0 2'5 5'0 7'5 160 125 150 1%5 260
number of episodes number of episodes

(a) Comparison of four different source task transfer performance  (b) Effect ||w] — w3 || on the convergence of SF-DQN agent when
for SF-DQN (with and without GPI) and DQN with GPI. training on task 2 with GPI

Figure 3: Additional experiments on synthetic environment

E.3. Real Data: Reacher environment

The reacher environment is a robotic arm manipulation task consisting of a robotic arm with two joint torque controls. The
state space is continuous, and the state features consist of angular displacement and angular velocity of the two joints. The
actual action space for the robot arm is continuous consists of the torques applied to the two joints, and is discretized for 3
values (for each joint torque). Thus, the total discretized action space consists of 9 actions (|.4| = 9). The discount factor
used is v = 0.9. Multiple tasks in this environment are defined by goal locations, and the objective of each task is to move
the tip of the robotic arm towards the goal location.

The reward of each task is defined by the distance §, measured from the tip of the robotic arm to the corresponding goal
location. Specifically, a reward of 1 — § is given to the agent at each time step. There are 12 predefined tasks and ¢ for
a given state (common to all 12 tasks) is defined by stacking the reward for each of the 12 tasks for a given state as a
vector. The corresponding reward weights w} for i = 1,...,12 are defined by one hot vectors, where the i*" element
of w} is 1 and other elements are 0. Thus, the inner product ¢ "w? naturally recovers the reward for the i*" task. For
running experiments with this task, we use the open source code base https://github.com/mike-gimelfarb/
deep-successor—features-for-transfer.git.

Comparison of SF-DQN (with and without GPI) and DQN (GPI). We first provide a comparison of the performance
of SF-DQN with GPI, SF-DQN without GPI, and DQN with GPI, in Figure @ Here we consider the average transfer
performance for four tasks, after training on a source task. It can be seen that SFDQN with GPI performs better compared
to its no GPI counterpart. Both of these agents perform significantly better compared to DQN with GPI. hence, this result
validates our theoretical results for the performance of these three methods.

Effect of ||w592 g — Wrrglle Next, we investigate the performance of the SFDQN agent when the target task reward
mappings are not known and learned simultaneously with successor features. We consider varying distances from the
initial target task reward mapping to the true target task reward mapping. The results are shown in Figure[db] It can be seen
that when the reward mappings are initialized far away from the true reward mappings, the convergence of the SF-DQN
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(a) Comparison of DQN (GPI) and SF-DQN (with and without (b) Comparison of different initializations for target task reward
GPI) mapping

Figure 4: Single source to single target task transfer experiments on Reacher environment

agent is slower compared to that is initialized closer to the true reward mappings. This aligns with our convergence analysis
for the SF-DQN agent with GPL

Single source task to multiple target tasks transfer learning. Next we compare the performance of SFDQN and DQN
with GPI for transferring knowledge from single source tasks to multiple target tasks. The results are given in Figures [5a]
[5b] and It can be seen that SFDQN outperforms DQN significantly for most target tasks, which shows the efficacy of
knowledge transfer in SFDQN with GPI. The gap of performance seems to be different for different target tasks, suggesting
that the performance gain for SFDQN with GPI can vary depending on the source and target task relationship.

Multiple source tasks to single target task transfer learning. Next we investigate the effect of GPI for transferring
knowledge from multiple source tasks to single target task. The results are given in Figure[3a] It can be seen that SFDQN
outperforms DQN significantly, which shows the efficacy of knowledge transfer in SFDQN with GPI.

400 400 y —— SFDQN (GPI)

—— DON (GPI)

S
S
S

w
o
S

target task reward
S
5

target task reward
g

target task reward
target task reward

Trgl Trg2 Trg3 Srcl Src2 Src3 Trg

Src Src Src
training task training task training task training tasks

(a) Source to target task 1 trans- (b) Source to target task 2 (c) Source to target task 3 trans- (d) Multiple source to target
fer performance transfer performance fer performance task transfer performance

Figure 5: Multple source/target tasks transfer experiments on Reacher environment

F. Proof of lemmas in Appendix
F.1. Proof of Lemmal6]

Lemmal6]provides the lower and upper bounds for the eigenvalues of the Hessian matrix of population risk function in (29).
According to Weyl’s inequality in Lemma |1} the eigenvalues of V7 f(-) at any fixed point § can be bounded in the form
of (86). Therefore, we first provide the lower and upper bounds for V7 f at the desired ground truth 6*. Then, the bounds
for V2 f at any other point 6 is bounded through (29) by utilizing the conclusion in Lernma Lemrna illustrates the

distance between the Hessian matrix of f at 6 and 6*. Lemmauprovides the lower bound of Eg ( Zjil ajT a‘zzpk (9*))2
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when x belongs to sub-Gaussian distribution, which is used in proving the lower bound of the Hessian matrix in (87).

Lemma 10. Let f(0) be the population risk function defined in 29). If 0 is close to 0* such that

l6—6"l2 5 22 (82)
we have
1
IV2f(0) = V7F(0)]2 S 10 =0"l2. (83)

Lemma 11. Suppose the following assumptions hold:

1. {0;}1<, € R are linear independent,

2. Letp(h) : Rt — [0 1] be the probability density for h such that Ep,||h||3 < +oo.

Let o € RE¢Ke=1 pe the unit vector defined in (33), we have

K
p1i= min / (ZaThd(szh))sz(h)-dh>0, (84)
RN

lexfl2=1

where R C RX¢ with fR fu(h) > 0. Moreover, if further assuming h belongs to Gaussian distribution, we have
p1 > 0.091.

Lemma 12. Let h(9)(0) be the function defined in (36). When 0 is sufficiently close to 0%, i.e.,
some positive constant ¢ < 1, we have

0 — 0*||2 is smaller than

1RO O)]2 < ]l (85)
IR (0) ~ RO S 110 — 0*]l2 - |-

Proof of LemmalB] Let Amax(0) and Apmin(6) denote the largest and smallest eigenvalues of V7 f(6) at 6, respectively.
Then, from Lemmam we have

)\max(e) < /\max(e*) + ||v?f<9) - V?f(e*)”%
)\min(e) > >\min<0*) - ”V%f(@) - ng(g*)H?

Then, we provide the lower bound of the Hessian matrix of the population function at 6*. Let P be the distribution for
h()(#) when & ~ p* with probability density function denoted as py;. For any o € RE¢K with ||a||o = 1, we have

(86)

min a'Vif(0*)a

lall2=1
1 K 2

= — min E,. § Th® "6 T RO
K2 jaam1 " P(jzlaj T OE5)
1 i 2

_1 T 7 T (0) GNP NG

_ N alh 0:Th ) h®) . dh 7
K? n«iﬁléril/ﬂm_l (j—1 a; B F0yd'(07;0'7) ) pr (') 87)
1 X 2

_ 1 T (0) 41 (0T p(6) O . 1,0

- min > o] hOg(0; Tk )p R®). dh
KQ [lee|l2=1 /{h(e)ljk,k-,#()} (j_l J ( £,5 ) H( )

> Pr

~ K2

where the last inequality comes from Lemma and Lemmaholds since h(®) belongs to sub-Gaussian distribution and
0, is full rank.
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Next, the upper bound of V? f can be bounded as

max a' VZf(0")a

llefl2=1
1 us 2
=—— max E ( al h9 . 7,0 (0:Th©O )
K2 [alla=1 z ; J K,k@b( £,5 )
1 K K
_ T T T «T 7 (£
TR ek e Z Z a b Tod! (075, 0) - o,k - 7,1/ (07 5,h7)
J1=1j2=1
| KX
=5z Z Z Ema;h(@ -.75,1@¢’(925§1h“)) . aszh(f) -Jz,ml(%;h(z))
J1=1j2=1 (88)
1 - T (04 1xT 1 ()4 T (04 NI
<gz mas, 2 D0 [Baleg hOY B 0], ) - Bala, hO)* - Ea(9/ (07,0 ))']
T ji=1ja=1
1 S T )4 T a4
<5 max Z Z [Em(ahm) Eg (o, ) ]
et
3 - w 6 1
<oz 20 Y Nl llallz < 25 0 37 5 (llewi I3 + o 3)
Jj1=1j2=1 Jji=1j2=1
_6
=%
Therefore, we have
* Ty72 * 6
Amax(0%) = max o' Vif(0%;p)a <—. (89)
llefl2=1 K
Then, given (82)), we have
2
16— 61l < 2+ (90)
Combining (90) and Lemma[T0] we have
IV27(6) = V2702 S 455 oD
Therefore, from and (86), we have
A (6) < Aas (6) + [VEF(0) = V(02 < - + oty <
] T )
. > . *\ 2 2 * > 7 A P
/\mm(Q) = Amln(a ) ||sz(9) vef(e )”2 = K2 2K2 2K2’
which completes the proof. O

F.2. Proof of Lemma([7|

The error bound between ||V,f — g:||2 is divided into bounding Iy, I», I5, and I as shown in (98). I, represents the
deviation of the gradient of D, to their expectation, which can be bounded through concentration inequality. I» is derived
from the distribution shift between the trajectory and its stationary distribution, which can be bounded with assumption [2]
I3 come from the data distribution shift between the behavior policy and optimal policy. I, comes from the inconsistency
of the "noisy" label and the "ground truth" label in the population risk function (29). To ensure a smooth presentation, we
will defer the proof of I; — I, until we have completed the main proof of Lemma([7}
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Proof of Lemmal[7] From (32), we know that
9 (0733 Xom)

=S (O sy ) — ) - 2O i)

=9 Ym 001
(t).
= Z (qu(e(t);sm?aWL) 7¢(0*;SM7a’m) ’7 ’l/)( m7 lm’ (t))> ' M
004
meD; s
= > (005500, a) = V(" s @)+ - max (s, '3 6%)
meD;
93
e 0(”)> . (O™ X)) (93)
m? m? 80@7k
(t).
= Z (u,(g(t); Sy ) — V(0% sm7am)) . W
D, 0,k
O (O); Xm)
+ 7 ( max a0 s al sgW)y) . T
7+ (maxi(s),.a':6) - (] )
= " b0 x) + ABYL(0D); ;)
meDy
where we have ©
oY(0\V); X,
BOLO0: ) = (9005 5,0,0,) — 0067 811.a,)) - 220 ) o)
’ 895’;€
and o
AL (00; ) = (w00 1, a) — (0 D: ), - O] 95)
’ 89@71C
Then, let us define 5% as
B (6 X) = Egamp, (¢(9; s,a) — (0% s, a)) Vo (0; s, a). (96)
From (29), we know that
Ofre o) (t) 99(0"; s, a)
) s a) — (0" . , 97
A O) = B (0005 8,0) = 900" 8,0)) - =55 ©7
Then, from (93) and (97), we have
g ). y Ofne g, L X,
(94 ks ) 802 i (9 )
Ofrr
= 30 00 ) + AK (00 ) — 2T (90, 5,
004
meD, s
- (98)
= RO )~ B, B0 200 |+ B, 05 20) — B0 1)
_ ofn
(B0 - G 0] + B, A0 40
I:Il + I2 + Ig + I4.
Therefore, we have
(g Ofnr gty
|05 ) = GG @O, < 1Tl + el + 155 + 1l 99)
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Next, we first provide the bound for || I;

2, [ L2l2, || I3]|2, and || I4||2 as

1 dlogq
I < — |0 — 0%z -
N A PR

R
I < max 1+ 7_*. i
ILallo < T2 (14 9)7 00,
Rpax 1 1
I3l < -—— - (1+1log, A —) - C
Tl < AL 72 (14 1og, A+ 7=) - Ci

I Z]l2 < % |16 — 0%,

where |.A| is the size of action space. The details for the derivation of I1- I, can be found after the proof.

d

Leta € RE9 and a; € R with a = [aT, o, -+, aL]T, with probability at least 1 — ¢~ %, we have

‘ 2

g™ (8450) — Vo fre (0)]12 z‘aT(g(t)(Q) — Ve (0))

K
<3 |of (¢ Bri0) — 27 (o))

:

Pt 00,1,
K of , (101)
< ) (01: ) — ”*9H- 2
<20 i) - GO el
Ofrr 2
< ) (B,4:0) — 227" (g H .
_mngHg () aGM( ),
In conclusion, we have
19" (B; ) = Ve fre (0)]2
O frr 2
<00~ 0
<ma o0 0ur; 0) - - 0),
<max [[I1(k)|2 + [[L2(F)[[2 + [ L3(k)[]2 + [[La(K)||2
k (102)
1 dlogq  Rmax
<— |0 — 072 - (1 Ry V.
% | 2 D] i, (L+)7" - me
R _ 1 5y
Lmax g Ly~ . L 19® — g*
AL T (o, A7 =) - Gt 109 — 07
where 7* = min{t | \vt < nr} O
F.2.1. PROOF OF UPPER BOUND OF [
Proof. We define a random variable
29 (k) = (¥(0;8,0) = (6% 8,a)) - To i - "B (6)
with (s,a) ~ Dy and
ZW (k) = (Q(xm; 0) = Q(@m; 0%)) - T - @ R (0)
as the realization of Z for m € Dy, where « is any fixed unit vector.
According to the definition of I; in (98], we can rewrite I; as
1
- (0) _ )
L= [m;) Z (k) = Eqo aynn, 20 (k). (103)
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Then, for any p € NT, we have

1/p
(E|ZO) " :(]EXNDtW’(e; s,a) — (0% 8, )P - |Toro’ (w/ )| - |aTh<f>|p)

IN

(Exwp (61 8.0) ~ (07 5,0) - a7 hOP) "

1/p

(104)

IN

p
(Bxn |10 = 07112 (s, )| - | (s,0)]")
< 007l

From Deﬁnition we know that Z(*) belongs to sub-exponential distribution with || Z()||,, < || — 6*||2. Therefore, by
Chernoff inequality, for any s € R, we have

e~ 10=071|2) D¢

® _
{‘IDt S z0%k) -EZ (k)‘ <t} <1 cIDiTst : (105)

meED;

Lett = |6 — 6*||2 dlog 1 and s = M -t for some large constant ¢ > 0. Then, with probability at least 1 — g~<, we
have
‘ S Z0(k IEZ(E)(]{)‘ <[00y 208 (106)
Dl 5, ~ Dy
From Lemmaand (T03), with probability at least 1 — [S1 (d)] - g%, we have
L2 < 2- 1 3z -EZ0| < fllﬁ 0l - (| L2, (107)
<2 | P D

From Lemma we know that |S (d)| < 5% Therefore, the probability for (T07) holds is at least 1 — () ~ Because
q > 5, we denote the probability as 1 — ¢~¢ for convenience. O

F.2.2. PROOF OF UPPER BOUND OF /5

Proof. I, is the bias of the data because the data (s, a) at iteration ¢ depends on the neural network parameters 0(*). Recall
the definition of bz ;, and be 1,» we define

Ar =000 X,) — B (005 X,). (108)

It is easy to verify that
DA (B ) = B0 )2 < (147 - [0 = B,

10465 Xm) = B0 (8: )12 < (14+7) - 116 — 6], (109)
Rmax
and b0 S e
Then, we have _ .
Ar(0) — A(0) S (1 +7) - |0 — 0] (110)
Therefore, we have
1+7 t—1
A(ODY < AL(OET)) + - Riax - ;- (111)
(0%) < Ag( ) + - Zzt:Tn

Then, we need to bound 6, (/7).
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Let us define the observed tuple O;(s,a, s’) as the collection of the state, action, and the next state at the ¢-th iteration.

Note that
G(t_T) — St—7 —> St — Ot

forms a Markov chain introduced by the policy ;.

Let 6=70) and O, be independently drawn from the marginal distributions of #(*~7-%) and Oy, respectively.

With Lemma 9 in (Bhandari et al ., [2018)), we have
EA(047,0,) —E A0 7,00 < 2511P|At(9 O)]- A

By definition, we have E A, (6¢~™), O;) = 0 and
2 Rmax
|AL(0,0)] < T,

Therefore, we have

1
EAt(e ) <]EAt(0 ) +7 Rmo\x : Z i

i=t—T

< Rmax

ST, (/\ v+ (1+7)- T~77t_f),

where the last inequality comes from the fact that the step size 7,, is non-increasing.

Choose 7* = min {t =0,1,2,--- | W < UT}- When t < 7*, we choose 7 = t and have
R
EA, (M) < 22 0%,
t(0) < — T
When n > 7*, we can choose 7 = 7* and obtain
Rmax

EA(01) <

1 : (1+’Y>T*'77t77*-

=2

Combining (T16) and (T17), we have

Rmax *
‘IQ| < — 5 (1 + 7)7 *Nmax{0,t—7*}»
where 7* = min{t | A\vt < nr}.

F.2.3. PROOF OF BOUND OF I3

Proof. We have

_ af'n'*
. oY(0;s,a
:]E(s,a)'\fut (1/)(67 S, a) - 1/’('9 7S, a’)) ! %
. . p(0; 8, a)
~ Ewnoe (#(0538.0) = (0" 5,0)) - 220
) oP(0;s,a
=F (s,0)~p, (¢(9; 8,a) = r(s,0) =7 Bope  maxip(6%; s, a/)) ' %
N 9 (0;s,a)
— E(s.a)mps (¢(9; s,a) —r(s,a) — - IES,NP:S/ nzs}xlﬂ(@ ;s’,a’)) . TM
oY(b;s,a
:E(s,a)N#f,-,S’NP:,S/ (1/)(9, S, a) - r(s,a) A max?/}( S al)) . %
- E(s,a)"*u*,s’wl)g,s/ (¢(9§ s,a) —r(s,a) —7- mazlixw(@* s, a/)) . %;Sk?a)

)
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Then, we have

/( )// (1*(ds,da)P(ds'|s,a) — ut(ds,da)P(ds’|s,a))‘

:‘/( : /(’P*(ds)ﬂ'*(da|s)fp(ds’|s7a)_’Pt(ds)ﬂt(dalds)P(ds/ls’a))‘

(120)
< / (P*(ds)—’Pt(ds))w*(da|s)”P(ds’\s7a)‘
(s,a)
+ / Pt(ds)(ﬂt(da|ds)fﬂ*(da|ds))77(ds’|s,a)‘.
(5,a)
From Theorem 3.1 in (Mitrophanov, 2005), we know that
1
P*(ds) — Py(ds (g Al(log, A"t + ——)C
[, (Pras)—Pas))| < Al e o
and |me(dalds) — *(dalds)|| < Ci.
Therefore, the bound of I3 can be found as
Rmax ].
||Is|\2§ Al -Cy - (1 +1og, A1 +1— )
(122)
14| Bmex (1 4 1og, A1 . Cy.
Al T (1 g, A )6
O]
F.2.4. PROOF OF BOUND OF I
Proof. We have
L]l =] A6 (6 Xin)
®). x
= (o, '07) = Dlsf o 00)) - | 2GR |
(t)
§max7-(maxw( a’s0%) — maxz/J( a's H(t)) H&/}G H
0 000 2
B8 ) (123)
<7 - max [¥(s),,a’;0%) — (s ,a’,G(t))’ H PO A H
s,a,a 89@7k 2
1
<~ 0@ — o*ll, . —
S 100 =07 o
SRVIG) *
<L — 0 |,.
<00 6]
L]
F.3. Proof of Lemmal[§
Proof of Lemma(8] From the update rule of w in Algorithm[I]} we have
W)~ —w® gy S (BT 1) G
meD,
=w® —w* — g, - Z () w® — g w*) - by (124)
meD,
:(I — Ky Z ¢7Tn¢m> S(w® — w*).

meD,,
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For any unit vector o € dim(w), we have

la"Ep, ¢ ¢a| < mXIaWélz
2

< 2

max?

| "Ep,¢" ¢pa| > | pmin]? > 0.

(125)

Also, it is easy to verify that |aTED X o7 ¢a| = 0 if only and if ¢, are all parallel to each other. As ¢,,, does not parallel

to each other, let p; > 0 denote the minimal eigenvalue of Ep, ¢ T .

Given ¢ is bounded, ¢ belongs to the sub-Gaussian distribution. Similar to (T06)), with Chebyshev’s inequality, we have

> éndm —Ep,¢"¢

meD,,

2

dlogq
Dy

with probability at least 1 — d~9. Let N > C;,Qd log g, according to Lemma we have

>\min( Z ¢;¢m) S Amin(]EDfQﬁ—l—(yb) — CN S P2 —CN.

meD,,

When we choose k; = ﬁ we have

bl
max

— C
[t — aw*||s §<1 _ u) Naw® — w* .

G. Proof of lemmas in Appendix[C]

Proof of Lemma (9 |Qf’* (s,a) — Q:T; (s, a)’ can be upper bounded as

Q7 (s,0) — QT (s, 0)|

= [ QF (i () = #50Q7 (o i (a)]
s’ s’

<y ph - |QF (87 (8) — QT (s, m()|
s/

[ * T
=7 - Zp;y . ‘H?XQ;H (Sl,a/) _ H}Ia/,XQjJ (s’,a’)
s’ )
*

<v- Zp;s, . >H}3X ‘QZ& (S/,a/) _ Q;r; (Sl’a/)
s’ B

<v- Zpg,s, : [max
S/

*

s’,a’

Pty Y P QT (8w () = (ri+ e D pew Q]
s’ s’

(7)) )|

*

< Dot [[QF (7t (6) = @ ()| + [@F (/w3 () - QT (o', (1)

*

Q) (5.7 (5) - @ (i) |

Q7 () - QF (.7 ))|

Tx

QT (') = Q7 (s'sa!) | + max QT (/.73 () = QT (3 ()|

Let x
* T
Is = n;,e}lx Q' (s,a) -Qy’ (s,a)‘
and .
I = max
s,a s

Q;r; (s,a) — Q) (s,a)| > max ‘Q:; (s,75(s)) — Qi;(s,wj(s))‘.

(126)

(127)

(128)

(129)



SF-DQN: Provable Knowledge Transfer using Successor Feature for Deep Reinforcement Learning

Then, we have

. «
_ a T (ol a T (ol
I5_IE%X ity E ps)s/rr}lz}in’(s,a)—rj—'y- E psys/rr}lz}ij (s',a")
:
S/

s’

< max|ri(s,a) - rj(s,a)| + ymax Y pl - max|QF (s',d) — Q' (s,a)|
s,a s,a pr ’ a’ J
<max]|r;(s,a) —rj(s,a)| +v- Is.
s,a

Therefore, we have
Is <

— max |ri(s,a) —r;(s,a)l.

Similar to (130)), we have
ot *
Is <max|ri(s,a) = rj(s,0)| +ymax Y pf - [Q) (s',75(s) = Q7 (s, w5 ()]
S/
<max|r;(s,a) —r;(s,a)| + - Is.
s,a

Therefore, we have

1
Is < T H;%XVZ‘(S,CL) —rj(s,a)l

Therefore, we have
* *

- - 2
’Qil (s,a) — Q;' (s,a)‘ <v(Is+Is) < % ~11812}LX\T1'(3,G) —rj(s,a)l

H. Additional proof of the lemmas
H.1. Proof of Lemma [10]

(130)

(131)

(132)

(133)

(134)

The distance of the second order derivatives of the population risk function f(-) at point  and 6* can be converted into
bounding Py, P», which are defined in (I36). The major idea in proving P is to connect the error bound to the angle

between 6 and 6* given h(“) belongs to the sub-Gaussian distribution.

Proof of Lemmal[I0] From the definition of f in (29), we have

azf * 1 * * * I %
904,,004,5, (6") = 7z Baden' (03, h) - Teno' (07, h) - W77,
a2f 1 ! 7k T *x 1inT T
and 90, 00, (0) = ﬁEwU Tiw(0p 4, ) - Ti o' (0p 4, ) - hh
»J1 »J2

where h = h(©) () and h* = h(D)(6*).
Then, we have
P ey O
89[7]160[,]2 80[7]169£7]2
1
TK?

(©)

Eq [T70" (0775, h*) T ko’ (075, )RR T
— Jek0’ (00,0 ToxTe0’ (07 ,h)hh ]
Eo [T/ k0" (075, ) (Too’ (075, h )" h* T — Jy40"(0, 5, h)hb ")
+ Te k0’ (04 ,0) (Tik0' (075, WP RT — Ji 0" (0] ;,h)hRT)]

(P + Py).

1
TK?

1
K?
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For any a € RX¢ with ||lal|2 = 1, we have
a" Pia =B, J7,0' (07 h*) (jgka’(aggz h*)(aTh*)? — jaka’(ﬂzjz‘h)(aTh)Q). (137)
Then, we have

la” Pia| =

(075, 07) (T4 075, 0°) @ 1) = Toa (O, @R )
(07, ygh*)(aTh*)z — jz,kU/(QZth)(aTh)Q‘

<9mh*><aTh*> ~ J740" (07, )@ h)?

+ Eo| 740" (01, (@"h)? = Jio’ (03], h) (@ h)?| (138)
+Eq /(GZLh)(aTh)z - Jg,ka/(e;hh)(a%)?’

SO =072 + 110 = 072 + Ee

(o'(073,h) o' (07 ], m)) - (B’
(o' (0:3,h) = &' (6 3,h)) - (a"h)?|.

Utilizing the Gram-Schmidt process, we can demonstrate the existence of a set of normalized orthonormal vectors denoted
as B = {a,b,c,ay, -+ ,a;} € R% This set forms an orthogonal and normalized basis for R, wherein the subspace
spanned by a, b, ¢ includes a, 0, ;,, and 0} j,- Then, for any x € R?, we have a unique z = [z;, 29, -+, 2q] ' such that

SN0 =672 + Eg

h:zla+22b+23c+~~+zdadl.

Because (i) a, 6, ;,, and 92 2 belongs to the subspace spanned by vectors {a, b, ¢} and (ii) ai, S aj, - -+ are orthogonal
to a, b, and c. Then, we know that

94J2h ijz(zla+ng+23c+ +zdaj‘)

_zlee o+ 220 sz + 2395 R zd%; +

—219“20,—&—@9“264-230@ 72c-i—O (139)
9[ s (z1a + 22b + 23¢)

1:95,;2h~

where h = z1a + 2b + z3c. Similar to (T39), we have 6/, h = 6], handa"h = ah.

Then, we define 14 as
L =B (o' (0 },h) = (0], 1)) - (" h)|
= [ 10 Ghs) (7L T B ()i (140)
= [ 10/ 0F) ~ (5] £2(2) - LIn(2) s

where |Jp(z)] is the determinant of the Jacobian matrix g—’z‘. Since z is a representation of h based on an orthogonal and
normalized basis, we have |J(z)| = 1. According to (I39), I, can be rewritten as

L= [ OLR) o GLR laTRE a2
R. i (141)
=/ |0’I(02j2 ) (95 i )| |ah|?- fz(z1, 20, 23)dz1dzod2s
R=

where in the last equality we abuse fz(z1, 22, z3) to represent the probability density function of (21, 22, z3) defined in
region R .
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Next, we show that z is rotational invariant over R,. Let R = [a bc --- aﬁl-], we have h = Rz. For any z(!)
and 2(?) with |2V, = Hz @)||5. We define h() = Rz™ and h® = Rz(?). Since x is rotational invariant and
IRy = [|RP |5 = [|20V)|l2 = [|2?)]|2, then we know A1) and h(?) has the same distribution density. Then, z(*) and

2(2) has the same distribution density as well. Therefore, z is rotational invariant over R ..

Then, we consider spherical coordinates with z; = Rcoso1, ze = Rsinoisinos, z3 = Rsinojcosos. Hence, we have
Iy = / 0’ (0 ,,h) — o' (0;],R)| - |Rcoso1[? - fz(R,01,02) - R*sinoy - dRdodos. (142)

Since z is rotational invariant, we have that

fZ(R701702) = fZ(R) (143)

Then, we have

/|0 (0 ,,(h/R)) — o' (6;% (h/R))| - |Rcos o1|* - fz(R)R*sinoydRdoydos

PY1(R)  p2(R)
:/ R4fZ(R)dR/ / |cos¢71|2 -sin oy
0 0 (144)

10" (8];,(R/R)) — o (0;% (h/R))|dorydory
27
/ R'f.(R dR// sinoy - 9@]2) a’(@}f@j)\dgldgz,

where the first equality holds because o’(0; ; h) only depends on the direction of h, and & := h/R =
(cos 01, sin o1 sin o3, sin o cos o9) in the last inequality.

. . _R2
Because z belongs to the sub-Gaussian distribution, we have F,(R) > 1 — 2e” =2 for some constant ¢ > 0. Then, the
integration of R can be represented as

/DO R'f,(R)dR = /oo RY4(1 - F.(R))
0 0
g/ 4R*(1 - F.(R))dR
0

g/ SR3e¢ 57 dR (145)
0

9 [ 2
Sg—o R2e™ =7 dR

2r  Jo

3902 [ m L Zag
e 0 \/2#026 ’ ’

where the last inequality comes from the calculation that

o 2
/ 9R2%e™ = dR = V2ro°,
0

oo ) (146)
/ R3¢ o7 dR = do*.
0
Then, we define z € R¥¢ belongs to Gaussian distribution as  ~ N (0, o1 ). Therefore, we have
27
I < 3202 / R? Noroe _T‘dR/ / sinoy - |0’ (60, &) — a’(%‘;a’c) |do1dos
To?
(147)

= 3202 3 23|0 (9“'2 ) (9“2 )|
Z]E5|U/(ez,j2~) (6‘4]2 )‘

where @ belongs to Gaussian distribution.
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Therefore, the inequality bound over a sub-Gaussian distribution is bounded by the one over a Gaussian distribution. In

the following contexts, we provide the upper bound of Ez |a (9;32 N) (9;7;2 ) |
Define a set A, = {|(0;],2)(0, ;,®) < 0}. If & € Ay, then 0 & and 6, ;& have different signs, which means the

value of o/ (0, @) and o’ (6} |, ®) are different. This is equivalent to say that

- 1, ifzx e Ay
"6, . &) — = ’ . 148
0.8~ LB =1 e (143)
Moreover, if £ € A1, then we have
10775, 2| <[0;%,2 — 00 ;,® <1107 5, — Ocsol2 - |22 (149)

Let us define a set A5 such that

{ ‘ “2a:| < ||9Zj2 —9£,‘7‘2||2}
167 5, 12112 167 5,112

:{957921'2

(150)

| cos 0z 0;
(e DY

< 167, —9&.7‘2”2}
= 167,12

Hence, we have that

Eelo(0],,) — o' (631,8)* —Es|o/(67,,3) - o' (67,3
=Prob(Z € A;) (51)
<Prob(z € Aj).

Since & ~ N(0, ||a||31), 95,92’],2 belongs to the uniform distribution on [—, 7], we have

167, 5, —0e.45 2

B T — arccos —i' 1 0 — 0,
Prob(z € As) = 19,12 <= tan(w — arccos M
™ m 167,112
167 5, — Oe.jal2
- cot(arccos W) (152)
211675, = Oejoll2
107,11
<1167 — 0cll2
Hence, (144) and (T52) suggest that
L < 10: — 65|z - ||all3,
a4 S 16 = 07ll2 - llall2 (153)

and  [|Pill2 < [|0 = 0%[[2 + 1s S |0 — 07|z,

The same bound that is shown in (T33) holds for P, as well.
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Therefore, we have

IV2£(67) = VEF(O)]l2 = max |aT(VEF(67) = VEF(0))e

||a|\z<1

K
1
<%z Z Y IP+ Polla- ey, 2 - e,

Ji=1j2=1
1 K K
S DD 0=z [l ll2llej, |12 (154)
j1—1j2—1
1 e |13 + o3
Sﬁ Z Z He G*H ( 71112 J2 2)
Jj1=1j2=1
1
<—.||6" -0
K || ||2;
where a € RE4 and a; € RE: with o = [af , g , -+ ,a ] T. O

H.2. Proof of Lemma [11]

2
We aim to prove that [, ( jK Lo ho' (Hz—jh)) pr(h) - dh is strictly greater than zero for any «.. Therefore, the

p1 in (6) is strictly greater than zero. The proof is inspired Ilgy Theorem 3.1 in (Du et al} 2019). It is obvious that
(Zjil a'ho' (HTJ h))? is greater or equal to zero. Given ( > i1 a'ho' (GT h))? is continuous, we only need to show

that c such that Zszl a'ho' (94 h) # 0 for any a, namely, {ho’ (HT h) ", are linear independent.
Proof of Lemma([T]} Let H be a Hilbert space on R¥¢, and the inner product of H is defined as

/f fu(h)-dh, Vf.geH, (155)

2
where the Lebesgue measure of R over R** is non-zero. Instead of directly proving [, ( Zszl a'ho' (G,Ih)) fu(h)-

dh > 0 for any c, we note that it is sufficient to prove that {ho’ (0, h)} e[k are linear independent over the Hilbert space
H. Namely, if {ho’(0;] h)} e[ are linear independent, we have

o ho'(0f h) #0  almost everywhere. (156)

2
Therefore, we can know that [/, (Z;il a'ho' (QLh)) pr(h) - dh is strictly greater than zero.

Next, we provide the whole proof for that {xc’ (6 )} e[k are linear independent over the Hilbert space H.

We define a group of functions {t;(h)},, where ¢;(h) = ho’ (Q;Fh). From the assumption in Lemma , we can
justify that Ep,p|¢j (R)|?> < Epupl|h|? < co.

Let X; = {h | 6/ h = 0} for any i € [K]. For any fixed k, we can justify that X}, cannot be covered by other sets { X} } ;4
as long as 6, does not parallel to any other weights 6; with j # k. Namely, X, ¢ U+, X;. The idea of proving the claim
above is that the intersection of &; and X}, is only a hyperplane in Xj. The union of finite many hyperplanes is not even a
measurable space and thus cannot cover the original space. Formally, we provide the formal proof for this claim as follows.

Let A be the Lebesgue measure on Xy, then A(AXj) > 0. When 6; does not parallel to 8, X3 N A is only a hyperplane in
X, for j # k. Hence, we have A(X; N &%) = 0. Next, we have

A O (Ujen X)) <D A (XN &) = 0. (157)
Jj#k
Therefore, we have
A/ (Ujpn i) = M) = M X N (Ujzrdi)) = A(X) > 0. (158)
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Therefore, we have X /(U;2,X;) is not empty, which means that Xy, ¢ U, X;.

Next, Since X} /(U;£,X;) is not an empty set, there exists a point zj, € Xy /(U £, X;) and ro > 0 such that
B(zg,r)ND; =0 with Vr <rgandj#k, (159)

where B(zy, r) stands for a ball centered at zj, with a radius of r. Then, we divide B(z, r) into two disjoint subsets such
that

B = B(zx,r) N {h| 6 h >0},

b (160)
B = B(zp,r)N{h | 0] h < 0}.

Because 2y, is a boundary point of {h|f, h = 0}, both B;" and B; are non-empty.

Note that 1);(h) is continuous at any point except for the ones in X;. Then, for any j # k, we know that aj(ﬁ,;rh) is
continuous at point 2y, since z;, & X;. Hence, it is easy to verify that

h)dh = ¢ (z). (161)

. 1
A NGB Sy Ve =

r—0_ )\(87

While for ¢, we know that ¢, (h) = 0 for h € B;", (ii) ¢ (h) = h for h € B;". Hence, it is easy to verify that

. 1

A BT e V= 2
. 1

hm —

r—0_ A(BT) Bi

(162)
Ye(h)dh = 0.

Now let us proof that {¢] * , are linear independent by contradiction. Suppose {1/)] t , are linear dependent, we have

Z ajihj(h) =0, Vh. (163)

Then, we have

K
. 1
i /\(B,T)/gr Zaﬂﬁj(h)dh =0
(164)
h)dh =0

lim
r—04 )\
Then, we have

r+0+ B*/ Z%% 71351 /B"'Z oj¥;(h (165)

By j=1 T og=1
=02k
where the last equality comes from (I61) and (162).

Note that zj, cannot be 0 because 2z, ¢ X;. Therefore, we have a, = 0. Similarly to (I63), we can obtain that a; = 0
by define z; following the definition of z;, for any j € [K]. Then, we know that (I63) holds if and only if & = 0, which
contradicts the assumption that {1; }le are linear dependent.

2
In conclusion, we know that {1/, }/, are linear independent, and [, (Zjil a'ho' (GZjh)) pr (h)-dh is strictly greater
than zero. H
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H.3. Proof of Lemma12]
Proof of Lemmal(I2] From the definition of (36), we have

[R(0) — RO (6%)]]2
=|lo(0,_,R“"1(8)) — o (6; 1RV (67))])2

=o (0 h"1(0)) — o (0; 7,1 (0)) + o (0,1, REV(0)) — o (6,7, RV (0%)) |2 (166)
<llo (6, R () — o (6; T, R (0 >||2+ ||a(0 RV 0)) = o (077, (07)) ]2
<01 — ;1|2 - KD (@) ]2 + [RED(0) — RETD(6%)]2.

With the assumption in the Lemma[T2]such that € is close enough to 6*, we have
[0:ll2 < 1167112 + [16: — 67 [l2 < 1. (167)

Therefore, we have '
1RO @) l2 < 16:ll2- 16112 - l2ll> < [l (168)

Then, we have

1h{9(8) — RO ()2
<[6e-1 = 6;_1ll2 - llzll2 + R (6) — A=V (6712

-1
<Y 10 = 07|12 - |zl + R (8) — R (67)]
i=1
1 . (169)
=D 10 = 6tllz - ]2 + |z — 2|2
i=1
-1 '
:Z 16 = 67 [[2 - [|RE=D(0) ]2
i=1
<0 =072 [,
which completes the proof. O
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