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Abstract

We study model-free reinforcement learning (RL)
algorithms in episodic non-stationary constrained
Markov Decision Processes (CMDPs), in which
an agent aims to maximize the expected cumula-
tive reward subject to a cumulative constraint on
the expected utility (cost). In the non-stationary
environment, reward, utility functions, and tran-
sition kernels can vary arbitrarily over time as
long as the cumulative variations do not exceed
certain variation budgets. We propose the first
model-free, simulator-free RL algorithms with
sublinear regret and zero constraint violation for
non-stationary CMDPs in both tabular and lin-
ear function approximation settings with provable
performance guarantees. Our results on regret
bound and constraint violation for the tabular case
match the corresponding best results for station-
ary CMDPs when the total budget is known. Ad-
ditionally, we present a general framework for
addressing the well-known challenges associated
with analyzing non-stationary CMDPs, without
requiring prior knowledge of the variation budget.
We apply the approach for both tabular and linear
approximation settings.

1 INTRODUCTION

Safe reinforcement learning (RL) studies how to apply RL
algorithms in real-world applications (Amodei et al., 2016;
Garcia and Fernandez, 2015; Brunke et al., 2022) that can
operate under safety-related constraints. A standard ap-
proach for modeling applications with safety constraints is
Constrained Markov Decision Processes (CMDPs) (Altman,
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1999), where an agent seeks to learn a policy that maxi-
mizes the expected total reward under safety constraints on
the expected total utility. In classical safe-RL and CMDPs
problems, an agent is assumed to interact with a stationary
environment. However, stationary models cannot capture
the time-varying real-world applications where safety is
critical such that the transition functions and reward/utility
functions are non-stationary. For example, in autonomous
driving (Kiran et al., 2021), collisions must be avoided while
modeling and tracking time-varying environments such as
traffic conditions; in an automated medical system (Coro-
nato et al., 2020), it is essential to guarantee patient safety
under varying patients’ behavior.

Learning in a stationary CMDP is a long-standing topic
and has been heavily studied recently, including using both
model-based and model-free approaches (Brantley et al.,
2020; Efroni et al., 2020; Wei et al., 2022b,a; Liu et al.,
2021; Bura et al., 2021; Singh et al., 2020; Ding et al., 2021;
Chen et al., 2022). RL in non-stationary CMDPs is more
challenging since the rewards/utilities and dynamics are
time-varying and probably unknown a priori. On the one
hand, an agent has to handle the non-stationarity properly to
guarantee a sublinear regret and a small or zero constraint
violation. On the other hand, the agent also needs to forget
the past data samples since they become less useful due to
the dynamic of the system. The only existing work of which
we are aware that studies non-stationary CMDPs is Ding
and Lavaei (2022), via a model-based approach assuming
a priori knowledge of the total variation budgets, which is
far less computationally efficient compared with model-free
approaches and where knowing the variation budgets is less
desirable in practice.

In this work, we manage to overcome these challenges
and focus on designing model-free algorithms with sub-
linear regret and zero constraint violation guarantees for
non-stationary CMDPs, especially for the scenario when the
total variation budget is unknown. Our contributions are as
follows:

* Our work contributes to the theoretical understanding of
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Table 1: Dynamic regret and constraint violations comparisons for RL in non-stationary CMDPs. S and A are the number
of states and actions, H is the horizon of each episode, K is the total number of episodes and B is the variation budgets. d
is the dimension of the feature in linear CMDP. Algorithms 1,2 are for tabular setting, Ding and Lavaei (2022) is for Linear
kernel CMDP setting, and Algorithm 3 is for linear CMDP setting. (* : zero constraint holds holds when K is large enough,

T : we can further the regret order to @(K 3/4), see section 7. )

Algorithm Model-Free? Regret Constraint Violation | Known Budget?
Ding and Lavaei (2022) X O(STASHEKiB3) O(STASHIKIB?) %
Algorithm 1 v/ 0 (H4S%A%K%B%> 0* /
Algorithm 2 v O (H*S: Az K5 B%) 0" p
Algorithm 3 v O (K3/4H9/4d5/431/4) 0" 7
Algorithm 4 v 0] (_r(7/8]L]9/4dS/4Bl/4)Jr 0* X

non-stationary episodic CMDPs. We develop different
type of model-free algorithms for non-stationary CMDP
settings— one is tailored for tabular CMDPs and has low
memory and computational complexity, another one is
computationally more intensive, however, can be applied
to linear function approximation for large, possibly infi-
nite, state and action spaces.

* For the tabular setting, our algorithm adopts a periodic
restart strategy and utilizes an extra optimism bonus term
to counteract the non-stationarity of the CMDP that an
over estimate of the combined objective is guaranteed
during learning and exploration. For the case when the
budget variation is known, our theoretical result O(K 4/5)
matches the best existing result for stationary CMDPs
in terms of the total number of episodes K, and non-
stationary MDPs in term of the variation budget B. For lin-
ear CMDP, we propose the first model-free, value-based
algorithm which obtains O(K3/4) regret and zero con-
straint violation using the same strategy. Our result in
fact improves the dependency with respect to the budget
variation and the episode length H compared to Ding and
Lavaei (2022).

e We develop, for the first time, a general double restart
method for non-stationary CMDPs based on the “bandit
over bandit” idea. This method can be used for other
non-stationary constrained learning problems which aims
to achieve zero constraint violation. The method removes
the need to have a priori knowledge of the variation bud-
get, an open-problem raised in Ding and Lavaei (2022)
for non-stationary CMDPs. While the “bandit over ban-
dit” has been widely used and studied for unconstrained
MDPs, adopting it for CMDPs is nontrivial due to multi-
ple challenges that do not exist in unconstrained setting.
For example, one needs to account for the constraints. We
overcome these difficulties by a new design of the bandit
reward function for each arm. We show that the approach
can be used in conjunction with the algorithms for the
tabular and linear function approximation cases.

Our results are summarized in Table 1.

2 RELATED WORK

Non-stationary MDP. Non-stationary unconstrained MDPs
have been mostly studied recently (Auer et al., 2008; Che-
ung et al., 2020; Domingues et al., 2021; Fei et al., 2020;
Ortner et al., 2020; Touati and Vincent, 2020; Wei and Luo,
2021; Zhong et al., 2021; Zhou et al., 2020; Mao et al.,
2020). Auer et al. (2008) consider a setting where the MDP
is allowed to change for fixed number of times. When the
variation budget is known a priori, Fei et al. (2020) propose a
policy-based algorithm in the setting where they assume sta-
tionary transitions and adversarial full-information rewards.
Zhong et al. (2021); Mao et al. (2020); Touati and Vincent
(2020); Zhou et al. (2020) consider a more general setting
that both transitions and rewards are time-varying. A more
recent work Wei and Luo (2021) introduce a procedure that
can be used to convert any upper-confidence-bound-type
stationary RL problem to a non-stationary RL algorithm to
relax the assumption of having a priori knowledge on the
variation budget.

CMDP. Stationary CMDPs with provable guarantees have
been heavily studied in recent years. In particular, Brantley
et al. (2020); Efroni et al. (2020); Singh et al. (2020) propose
model-based approaches for tabular CMDPS. Ghosh et al.
(2022); Ding et al. (2021) extend the results to the linear and
linear kernel CMDPs. Liu et al. (2021); Bura et al. (2021)
also provide efficient algorithms with a zero constraint viola-
tion guarantee. Besides using an estimated model, Ding et al.
(2020); Chen et al. (2021) leverage a simulator for policy
evaluation to achieve provable regret guarantees. More-
over, Wei et al. (2022b,a) propose the first model-free and
simulator-free algorithms for CMDPs with sublinear regret
and zero constraint violation. However, the studies on non-
stationary CMDPs are limited. For non-stationary CMDPs,
Qiu et al. (2020) consider CMDPs that assume that only
the rewards vary over episodes. A concurrent work (Ding
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and Lavaei, 2022), which is most related to ours, focuses on
the same setting where the transitions and rewards/utilities
vary over episodes under a linear kernel CMDP assumption.
They also assume that the budget is known a priori. The
method proposed is a model-based approach, but we instead
consider a more challenge setting where the algorithm is
model-free and the budget is not known. Fortunately, we
answer the open-problem affirmatively raised in Ding and
Lavaei (2022).

3 PROBLEM FORMULATION

We consider an episodic CMDP where an agent inter-
acts with a non-stationary system for K episodes. The
CMDP is denoted by (S, A, H,P,r,g), where S is the
state space with |S| = S, A is the action space with
Al = A, H is the fixed length of each episode, P =
{P.n }ke[xr],nelm) is a collection of transition kernels, and
r = {rentecirineim(9 = {9knthcir)nem) is the set
of reward (utility) functions. In Section 7, we extend our
analysis to potentially infinite state-space.

At the beginning of an episode k, an initial state xj, ; is sam-
pled from the distribution 1. Then at step h, the agent takes
action ay, ;, € A after observing state xy, 5, € S. Then the
agent receives a reward 7, (Zk,5, @k 5) and incurs a utility
9k,h(Tk, b, ak,p). The environment transitions to a new state
xg h+1 following from the distribution Py, 5, (|2 b, ak,p)-
It is worth emphasizing that the transition kernels, re-
ward functions, and utility functions all depend on the
episode index k and time %, and hence the system is non-
stationary. For simplicity of notation, we assume that
rin(z, a)(grn(z,a)) : S x A — [0, 1], are deterministic
for convenience. Our results generalize to the setting where
the reward and utility functions are random. Given a policy
7, which is a collection of H functions 7 : [H] x § — A,
where [H] represents the set {1,2,..., H}. Define the re-
ward value function V;™, (2) : & — R at episode k and
step h to be the expected cumulative rewards from step h to
the end under the policy 7 :

H

Zrk: i\Lhk,i, T (.’L’k 7,))

i=h

Viin(w) = (1)

Lkh =T

The (reward) Q-function QF , (z,a) : S x A — R is the
expected cumulative reward when an agent starts from a
state-action pair (z, a) at episode k and step h following the
policy 7 :

Qi n(w,a) =g p(x,a)+
H

E| Y reil@es m(z)

i=h+1

Thh = T, Qf,p = a] . @)

Similarly, we use W[, () : S — R* to denote the utility

value function
H

ngl T,iy T ('rk 1))

i=h

Win(x) =

Ikhfl?], 3)

and we use C7 ;, (z,a) : S x A — R* to denote the utility
Q@-function at episode k, step h:

Cin(z,a) = grn(r,a)+
H

Z gk,i(xk,ia T(fﬂk,i))

i=h+1

Th,p = T, Qp,p = a] . @

For simplicity, we adopt the following notations:
:Ew’NPk,h(-m,a)VkT,rh-&-l(xl)v ()
:Ele]P’kyh(-lr,a)W]?,h+1(m/)' (6)

We also denote the empirical counterparts as

=V h1(Trt1,m), @)
=W i1 (Trt1.n), (®

and is only defined for (z,a) = (xg n,akp). Given the
model defined above, the objective of the episode k is to
find a policy that maximizes the expected cumulative reward
subject to a constraint on the expected utility:

Pk,hvkﬂ,h—&-l (7,a)
P Wit (2, a)

I@’k,th’th (7,a)
P s Wiy (2, a)

max E Viten)]  subject o B (W ()] =, ©)
Tk ’

where we assume p € [0, H] to avoid triviality, and the
expectation is taken with respect to the initial distribution
and the randomness of 7. Let 7, denote the optimal solution
to the CMDP problem defined in (9) for episode k. We
evaluate our model-free RL algorithms using dynamic regret
R(K) and constraint violation V(K) defined below:

K

R(K) =E | > (Vi (@) - V,;f’f(xk,l))l . (10)
k:;l
E|Y (v W;’;xkl))], an
k=1

where 7, is the policy used in episode k. Note that here we
use dynamic regret concept as the optimal policy may be
different. We further make the following standard assump-
tion (Efroni et al., 2020; Ding et al., 2021; Qiu et al., 2020;
Wei et al., 2022b).

Assumption 1. (Slater’s Condition). Given initial distribu-
tion po, for any episode k € [K], there exist § > 0 and at

least a policy m such that E {W,fl(xkl)} —p>0.

Variation: The non-stationary of the CMDP is measured
according to the variation budgets in the reward/utility func-
tions and the transition kernels:

K-1 H

= Z er;%xh"kh z,a) — rp+1,n(x,a)|
k=1 h=1
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N

Bl
Il
1= I

ax|gr,n (T, a) — grr1,n(w, a)]

T

B,:

max [Py p (|2, @) = Prian(-z; a1

)

=~
Il
—
>
Il
—

We further let B = B, + B, + B, to represent the total vari-
ation. To bound the regret, we consider the following offline
optimization problem at episode k as our regret baseline:

12

max ZT:GQkh x,a)rin(x, a) (12)

st Y qen(z,a)gen(z,a) > p (13)
h,x,a

Z%,h(%@) = Z Prp-1(zl2’,a')gen-1(2",a’)
a

| (14)
> aun(x,a) = 1,Vh € [H] (15)
> iz, a) = po(x) (16)
gi.n(z,a) > 0,Ve € §,Va € A, Vh € [H]. a7

To analyze the performance, we need to consider a tightened
version of the LP, which is defined below:

max > qn (@, a)rin (@, a) (18)

k. h
' h,z,a

st Y qrn(@,a)grn(z,a) > p+e and (14) — (17),

h,x,a

where € > 0 is called a tightness constant. When € < ¢,
this problem has a feasible solution due to Slater’s condi-
tion. We use superscript * to denote the optimal value/policy
related to the original CMDP (9) or the solution to the corre-
sponding LP (12) and superscript ©* to denote the optimal
value/policy related to the e-tightened version of CMDP.

4 ALGORITHM FOR TABULAR CMDPs

Next we will start with presenting our algorithm Non-
stationary Triple-Q in Algorithm 1 for the scenario when
the variation budget is known. Our algorithm uses a restart
strategy that divides the total episode K into frames, which
is commonly used in both non-stationary bandits and RL to
address non-stationarity. We remark that in unconstrained
RL, this restarting often results in a worse regret, for ex-
ample, the regret bound is @(\/E) (Jin et al., 2018) in the
stationary setting but becomes O(K ) (Mao et al., 2020)
when the system is non-stationary. However, the order of re-
gret achieved by our Algorithm 1 matches the best existing
result in stationary CMDPs obtained by the model-free al-
gorithm Triple-Q (Wei et al., 2022b) under the same setting.

That is because Triple-Q itself is built on top of a two-time-
scale scheme for balancing the estimation error and tracking
the constraint violation, which shares the same insights as
the restart strategy for dealing with non-stationarity. There-
fore, by appropriately designing the frame size (restarting
period), Algorithm 1 can achieve the same order as that in
unconstrained CDMPs as well as the optimal order in terms
of variation budget.

We first divide the total K episodes into frames, where each
frame contains K /B¢ episodes. Define Bf«T)7 BéT)7 BI(,T)
to be the local variation budget of the reward functions,
utility functions and transition kernels within the 7'th frame,

let N denote the set of all the episodes in frame 7', then

H
BﬁT) = Z Zmax\rk n(z,a) — resa,n(z, a)
keNTh 1
B{" = 3" ZH;%}IX\% (@, a) = grta,n(z, a)
kGNTh 1
B =Y Z 0ax [Py (|3, @) = Pran (|2, @)1

k)ENT =1

Let the total local variation budget B (1) = BﬁT) + BE(,T) +
BI(jT) , then by definition we have Z?;EQBC BT < B.Our
algorithm uses two bonus terms b, and bto update () values
(Line 10 — 11 in Algorithm 1), where b, is the standard
Hoeftding-based bonus in upper confidence bounds, and b
is the extra bonus to take into account the non-stationarity
of the environment. We assume that b is a uniform upper
bound on the total local variation budget BT for any 7', and
satisfies K1~*B¢h < B which is an assumption commonly
seen in the literature on non-stationary RL (Ortner et al.,
2020; Mao et al., 2020; Zhou et al., 2020).

5 RESULTS OF TABULAR CMDPs
We now present our main results of the Non-stationary
Triple-Q.

5
Theorem 1. Assume K > max { (167 VS:;‘HGLB) ,ezls} ,

where . = 128log(vV2S AHK). Algorithm 1 achieves the
following regret and constraint violation bounds:

R(K) = O(H*S3 A3 B3 K3)  V(K)=0
Due to the page limit, we only outline some of the key intu-
itions behind Theorem 1. The detailed proofs are deferred

to Section E in the supplementary materials.

5.1 Dynamic Regret

As shown in Algorithm 1, let Qy ,(x, a), Ck n(x, a) denote
the estimate () values at the beginning of the k—th episode.
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Algorithm 1: Non-stationary Triple-Q

Input: Total Budget B;

Choose o = 0.6,n = K%B%,X = K%,c:

Initialize Qn(x,a) = Ch(z,a) < H and Z
(z,a,h) € S x Ax [H];

for episode k = 1,..., K do

Sample the initial state for episode k : zj 1 ~ po;

for step h=1,...,H do

2
3

H20(x+1
Set t = Np(Tp,h, akn), br = 54/ %70

if h = 1 then

‘ C«+—C+ Cl(IkJ,ak,l)
if £ mod (K*/B°)=0;
then

Ni(z,0) < 0, Qu(w,) = Ci(.a) = Qu(w,a) = Ci(z,0) & H, Z « (Z+ p+e—

€= 87%"5’13”7 and ¢ = 128log(v2SAHK) ;
C = Np(z,a) = Vigyi(x) = Wiy (z) < 0 for all

Take action aj, < arg max, (Q;L(xk,h, a) + %Ch(xkﬁ, a));

Observe 741 (Tk.1, Gk 1), G.h (Th,h, Gk p ), A0d Tp p1, No(Tkn, akn) < No(@kn, agn) + 1
_ xt1.

T ox+t
Qn(Tn, akp) < (1 — ) Qn(Tr,h, akn) + o (mﬁ(afk,h, ag.p) + Vi1 (@p py1) + b + QHE);

Ch(@rhs arn) < (1 — ar)Ch(Th,n, ak,n) + ot (gk,h(xk,ha ag.n) + Whit (T, nt1) + by + QHB);

a’ = arg max, (Qh(ﬂﬁk,h, a)+ %O}L(xk,h,a)), Vi(@in) < Qu(xin,a’) Wi(zkn) < Ch(xpn,ad) ;

// reset visit counts and Q-functions

e\t
C-B°
K’f) ,C+0

The dynamic regret can be decoupled as:

K
R(K) =E lz (Z {Qiagis — Qa1 } @, a>>

k=1 a
(19)
MK
E Z (Z {QZ?QZ?} (h,1,0) — Qr1(wk, 1, ak,l)) +
Lk=1 a (20)
MK
E Z {Qk,l - Qzﬁ} (k15 ak,1)] , (21)
k=1

here we use the shorthand notation {f — g}(x) = f(x) —
g(z). Before bounding each term, we first show that for any
triple (z, a, h), the difference of two different reward/utility
Q-value functions within the same frame are bounded by
the local variation bound in that frame.

Lemma 1. Given any frame T, for any (z,a, h), and (T —
1)K*/B¢ <k < ko <TK®%/B¢, we have

(22)
(23)

|Q;<r,1,h,(xva) — Q227h(:c,a)| < Hb
CF w(x,a) — CF, (2,a)| < Hb

Then we show that in Lemma 9 in supplementary materi-
als the first term (19) can be bounded by comparing the
original LP associated with the tightened LP such that
19 < %. The term (21) is the estimation error be-
tween ()i, and the true ) value under policy 7, at episode

k. This estimation error can be bounded by our choice of
the learning rate (Line 8 in Algorithm 1) and the added

bonus. Then (21) < H2SAK'—0 e 4 2VE2ZITNE
VHA*SAK?=(x + 1) B¢ + 2bH?K.

For the remaining term (20), we need to add and subtract
additional terms to construct an difference between the op-
timal combined @ value {Qj ), + %}C’;h(x,a) and the
estimated counterpart { Q. 5, + %C;@ n}(z, a). We will show
in Lemma 7 that the estimation is always an overestima-
tion for all (z,a, h, k) due to the added bonus when the
virtual “queue” Zr is fixed with high probability, which
implies that the difference is negative with high proba-
bility. Then in Lemma 10 we leverage Lyapunov-drift
method and consider Lyapunov function Ly = %Z% to
show that the redundant term can also be bounded. Com-
bining the bounds on the estimation and the redundant term
we can obtain (20) < KQHUAAH +e) UHKF;)HZBC )
Then combining inequalities (19),(20),(21) aboye we can
obtain for K > (716\/@3 1/3)5 , applying the condi-

tion K'~*B¢h < B, along with our choices of parameters
(Line 2 in Algorithm 1) for balancing each terms, we con-
clude that R(K) = O(H*Sz A2 B3 K3).




Provably Efficient Model-Free Algorithms for Non-stationary CMDPs

5.2 Constraint Violation

According to the virtual-Queue update, we have

CrBe\ "
ZT+1:(ZT+/J+€— ;;a>
CrB°
>Zr+p+e— IT(O" (24)

which implies that for (T' — 1) K¢/B¢ < k < TK*/B°,

[

Z (—C,:’kl(xm,am) + p) < % (Zps1 — Z7)

%
+ Z ({C’“’l - Cl?kl} (k15 0k,1) — 6) )
%

Summing the inequality above over all frames and taking
expectation on both sides, we obtain the following upper
bound on the constraint violation:

(03

K
S —Ke + —E [ZKl—(yBu+1]

K
E lz p— Cpl(@e,1, ak,1) Be

k=1
K
+E Y {Cu -} @ an)|, @9)
k=1
where the inequality is true due to the fact Z; = 0.

In Lemma 8, we will establish an upper bound on the
estimation error of E [Zszl {Cr1—CT"} (zh1,081)] -
Next, we study the moment generating function of Zr, i.e.
E [eTZT] for some » > 0. In Lemma 11, based on a Lya-
punov drift analysis of this moment generating function and

Jensen’s inequality, we will establish the following upper
bound on Zy that holds forany 1 < T < K'=*B°¢,

E[Z2] < 100(H*t + b*H?) log <16(H2\ﬂ + lSH))

5 5
A4H2?B¢  4H2B¢ 4n(VH2 + 2H?b
Ko nK®o 6

Substituting the results from Lemma 8 and (26) into (25),

/ 6,3R1/3 .
%, we can easily

5
{(16\/SAH6L3B1/3) e;}
F] ) )

using the choice that € =
verify that when K > max

we have

100(H* + bB*H?)K°®  16(H?\/1 + Hb)
V(K) < I log 5
— VSAHS 3K B3 < 0. 27

6 UNKNOWN VARIATION BUDGETS

The design of the Algorithm 1 relies on the knowledge
of the total variation budget B to set the frame size to be

K% /B¢. When an upper bound on the total variation budget
is not given, we propose the Algorithm 2 that adaptively
learns the variation budget B based on the “Bandit over
Bandit” algorithm (Cheung et al., 2022). Algorithm 2 uses
an outer loop “bandit algorithm” as a master to learn the
true value B, and use the inner loop Algorithm 1 to learn
the optimal policy. We first need to divide total K episodes
into % epochs, which contain W = K¢ episodes. Each
epoch contains multiple frames. In each epoch, we run an
instance of Algorithm 1. Given a candidate set 7 of the
total budget B, we choose “arms” (estimated budget) using
the bandit adversarial bandit algorithm Exp3 (Auer et al.,
2003). If the optimal “arm” from the candidate [ can be
learned efficiently, we expect that the cumulative reward and
utility collected under that arm should be close to the per-
formance of using the best-fixed candidate (closest to true
Budget) from 7 in hindsight. We remark that although the
“Bandit over Bandit” approach is well studied in both uncon-
strained non-stationary bandit and RL, however, adopting it
in CMDPs is nontrivial and new. We now describe the main
challenge in adapting the idea to the constrained scenario
and how we overcome the challenge.

In particular, given a choice of arm B, in the unconstrained
version, one considers the cumulative reward R;(B;) over
the epoch W to guide the EXP-3 algorithm towards select-
ing the optimal arm. The cumulative reward proves to be
enough for the unconstrained case, as the optimal arm would
correspond to close to the true budget. This can be reflected
as the following regret decomposition,

K . K/W
R(K) =E | > Vi(ze1) — > Ri(B) (28)
k=1 =1
[x/w K/W
+E Ri(B)= > Ri(By)|, (29
i=1 =1

where B is the optimal candidate from 7 (i.e., the true
budget). We can show that the term (28) can be bounded
since this corresponds to regret when the true budget is
known (which we have already bounded). However, the
problem becomes that how to bound the term (29). In the
unconstrained case, one can employ the result of the EXP-3
algorithm to bound that. The main challenge in extending
the above approach to the CMDP is that considering only
the reward may lead to a larger violation, since we need
to balance both the reward and utility. Thus, one needs to
judiciously select the reward based on the total observed
reward and utility corresponding to a drawn arm so that
the EXP-3 algorithm can choose the arm closest to the
optimal one. The natural idea is to set the reward to zero
if the observed utility over the epoch does not satisfy the
constraint, i.e., if G;(B;) is the cumulative utility received
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Algorithm 2: Double Restart Non-stationary Triple-Q

Choose W = K°/9, 7 defined in Eq. (32) ,79 = min {17

(/W) log (K/W) } A=1/9;

(e—1)KH

2 Initialize weights of the bandit arms s, (j) = 1,Vj =0,1,...,J;

3

4

5

10

11

for epoch i = 1,...,%d0
(4 _ si(4) 0 g
Update p;(j) «+ (1 WO)ZJJ,ZO G T A Vi=0,1,...
Draw an arm A; € [J] randomly according to the probabilities p;(0), . . .
ﬂ
Set the estimated budget B; + % ;

Observe the cumulative reward R; and utility G;.;
for arm j=0,1,...,J do

o
7pl(‘]) 5

Run a new instance of Algorithm 1 for W episodes with parameter value B < B;, b= B}*CK a-l,

o [(GENIGag WHO KN pG) G < Wy -
R;(y) = \ N . ) ; // normalization
(Bi + Go/ KNI joa /WH(L+1/KNpi() i Gi > W)
sit1 < si(j) exp(yoRi(5)/(J + 1));
after selecting the arm B;, then one can set K/w

Ri(B;) = if G;(B;
{R( )=0 if Gi(B;) < Wp o)

Ri(B;) = Ry(B;) if Gy(B;) > Wp.

Even though it is intuitive, it is not sufficient as it does not
distinguish between small and large violation. Thus, we
consider the following bandit reward function

Rl(Bz) = G}((éz) ifGi(B;) <Wp
) . a1
R;(B;) = R;(B;) + zKAZ if G;(B;) > Wp.

If G;(B;) < Wp, then choosing the arm B; may lead
to violating the constraint, hence, we penalize such arm.
On the other hand, if G;(B;) > Wp, the arm may lead
to a feasible policy. We thus consider the reward as
Ri(B;) + Gi(B;)/K?, ie., the reward is dominated by
the accumulated reward. However, the accumulated utility
is also considered (albeit with a weight 1/ K M. Note that
since A > 0, the weight factor is small as the main focus
is to maximize the reward when the constraint is satisfied.
Later, we show that how we select A to balance the regret
and the violation. Hence, the weight factor is critical in
obtaining sub-linear regret and zero violation.

Next we present a lemma to show the upper bound of the
bandit algorithm using our designing of the bandit reward
function (31). The proofs can be found in the supplementary
materials (Section D).

Lemma 2. Let R;(B;)(G;(B;)) be the cumulative re-
ward(utility) collected in epoch i by any learning algo-
rithm after running for W episodes with the estimate value
B; chosen using the Exp3 bandit algorithm. If we have

E[Gi(B)] > W p then we can obtain

K/W
E | Y (Ri(B) - Ri(By))| =O(HVKW + HK'™)

i=1

E | Y Gi(B) - Gi(B))| =O(HK*VKW).

Note that the above lemma bounds (29). Further, it also
bounds the utilities for the choice of B and B; which will
be useful to obtain violation.

Next, we will formally define the set 7. Subsequently, we
will present the results of using “bandit over bandit” with
our designing bandit reward function on the Algorithm 1 for
the tabular setting. Then we will discuss how to apply it to
the linear function approximation setting. We define set J
as

K1/3 Kl/?’W% K3 W
\-7 = b 9 > ) (32)
AS/QW AS/QW A3/2W

as the candidate value for B and we can see that || =
log(W) + 1 = J + 1, where A = (“7“5;;”1’)2 Af-
ter an estimated budget B; for each epoch i is selected.
Then we run a new instance of Algorithm 1 for consecu-
tive W = K¢ episodes. Each epoch contains W B§ / K ¢
frames. We remark here that when using the Algorithm 1
we need a local budget information, but under assumption
K'=*B° < B, we can simply choose b = B} °K*~!
with an estimated B;. The following Theorem states that the
Algorithm 2 achieves a sublinear regret and zero constraint
violation without the knowledge of the total variation budget
B. Detailed proofs are deferred to supplementary materials
(Section F).

Theorem 2. Algorithm 2 achieves the following regret
and constraint violation bounds with no prior knowl-
edge of the total variation budget B when K =
Q ((W/BAEEER0) and K > b

R(K) = O(H*S? A2 B3 K%/%)  V(K)=0
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7 LINEAR CMDPs

In this section, we consider linear CMDP which can poten-
tially model infinite state space. In particular, we consider
reward, utility, and transition probability can be modeled
as linear in known feature space Ghosh et al. (2022). The
formal definition is given below

Definition 1. The CMDP is a linear MDP with feature map
¢ : S x A— RY, iffor any h and k, there exists d unknown
signed measures [y, p, = {u}%h, . 7,u%h} over S such that
any (z,a,2') € S x A X S,

Pk,h(xl|xaa) = <¢(xva)a,u'k,h(x/)> (33)

and there exists (unknown) vectors Oy, . p, O, g n € R¢ such
that for any (xz,a) € S x A,

rkvh(x’ a) :<¢(CE, (1), 9k,r,h>,
gk, a) =(p(x,a), Ok g,n)

Without loss of generality, we assume ||¢p(x,a)|l2 < 1,
max{]| i, ll2 |k, l2. [10k,g.0l |2} < V.

We adapt the stationary version of the linear CMDP in the
non-stationary setup by considering time-varying iy, 5, and
05,51 It extends the non-stationary unconstrained linear
MDP Zhou et al. (2020) to the constrained case. We remark
that despite being linear, Py, ;,(-|x, @) can still have infinite
degrees of freedom since py (-) is unknown. Note that
Ding et al. (2021); Ding and Lavaei (2022) studied another
related concept known as linear kernel MDP. In general,
linear MDP and linear kernel MDPs are two different classes
of MDP Zhou et al. (2021).

Similar to budget variations in the tabular case, we define
the total (global) variations on py,, and 0y, ; , for j =r, g
and the total variations as

K H
B; ZZ Z |0k.5,n — Ok—1.4,n

|27 (34)
k=2 h=1
K H
By =Y " likn — pr—rallr, (35)
k=2 h=1

and B = B, + B, + B, is the global budget variation.

Algorithm: Ghosh et al. (2022) proposed an algorithm for
the stationary setup. It is a primal-dual adaptation of the
unconstrained version Ding and Lavaei (2022) . However,
there are some key differences with respect to the uncon-
strained case. For example, instead of greedy policy with
respect to the combined state-action value function one
needs the soft-max policy. We adapt the algorithm in the
non-stationary case (Algorithm 3 in the supplementary ma-
terials G). In particular, we employ the restart strategy to
adapt to the non-stationary environment. We divide the total
episodes K in K/D frames where each frame consists of

D episodes. We employ the algorithm proposed in Ghosh
et al. (2022) at each frame. Note that such type of restart
strategy is already proposed for the unconstrained version
as well (Zhou et al., 2020). However, the algorithm for
the constrained linear MDP differs from the unconstrained
version, thus, the analysis also differs.

Tabular v.s. Linear Approximation: We remark that al-
though linear CMDPs include tabular CMDPs as a special
case (Jin et al., 2018). Directly applying the algorithm to a
tabular CMDP will result in higher memory and computa-
tional complexity than Nonstationary Triple-Q.

We now flesh out Algorithm 3 for the tabular case which
will clarify the memory and computational requirement. We
can revert back to the tabular case by setting ¢(s,a) = es 4
where e, is a d-dimensional (here d = |S||.A|) vector
where e, , = 1 for state-action pair (s, a) and zero for other
values of state and action. The w,.j, vector update becomes
as the following

wf,h(ﬂﬁ,a)
1 n; (x,a)
:W Z (rn(ah, af) + Vi1 (h40))
W\ by =

where n¥ (z, a) is the number of times the state-action pair
(z,a) has been encountered at step h till episode k. The
Q% , update will be

Q'Irc‘,h(x7 CL) =

min{<wf,h(mva)’ (;5(1‘, a)> + ﬁ\/ 1/(”2(3370') + )‘)7 H}

In a similar manner, we can update Q’;’ - Note that we need
to update this table for every state-action pair at each step
and use all the samples generated so far. Using this, one can
update V%, , and V, using the soft-max policy.

We further remark that if we maintain nf(z,a,%) to be
the number of times the state-action-next state (x, a, Z) has
been encountered at step h till episode k. Then

v
(nj;(z,a) + )

) <n]fl($c, a)ry(z,a) + Zni(m, a,i)‘/,,’fhﬂ(fc)) .

wy (2, 0) =

In this case, we do not need to go through all samples at
each iteration and do not even need to store the old sam-
ples. The memory complexity of maintaining the counts
{nn(z,a,)} is O (H|S|*|A|), which is higher than the
memory complexity and computational complexity of non-
stationary Triple-Q, which are O (H|S||.A|) , but matches
model-based algorithms for tabular settings.
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7.1 Main Results

Theorem 3. With D = B~'/2d'/2KY2H~1/2, Algorithm
3 achieves the following regret and constraint violation
bounds:

R(K) = 0(1%51(3/41{9/%5/431/%)

V(K) = 2(1; &) o(r3/ A H A B

where 1 = log(2log(|.A|)dT /p), and & = 2H /4.

Our algorithm provides a regret guarantee of
O(dP/*K3/*H9/*B/4) and the same order on viola-
tion. ¢ arises since we truncate the dual variable at £ in
Algorithm 3. Note that regret and violation only scale with
d rather than the cardinality of the state space.

Compared to Ding and Lavaei (2022), which also considers
linear function approximation (however, it considers linear
kernel CMDP rather linear CMDP), we improve their result
by a factor of H . We also improve the dependence on B
and d. Further, we do not need to know the total variations in
the optimal solution (B,), unlike in Ding and Lavaei (2022).
The algorithm proposed in Ding and Lavaei (2022) is a
model-based policy-based algorithm; ours is a model-free
value-based algorithm. Thus, our algorithm enjoys an easy
implementation and improved computation efficiency since
it does not estimate the next step expected value function
as in Ding and Lavaei (2022), which requires an integration
oracle to compute a d-dimensional integration at every step.

Zero Violation: Similar to the tabular setup, we obtain zero
violation by considering a tighter optimization problem. In
particular, if we consider e-tighter constraint where € =

min{2(12_£)O(d5/4Bl/4H9/4K3/4)/K, d/2}, the viola-

4(1 ~
tion is 0. Thus, if K/4 > (55)0(&/431/4119/4),
we could obtain zero violation while maintaining the same
order of regret with respect to K.

Remark 1. Our algorithm 3 doesn’t require the information
of the local budget. In the unconstrained version Zhou et al.
(2020) achieves O(T?/3) regret if local budget variation is
known. We can also achieve O(T?/®) regret and O(T?/3)
violation if we assume local budget variation is known.

7.2  Without knowing the variation budget

Our idea of designing the “bandit over bandit” algorithm
can still be applied to the linear CMDPs, We propose an
algorithm (see Algorithm 4 in supplementary materials),
which can achieve the following result. Details proofs can
be found in supplementary materials (Section H).

Theorem 4. Let D = B~'/24V2KYV2H-12 W = VK,

Algorithm 4 achieves the following regret and constraint

violation bounds:

R(K) — 0(1%5[(7/8}[9/4615/431/4&)

V(K) = 2(12' £) 0(1 ‘(’S' 6K7/8H9/4d5/431/4b)
We can further achieve zero constraint viola-
. . .31 +§) ~
tion by choosing € = min{—>0((1 +
1/6)d5/4BY/AHYAK1=¢/4)/K,§/2}, when K% >
6(1;‘ £) O(d5/4 B4 H/4).

We also provide an approach based on convex optimization
to further reduce the order from O(K7/8) to O(K3/4), for
both regret and violation see Section I in the supplementary
materials for details.

8 SIMULATION

We compare Algorithm 1 with two baseline algorithms: an
algorithm (Mao et al., 2020) for non-stationary MDPs, and
an algorithm (Wei et al., 2022b) for stationary constrained
MDPs for a grid-world environment. From the simulation
results, we observe that our Algorithm 1 can quickly learn a
well-performed policy while satisfying the safety constraint
even when the MDP varies, while other methods all fail
to satisfy the constraints. All the details can be found in
supplementary materials (Section J).

9 CONCLUSION

We have studied model-free reinforcement learning algo-
rithms in non-stationary episodic CMDPs. In particular, we
consider two settings — one is computationally less inten-
sive for the tabular setting, and another one is computation-
ally more intensive but can be applied to a more general
linear approximation setup. We have further presented a
general framework for applying any algorithms with zero
constraint violation to a more practical scenario where the
total variation budget is unknown. Whether we can tighten
the bounds for model-free algorithms remains an important
future research direction. Whether we can design an ap-
proach for using any learning algorithms for CMDPs in a
non-stationary environment without the knowledge of the
budget also constitutes a future research direction.
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A NOTATION TABLE

The notations used throughout this paper are summarized in Table 2.

Table 2: Notation Table

Notation Definition
K total number of episodes
S number of states
A number of actions
H length of each episode
B total variation budget
W number of episodes in one epoch.
D number of episodes in one frame.
B; arm selected by the bandit algorithm.
y learning rate
R;(B;)(Gi(By)) reward/utility collected at the epoch 7 under selected estimate value B;

Qi,n(z,a)(Crp

x,a))

estimated reward (utility) Q-function at step A in episode %k

7,0))

reward (utility) Q-function at step h in episode k& under policy 7.

(
Qfn(z,a)(CF 4 (
(
(

Vien () (Wi p () estimated reward (utility) value-function at step h in episode k
Vit (@) (Wi, (2)) reward (utility) value-function at step & in episode & under policy 7
Fkﬁh(x,a) Fkﬁ(x,a) = Qk,h(x,a) + TkC;g,h(x,a).
Uk,n(x) Ur,n(2) = Vin(@) + SE Wi n(@).
0 (2, a)(grn(x,a)) | reward (utility) of (state, action) pair (x, a) at step h in episode k
Nin(z,a) number of visits to (z, a) when at step A in episode & (not including k)
Zy; dual estimation (virtual queue) in episode k.
Qi The optimal solution to the LP (12) in episode &
W optimal solution to the tightened LP (18) in episode &
s optimal policy in episode k
0 Slater’s constant.
d dimension of the feature vector.
by the UCB bonus for given ¢
I(-) indicator function
Py.n transition kernel at step h in episode k
Prp empirical transition kernel at step h in episode k
B., By, B, variation budget for reward, utility, and transition
B B B variation budget for reward, utility, and transition in frame T
¢(z,a) feature map for the linear MDP

Ok rhs Ok, g, ke,

underlying parameters for the linear MDP

B AUXILIARY LEMMAS

In this section, we state several lemmas that used in our analysis. The first lemma establishes some key properties of the
learning rates used in Non-stationary Triple-Q. The proof closely follows the proof of Lemma 4.1 in Jin et al. (2018).

Lemma 3. Recall that the learning rate used in Triple-Q is o

The following properties hold for ;. :

= i—ii, and
¢ ‘ ¢
V= H(l—aj) and o) = o H (1—qy). (36)
i=1 j=it1
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(@) @ =0fort>1,a2 =1fort=0.

(b) Y ol =1fort>1,3"_ ai =0fort=0.

(Xt

1 2
() 7w < Yo 700 < v
(d) Etiiaizl—l—iforeverinl.

(e) 22:1(04)2 < i‘(—iifor everyt > 1.
U

Proof. The proof of (a) and (b) are straightforward by using the definition of o}. The proof of (d) is the same as that in Jin
et al. (2018).

(c): We next prove (c) by induction.
. t ai’ - al . 1

Fort=1,wehave ) . | ke = \/xlﬁ = ==

Now suppose that (c) holds for ¢ — 1 for ¢t > 2, i.e.

so (c¢) holds for ¢ = 1.

2
\/)H-T Z¢x+z—1 VX+i—1

From the relationship o = (1 — az)ai_; fori =1,2,...,¢t — 1, we have

(07

t
i S S y
S Vxtio Vxtt — VX T

~

Now we apply the induction assumption. To prove the lower bound in (c), we have

t—1 i

i+(1_a)z ! > 843 1_at > Qi +1—Oét > 1
VX1 Ve Xt N AR T I R e AR T R e
To prove the upper bound in (c), we have
t—1 i
«@ o 2(1 — « +1 2(t —1
t +(liat)z Ut Q + ( t) _ X + ( ) :
X+t —xt+i TV Ht o i1 (kv +Ht o (xH)yx HE- 1
o l—x-2t n 2(t—1) n 2
(x+O)Vx+t (x+O)x+t—1 x+t
—x -1 2 2
< + < . 37
(X FOVXFE—T1 X+ Xt 7)
(e) According to its definition, we have
, x+1 ( 1 i+1 tl)
oy = . oo
it x \i+l4xit+24+x  t+x
1 i i+ 1 t—1 1
:X+ ' 'z 'z—}— §X+~ (38)
t+x t+xt+1+x t—-1+x X+t

Therefore, we have

.
because ), _, o) = 1. O
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Lemma 4. Forany (x,a,h, k) € S x A x [H] x [K], we have the following bounds on Qy, j,(z,a) and Cy p(z,a) :

0 < Qun(w,a) < H?(Vi + 2b)
0< C’kh(a:,a) < H2(\ﬂ—‘r 26)

Proof. We first consider the last step of an episode, i.e. h = H. Recall that V}, z711(x) = 0 for any k and z by its definition
and Qo.g = H < H(y/t + 2b). Suppose Qs g (z,a) < H(y/t+ 2b) for any ¥’ < k — 1 and any (x, a). Then,

Qust(@,0) = (1= ) Quy,ta (2,) + a1 (s (@, ) + by + 2HD) (39)

- H - -
< max {H\ﬂ + 20H,1+ T\ﬂ + 2Hb} < H+/\ + 2bH, (40)

where t = Ny, g (z,a) is the number of visits to state-action pair (z, a) when in step H by episode k (but not include
episode k) and k; is the index of the episode of the most recent visit. Therefore, the upper bound holds for h = H. Note
that Qo = H < H(H — h + 1)(y/z + 2b). Now suppose the upper bound holds for  + 1, and also holds for k' < k — 1.
Consider step h in episode & :

Qun(z,a) =1 — o) Qu, n(x,a) + ¢ (Tk,h(ﬁ% a) + Vi, ht1(Th, ht1) + e + QEH) ,

where t = Ny j,(z, a) is the number of visits to state-action pair (z,a) when in step h by episode k (but not include
episode k) and k, is the index of the episode of the most recent visit. We also note that Vi, ;41 (z) < max, Qg p+1(z, a) <
H(H — h)(y/t + 2b). Therefore, we obtain

Qun(z,a) gmax{H(H —h41)(Ve+2b),1+ H(H — h)(\/t + 2b) + HT‘ﬂ + QEH}

<H(H —h+1)(v/i + 2b).
Therefore, we can conclude that Qy, ; (, a) < H?(1/t+2b) for any k, h and (z, a). The proof for Cy, 1, (z, a) is identical. [J
Lemma 5. Consider any frame T, any episode k. Let t=Ny, ,(x, a) be the number of visits to (x, a) at step h before episode

k in the current frame and let k1, . . . , ki < k be the indices of these episodes. Under any policy 7, with probability at least
1-— %, the following inequalities hold simultaneously for all (z,a,h, k) € S x A x [H] x [K],

t
o _ 1 [H2(x+1)
;at{(]P’ki,h—Pki,h)vk,h—i-l}(x’a) SZ (x+1t)
t
o 1 [H2u(x+1)
U (P, — P, )W } ya)| <~
St P Wi} )] <y [P

Proof. Without loss of generality, we consider 7' = 1. Fix any (z,a,h) € S x A x H, a fixed episode k, and any
n € [K*/B¢), define

n

X(n) =" ab - Tgeery { Bron = Pron) Vil | (2,0):
i=1

Let F; be the o —algebra generated by all the random variables until step h in episode k;. Then
E[X (n+1)|Fa] = X(n) +E |02 L, <0y { Brrrn = Pros ) Vi | (@,0)| 5| = X(0),
which shows that X (n) is a martingale. We also have for 1 < m < n,

X (m) — X(m - 1)| < a?

{(ﬁnkmh - Pkm,h)Vﬁhﬂ} (z, a)‘ <al'H
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Let k; = K + 1 if it is taken for fewer than 7 times, and let o = \/8 log (\/ 2SAH K) >7_,(ai H)2. Then by applying

(
the Azuma-Hoeffding inequality, we have with probability at least 1 — 2 exp ( ) > 11— sorpmmgre A2 TR

., . L . 1 [H%(x+1)
< 7 2 < 2 )2 <
| X (7)] 8log (\/QSAHK) E (ol H) 16H igl(aT) 1 ,

i=1

Because this inequality holds for any 7 € [K], it also holds for 7 = ¢ = Nj ,(z,a) < K. Applying the union bound,
we obtain that with probability at least 1 — m the following inequality holds simultaneously for all (z, a, h, k) €
Sx Ax[H] x [K],:

H2%(x+1)

1
< =
4\ (x+1)

t
> {(]f”ki,h - Pki,h)kahH} (z,a)

i=1

Following a similar analysis, we also have that with probability at least 1 — m the following inequality holds
simultaneously for all (x,a,h, k) € S x A x [H] x [K],:

t

> o {(I@’ki,h - Pki,h)WﬁhH} (z,a)

i=1

Therefore applying a union bound on the two events we finish proving the lemma.

O
C PROOFS OF THE TECHNICAL LEMMAS
Lemma 6. For any frame T, any x,a,h and any (T — 1)K*/B° < k1 < ko < TK%/B*¢, we have
|Q;crl,h(x7 a) - Q;ch,h($7 a)| < HB
|CF, n(,a) = CF, jy(x,a)| < Hb
Proof. First define Bj,, By, B}, to be the variation of reward, utility functions and transitions at step h within frame 7".
TK®/B®
B; = Z sup |rgn(x, a) — riy1n(z, a)l 41)
k=(T—1)K*/Be+1 ©¢
TK®/B®
By = > sup [ge,n (%, @) — grv1,n(2, @) (42)
k=(T—1)K*/Be+1 ©¢
TK®/B®
By = > sup [|P,n(-[x, a) = Pria,n (|2, @) (43)

k=(T—1)K*/Be+1 ©¢

We will prove the following statement by induction.

H H
|QF, n(@.a) = QF, p(w.a) < Y B +H ) _ B,
h'=h h'=h

For step H, the statement holds because for any (z, a),

’
|Qk,,1(2:0) = Q1 (2, @) =y, 1 (2, @) = 14y, 1 (2, 0)]
ka—1

<> Ire(,a) = regm (@) < By
k=Fk1
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Now suppose the statement holds for h + 1, then

QZl,h,(fv, a)— QZ;,h(xa a)
:Pkl,th";th(x, a) — PkQ,thT;/7h+1(x7 a) + i, n (2, a) — Ty n (2, a)
<Pr, wVi o (2,0) = sz,hv,s;’ i (,0) + B}
—Z]P’kl, 2’|z, a) Vil paq (2 ZP@ Z'|r,a Vk2 ht1(z') + By,

_Z]th 2|z, a le h+1(30 Th1 (@ Zpkz o'|z,a Qk2 h+1($ m'hi1(2")) + By

According to the hypothesis on i 4 1, we have

Qzl,h+1($/777h+l(l‘/)) Qk2 1 (@, 7 (2 Z By, + H Z By, (44)
=h+1 =h+1

Therefore

QF, (2, 0) = QF, 1 (w,a)
< (Pr, (@2, 0) = Pry i (2/|7,0)) QF, pa (2, maia (2)) + Z By, +H Z By,
x/

h'=h h'=h+1
H H
<|[Pr, n(l2,a) = Py n(le,a)lh - H+ Y Bp+H Y B,
h'=h h'=h+1
H H
<BIH+ Y By +H Y B
h'=h h/=h+1
< Z By, +H Z B,
h/_ h/_

where the last inequality comes from the assumption on b. The same analysis can be applied to ICF, n(xa) = CF, 4 (x,a)l.
We finish the proof by using the fact that Zg:h By, +H Zgzh B, < Hb. O

Lemma 7. With probability at least 1 — %, the following inequality holds simultaneously for all (z,a,h, k) € S x A X
[H] x [K] :
{Fin = Fp} (@,0) 20, (45)

Let T be a joint policy such that T is the optimal policy for the e-tight problem at episode k, whose reward (utility) Q value
functions at step h are denoted by QS K, h( ) Then we can further obtain

K % €% Klfoz H2Bc
2 S i i | < LTI

The function F' will be defined in Eq.(47).

Proof. Consider frame 7" and episodes in frame 7. Define Z = Z, (T—1)K/Be+1 because the value of the virtual queue does
not change during each frame. We further define/recall the following notations:

Z A
Fin(z,0) = Qen(r,a) + =Crn(z,a), Upn(x) = Vin(x) + =Win(z)
n n (47)

s s Z s us U Z U
Fip(z,a) = Qf (v, a) + ﬁck,h(% a), Upn(x)=Vi(z)+ EWk,h(z)'
From the updating rule of () functions, we first know that

{Qren — QFp (@ a) =a{Qr—1)ko/Bet1,n — QF )}z, )
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t

+ 3 af (Ve = Vi Hanrs) + LR, = Pra) Vil Ha @) + by + 2Hb) - 48)

i=1
Then we have with probability at least 1 — 5
{Frn = Fp} (2, a)
=aj {Fir-1yke/pesrn = Fip} (@, a)
t . _ . i 7 -
+ Z ap ({Ukins1 = Ul pgr § (@noner) + {8 — Prp) ULz a) + ( 1+ ” (bi +2Hb)
i=1

t

—a { ity /messn = Fin (0,0) + 3 af ({0BF, = Pron) Ul })

=1
to A _
Y a ({Uki,hﬂ U} @hgess) & (P — Pen)Ulpes} (@,a) + (1 ; n) (bi+ 2Hb>)
>(a)a(t) {Fir—1yko/Bet1,n — Fﬁh} (z,a)

t
. 7 ~
Y a ({Uki,hﬂ U} @hgess) & L — Pen)Ulpes} (@,a) + (1 ; n) (bi+ Hb))

t
. Z\ -
200} {Fir-viee/pesin = Fin} (@) + 3 o <{Ukuh+1 — Uiy} (@roht1) + (1 + 77) Hb)
i=1
t

=of {Fir—1yke/pesin — Fin} (a) + > o {Uk w1 = UL i1} (@rong1)
i=1

t
A Tr 7 )
* Z o {Ukixhﬂ - Uk,h+1} (Thy ht1) + (1 + 77) Hb

i=1

t
=)o) {Fir—1)ke/Bes1,n — Fip} (z,0) + Z oy (ngx Fy; n1(Th; ha1,a) = Fi pgr (Thg nvs W(zki,h+1)))
=1

t
i ™ T Z ~
* Zat {U’%hﬂ o Uk,hﬂ} (Thsht1) + (1 + 77) Hb

i=1

t
> {Fr—vyxepesin — Fip} (w,0) + ) af (mgx Fiey b1 (Thes pt15@) = F, pgr (kg n1, W(xki,hﬂ)))
i=1

7
fZat| 1+ VHD| + (1 + n)Hb
t .
>ay {F(T—l)K“/B”H,h - Fl?h} (z,a) + Zafs {Fki,hﬂ - Fl:;,h+1} (T bt 1 T (T ht1)) s (49)

=1

where inequality (a) holds because that

t t k—1
> @i {Prn = Prn)Vinia} (@a)| = DY ab {Pin = Pjprn) Vg } (z,0)| < bH,
i=1 =1 j=k;

and the same analysis can be applied to ’27;:1 al {(]P’ki’h — Pkyh)Wl?,thl} (x, a)‘ . The inequality (b) is true due to the
concentration result in Lemma 5 and

t
H?, 1 Z | H?,
ZatlJr Z (x+1) 77+ (x + )
— X+t 4n X+t
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Equality (c) holds because our algorithm selects the action that maximizes Fy, p+1(Zk; h+1,a) SO Uk, py1 (Th; ht1) =
max, Fi; n+1(%k, h+1,a), and inequality (c) is obtained by using Lemma 6 and the property (d) of the learning rate.

The inequality above suggests that we can prove { Fy. , — FY}, }(x, a) for any (z,a) if (i)

{For—vykeypes1n — FLp} (@,a) >0,
i.e. the result holds at the beginning of the frame and (ii)
{Frn1— FLpa} (x,0) >0 forany K <k
and (x, a), i.e. the result holds for step  + 1 in all the episodes in the same frame.
It is straightforward to see that (i) holds because all reward and cost Q-functions are set to H at the beginning of each frame.
We now prove condition (ii) using induction, and consider the first frame, i.e. 7" = 1. The proof is identical for other frames.
Consider h = H i.e. the last step. In this case, inequality (49) becomes

A
{Fott — Fl Y (@,a) > of {H + g FH} (2.0) > 0, (50)

i.e. condition (ii) holds for any k in the first frame and h = H. By applying induction on h, we conclude that
{Fk)h—F,:)h}(x,a) ZO (51)

holds for any k, h, and (x, a), which completes the proof of (45). Since Eq. (45) can only be applied to a single policy, in
order to have a bound on Y1 3 { (F,ET - Fk,1> qz*i} (k,1,a), we first need to substitute [, with Fy'} in Eq. (45),
and use a union bound over all the episodes, which means with probability at least 1 — % that F, 1 — F, ;T >0.Let&
denote such event that Fy, , — F’; > 0 holds for all k, h and (z, a). Then we conclude that

2 [S 3 {(rt5 - )it )]
k=1 a
=k f:z { (F;T - Fk@) qz*i} (Tk1,a) S] Pr(&)+E EK: Z { (Flji - Fk,1) ql?;} (h,1,0) 501 Pr(&°)
i k=1 a
gKH<1+K1_aBCH>I;2§ (n+K;‘I:)HzBC. )
O

Lemma 8. Under our algorithm, we have for any T € [K1~ . B¢,

TK*/B°
E > e -op ) @)
| k=(T—1)K*/Be+1
2(H3\/t + 2H3bD) K™ N \/H4SALKO‘(X +1) 2K“H?b
Bey Be Be

<H?SA+

TK*/B®
E Z {Om - C’;f’“l} (@15 ak,1)
| k=(T—1)K*/B°+1
2(H3\/t + 2H3D) K™ N \/H4SALKO‘(X +1) 2K“H?b
BCX Be Be :

<H?SA+

Proof. We prove this lemma for the first frame such that 1 < k < k“/B¢. By using the update rule recursively, we have

t
Qrn(r,a) <adH + Z ol (rki,h(xv a) + Vi, b1 (&g, ng1) + bs + 2Hb) , (53)
im1
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where o = [['_,(1 — ;) and o} = o [

i1 =it (1 — o). From the inequality above, we further obtain

K“/B° K“/B” K®/B® Ni, p(z,a)

Z Qk h x, CL Z Oé?H—l— Z Z Osz N (Tk h(x a) + Vki,h-&-l(xki,h-&-l) +b; + 2H5) . 54)

We simplify our notation in this proof and use the following notations:

(k)

Nih = Niw(Th,hy ar,n), = ki(zk,h, ar,n),

where k;k’h) is the index of the episode in which the agent visits state-action pair (x, p, ax, 5 ) for the ith time. Since in a
given sample path, (k, i) can uniquely determine (x5, ax,n), this notation introduces no ambiguity. We note that

K°/B® Ny K®/B°
S D e (o) € 2 Veanlomnen) 3 el < (14 1) Chntoanen)
k=1 =1 o k=1 t=Nk,n X

(55)
Then we obtain
KO(/BC
> Qen(@hn arn)
k=1
K®/B° | KosBe K“/BCNkh
< Y H+(1+ ;) > (rrn(@rn, akn) + Vi1 (@rpg)) Z Z dly, b + Kb/ B
k=1 k=1 i=
K°/B* 2 27
2(H*y/v +2H“b)K“
< Y (ren(@hn ann) + Vinar (@ena) + HSA+ ( \[BC )
k=1 X
1 -
+ 5\/HQSALKQ(X +1)/B¢ +2K*Hb/B°,
where the last inequality holds because (i) we have
KQ/BC
> ol H= ZH]I{NM 0y < HSA,
k=1
(i) Vk7h+1(x;€,h+1) < (Hg\ﬂ—‘r I;),rk,h(xhh,ahh) < 1, and (iii) we know that
= g . W X-H = X-‘rNkh
Nga/pe n(z,a) NKa/Bc n(z,a)
H2u(x + x+1)
5 E— < H2SALK*(x+1)/Be,
SO WEETENE S \/ Niezncieay
H2(x )

where the last inequality above holds because the left hand side of (1) is the summation of K'® /B¢ terms and is

x+n
a decreasing function of n.

Therefore, it is maximized when Na /e, = K®/B°S A for all 2, a. Thus we can obtain

Ke /B¢
Z Qb (Th by Okn) — Z Qrt (Tk by arn)
k=1 %

K*/Be
Z (Vk,h+1($k,h+1) = Pr Vb1 (T ns ak,h)) + HSA+
k=1

2(H>\/t + 2H?b) K™
Bey

2K*Hb
Bc

+VH2SAK*(x +1)/B¢ +
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K*/B°
< Z (Vk,h+1($k,h+1) =P Vit (@ ns ak,n) + Vg (@ p41) — VkT’“H(SUk,hH))
=1
2(H? 2H2b) K™ -
L Hsa 4 2V - K JIPSAR (X + 1)/ B + 2K° Hb) B°
X
K*/B°
= Z (Vk,h+1($k,h+1)) = Vi @ens1) = PenViTh o (T,ns ak,n) + Pk,thTZJrl(xk,h,ak,h))
=1
2(H? 2H2b) K -
G+ Hsa 4 2V - K JIPSAR (X + 1)/ B + 2K° Hb) B°
X
K*/B°
= Z (Qk,h+1($k,h+1, ko ht1) = Q)1 (@hont 15 @k n1) — PaVilg oy (Thn, akn) + Pk,thTjZ+1<$k,h7ak,h)
=1
2(H? 2H2b) K
s g 2V 2H7)
Bey

+VH2SAUK*(x + 1)/B¢ + 2K“Hb/B°.
Taking the expectation on both sides yields

_K(X/BC

E| > Qealminarn) = Y Qb (Thn, arn)

| k=1 o

_K(X/BC

<E| Y (Qk,h+1(xk,h+17ak,h+1)_Qchh+1(33k,h+17ak,h+1)>
k=1

2(H?\/t + 2H?b)K©
Bex

+ HSA+ +VH2SAK*(x + 1)/B¢ + 2K“Hb/B°.

Then by using the inequality repeatably, we obtain for any h € [H],

Ke/Be
E Z (Qk,h(xk,m ar,n) — Qi (Th,n, ak,h))
k=1
2(H3\/t+ 2H3b) K
Bey

<H?SA+ +VHASAUK*(x +1)/B¢ + 2K*H?b/ B°.

We finish the proof.

Lemma 9. Given € < §, we have

* * €,% €,% He
E lz {Qk,IQk,l - Qk,ﬂm} (xm,a)] <5

a

Proof. Given gj, ;,(, a) is the optimal solution for episode &, we have

Z qz,h(x7a)gk,h(xa a) > p-

h,x,a

Under Assumption 1, we know that there exists a feasible solution {qilh(z, a)} | such that

3 g (2, )gen(z.a) = p+ 6.

h,x,a
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We construct qifh(x, a)=(1-3)g;p(z,a)+ gqglh(x a), which satisfies that

> af (@ agen(ea) = Y (1= )i ule.a) + 505, (@,0)) grnlw,a) = p+e,

h,x,a h,z,a
E qkhma E Py pn— 1zl a)qkh 1(33 a'),
h,x,a z’,a’
E qkhma
h,x,a

Also we have qk > (x,a) > 0 forall (h,z,a). Thus {qk L (z,a) 1, is a feasible solution to the e-tightened optimization
problem (18). Then given {q;’} (,a)}f_, is the optimal solution to the e-tightened optimization problem, we have

> (din(@.0) = 4 (@.0)) ren(,a)

h,z,a

< (qzh(l’va) _q%h(waa)) Tk,h(xva)

<> (aa@a = (1-5) ginle.a) - Saf(00) ren(e,a)

h,x,a
* € .
< (‘Jk,h(x, a) — (1 — S> Qk,h,(m, a)) Tk,h(% a)
h,x,a
H
<3 dineariatna) < 5

h,z,a

where the last inequality holds because 0 < rk,h(x, a) < 1 under our assumption. Therefore the result follows because

ZQZ,l(ﬂck,ha)qZ,l(fﬂk,ha) =Y dinle a)ren(z,a)

h,x,a
Zlexkh )lemkh quhﬂﬁaﬁch(xa)
h,x,a
O
Lemma 10. Assume € < 6. The expected Lyapunov drift satisfies
E[Lri1 — Lr|Z7 = 2]
Be TK®
S%a Z (ﬁE lz {Qk,lfﬁ’*} (Tk,1,0) = Q1 (Tk1, k1) | Z1 = Z]
k=(T—1)Ko+1 a
+2E | S {(Ci = Cra) 4t } (o, @)| 20 = 2 ) +2H" + 4H D+ €. (56)
Proof. Assume € < §. The expected Lyapunov drift satisfies
E[Lri1 — Lr|Z7 = 2]
Be TK®
S%a Z (ﬁE lz {Qk,lfﬁ’*} (Tk,1,0) = Q1 (Th1, k1) | Z1 = Z]
k=(T—1)Ko+1 a
+2E | S {(Cf — Cra) 4t} (ann.@)| 2 = ) +2H" + 4H D+ €. (57)
Based on the definition of Ly = %Z%, the Lyapunov drift is
2
CrB® ( P)
LT+1—LT§ZT(P+€— IZQQ >+ 5
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CrB° ~
<Zr <p+e— IT(Q ) +2H* 4 4H"b + €2
7. .Be (T+1)K* /B¢
= IY;a Z <P+€—Ck,1(9€k,1,ak,1)> +2H* + 4H*b + €2

k=TKe/Be+1

where the first inequality is because the upper bound on |Cy, 1 (.1, ax.1)| is H2(y/t + 2b) from Lemma 4. Let {a5 1 11y
be a feasible solution to the tightened LP (18) at episode k. Then the expected Lyapunov drift conditioned on Z7 = z is

E[Lri1 — Ly|Zr = 2]

TK®/B¢
BC

SKQ Z (E [Z (P +e—Cralrpa, ak,1)) — Q1 (T, ak,l)‘ Zr = Z} +nE [Qm(xk,l, ak,l)‘ Zr = ZD
k=(T—1)K*+1

+2HY 4+ 4H*b + €2 (58)
Now we focus on the term inside the summation and obtain that

(E [Z (p +e—Cralzra, ak,l)) — Q1 (k1 ak,l)‘ Zr = Z} +nE [Qk,1($k,1, ak,l)‘ Zr = ZD

N ~
n <Z {nck,lqlng + Qk,1Q;i,1} (%,1,@))

<zp+e)—E Zp =z| +nkE [Qk,l(xk,laak,l)‘ Zr = Z}

=K |z (P +e— Zék,l(xhlaa)ql;l(xk,l; a)) Zr = Z]
—E anQk,l(xk,la a)gs, 1 (wk,1,a) = Q1 (wk 1, ax1) | Zr = Z]
=E |z (P t+e— ZCIE,I(mk,ha)qz,l(xk,la a)) Zr = Z}
a

-k [nz@k,l(xk,lv a)qy, 1 (@k,1,0) = nQra (T, ak1)| Zr = 2| + E

2 {(Ch — Crais | (e @)

ZT:Z]

<—nE Zr=z| +E

> Qual(@r, ) (wr1, ) — Qo (Th1, ak)
a

2> {(Ch ~ Culaia f (era.a)

ZTZ],

where inequality (a) holds because ayj, is chosen to maximize Qkyh(xk’h, a) + Z—TITCA’k’h(;vk,h, a). and the last equality
holds due to that {qf, ,, (,a)};_, is a feasible solution to the optimization problem (18), so

<p+6—ZCi,l(wk,ha)qi,l(wk,l,a)> = [p+e=D_ grnlz,a)gip(w,a) | <O.
a h,z,a

Therefore, we can conclude the lemma by substituting gj, ;, (, a) with the optimal solution ¢, (2, a). O

Lemma 11. Assuming ¢ < 37 we have for any 1 <'T < Kl-o.pe

E[Zr] <

100(H*e + b2H?) log <16(H2\ﬁ + 5H2)> | AH?BC | AHPBC | An(VH? 4 2H2D) 59)

5 5 Ko noke T 5

The proof will also use the following lemma from (Neely, 2016).

Lemma 12. Let S; be the state of a Markov chain, L; be a Lyapunov function with Ly = ly, and its drift Ay = Lyy1 — Ly.
Given the constant § and v with 0 < § < v, suppose that the expected drift E[A;|S; = s satisfies the following conditions:

(1) There exists constant v > 0 and 6; > 0 such that B[A;|S; = s] < —v when L; > 0,.
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(2) |Lity1 — Lt| < v holds with probability one.
Then we have
26r(v+6't)

Yy
_ y
where r = T E O

E[erLt] S erlo +

?

Proof of Lemma 11. We apply Lemma 12 to a new Lyapunov function:
ET = ZT.
To verify condition (1) in Lemma 12, consider

4Ty (VHP 4 2HD) + HA 4 @ 4 2H4?)
)

Ly =277 >0r=

and 2e < . The conditional expected drift of
E[Zry1 — Zr|Zr = 2]
—E | \/23,, - V2

1
2z

ZT:Z:|

< —E[Z},, —2°| Zr =]

5 A(UEEUOHES | (VHR 4 2H2) + HY+ @ 2H )
_|_

z

5 A(CHE OB | (JHR 4 2H) + HY o+ @ 4 20

2 or

5

where inequality («) is obtained according to Lemma 13; and the last inequality holds given z > 0.

To verify condition (2) in Lemma 12, we have
Zrir — Zp < |Zryr — Zr| < |p+ e~ Cr| < (H + H*Vi + 2bH?) + € < 2(H*\/t + bH?),
where the last inequality holds because 2¢ < § < 1.

Now choose v = ¢ and v = 2(vV H% + bH?). From Lemma 12, we obtain

) r(v+01)
E [e”ZT] < e 4 67, where 1 = 7

_ 60
7y v2 +vy/3 (60)

By Jensen’s inequality, we have
e’I“]E[ZT] S E [6TZT] )

which implies that
1
E[Zr] < ~log (1 +
T

602 + 2u7y (v4+07)
+ 37’726 T

2er(v+9T) )

A
Sl= 3= 3=

H
)
0]

7 N
—

log

8v2
(v+67)
1“!‘@@7.” T)

2

32
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2
11U e,,,(v+0T))

4RI 4 (VHZ 4 2HD) + HA 4 € + 2H)
+
5

H4 + b2H? 16(H? bH? -
:96( t+b )log<6( \{;4_() )>+2(H2\ﬁ—|—bH2)

4]

4(7("%1;;)1{236 +n(VH?2 + 2H?b) + H* + € + 2H*D?)
+ 5
100(H*, + b2 H? 16(H?2 bH? 4H2B¢ 4H2B¢ 4n(vVH2, + 2H?b
< 00(H*t + )log 6(H?\/t +bH?) n n n n( L+ ), 1)
5 5 Ko oK 5

which completes the proof of Lemma 11.
Lemma 13. Given § > 2¢, under our algorithmsl, the conditional expected drift is

(n+ K'=)H?B*

K +n(VH2 4 2H?b) + H*. + € + 2H*D? (62)

)
E [LT+1 — LT|ZT = Z] < 752’ —+

Proof. Recall that Ly = %Z%, and the virtual queue is updated by using

CrBe\ "
ZT+1(ZT+p+€ [j;a ) .
From inequality (58), we have
E [LT+1 — LT|ZT = Z]
Be TK®/B®
< > E[Zr (p+ €= Cra(zr, a,1)) — nQr1(Th,1, ak,1)

SKa

k=(T—1)K</Be+1
+nQk1(xk 1, a61)| 2 = 2] + HY + 2H* D + €2

TK*/B®
Zr (p +e€— Z {CkJQITcr,l} (Tk,15 a))

BC
< fa > E
k=(T—1)K®/Be+1 a

Y AQraai 1} (@ 1,0) + Qi (Th1, ak1)| Z1 = Z}
a

+ 2+ H* + 2H*H?
TK®/B®

BC
2 S ®

k=(T—1)/BeK+1

Zr (p +€— Z {C’glqg’l} (mk,lv CL))

1Y AQk1f1 Haw1,a) + 1Qu 1 (w1, ak1)| Zr = Z]

TK®/B®

BC
+ %a > E

k=(T—1)K®/Be+1

Zr Y {CE a5} (wr,a) = Z0 Y {Cradia )} (wk,0)|Zr = 2
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TK®/B°
BC

+ e Z E nZ{QZ’lqgﬁl}(xkﬁl,a) —nZ{Qgﬁlqg,l}(xkﬁl,aﬂZT =z| + H* + 2 4+ 2HY?
k=(T—1)K*/Be+1 a a
5 Be TK®/B°
<@ — 7% + Ko Z E 772 {(F['y — Fr)ara ) (ze,a) + 1Qka(Tk1, an1)| Zr = 2
k=(T—1)K*/Be+1 a

+ H* + é + 2H**
6 (7]+K17Q)H2BC

St K +g(VHL+ 2H%) + HY + ¢ + 205,

Inequality (a) holds because of our algorithm. Inequality (b) holds because -, {Qg71q271} (k,1,a) is non-negative, and
under Slater’s condition, we can find policy 7 such that

4]

e+p—E |3 O, o)y (wn1,0)| = p+e—E | 3 e, 0)gin(z,a)| < —0+e< 2.

h,z,a
Finally, inequality (c) is obtained due to the fact that Q1 (2,1, ak,1) is bounded by using Lemma 4, and the fact that
TK®/B®
E Z Z{(F,?’lka.,l)q,f’l}(xk’l,a) Zr =z

k=(T—-1)K®/Bc+1 a

can be bounded as (52) (note that the overestimation result and the concentration result in frame 7" hold regardless of the
value of Zr). O

D Proof of Lemma 2

Lemma 14. Let

(G ={ I =W (©3)
I Velyl g ifG; > Wp
1) = { P (64)

Let R;(B;)(Gi(B;)) be the cumulative reward(utility) collected in epoch i by the given algorithm with the estimate value
B; chosen using Exp3 Algorithm. Let B be the optimal candidate from [J that leads to the lowest regret while achieving
zero constraint violation. Then we have

K/W

E | Y (Ri(B) - Ri(By))| =O(HVKW + HK'™?)

K/W
E | Y Gi(B)-Gi(B)| =O(HE*VKW)

Proof. Apply the regret bound of the Exp3 algorithm, we have

K/W A A K/W
E Z (fr(Ri(B)) + f4(Gi(B)) — Z (fr(Ri(Bi)) + f4(Gi(Bi)) (65)

<2Ve—IWH(1 +1/K*)\/(K/W)(J + 1)In(J + 1) = O(HVEW), (66)
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Recall that E[Wp — G;(B)] < 0. Then it is easy to obtain

K/W R K/W .
E Z (Ri(B) — Ri(Bi))| <E [Z (fr(Ri(B)) — fr(Ri(Bi))) (67)
K/W
<2Ve —TWH (1 +1/KNV(K/W)(J+ )In(J + 1) +E | Y (f4(Gi(B:)) = f4(Gi(B))) (68)
<2e —IWH( + 1/KMNE/W) (T + )In(J + 1) + ‘f{lj . % 69)
=O(HVKW + HK'™?), (70)

where the last inequality due to the fact that the term E {ZK/ e f4(Gi(B )))} is always non-positive. Furthermore, we

have
K/W KE/W oy
> GilB) - Gi(B)| =KE | 3 GZ(B)KAG ) (71)
K/W R
=K*E | Y f4(Gi(B)) — f4(Gi(By)) (72)
i=1
K/W
A (meH(l + 1/KMV(K/W)(J 4+ 1) In(J +1) +E [Z (fr(Ri(By)) — f-(Ri(B))) ) (73)
i=1
<K (we “IWH(L 4+ /KN /W(J + 1) In(J + 1)) (74)
—O(HKMEW), (75)

where the last inequality is true because the second term is always non-positive. The reason is that when E[G;(B;)] > Wp,
E[f.(Ri(B;))] < E[f.(R;(B))] because E[f,(R;(B))] = E[R;(B)] is the largest return, and when E[G;(B;)] < Wp, we
have E[f,(R:(B;))] = 0. O

E DETAILS PROOF OF THEOREM 1

E.1 Dynamic Regret
Recall that the regret can be decoupled as

Regret

Mw

- ) + (76)

< Q1.1 QZ’ZQZ?} (Tg,1, a))
Lk=1

rK
B>
Lk=1

[ K
B> {Qe - o} mk,l,ak,l)l. (78)

Lk=1

+ an

R

Z {Q7"a7"} (z1,0) — Qk,1($k,17ak,1)>

Firstly, in lemma 6 we show that the first term can be bounded by comparing the original LP associated with the tightened
LP such that

(76) < (79)

KHe
5
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By using Lemma 8, we can show that:

2(H>/t + 2H*D) K

(78) < H>SAK'~°B° + + H*SALK?=(x + 1)B° 4+ 2bH*K

For the last term 77, we first add and subtract additional terms to obtain

E < { Z*lqzyi} (,1,0a) — Qk71($k,1,ak71)>]
=E Z Z <{ g C,i q;’j} (@p,1,0a) — {Qk,lq,i’j + anC’kquZ’j} (zr.1, a)) (80)
+E Z(Z{leqkl} (xk1,0) — Qra(Tr1,a81) ) +E ZZkZ{(Okl )qkl}(xk’l’a)] )

1)

We can see (80) is the difference of two combined () functions. In Lemma 7 we show that {th + %C;@ﬁ} (z,a) is an

overestimate of { Z’; + %C,EZ} (z,a) (i.e. (80) < 0) with high probability. To bound (81), we use the Lyapunov-drift

method and consider Lyapunov function Ly = %Z%, where T is the frame index and Zr is the value of the virtual queue at
the beginning of the 7'th frame. We show that in Lemma 10 that the Lyapunov-drift satisfies

. (T+1)K*/B°
E[Lrs1 — L7] < anegative drift + 2H* + 4H*5? + ¢ — Z(—a Yo e, (82)
k=TKo/Be+1

where

¢, =E +E

%5 { (0 - i) i o]

a

<Z {Qk,lq;j} (h,1,0) — Q1 (Tk,1, ak,1)>

a

So we can bound (81) by applying the telescoping sum over the K '~ frames on the inequality above:

< ) (83)

apc _ w 4 472 2 4 472 2
(81):Z<I>k§K BYE[Ly — Lici-oya]  KQH'+4H' + ) KQ2H' +AH' + &)
U U U

where the last inequality holds because L; = 0 and L7 > 0 for all 7. Now combining Lemma 7 and inequality (83), we
conclude that

K(2H* + 4AH*D? + ¢2) N (n+ K'=*)H?B°

(77) <
7 ni
— 5
Further combining inequality above we can obtain for K > (M) ,
2(H® 2HD) K .
Regret(K) < SAK'=>DB° + (A7 + ) + VHASAUK?2=(x + 1) B¢ + 20H?K

K(2H* +4H*? + ¢?)  (n+ K'~*)H2?B¢
- + :
n nk

We conclude that under our choices of ¢+ = 128log(v2SAHK), e = 87W and a = 0.6,n = K%B%,X =
K3,c=2,and K'~*B° < B,
Regret(K) = O(H*S? A*B5 K
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E.2 Constraint Violation

Again, we use Zr to denote the value of virtual-Queue in frame 7'. According to the virtual-Queue update, we have

CrBe\ " CrB°

Zri= |2 - > 7 - —

T+1 (T+p+€ Ko ) 4T +pte Ko

which implies that
TK*/B° TR /B
crh < K” Z Z C Cik b (
Z —Cph(@e1,a,1) +p) < ﬁ( 41— Z7) + Z k1 — Cpht (@r1,ak1) —€).

k=(T—1)K*/Be+1 k=(T—-1)Ke/Be+1

Summing the inequality above over all frames and taking expectation on both sides, we obtain the following upper bound on
the constraint violation:

K
- K
E lzp = Ceh (e, ak,l)‘| S —Ket oo E[Zgi-apeq] +E
k=1

K
> {Cm - Cx?f“i} (Tr,1, ak,l)] : (84)
k=1

where we used the fact Z; = 0.

In Lemma 8, we established an upper bound on the estimation error of C}, ; :

E

K
Z {Cr1 — CT*} (g1, ak,1)]

k=1

2(H3\/i + 2H*D) K

<H?SAK'"B°+ + HYSALK?=2(x + 1)B¢ + 2bH?K. (85)

In Lemma 11, based on a Lyapunov drift analysis of this moment generating function and Jensen’s inequality, we establish
the following upper bound on Z that holds forany 1 < 7 < K'=*B¢ 41

100(H*: + b2 H? 16(H? bH? AH?B® 4H?B¢  4n(vVH?u+ 2H?D
57y <MOUHY 4 BHY) (1602 D)) . L WOVET )
§ 1) Ké noKe 1)
— 5
Substituting the results from Lemmas 8 and (86) into (84), under assumption K > (M) , which guarantees
e < g Then by using the choice that € = 87@4}1;{5_5’6”/3’ we can easily verify that

100(H* + BPH?)KS  16(H?\/t +bH?)  4(H?\/i + 2H?b)

0.8 08 pi
5523 log 5 SBL/3 K"® —5VSAHS3K"°Bs.

Violation(K) <

If further we have K > e%, we can obtain

100(H* + V2 H2)K%6  16(H? H?2b
Violation(K) < W0 L VIO o WUV HD) s amoskospt = o

F PROOF OF THEOREM 2

Let B be the optimal candidate value in J that leads to the lowest regret while achieving zero constraint violation. Let
R;(B;) be the expected cumulative reward received in epoch i with the estimated budget B;. Then the regret can be
decomposed into:

Regret(K) =E
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The first term is the regret of using the optimal candidate B from 7; the second term is the difference between using B and
B; which is selected by Exp3 algorithm. Applying the analysis of the Exp3 algorithm, we know that by using Lemma 2 for
any choice of B, the second term is upper bounded:

K/W K/W

E|{ Y Ri(B)- ) RiB)||<OHVEW+HK'™).

For the first term, according to the regret bound analysis of Algorithm 1, we have that

K K/W

E Y | W) Z Ri(B)|| <0 (H4séA%K10-2€ (B)é>. (87)
k=1

We need to consider whether B is covered in the range of J to further obtain the bound of (87). First we assume that

9
K=0Q ((40 vSMgﬁﬁB”S ) ) which implies B < & AT /2W Then we need to consider the following two cases:

* The first case is that B is covered in the range of 7. Note that two consecutive values in J only differ from each other
by a factor of W 7 , then there exists a value Be J such that B < B < W1/J B. Therefore we can bound the RHS of
(87) by

1 1
0 (H4séAéK10~2< (B) 3) <0 (H‘*séAéKlW (Bw/7) 3)
<O (H'stabpig!—0%),
where the last step comes from the fact W1// = W1/(InW+1) < ¢

* The second case is that B is not covered in the range of 7, i.e., B < The optimal candidate in J is the

A3/2W

smallest such that one B = then we can bound the RHS of (87) by

A3/2W’

O HASz Az K1-0-%¢ (B)% <6 [ b ab g1-02¢ K13\ 3
- A3/2T)

- 1
10/9-0.2¢
<0 (HK C/S)

For the constraint violation, according to Lemma 2 we have

r K/W
E > p—Cit(araann)| =E | Y (Wp—Gi(B;))
Lk=1 i=1
(K /W A K/W
—E | > (Wo-Gu(B))| +E Z(G Gi(By))
=1

. . /TAT6.331/3
For the first term, according to Theorem 1, by selecting € as e = 20VSAHZIE 7 we have

F0.2C
K/w A 4, | 72772\ 10.6¢ 2 27 .
Z (Wp— Gi(B)) =< 100(H L;;Z/f L log 16(H \/E‘LH b _ 13VSAHS3K=0% B3, (88)
i=1

For the second term, we are able to obtain an upper bound by using Lemma 2

K/W
E| 3 (Gi(B) ~ Gi(B))| < 12K H\/KW+¢(J + 1)In(J +1) (89)

i=1
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By balancing the terms O (K1 ~9-2¢), O(K*t(1+0)/2) and K1~ the best selection are { = 5/9 and A = 1/9. Therefore
we further obtain when K > e%,
100(H* + BPH?)K'/3  16(H?\/i + H?D)

Violation(K) < SB2s log 5 —VSAHSBK8/9B3 < 0. (90)

We finish the proof of Theorem 2.

Algorithm 3: Model Free Primal-Dual Algorithm for Linear Function Approximation for Non-stationary Setting
log(J A K
2(0+E+ H)’

Initialization: Y, =0, w;, =0, a =

D= 371/2H71/2d1/2K1/2.
for frames £ =1,...,K/D do
for episodes k =1,...,D do
Receive the initial state 2%.
forsteph=H, H—1,...,1do
Ak — Yl ol af)p(ah, af)T + AL
why < (A)” [0S o ap)lrn(ag, af) + Vi, ()] s

= ¢/VKH?, 3 =dH\/log(2log |A|dT/p),

wh ), (AN TSR] 6], af)lgn (2], af) + hH(wu

E () e min{(wh,, 6(, ) + B(o( )T (A £ 16(, )12, HY -

k() = minf(w gh,asu )+ B(O(, )T (Af) 1o, ) /2 HY 5
exp(al(@QF (-, a) + Y@k (-

) S epalQF, ) < gk )
Vi) =X, mhw(al)Qr (- a) ;
n() = Camnk(al)Q (- a)
for step h=1,...,H do
Compute Q7 , (z},a), Q% ), (x}, a), (alzy) forall a;
Take action ay ~ 7, 4 (+|z)) and observe =} | ;
Yit+1 = max{min{Y} + n(p — V;‘jl(xl)),f}, 0}

G DETAILS PROOF OF THEOREM 3

Notations: We describe the specific notations we have used in this section. With slight abuse of notations, in this section,
we denote V7, , as the value function at step & for policy 7 at episode k. We denote Vi g, as the utility value function at
step h of eplsode k. We denote Qf ; ., j = r, g as the state-action value function at step j for policy 7.

Throughout this section, we denote Qva e QF o.h wf s wg7 1y AF as the Q-value and the parameter values estimated at the
episode k. V]kh() = (mnk(-]-), fh(~, )Y A. k(-] z) is the soft-max policy based on the composite ()-function at the k-th

episode as QF , + Y. Q% ;. To simplify the presentation, we denote ¢ = ¢(z}, ajy).

G.1 Outline of Proof of Theorem 3

Step 1: The key to prove both the dynamic regret and violation is to show the following
Lemma 15. ForanyY € [0,&],

=

T U 1 n
(V@) = ViR @) +Y 3 (o= Vi, (@) < 5 Y2 4+ S HPK+
k=1

M 11

(VE s + YV s (@0)) = (VE (01) + ViV (o) +

b
I
—

T
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i ( Vi 1(1’1)) +Y (ng,l(xl) - Vk’f;l(:m)> 1)

k=1 k=1

Note that when Y = 0, we recover the dynamic regret. The proof is in Appendix G.2.

Step-2: In order to bound 77, and 72, we use the following result
Lemma 16. With probability 1 — 2p,

T, < H*(1+42/6)BD*?Vd +
To < (14 Y)(O(VHAdBK22/D) + VdD**BH?) (92)

K Hlog(|A)
a

The proof is in Appendix G.3.
Step-3: The final result is obtained by combining all the pieces.
Proof of Theorem 3:

Note from Lemma 15 we have

K

- - - Y?2 nKH?
Z(Vk,];,l(xl) - Vk,i,l(‘rl)) +Y(p— Vk,§71($1)) 2 + B)
k=1

+Th+ T2

From Lemma 16, we obtain

K 2

v T e Y 77KH2
Dk (@) = Vi (1)) + Y (p = Vi 4 (11)) < P
k=1

HK log(]A])
a

+ H3(1+2/8)BD**Vd+ (1+Y)(O(H*d* K22 /D) + VdD*? BH?) 93)

Since n = ¢ o = log(| AN K

YT Sy L O D =B 12H-1/24"/2K'/2 we obtain

K
D (V@) = ViIE (@) + Y (0= ViTE (1)) < EVEH?

k=1
+ H2(1 4 €+ H) + HY*(1 + 2/8) BYAK3/*d°/* + (Y + 1)(O(H*d>/A K34 BY4.2) 4 HY/ 4P/ K3/%)  (94)

Since the above expression is true for any Y € [0, ], thus, plugging Y = 0, we obtain
Regret(K) < O(HY*d>*K3/4BY*2) + O((1 + 1/0)HYAd>/ A K3/4 B1/*)

For the constraint violation bound, we use Lemma 27. Note that £ > 2 maxy, uk’*. Thus, we replace Y = £ in (94). Thus,
from (94) and Lemma 27, we obtain

K
2(1 .
Z(P*Vkﬁ%l(iﬁ)) < ( +£) (O(H9/4d5/4K3/4B1/4L2)+0(H5/4d5/4Kd/4B1/4)) (95)
k=1
Hence, the result follows. O

G.2 Proof of Lemma 15

We first state and prove the following result which is similar to the one proved in Ghosh et al. (2022).
Lemma 17. ForY € [0,¢],

K

Y2 nH2K
ZYYka())2+2 (96)
k=1
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Proof.

Yig1 = YI? = [Projo.g (Y + n(p — V)1 (21))) — Projio.¢ (Y)|?
< (Ve +n(p—Vy(21)) = Y)?
< (Vi = Y)? +0°H? + 20Yi(p — V', (21)) o7

Summing over k, we obtain

K
0< Y —YP <V =YP+2p) (p— Vi (2)(Ye - Y) + )’ H’K
k=1
K
Y —Y|? H?’K
SV = Vi) (p— vk())g'l2 '+’72 (98)
k=1 K
Since Y; = 0, we have the result. O
Now, we prove Lemma 15.
Proof. Note that
K
Y (o= Vi (@) =D (Y = Yi)(p = V(@) + Yalp = Vi) + Y (Vi (1) = VT (1))
k=1 k
1 n K
< 5V G HPK 43 (Yip = VeV () + Y (Vs (o0) = Vi ()
k=1
1 n X
< 2—Y2 2H2K + Z ViV E (1) = YAVE (1)) + S Y (VE (1) = Vi (2)
k=1 k=1

where the first inequality follows from Lemma 17, and the second inequality follows from the fact that Vl:él(acl) >p
Hence, the result simply follows from the above inequality. U

G.3 Proof of Lemma 16

We now move on to bound 77 and 7. First, we state and prove Lemmas 18, 19, 20, 21,22, and 23.
Lemma 18. There exists a constant Cy such that for any fixed p € (0, 1), if we let E be the event that

k=1
| Z ¢;‘,h[vj],€h+1<332+1) - ]P)k,th]?thl(aj;—w ap)] H(A’,;)—l < CadH\/x (99)

T=1
Sorall j € {r,g}, x =log[2(C1 + 1) log(|.A|)dT/p), for some constant Cs, then Pr(E) = 1 — 2p.

This result is similar to the concentration lemma, which is crucial in controlling the fluctuations in least-squares value
iteration as done in Jin et al. (2020). The proof relies on the uniform concentration lemma similar to Jin et al. (2020).
However, there is an additional log(|.A|) in x. This arises due to the fact that the policy (Algorithm 3) is soft-max unlike the
greedy policy in Jin et al. (2020). Ghosh et al. (2022) shows that greedy policy is unable to prove the uniform concentration
lemma. The proof is similar to Lemma 8 in Ghosh et al. (2022), thus, we remove it.

Now, we introduce some notations which we use throughout this paper.

For any k € £,i.e., any episode k£ within the frame £, we define the variation as the following

kK H £ H
= Z Z 10+ j.n — Or—1,nll, BS = Z Z 107,5,n — Or—1,5.nll

=2 h=1 =2 h=1
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koH £ H
Bye = ZZ e = tir—10ll, BE = ZZ |[pr,n —

T7=2h=1 T=2h=1

These are local budget variation. Note that || =

Now, we are bound the difference between our estimated Q?) ;, and Qg) i Using the Lemma 18, we show the following
Lemma 19. There exists an absolute constant 8 = C1dH /1, « = log(log(|.A|)2dT /p), and for any fixed policy w, on the
event F defined in Lemma 18, we have

($(x,a), w5 )) — Qf (@, a) =Pen (V] — Vi ni1)(@,a) + Af(z,a) + +B5VdD + HB5VdD (100)

for some A (x,a) that satisfies |A¥ (z,a)| < [3\/¢(z,a)T(Afl)*1¢(x, a), forany k € €.

Proof. We only prove for j = r, the proof for j = g is similar.
Note that QF .., (z,a) = (¢(z,a),w] ) = 1,02, a) + Pr VT, 0 (2, 0).

Hence, we have

k -1
Wy — WE g = Z rlrn +V, h+1(xh+1ﬂ — Wk . p,

S

—1
—)\(A’Z)_l(wg,r,h) + (AR rlren(af,ap) + VE 1 — Tea(Th, an) = Pe Vil pi] (101)

T=1

In the above expression, the second term of the right hand-side can be written as

k—1
- Z Ohlren(@h,ap) + Vi1 — ren(z], af) — P n Vi 1]
T=1
k—1 k—1
N dnlren(@h ah) + Vi = ren(q, af) = PeaVila ]+ (AT on eV — PenVip]
=1 =1
k—1 k—
! Z Onlren(zy, ap,) — rin(@y, ap)] Z rh+1 T r,th’?hH]
=1 =1
k—1 k—1
+ AR PV = PeaVE] + (AT GhPrn Vi1 — Pen Vil g (102)
T7=1 T=1
By plugging in the above in (101) we obtain
wf,h - wl:,r,h
k—1 k—1
= —A(AR) M (wE ) - Z Oh[ren(@h,ap) — ren(@q, ap)]+ (AR) 7D VE = PraVi ]
q1 i —
q2 q3
k—1 k—1
+(Ap) [PT,th’?hJ,-l - Pk,thl,cthﬂ (AT oRPenVE 1 — P Vi nyal (103)
T=1 T=1
q4 q5
For the first term,
[{b(z,a), a1)] < o(a, @) (A}) ™ Mofl oy < (Wil wllllé(z, )l () (104)

For the second term we have

k—1
¢(w,a)" (AR) Y Oplren(ah, af) — ren(aq, af)]

T=1
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k—1

< ¢(z,a)T(AR) Y SRllORI167,mn — Ol
T=1

k—1 k—1
< o(x,a)" (M) D SRNGRII D Os.rn — Ostr,mnl]
T=1 S=T

< vadqus(x:a)H(Aﬁ)*l

The last inequality follows from Lemma C.4 in Jin et al. (2020). Since ||¢(z, a)|[(zx)-1 < y/1/A and D > k. We have

{o(x,a),q2)| < BEVAD

Similarly, we can bound

k—1
d(w,a)" (AR Or[Prn Vs — PraVibii] < HBEVAE]|6(x, a)|(ar)

T=1

Again since D > k, and |\¢(x,a)||(A;Z)_1 < +/1/A, we have

|(¢(x,a),qs)| < HByVdD

From Lemma, the fourth term can be bounded as

[(¢(x,a), q4)| < CdH /X

For the fifth term, note that

k—1
(d(x,a),q5) = (8w, a), (AR) ' D ShIPA(VEi1 = Villensa) (27, ap)])
T=1
k—1
= (¢(z,a), (A}) ¢E(¢2)T/(foh+1 = Vil n) (@) dpage ()
=1

= <¢(I7a)7/(v;"]?h+l - VkTr,hH)(I/)dﬂk,h(I/» - <¢($aa)7)\(/\ﬁ)71 /(Vrl,ch-&-l - th+1)($/)dﬂk,h($/)>

The last term in (109) can be bounded as the following

(6, ) AAE ™ [ (Vs = V)@ i (5)] £ 2V 0, @) (M) oz, )
since || f(Vr’fth1 = V) (@) dprn ()2 < 2H/d as || 1.1 (S)|| < V/d. The first term in (109) is equal to
Pk,h(vrlfhﬂ - fohﬂ)(% a)
Note that (¢(z, a), wy),) — QF .., (%, a) = (¢(x,a), wy), — wf,. ) = ($(x,a),q1 + g2 + 43 + qa + ¢5), we have

(p(z,a), wfh> — Q% :Pk,h(vjl,ghﬂ = Vi) (@, @) + A} + BEVdD + HBS Vaw

where [AF] < B1/é(,0)T (M)~ 6(x, 0).

(105)

(106)

(107)

(108)

(109)

(110)

(111)

(112)

O

Using Lemma 19, we also bound the difference between the combined )-function (estimated) and the actual )-function.

Lemma 20. With probability 1 — 2p,

Qb+ YeQ% g ZQf,h + YkQ’;,h +Pen (Vi1 + YVl g i1 — V;]?h+1 - Yng]th)
+ BEVAD + Y, BEVdD + (1 + Y3,)HBSVdD

(113)
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Proof. From Lemma 19, we have
QF v < (0(x,0),wip) + Prg (Vi nin = Vi) + Bllé(w, a)|[y-1 + B VdD + HB;vVdD (114)

From the definition of Q? ,» We have

QR < P (Vi r — Vi) + Q. + BEVAD + HBSVdD (115)

Similarly,
YiQF gn < ViPron(Vilgner — Vin) + Y@l + YiBSVdD + Y  HB5VdD (116)
O

We now show that using the soft-max parameter «, one can bound the difference between the best estimated value function
and the one achieved using the soft-max policy.

< log|A|

Lemma 21. Then, V;F(z) — Vi¥(z)

(0%

where
Definition 2. V¥ (-) = max,[QF , (-, a) + YiQ" , (-, a)].

V,f() is the value function corresponds to the greedy-policy with respect to the composite ()-function.
Proof. Note that
Vi) = Y mni(ale)[QF (2, ) + YaQy (2, a)] (117)

where

exp(alQ; ), (z, a) + Y Qy ,(z, a)])

Thk(alz) = (118)
2o exp(a[Q ,(x,a) + Y3 Qg 4 (x, a)])
Denote a, = arg max,| ’j)h(x, a) + Yng)h(a:, a))
Now, recall from Definition 2 that V," () = [QF |, (x, a,) + Y4 Q% ), (¢, az)]. Then,
Vi (2) = Vi (2) = [QF a (@, az) + YaQy 4 (, az)]
= mnn(al2)[@F 4 (x, a) + ViQE (2, a))]
_ [ loa(X, exp(a(@ra(,a) + YiQg (2, )))
o «
>k (alz)[Q (2, 0) + Y2 Qg (z, 0)]
< log(|A|) (119)
o
where the last inequality follows from Proposition 1 in Pan et al. (2021). O

Using the above result, we bound the difference 7; (albeit for each episode).

Lemma 22. With probability 1 — 2p,

T

i T . HIO A
(VEE (a0) YV () — (Vo) + V(o) < TBUAD  (pevD 1 viBEVD + (14 v HBEVD)
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Proof. First, we prove for the step H.

Note that Q% ;4 = 0= Q7 ;.

Under the event in £ as described in Lemma 18 and from Lemma 19, we have for j = r, g,

(o(z,a), 0] g (@, a)) — QF p(z,0)| < ﬁ\/sb(w, a)T (Af)~1o(x, a) + Bf VdD + HB;VdD

Hence, for any (z, a),

QF g (z,a) < min{(¢(z,a), wa> + ﬁ\/d)(x, a)T(Ak)1p(z,a) + B]g\/diD + HBIf\/cE, H}
< Qb y(w,a) + B5VdD + HBSVdD (120)
Hence, from the definition of V¥,
Vi () = max[Qy r (z,0) + YiQq 5 (2, )]

> w(al2)[QF g (@, a) + YiQf y(, a)]

— (BEVAD + Y, BEVdD + (1 + Yi,) HB5VdD)

> Vi (x) — (BEVAD + Yy BEVdD + H(1 + Vi) BSVdD) (121)
for any policy 7. Thus, it also holds for 7}, the optimal policy. Hence, from Lemma 21, we have

T, Y I
ViR () — VE(2) < w + (BEVAD + Y, BEVAD + (1 + Yi,) HBEVAD)
Now, suppose that it is true till the step ~ + 1 and consider the step h.

Since, it is true till step h + 1, thus, for any policy 7,

_(H — 1) loa(JA)

7, Y
Pk,h(vh+1k - ‘/}f—&-l)('xv a)

«
+ (H = h)(BEVAW + Y, BEVAW + (14 Yi)HBSVAW) (122)

From Lemma 19 we have for any (z, a)

Qo (2.0) + YiQF 5 (.0) < QS () + Vi@l () + L1108

+ (H = h+1)(BEVdD + Yy BEdD + (1 + Y, )HBSVdD) (123)
Hence,
_ H—h)l
VR (2) < ViF(x) + w + (H — h+1)(BEVAW + Y, BEVAD + (1 + Y;,) HBEVdD)
Now, again from Lemma 21, we have Vh’“(m) — th (z) < M. Thus,
o

(H — h+1)log(|A]) L

Vi (@) = Vi) < .

(H — h+1)(BEVAD + Y, B5VdD + (1 + Y3)HB5VdD)  (124)

Now, since it is true for any policy 7, it will be true for 7;,. From the definition of V7™ Ye we have

(Vi (@) + V7 (@) — (Vi (o) + Vil (o) < =0 DIoslAD

+ (H — h+1)(BEVAD + Y, BEVdD + (1 + Y,) HBSVdD) (125)

Hence, the result follows by summing over K and considering i = 1. O
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We now focus on bounding 75. First, we introduce some notations.

Let

D;‘ih,l = <( kh(mha ) - Q;%(Z‘ha '))77Th,k('|xlii)> - ( kh(mha ah) Q;I;L(Hj‘];“ alfi))

Df,hz = Pk,h(Vj,hH thﬂ)(xhvalﬁ) - [Vj],ch-&-l - Vj,h+ﬂ($h+1) (126)

Lemma 23. On the event defined in E in Lemma 18, we have

H
Vi () = Vi < SO(DE,, + DE, ) +Z2N¢ JT(AR) 1 (ak, af)
h=1
H(B$VdD + HBSVdD) (127)

Proof. By Lemma 19, for any z, h, a, k

<wf,h(x,a)7¢>(x a) +ﬁ\/¢ (z,a)T(A¥)~1p(z,a) — Q7%
< Prn (Vs — Vi) (@.a) + 2B\/¢(x, a)T(Af)~¢(z,a) + H(BSVdD + HBSVdD)

7>

Thus,

Q5w a) = Q7 (z,a) < Prn(Viyyy — Vi) (@, a) + 2B\/¢(% a)T(A}) " ¢(z, a)

+ H(BEVdD + BEVdD + HBSVdD)

B (Vi = Vi o) (@,0) + 284/ $(e, a)T(AD) 1o, )+

BEVAD + HBSVAD — (Qf ,(x,a) — QY ,(2,a)) > 0 (128)
Since V]kh(x) = > .mhk(alx) jh(x a) and Vi, (x) = 3, mhk(alz)QrY,(z,a) where mpp(al) =

SOFT-MAXG, (QF ), + Y3.Q% ;) Va.
Thus, from (128),

k(o k k
Vin(ay) — Vkﬂjh xh Zﬂhk a|$h gh(xh’ a) — ij n(@h, @)

<Z7Thk (alzf)[ jh(xhv) Zf}h( sa)] + (BE\/i‘FHBE\/i)

+ 26\/¢(wi,ai)T(A’ﬁ)‘1¢(xﬁv ay) + Pk,h(vjl,gh—&-l - Vf,’{ﬂ)(a:',i,a’fb) —( fh(‘rhv aj) — QY. (@, ap))  (129)

Thus, from (129), we have

ngh(xi) -V (z7)) SD;‘C h1t DJ ha2 T [VJ h+1 ‘/}iri);+1](x]f3+1) + 25\/¢($2, ap)T(Af)~1o(xf, af)
+(Bf\/ +HB§\/ D) (130)

Hence, by iterating recursively, we have

H
V(2 fSZ Fha + Do) +Z2W¢wh7ah T(Af)~'(e},af) + H(BfVdD + HB;VdD) (131)

The result follows. O

Now, we are ready to prove Lemma 16.

Proof of Lemma 16
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Proof. First, from Lemma 22,

< Hlog(JAl)

(VZEJ(CUI) + YkVQﬁ,l(wl)) - (‘/;”Tl(wl) + Yngk,l(xl))

(e

+ H(BfVdD + Y, B VdD + (1 + Yy )HB5VdD) (132)
Note that Y, = 2H/§. Now, summing over k within frame £ we obtain

D
S (Vik (@) + YaVE (1)) — (VE (1) + YR Ve (1)) <
k=1
HDlog(|A|)

(0%

+ HVAd(BED? + 2H/6BED*? + (1 + 2H/6)H BS D*/?) (133)
Now, summing over the epochs £, we obtain

K/D D
S SO ) + YV (00)) — (VA (1) + VeV () < ZE1080AD
E=1 k=1
K/D
+ Y HVA(BEDY? +2H/5BSD*? + (1+ 2H/5)H B D*/?)
E=1
< HKlog(]A|)
(0%

(67

+ H*(1+2H/§)VdBD?/? (134)

where we have used the fact that Y. (B% + B4 + BS) = B, 4+ By + B, = B. This gives the bound for 7;. Now, we
bound 7.

From Lemma 23,

D D H D H
S (Vi) = ViE@) <D (DE, +DE )+ 25\/425(:65?,, af)T(AF) Lo (ay, af)
k=1 k=1h=1 k=1h=1
K/D D
+ > H(BSVAD + HBSVdD) (135)
E=1 k=1

We, now, bound the individual terms of the right-hand side in (135). First, we show that the first term corresponds to a
Martingale difference.

For any (k, h) € [€] x [H], we define F, ,’fﬁl as o-algebra generated by the state-action sequences, reward, and constraint
values, {(7, a])}(reln—1x () U {(@F, af) iern-

Similarly, we define the ]—'{12 as the o-algebra generated by {(z7, a])} (7. ep—1)x(a) U {(@F, af) bigi U {af (1}l is

a null state for any k € [K].

A filtration is a sequence of o-algebras {F, ,’fym}(k, h,m)€[€] x[H]x[2] in terms of time index
t(k, hym) = 2(k — VH +2(h — 1) +m (136)
which holds that ]-"}’f’m C ]-';’f,')m, forany ¢t < ¢'.
Note from the definitions in (126) that D¥, | € | and D, , € Ff . Thus, for any (k, h) € [K] x [H],
]E[Df,h,ﬂ}-;fq,z} =0, E[Df,h,ﬂ]:}]f,ﬂ =0 (137)
Notice that t(k,0,2) = t(k — 1, H,2) = 2(H — 1)k. Clearly, f(’fyz = ]-'fgzl for any k > 2. Let }'01’2 be empty. We define a
Martingale sequence

k—1 H m

h—1
Mjl'c,h,m = Z Z(D;u +D7;0) + Z(D;Czl + Df,m) + Z Df,h,l
i=1

T7=11i=1 =1
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_ 3 i (138)

(1,3, €[E] X [H] X [2],t(7,i,1)<t(k,h,m)

where t(k,h,m) = 2(k — 1)H + 2(h — 1) 4+ m is the time index. Clearly, this martingale is adopted to the filtration
{.7-',’f7m}(k7h,m)€[p]x[H]X[Q], and particularly

D H
DD (Dipa+Dipn) = Mg, (139)
k=1h=1

Thus, M fHQ is a Martingale difference satisfying | M7, 2| < 4H since |D ol | D¥ " 2| < 2H From the Azuma-Hoeffding
inequality, we have
2

Pr(Mj s > 5) < 2exp(— o7 rs) (140)
With probability 1 — p/2 at least for any j = r, g,
> My, < \/16DH?log(4/p) (141)
k h

Now, we bound the second term of the right-hand side of (135). Note that the minimum eigen value of Aﬁ isatleast A =1
for all (k, h) € [D] x [H]. By Lemma 26,

K [ k+1
det(A7T)
DT (AR ok < 2log | ———2 142
Z(¢h) ( h) (Z)h — Og det(A}) ( )
k=1 L g
Moreover, note that ||AFH|| = || S2F_, ¢k (¢%)T + AI|| < A + K, hence,
D _
A+ k
> (1) (A}) 7o} < 2dlog j} < 2du (143)
k=1 L
Now, by Cauchy-Schwartz inequality, we have
K
Z / Ak 1¢h<z /W Z ]1/2
k=1h=1 h=1 k=1
< HV2dD. (144)
Note that 3 = C1dH+/t. Hence, the second term is bounded by
O(VH*d3D.?) (145)
The third term of (135) is bounded by
D
> H(BSVdD + HB{VdD) = VdD**H(BS + HBY) (146)
Hence, summing (135) over the epochs we obtain
K/D D K/D K/D
Z > Vi (21)) < Y O(WH*dD:2) + > VdD¥?H(BS + HBY) (147)
E=1 k=1 £=1 £=1
Replacing > . By = Bj,and ) . B p = B,,, we obtain
K/D D
SNk Vit (x1)) < O(VH*PK?2/D) + VdD**BH? (148)
=1 k=1
Thus,
K
D VA @) = Vi @) + Y (Vi (o) = VTG (1) € 1+ Y)(O(HAEK?2/D) + VAD**BH?)  (149)
k=1

Hence, the result follows. O
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G.4 Supporting Results

Lemma 24. Under Definition 1, for any fixed policy m, let wi ;, be the corresponding weights such that QF, Jh =

(¢(x,a),w ; ), for j € {r, g}, then we have for all h € [H] and k € [K)]
llwk jull < 2HVA
Proof. From the linearity of the action-value function, we have
Q% jn(@a) = jrn(w,a) + P Vi7; (7, a)
= (0.a).050) + [ V() (0(.0) i (a')
= (¢(x, a), wi ; »)
where w ), = 0; 1 + [ V], (2")dpn(2').
Now, [|6; 4| < v/d. and || 5 V5,1 («')dpn(2)]| < HV/d. Thus, the result follows.

Lemma 25. For any (k, h), the weight w;ﬁh satisfies
||w} | < 2H/dk/\

Proof. For any vector v € R¢ we have

k—1
o Wiyl = [T (AR) Y oR (e, ap) Gnlahs an) + Y mner(aled )@ hia (@41, )
T=1 a

here 7y, 1, (+|x) is the Soft-max policy.

Note that QJ ni1(x,a) < H for any (z,a). Hence, from (153) we have

k-1
v wgh\<Z|U (A}) " '¢nl-2H

T=1

< ZvT Al)= ngﬂ ARY-1¢7 2H

Vi
VA

Note that |[w} , || = max,.j,||=1 [v"w} ,|. Hence, the result follows.

< 2H|[v||

The following result is shown in Abbasi-yadkori et al. (2011) and in Lemma D.2 in Jin et al. (2020).

Lemma 26. Let {¢;}1>0 be a sequence in R? satisfying sup>||¢¢]| < 1. For any t > 0, we define Ay =

Z;:o ?; qb;*-r(bj. Then if the smallest eigen value of Ao be at least 1, we have

det(AFT1)
lo
det A1

K k+1
det(A7T)
—1 < h
§ ¢h d)h 2lo l det(A}l)
k=1

We use the following result (Lemma J.10 in Ding and Lavaei (2022)).
Lemma 27. Let C* > 2maxy, pu**, then, if

K K
ST (1) = VI () + 203 (0p — VT (21)) <6

k=1 k=1

(150)

(151)

(152)

(153)

(154)

Ao +

(155)

(156)
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, then

K

26
D (e = Vi) < = (157)
k=1 o c

Algorithm 4: Model Free Primal-Dual Algorithm for Linear Function Approximation for Non-stationary Setting without
knowing the variation budget

1 Choose W = K1/2, 7 (defined in Eq. (158)), 7o = min {1 W} A=1/8;

2 Initialize weights of the bandit arms s, (j) = 1,Vj =0,1,...,J;

10

3 for epoch i = 1,...,‘/1‘5 do
(i _ 5:(j) )
4 Update p;(j) «+ (1 (5)2, (J)+J7+°1,V] 0,1,...,J;
5 Draw an arm A; € [J] randomly according to the probabilities p; (0), ..., p;(J) ;
A

6 Set the estimated budget B; « \/?AV“,/VT ;
7 Run a new instance of Algorithm 3 for W episodes with parameter value B < B;;
8 Observe the cumulative reward R; and utility G;.;
9 for arm j=0,1,...,J do

N (Gi/K)\)]{j:Ai}/(WH(l—i—l/K)\)pi(j)) ifG; < Wp . )

Ri(y) = N \ ] ) ; // normalization

(Ri + Gi/ K ) jmay /WH(1+ 1/K™)pi(§)) it Gy > Wp

i si+1 < si(j) exp(yoRi(7)/(J +1));

H DETAILS PROOF OF THEOREM THEOREM 4

Let W = K¢ and

s JVE VEWS VEWS  VEW ]| o (6(1+¢)
AWt AW T AW T AW [ _< &6

4
O((1+ 6)d5/4H9/4)) (158)

6(1 ~
where J = logW as the candidate sets for B in the linear CMDPs. Under assumption K'/8 > (5;5)0((1 +

1/6)d®/* BY/4 H9/4 we know the optimal budget B € 7. Let B be any candidate value in 7 that leads to the lowest regret
while achieving zero constraint violation. Let R;(B;) be the expected cumulative reward received in epoch i with the
estimated epoch length B. Then the regret can be decomposed into:

XK: (Vkﬂli (zh,1) — VkT,r’f (%1))]

k=1

Regret(K) =E

K/W K/W K/W

K
=E | V(@) ZR (B)| +E ZR ZRi(Bi)
k=1 =

The first term is the regret of using the candidate B from 7; the second term is the difference between using B and B;
which is selected by Exp3 algorithm. Applying the analysis of the Exp3 algorithm, we know that by using Lemma 2 for any
choice of B, the second term is upper bounded:

K/W K/W

E{{ Y R(B)- > Ri(Bi)|| <OHVEW+HK'™).
i=1 i
For the first term, according to the regret bound analysis of Algorithm 3, we have for the W episodes

E

w
Z (Vkﬂj (xkvl) — Rz(ﬁ))‘| < O <1 —g 9 1_TH9/4d5/431/4> . (159)

k=1
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We need to consider whether B is covered in the range of J to further obtain the bound of (159). We consider the following
two cases

* The first case is that optimal B is covered in the range of 7. Note that two consecutive values in J only differ from
each other by a factor of Wﬁ then there exists a value B € J such that B < B < W7 B. Therefore we can bound
the RHS of (159) by

9 (1? K15 g9/ g/ ]31/4) <1 0 p= 5 o/ ayy s 31/4)

<0 (1 ;F 5 {fH9/4d5/4eB1/4>

—O ( —(;—6K1—H9/4d5/4B1/4)

* The second case is that B is not covered in the range of 7 ,i.e., B < %, then the optimal candidate value in J is

%,we can bound the RHS of (159) by
%) <1 j;‘ 5K1—H9/4d5/431/4>

146 4 1¢ VK
< K T /4d5/4 1/4
<0 ( 0 (AW)

For the constraint violation, according to Lemma 2 we have

MK K/W
E Zp — C’,:”‘l(ajhl, ag1)| =E Z (Wp —Gi(By))
Lk=1 i=1
[x/wW K/W
=E| > (Wp G +E| > (Gt (Bi)>
i=1 =1
For the first term, according to Theorem 3, by selecting € = f ) (1 +1/8)d>/ABY*HY/AK1=¢/4) /K, we have
K/W
R 1 . R

3 (Wp - Gi(B)) <! 25)0((1 1/8) KIS AP B, (160)
=1

For the second term, we are able to obtain an upper bound by using Lemma 2

K/W
E| Y (Gi(B) ~ Gi(B))| < 12K H\/KW+¢(J + 1)In(J +1) (161)

i=1

By balancing the terms O(K1~¢/4), O(K*+(119/2) and K~ the best selection are ¢ = 1/2 and X\ = 1/8. Therefore we
further obtain

Violation(K) = 0. (162)
We finish the proof of Theorem 4.

I ANOTHER APPROACH FOR UNKNOWN BUDGET

We consider a primal-dual adaptation in the outer loop as well. In particular, after collecting R;(B;) and G;(B;) under the
selected epoch length B;, the bandit reward is R;(B;) +Y;G;(B;), where Y; = min{max{Y;_1+n(p—G;(B;)/W),0},&}.
Then line 10 in Algorithm 4 is replaced with

R;i(j) = (Ri(By) + YiGi(By))/(WH + EWH)
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Let W = d'/2H~1/2K'/? be the epoch length, and
g={Lwi oy,

where J = log W as the candidate sets for D in the linear CMDPs. We still use Exp-3 to choose an arm. From the Exp-3
analysis we know for any D'

Z(Rm(‘DT) + Yme(DT)) - (Rm(Dm) + Yme(Dm))

<2Ve—1WH(1+ f)\/(K/W)(J + D) In(J+1) = @(HgvKW), (163)
Now, from the dual domain analysis, we obtain a similar to (Lemma 15)
YW H’K
DY = ¥n)(Wp = Gn(D) < =5, =+ 5 (164)

m

We note that n = /&2W/(K H?), then the upper bound is £vV'W K H2. From the results analysis of the constraint violation
from Theorem 3, we have for the optimal choice of Dt from J

> (Wp—Gn(Dh)) <O(K\/d3H*/Dt + D'VdDTH*B). (165)

m
K

Z E(zp) ZR (D" <O(K+/d3H*/Dt + D'VdDtH?B). (166)

k

Hence, we have

<0 (K1 [d3H*/Dt¢ + DYWdDtH? B¢ + 5\/WKH2) (167)

where we use (164) (with Y = 0) for the first inequality, and (165) (where we use |Y;,,| < &) for the second term.
Hence, from (163)

Y (Rin(D") = R (D))

m

<O(HEVe —1WH(1+ )/ (K/W)(J + D)In(J + 1) + Y =¥ (Gm(D') = G (D))

<O (K\ [d3H4/Dt¢ + DIVdADTH?Bé + VWK H? + H§\/KW> (168)

Now, suppose that optimal D exists in the range, thus, DT < D < DIW1/J = eD?t. Hence, from D = B~Y/2W, and
(166) we have the regret bound of O((1 + 1/8) H/4d>/* BY/4K3/%).

If D is not covered —if D < 1, then B~Y/24Y/2~1/2K1/2 < 1, thus, B > O(K) which will make the regret and violation
bound vacuous. Thus, we consider D > W. Hence, B~Y/24Y/2H~1/2K1/2 > ql/2g-1/2K1/2 thus, we have B < 1.
Hence, the optimal D = d'/2H~1/2 K/2 by balancing the terms in (168). Thus, the regret bound again follows, i.e., the
regret bound is O((1 + 1/8) HY/4d5/* BY/AK3/4),

Now, we bound the constraint violation. Note that

K
Z VI:,-,i ($k,1) - Z Rm(Dm) + YZ(WP — Gm(Dm))
k m m

K
=S V@) = Y RPN + Y Y (Wp — Gou(D1))
k m m
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+ ) Y(Gn(DF) = G (D)) + Y (Ren(DF) = Rin (D)) + > (Y = Y3 )(Wp — G (D))

m m m

<0 (K1 [d3H*/Dt¢ + DIVADTHBE + VWK H? + Hf\/KW) (169)

where we use (166), (165), (163), and (164) to bound each term in the right-hand side respectively.

By using lemma 27, we can have

> Wp— Gn(Dy) <O (K. /d3H*/Dt + D'VADTH?B + VWK H? + HVKW

1
+E(K, [d3H4/Dt) + DTx/dDTHQB)) (170)

From a similar argument (for regret) where optimal D is covered within the range or not, we bound DT and obtain the result

for constraint violation. We prove the results by substituting £ = %

J Simulation

We compare Algorithm 1 with two baseline algorithms: an algorithm (Mao et al., 2020) for non-stationary MDPs, and an
algorithm (Wei et al., 2022b) for stationary constrained MDPs using a grid-world environment, which is shown in Figure.
la. The objective of the agent is to travel to the destination as quickly as possible while avoiding obstacles for safety. Hitting
an obstacle incurs a cost of 1. The reward for the destination is 1. Denote the Euclidean distance from the current location x
to the destination as do(x), the longest Euclidean distance is denoted by dp,ax, then the reward function for a locations z is

defined as W. The cost constraint is set to be 5 (we used cost instead of utility in this simulation), which means
the agent is onlynglxlowed to hit the obstacles at most five times. To account for the statistical significance, all results were
averaged over 10 trials. To test the algorithms in a non-stationary environment, we gradually vary the transition probability,
reward, and cost functions. In particular, the reward is added an additional variation of io—j{l, where the sign is uniformly
sampled, the cost varies O—I{l at all the locations. We vary the transitions in a way that the intended transition ”succeeds”
with probability 0.95 at the beginning; that is, even if the agent takes the correct action at a certain step, there is still a 0.05

probability that it will take an action randomly. The probability is increased with % at each iteration.

As shown in Figure. 1b, we can observe that our Algorithm 1 can quickly learn a well-performed policy while satisfying the
safety constraint (below the threshold), while other methods all fail to satisfy the constraint.

10 10
— Non-Triple-Q
9 9 Triple-Q
—— Mao et al.

8 8
o] == threshold
= -
g7 2 7
g O
v 6 % 6
= —
©
55 g 5
2

4 4

3 1A% 3

2 [ 2

0.0 0.5 1.0 15 0 35e5 7e5 1.05e5 l.4e6 1.75e6
Episodes 1e6 Episodes
(a) Grid World (b) Average Reward and Cost during training

Figure 1: Performance of the three algorithms under a non-stationary environment
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