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A SUPPORTING LEMMAS AND PROOFS FOR PROPOSITIONS [3] AND [4]
In this section, we provide a number of supporting lemmas, and proofs for Proposition [3] and

Proposition[d] In the following proofs, ||al|2 denotes the £2 norm if a is a vector; and || A||2 denotes
the operator norm if A is a matrix.

A.1 SUPPORTING LEMMAS

For convenience, we denote J(w) = J(m,). We first prove a lemma showing that both .J(w) and
VJ(w) are Lipschitz in w.

Lemma 1. Under Assumptionsand IZI Sor any w,w’ € W, we have that
VI, < Cy, ©)

k
where Cj = C; (B + q;”#), and

IVJ(w) = VIl < Ly llw = '], (10)
where Ly = mlRf“‘p"“‘ (ALrCy + Lg) and L = 1C; (1 + [logm™'] + ﬁ)

Recall Equation . The solution 6 given the feature function satisfies that

0, = argminEp, [||Q™(s,a) — &1 (s,a)0][3] (a1
We show that the solution &7 is (nearly) Lipschitz in w in the following lemma.
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Lemma 2. For any w,w’ € W, it holds that
H@:: - Z'{ 2

< Co [lw—u'll,, (12)

where Co =

S (204 Ly + C3L ) + $2L.

Amin
For any w € R, let
Aw(sv a) =E [¢w(507 aO) (¢w(skv ak) - ¢w(80’a0))T |50 = $,a0 = aaﬂw] s
A, =Ep,_ [Au(s,a)]. (13)

log(mdC3)—log Amin
1—p

Lemma 3. For k > { ] it holds that

A, + Al <
Amax <2> < C2dmp* — Amin = —Amin <0,

where Amax (X) is the largest eigenvalue of symmetric matrix X.

1 dC2)—10g Amin
When k& > [Og(m g)—log —‘

1-p
j\min == m1n C¢dm,0
> Amin — CdmeF0=¢)

mdC
—lo 2]
> Amin - ngme g( Amin ) = 0, (14)

)\min is pOSitiVe.

The following lemma bounds the distance between the stationary distribution induced by 7, and the
distribution of s, a; in Algorithmm Define F; to be o-field generated by all the randomness until
the j-th time-step. For simplicity, we write D, as Ds.

Lemma 4. Forany 0 < k < t, it can be shown that
t—1

IP (1, ae Fik) = Dillyy < Cr Y lwr — wjll, +mp”. (15)
j=t—k

We rewrite 0 = 07, where 0 is the solution to Equation ().
Lemma 5. Consider the term E [(0; — 0, 6:2:)]. It can be shown that

j\min *
E [(6: — 0}, 8,2)] < — “22E [|10, - 6;]3]

(k+1)2 C’¢ 9
TminE [HJ(%) 77t|\2} +GY, (16)
where Us = Rax + CyB. For AC,
t t—1 j—1 5-—1
Gy =2B*C3UsCr Y > Bi+4BCyUs Z BC3Cx Y > B.+mp+ BCIL, Zﬂz
Jj=t—k i=j j=t—k i=j—k t=1 i=j
t—1 t—1 2C mpk
2(k + 1)C¢U5 (k+ 1)O¢U5 . Z a; + O@CﬁB ' Z B + i\ZT , (17)
j=t—2k j=t—2k
and for NAC,
t t—1 t j—1 j—1
G =2B°UsCr Y > Bi+4BCyUs Y | BCx »_ > B, +mp*+ BL, Z,@Z
j=t—k i=j j=t—k i=j—k t=1%
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t—1 t—1

2C 0ymp"
2k +1)CyUs | (k+1)CyUs ,Z a;+CoB > B+ i:lin (18)
Jj=t—2k j=t—2k
In the following, we prove that 8, defined in Equation (E[) is bounded.
Lemma 6. The solution 0}, to Equation ({@) is bounded:
" 1 mC, Rmax mC. Rmax
162112 < T = (19)
)\mm - dC¢mP 1- P )\min (1 - P)
The proof of above Lemmas could be found in Appendix
A.2  PROOFS FOR PROPOSITIONS [[ITOME
We include the proof of Proposition [I]and Proposition 2] for completeness.
Proof. By the Equation (2} , 2)), 67 satisfies that
o (@7 (5,0) = 85 (5,0)0%) b (s, )] = 0. (20)
Since ¢/ 07 is a scalar, we can get that:
Ep,, [Q™(s,a)pu(s,a)] = Ep, [¢u(s.a)d) (s,a)0;] 21
For the policy gradient V.J(7,,), we get that:
VJ(r.) = Ep,, [Vlog 7, (als)Q™ (s,a)] = Ep, [du(s,a)(d] (s.a)82)].  (22)
Furthermore, we have that:
Vi(r.) = F;'Ep, [¢u(s,a)du(s,a) 03]
= F;'Ep, [duls, a)du(s,a)T] 65 = 0. (23)
O

We present the proof of Proposition 3]
Proposition 6. (Restatement of Proposition[3) For any w € W and 6 € ©, ®.,0 # e, where
e € RISl is an all-one vector.

Proof. Assume that there exists 0. € © such that ,0. = e, thenEp_ [ngI(S , A)HC] =

However, note that

w [64(5,4)0 de 5) D mu(als)og (s, )6
= Zg:dm s)za:ﬂw(a|s)V1og7Tw(a|s)T96
= da (s Z”w als) ”“<“|)) 0.
= z::dm (s Za:vwm als)”

.
= dr,(5)Vs <Z Ww(a|s)> 0,
=0, (24)

where the last equation is from the fact that ) 7,,(a|s) = 1, and hence the gradient of it is 0.

This hence results in a contradiction, which completes the proof. [
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We then present the proof of Proposition [4]
Proposition 7. (Restatement of Proposition

— 2 CdJRmax
where Cyqp = C¢B + ==

Proof. From the definition, it holds that

0, = (Ep.. [0u(s,0)00(5,0)])) " (Ep., [ou(s,0) (TH6](5,0002)]), @6)

and

9;—§;|2<

¥, then

k
Cogpmp
)
Amin

0. = (En., [6u(s,@)0)(s.0)]) " (Ep,, [bu(s, Q" (sa)]).

Thus, we have that

6z — oz,

— [ Eo... [puts, @0l (s.0)])) " (Eo., [0uls,0) (6] (5,000,

Q”w(s,a))} HQ

) + ¢w(sk;ak)—r92|50 = 5,00 = Q, Ty,

) + ¢w(5k,ak) 0550 = s,a0 = a, m,

2

4) For any w € W, denote the fixed point of k-step TD
operator by 07, and the solution to Equation (2) by 0

(25)

27)

“a)]),

)

ZR —J(w +¢w(sk,ak)—r9z|so = s,aq a,ww])]
2

Skaak) ~ DTI'W77TW

)

moll7v]

1
<5 |Bo.. [puls.0) (TRl (5,000 -
1 [k—1
= |[Eo- [gbw(s,a) (E > Rj—J(w
] =0
1 k 1
= Ep,, lgﬁw(s,a) (IE R; —
min ]:0
—E ZRj — J(w)|so = s,a0 = a, T, )
§=0
- )\Ij-lin ED [¢w > (
(a)
< Anlﬁn Ep,. [d}wsa ( ZR — J(w
1 *
+ )\ — |Ep,, [¢u(s,a) (B [¢u(sk,ar) 03| (sk, ar) ~ Dx,])]l,
)\ C’¢B]ED [P (sk, ak|so = s,a0 = a,7,) — D
Amm C¢jZkRmaXEDW [IB(s;,a;]s0 = 5, a0 = $,70) — D, |l1]
® 1
< - Ep,. |¢u(s,a) ZR —J(w

Sk,ak) ~ Dﬂ'waﬂ-w

2

+ )\I:rllin HED7Tw [¢w(8, CL) (]E [(bw(ska ak)THZKSk’ ak) ~ Dﬂ—“’})] ||2

C
* )\min

i=k

CyBmp* + > Riaxmp’
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|Ep,, [¢u(s a) (Ep,, [du(s,a)"05])]]|, + C¢ CoBmp"* +ZRmame
j=k

k
= (28)

where Cop = C’;B + C’d,Rmalelp, (a) follows from the triangular inequality and the fact that
for any probability distribution P; and P, and any random variable X, s.t. |X| < Xpax,
|Ep, [X] = Ep, [X]| < Xnax [|P1 — P2||7. (b) follows from Assumption (c) follows from
J(w) =Ep,_[R(s,a)], and (d) follows from Ep__ [¢u(s,a) (Ep,  [du(s,a) 65])] =0. O

B AC SAMPLE COMPLEXITY ANALYSIS
In this section, we provide the sample complexity analysis for our single-loop AC algorithm.

B.1 BOUND ON GRADIENT NORM IN AC

In this section, we first present a preliminary bound on the gradient norm ||V.J(w)]].
Lemma 7. It holds that

OB IVl < E @) - EL )] + CIBE [J6 - 612 + G2, @)

where

L,C4B232 C’4C -
o = 104 B=5; +< ¢~ 'gap mp* CJC§B> ﬁtmp’“—f—QC;‘BQLJﬂt Z Bj

2 A2 )
min ]=t—k
t—1 t—1
+CC4B°CoB > Y B (30)
j=t—k i=j

Proof. Recall that in the update of AC algorithm, w1 — w; = Bd/ (¢, ar)0s e (st, az). Following
Lemmal[l] it can be shown that

L
J(wit1) = J(wi) + (VI (W), w1 — wi) — jj e — w3

LJBt

= J(w) + t< J(we), ¢t (Staat)6t¢t(3t7at)> H¢t (s, a1)01t(5t, ar) H2
J(we) + B (V ( 1), b (Sfaaf)oféﬁt(st’at) Ep, [Qf’t (s,a)0:9:(s,a)])

+ B (VJ(wi), Ep, [¢/ ( —07) di(s,a)]) + By (VI (wy), VI (wr))

(

o, |
+5t VJ wt EDt[ LJBt

¢/ (5,0)0; di(s,a)] — VI (wp)) — |67 (seyae)0cdn(se, ar) |
> J(wy) + B <vJ(wt)v¢t (8¢,a1)0t0¢(st,a1) — Ep, M’ (s, a)atéf’t(s a)]>
FBIVI@IE ~ 29T @I ~ B [Ep, [6] (5,0) (6. — 07) (s, )] I

L C 32
- & ||VJ(Wt)H§ - B HEDt [(th(s,a)Gf@(s,a)] - VJ(%)H; ! /6t

(a)

> J(wi) + B <VJ(Wt) ¢:(5t7at)9t¢t(5t7at) —Ep, [¢;r(57a)9t¢t(3»a)]>

part I
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L C 32
+ % IV T @13~ B |Ep, [67 (s,0) (0 — 6;) duls, a)] ||, — —2=— 57
~ B |[Ep, [67 (s,0)(0; — ;) n(s. a)] |- 31)

where we write 6, as 6; for convenience, (a) follows from Equation (3) that VJ(w;) =
]EDt [QS;(Sva)ez(bt(Sva)]'

We then bound part I in Equation (31). Note that

B [(VJ (@), 6/ (1,00)0:0 (51, ar) = B, [6] (5,a)6:01(s,a)])] |
< [E (VI (wi) = VI (i), &/ (56, a0)0:00(51,00) — Ep, [ (5,0)0:04(s,a)])]|
+ ‘]E [<VJ(wt,k), (b:(st, at)0:d(st,a:) — Ep, [(ﬁ,;r(s, a)9t¢t(s,a)]>”
< E([[VI(wi) = VI (@i-i)ly |6 (56, 00)0:01(50,a0) — Ep, [¢ (s, a)8:1(s,a)] ]
+ |E [V T (@i k)E [&] (51, a0)0:04(51,a1) — Ep, [ (5,0)0:04(s, a)] | Fei]]|

(a)
< 2C3BLE [||w — wi—klly] + CSE [P (s¢, at| Fo—i) — Dl 7] C3B

t—1 t—1
< 2C,B*L, Z B+ C,C3B (C’7r Z E [|lw — wjll,] + mpk)

j=t—k j=t—k

t—1

t—1 t—1
<2C4B°L; Y B;+CyCiB (c,rc;B >N Bi—i-mpk), (32)
j=t—k i=j

j=t—k

where (a) is from the L ;-smoothness of J, and (b) is from Lemma[d On the other hand, from
Proposition[d we can show that

[Ep, [/ (s.a) (0F — 6;) éu(s.a)]|[5 < C4[|6; — 07|

k 2
2 4 Coapmp
,<C (i") .33

min

Thus, combining Equation (31),Equation (32) and Equation @), we have that

L,C
E[J(wmnmwww%ﬂﬂ{nwm)nﬂ - ¢ OB CABE [116: - 07 3]

C mpk t—1
ot (S st 3 5
min J —t—k
t—1 t-1
— CyCIBB | CxCEB > Y Bi+mph |, (34)
j=t—k i=j
which further implies that
ﬁ LJC482 N
'E [V (wlly] < [J(wtm]—E[J(wﬂHT(”ﬂEwng[Het—etni]
C’4C2‘i
- (;’;’ CJO§B> mp" By
t—1 -1
+20¢B2L1ﬂt Z B] +CIC¢B2 Wﬂt ﬁz (35)
j=t—k Jj=t—k i=j
This hence completes the proof. O
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B.2 BOUND ON |1 — J(w:)|| IN AC

In this section, we bound the error between 7; and J(w;), where J(w;) =

limy o0 E [% iv: 61 Rt|7rwt} is the average-reward for policy 7, .

Lemma 8. Ify; — 2 > f3, then it holds that

E [Ilm+1 - J(wt+1)||§]

2 03532 2 n
< (1= WE [llne = J@o) 3] + —5—BE [IVI@0ll3] + 67, (36)
where
t—1 t—1 — —
G? =2 ernaxcﬂ Z Zﬁj + R?ndxmp + Rmax Z v+ RmaXCJC(iB Z 6j
j=t—k i=j j=t—k j=t—k
+ R2 % + C3C3 BB} + 2RinaxCyC3 BBy + Rinax L Cy BB 37)

Proof. Recall the update rule in Algorithm[T] Then we have that
Ner1 — J(Weg1) = e +ve (Re — i) — J (i) + J(wi) — J(wir1)- (3%)
It then follows that

741 — J(wern)ll3 = 111 = %) (0 — J(we)) + 7e(Re — J(wi)) + J(we) — T (wer1) I3
< (1 —7)% e — J(we)ll3 + 72 |1 Re — J(we)l3 + 1T (we) — J(wern)l3
+27; (R — J(wi), J(wi) — J(wer1)) +27 (1 —7) (e — J(wi), Ry — J(wy))
1 11
+2 (1 =) (e — J(wi), J (i) — J(wir1)) - (39)

The term ||J(w;) — J(we+1)]|, can be bounded using its Lipschitz smoothness:

17 (we) = T (@s1) ]l < C llwe = werally < CsCEBB (40)
é

Term I in Equation (39) can be bounded as follows:
[E[(Ry — J(we), J(we) = S D] S E[[Re = T (@) o 1 (we) = T(wes1)]o]
< RinaxCIE [[lwrsr = will,]
< RmaxCJOgBBt- (41)

Term II in Equation (39) can be bounded as follows

[E[(ne — J(we), Re — J(we))]]
< |E [t — T(@emi)s Re — T@)]] + [E (e — s — T(wr) + Twr—r), Re — T(wr))]
< EE (- — J(wi—k), Re — J(we)) [Fr—i]]]
+En: = ne—r — J(we) + J(we—r) |5 [[Re = T (we)|]5]
R EIIP (1,01l For) s Dall ] + E Qs — iy + 17) — T (1)) Rrma

(b) ) t—1 .
< Rmax Cﬂ' E ||wt wj||2] +mp

+ Rmax Vi + CJE [”wt — Wi—k H2} Rmax

20
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t—1 t—1 t—1 t—1
< RoaxCr D Y B+ Ruaxmp® + Roe Y %+ RuaxCyC3B Y B, (42)
j=t—k i=j j=t—k j=t—k

where (a) follows from that 0 < 7, < Ry,ax When g = 0 and Ep, [R(s,a) — J(wt)] = 0. From
0 < J(wy) < Rand 0 < Ry < Rpax, it holds that [{(n;_x — J(wi_p), Ry — J(wi))| < R2,.. (b)
follows from Lemma [l

Term III in Equation (39) can be bounded as follows
[E [ = J(wt), J(wi) = J (wir1))] |

(%) |E [(ne = J(we), —V T J(we)(wis1 — we))]|

+ ‘E |:<77t — J(wr), (Wie1 —wp) V&) (@ers = M)ﬂ ’

2
= B |E [(me = J(wi), =V T T(wi) (@ (s1,a0)000i(s1,ar)))]|
9 T T sz(wt) T
+ 8¢ |E [<77t — J(wyp), (¢f (s1,00)0:04(s¢,a0)) 9 (¢ (Staat)0t¢t(stvat))>] ‘
(b) C4BQ
< 2 [l — I wlF] + "o BE[IVI @] + R Lo C4B%87, (43)

where (a) follows from the Lagrange’s Mean Value Theorem and Lemmafor some @y = Aw+ (1—
2 2
N)wi+1 with X € [0,1]; and (b) follows from (a, b) < 12FIPIE and the fact that || V2.7 (w)||, < L.

Combining Equation (39), Equation (#1)),Equation (#2) and Equation @3] implies

E {1 = J@)ll] < (L= )2 + B Ellme = Jo)l3] + BCABE [V (w)l3]

t—1 t—1 t—1
+ 27t RIQnaxCﬂ' Z Z ﬂl + ernaxmpk + Rr2nax Z Vi + RmaXCJciBﬂt
j=t—Fk i=j j=t—k
t—1
+ R?nax’yf + CEC$B26152 + 2RmaxCJC(j2>B’yt Z ﬁj + 2RmaxLJCgB2Btz7 (44)
j=t—k
which completes the proof. O

B.3 TRACKING ERROR ANALYSIS OF AC

In this section, we bound the tracking error ||0; — 0} ||2. Recall that we write 0 = 0, and 6 is the
solution to Equation (@), i.e.,

Ep.., [60(s,0) (T0] (s.0)60 — 61 (s,0)0%)] = 0. 45)

We then present a recursive bound on the tracking error in the following lemma.
Lemma 9. Set the step sizes such that

Amin O Lj+2C
! Z ! ¢ 51&7
2 )\min

(46)

then it holds that

)\min *
E s~ 00l < (1= 2252 Y & o, - 07

d
(k+1)%C?
S [ = Jw)l] + G @)

L
+ L BE [IVI@)llF] +

min in
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where

t—1 t—1

k+1)CoUsL f 2k +1)C4UsL
gy = BTGl 5 5™ 4ok 4+ 1)03BUsComfy + 2T DUsls g 5~

min )\min

j=t—k j=t—k

mp” A(k 4+ 1)CyUsCogymp®
+2 (BC2CyupLy + 2L5 Coup + 2BCAL s Ain) oo By + (k +1)CyUsCyapmp

min Amiﬂ

oy + 20[t Gf

2 BCY <
+ (QBC¢LJ(C¢L7‘- + 2L¢) + 2BLoAmin + QBC¢LJCﬂAmin + C@>\min) )\Tﬂt Z 6]"

min j=t—k

(48)
Proof. From Algorithm[T] it holds that
* 2 * 2
6241 = 67115 = [T (60 + cdrze) — 074 I,
(a) . 112
< ||6r + cwdeze — 0744 |
< |60 + ez — 0; + 6 — 05,43
<16 — 07115 + of 62215 + |65 — 9f+1|‘§ + 200 (0 — 0, 0r24)
+20{t <6tZt79;k—9:+1>+2<0t—9:,9:—0:+1>, (49)
where (a) follows from the fact |[ILz () — y||, < ||z — yl|, when ||y[l, < B and ||6;,,]|, < B.

Taking expectations on both sides further implies that

E (601 = 053] < B 161 = 6713] + o2 [I0:2e13] + B [}l — 6]
+ 20[t E [<9t — 9?, 5tzt>] +20[t E |:<(StZt, 9: — 9:+1>:| +2E |:<9t — 0:7 9: — 0:+1>:| . (50)
—_— ———

I 11 1T

The term ||t92‘ -0 ||2 can be bounded as follows

107 = O7sally = 1107 = 071 + 07 = 07 = 6740 + 07 [

<167 = 02, + 167 = 07, + 11670 = 074l
(a B _ k k
05 ], + 5 Ca
(b) 2C gapymp"
< Gl o~ wepall, + 22

2C gpmp*
< BiCe H(b;r(st; at)0: i (st at)“g + %@P

k

< Co03Bf, + L™ 51)

where (a) follows from Proposition[d} and (b) follows from Lemmal[2} Equation further implies
that

o 8C2_m2 2k
E||l6; - 07, l5) < 203C3B26} + —S5—— (52)
By Lemma[5] we can bound term I in Equation (50) as follows
% j\min * (k + 1)202
E [(6: — 67, 8,20)) < =22 {16, — 07113] + —55—E [/ (w) —mill3] + &I 3
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For term II in Equation (50), we have that
E [<5t2't’ 9: - 9;-1” <E [||5t2t||2 ||‘91T - 0:-1-1”2]
QCgapmpk>

)\min

< (k+1)CyUs (C@C(?,Bﬁt +

2(k + 1)C¢U§Cgapmpk

>\min

= (k+1)C}BUsCe B + (54)

where the last inequality is from Lemma [2]and Proposition ]
To bound term III in Equation (]S_U[), note that
E [<9t —0f,0f — 07, ]
=E [(0: — 0;,0; —0;11)] +E[(0: — 67,07 —0;)] +E[(0: — 0;,67 1, — 972?1”

B

<R [(6: — 07, F7 'V (wi) — Fi Vi (we))] + E[net 9*||§} or —0;

:)

|

210 - 0718] + 5]
(a)

< E [0, — 0, F2Y (VJ(wr) — VI (wis1)) ] E [(0; — 07, (F, ' — F1) VJ ()]
m k
+ 58 (16, - 71) + 5 (2

m1n

01 — §?+1H2}

(b)

< E[(0; — 07, F V2T (@) (wr — wig))] te E )0 — 0715 [ F = Firally [V (wi)ll]
mpk 2 mln

+ 58 16, - 1] + 5 ()
() i BC3 (CyLr +2Ly) .
< 5tE [< 9,:; t+1V2J( ) (¢t (Stvat)9t¢t(8taat))>] + ¢ N2 BE [Het - Ht ||§}

BC3 (CyLy +2Ly) L Ok 2
¢ Vo [ 2 )2 = gapTlp
e B [V wolE] + i [l 07 15] + 5 (P )

= BiE [(0: — 07, F A V2T (@0)ED, [0 (5,0)0; ¢1(s,0)])]
+ BE [(6; — 67, Ftﬁlvg (@)Ep, [8/ (s,0)(0; — 0;)b:(s,a)])]
+ BE[(6, — 65, Ft;lv?J(wt)EZ) [0/ (s,0)(0; — 07)bu(s,0)] )]
+BE [(0, — 07, Fy V2 (@) ((¢T) (st,a0)0:04(50,a1) — Ep, [¢/ (s,0)00¢1(s,0)] )]
" BC3 (CyLr +2Lg) + 22
2X2 .

BC3 (CyLx +2Ly)
202

min 6,8 {116, — 67 3]

E[IVI@ol3] +

2
1 C'gapmp )
+ — . (55)
Bt ( Amin

where (a) follows from Proposition (b) follows from that ||F, " —F 4|, <
||F[1thr11H2 |Fy — Fit1]|, and (c) is from that

HFt+1 - FtH2 = ||]EDt+1 [¢t+1(sva)¢:+1(8ﬂa)} - EDt [Qst(sva)(b:(sva)] ||2
< ||EDt+1 [¢t+1(8’ a)¢7:,r+1(57 CL)] - EDt [¢t+1(8’ a)d);_l((g? a)] ||2
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+||Ep, [$r41(5,0)0 /41 (s,0)] = Ep, [¢1(s,a)¢¢ (s,a)] I
<C3 | Det1 = Dillry +E(ll¢e(s, a)lly + [ fer1(s, a)lly) 6e(s, ) — draa(s, )]
<CG L [|lwr = wesally + 205 L lwr — it lly
= (C¢2>L7r + 20¢L¢) Bt Héf)tT(St, at)0t¢t(5t7at)||2
<BC3 (CyLyr 4 2Lg) fi. (56)

J(w) — V2J<UJ/)H2 < Lg ||w —w'|y , where Lg > 0 is the

Lipschitz constant.

Proof. According to (Heidergott & Hordijk, |[2003), VD, and VD,  are Lipschitz and bounded
when V7, (s, a) and V*7, (s, a) are Lipschitz and bounded, which also are applied in (Olshevsky &
Gharesifard, 2022).

From Assumption I Vou,(s,a) = V?logm,(s,a) is bounded and Lipschitz continu-

ous. From Lemma (I} V.J( ) is bounded and Lipschitz continuous. Next, V2J(w) =
2 .

> o) V2 Dm(s,a)R(s,a) = Ep,_ [%R(s,aﬂ is bounded and Lipschitz continu-

ous. O

We then consider the term (i),
(i) = BiE [(0: — 07, F V2T (@) VI (wy))]
< BE (100 = 0711, [ Feil, V2T @)l 19T @)l
L
< 220 (Je [lo-0112] + JE [I9701E] ). 57

where the first inequality follows from Lemmal|I]

Next, we consider the term (%),
(i) < BE (100 = 67l || Fizi |, V2T @0l €3 (167 = 67 1)
< BC(%LJBt C’gapmp B BC¢OgapLJmp Bt

= 58
o )\min )\min Ar2n1n ’ ( )
where the last inequality follows from Lemma [I] and Proposition [}
Then, consider the term (#i1),
(iid) < BE |10 — 05 Il || i |, [ V2T @), €2 1160 — 61l
C3LB:
<~ 16— 0713) (59)

Consider the term (iv),
(iv) = BiE [((F4 V2T (@) T (00— 07), (6] (51, a 9t¢t(8t7at)) Ep, [¢/ (s,a)0:6:(s,a)])]
< BEL(FFAVAI(@0) T (0 — 0;) — (F V2T (@0r) T Gk — 071)),
(¢t (5t,a¢)0:0¢(st,a t)) Ep, [Qst (5,a)0:04(s, a)]>]
+ BE [(F V2T (@e—k) T (Oemie — 07 1), (6] (s¢,a1)0:04(51,a0)) — Ep, 8] (s,a)0:04(s,a)])]

< BE H therQJ(@t))T( 07) — (Fti—lerVQJ(@tfkfl))T(gtfk - :—k)Hg 20;3}

+ BEN(F L V2T (@r—k) " (Oreie — 07_1), &) (s¢,0)0:0¢ (51, ar) — Ep, [0/ (5, a)0:4(s,a)])]

< BE :||(Ft111V2J(°3t))T( 0;) — (Ft:iV2J(®t7k71))T(9tfk — 0|, 20¢2>B}
QBchJ

+ BE ﬁ 1P (s¢, ae)l Fiek) — Dl
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(a) ) . _ R .
< BE [H(Ft111V2J(Wt))T(9t —0;) = (F V2T (@—-1)) T (Oer — 00|, 2C¢2>B}

2BC2L 0, =1
(O Y e —wylly +mpt ) (60)
min j:t*k

where () follows from Lemmald}

Consider the term ||(F,}}V2J (&))" (0, — 07) — (F, V2 (@r—k-1)) " (Oe—i — 0;_},)
that

o We have

[(FZAV2T(@0) T (0 = 07) — (B2 V2 (@-r-1)) T (Orei — 07

2B
<2BL, |[Fh - A, + o (19200 = VI o)
Ly
+ )\7 (||9t 9t—k||2 + ||9; - 92‘_k||2)
(a) 232L ]C3 (C¢L + 2L¢

t
)\2 Z BJ"‘

min G=t—k m1n

B w2 r@) - V2@,
; e ) ]
o (100 = il + 167 — Bl + 1105 — 65l + 105~ Bl
(b) 2B2L 03 (C Lﬂ_ + 2L t 2BL
J = ¢ 2 Z B + —— © llwit1 — Wt—k—1||2

min j=t—k mm

IN

L 2C yapmp”
+ h\ J (||9t — Okl + Co ||wr — wi—k||ly + W)

2B2L;C3 (CyLn +2Ly) 23202L@ i

= A2, : Z Zﬁt

min J=t—k m1n J=t—k

t—1

(k+1)CoUs Y ay+ BC3Ce Z B +

A
j=t—k j=t—k min

L;

)\min

n QC’gapmpk

_ (k+1)CyUsLy ti o, 2CapLymp*

Arnin AZ

j:tfk min

2 t

© (2BCyLy(CyLy +2Lg) + 2BLoAmin + CoAmin) Z B;, 61)
j=t—k

B
+)\2

where (a) follows from Equation (60) and (b) follows from Lemma|[T0}
Above all, the term (iv) can be bounded as:
t—1

Wﬁt Z a + 2ngpLJmPkB + QBC?;LJmP]C

2 t t
>\min j=t—k )\mln >\min

(iv) <

2
= © (2BCyLj(CyLr + 2Ly) + 2BLeAmin + 2BC3L;CrAmin + CoAmin) Br Z B
min J —t—k

(62)

+

Combine with term (4), (4¢), (i4¢) and (iv), we have that

- . Lj+2C . L
E [0 07,07 —07a)] < Z5 0B (10— 0715] + 53— BE 197 ()]
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t—1

E+1) L
5t ( + C¢U5 ] Z a,

+ (BC3CaupLy + 2L ;Cyap + 2BC3L JAmm)

)\2
min min j=t—k
2 t
+z 2 (2BCyL(CyLr +2Ly) + 2BLoAmin + 2BCILCrdmin + Codmin) B Y B
min j=t—k

This bounds term III in Equation (30).
Plugging bounds on term I, II, IIT in Equation (50) further implies

§ - L;+2C . L
B {60 = 2all] < (1= R + 255295 ) & (161 - 0018] + 2L 8 (1901

)\min min
(k+1)CyUs Ly

>\min

(k+1)°C3

t—1
ol [Ine — I3 + B > an+2(k + 1)C3BUsCoayb,
min j=t—k

—1

( C¢,U5LJ
+ T Z ay + 2 (BC3CypLy + 2L 1Cup + 2BC¢LJ)\mm) V

Bt

BC?
+ (2BC4Lj(Cy Ly + 2Ly) + 2BLeAmin + 2BC3LCrAmin + CoAmin) 3 ;) Z B,
min ] —t—k
4(]{: + 1)C’¢U50gapmpk
)\min

ap + 204 GY, (64)
which completes the proof. O

B.4 SAMPLE COMPLEXITY OF AC

We first present our proof of Proposition 3}

Proposition 8. (Restatement of Proposition[3)) With the constant step sizes, the tracking error of the
AC algorithm in Algorithm[I|can be bounded as fOIZOWS'

*ZE[W Htll} (caﬂ cnﬁ) ZE[WJ% } <T10[>+0<IO§;T>

2 2
+ 0 (alog’T) + O (Blog® T) + O (y10g® T) + O (W) +0 (’i) , (65)

where c,, and c,, are constants defined later.
Proof. Recall that in Lemma[9] we showed
* 2 j\mina *)12
B [l — 070 2] < (1- 2220 ) £ o - 013

L; }+(k‘;)02

min

E [Iv.7 )3 QE [n = ()] + G, (66)

where forany 0 <t < T,
(mp)?

Gl=0 (k(mpk)a + k(mp") B + 5

+ka® + EPaf + l<:2,82> . (67)
Apply this inequality recursively, we have that

E (16 - 0713 < (1- Xm;“)t oo —0513] + 2253 (1 (1- _m‘“‘“)”nz (19712

A
min j i—0
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(k+1

m1n

Z( mm“)”E[M m||}+i( _“‘“‘O‘>HG§

Jj=0

< (=)' 100 — 051] + 52 ﬂi 1) T E[IVJ()l3]

mln

(k+1 (k+1)2C3 ) ; 0 G
a1 E|IJ(w) = nills] + - (1 c, (68)
Amin j=0 =0
where ¢ = —’_\‘“2‘““.

Summing the inequality above w.r.t. £ from 0 to 7" — 1 further implies that

1 T—1
= > E[I6. - 611}
t=0

1Tfl I /3 T—1 t
* (12 J
<Y (=)' [I60—6513] + 2% > (-9 T E[IVIw))l]
t—0 min t=0 j=0
P LS S g T [ ] + £ Y (-0
N T q 3) — Nillg j
min t=0 j=0 t=0 j5=0
432 BLJ T—1T-1 i )
i 1— IR .
< T S g e ]

~

kE+1)2C2 T-1T-1 ‘ . |
S S 1 R [ -l ¢ £ Y 10

Jj=0 t=j 7=0

~
Il
o

2

) . 1 T—-1
B Ly ZE[HW 2] + EE DG ZE[HJ w5) =] + 7o Y 6.
j min t=0

(69)

where the last inequality is from the double-sum trick: ZtT:O Z;:o KiX; <

T T T o Xy
(i X0 (Do b) < =
Recall that we showed in Appendix [B.2] that

B

E [l = J@rn)llf] < (1= [Ine = Jwll3] + SCB%E IV @3] + 67, 70)

where for ¢ from 0 to T,
G} = O ((mp")y + B> + kK*By + kv?) . (71)
Recursively applying this inequality implies that

E [l — J(w)l3]

t—1 t—1

< (1= o - T+ 86y (1- s (VT3] + 3 (=97 6
j=0 j=0
2 t—1 t—1 )
<R -0+ 2 1y (IVI@IE] + Y =76 a2
Jj=0 j=0

We then sum the above inequality w.r.t. ¢t from O to 7' — 1, and have that

z Z B [l = Il < B 3202 o = el
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B204 B T—-1t—-1 1 T—-1t—-1 ]
+ 25 (=) TE[IVI@)I] + 7 D SORRe
t=0 j=0 t=0 3:0
RIQH,X B2C4ﬁT_1T_1 1 T-1
e (1= E [V @))l3] + T—ZG
v 7=0 t=j v t=
R?nax BQC;’L) ﬁ T-1 1 1 T-1
S R ;]E{HVJ% H T—ZG
j=0 t=0
ernax 204 ﬁ ~ 1 =1
— S 228 S E[IVI @] + o 6, (73)
v j=0 v t=0

where we use the double-sum trick again.

Plugging Equation (73) in Equation (69) further implies that
=
*(12
TLE (16: - 0712]

2
S ZE[IIVJwt)II]

min

(k+1 Cgl

mm

T-1
Z E (Il (we) = mll3] + Tiq Z G
T-1

LJB (k+1) Cgﬁ 4B2 1
- (v P e )T ZE IV I0IE] + 7+ 5 2

min® t=0

2(k +1)2C3R2,,  2(k+1) c; 1 =

_ + — — Z p
(>\m1n)2T7 ()\min)2 TW =0

T-1 T—1
(@B, eB) L 4B 1R,
- ( i )TZE[HVJ(%)M + Tq +TqZ::OGt

t=0
k+1)2C3R2,,  2(k+1)2C2 1 =2
2(k + 1) L2 S o
(Amln) T'y (Amln
2 k=41 2cﬁ
where ¢, = /\i]m and ¢, = %
This completes the proof of Proposition 3] O

We are now ready to prove Theorem T}

Theorem 3. (Restatement of Theorem([I)) Consider the AC algorithm in Algorithm[I|with constant
step sizes, it holds that

1 T—1 1 T—1 .
T;E {HVJ(wt)Hﬂ gE[W — 0,13 ] +(’)(Tﬁ> +0(Blog?T).  (75)

If further set v = (9(%) O(ﬁgzjﬂ, B = O(m), we have that

1T71E V2] <o (e T 76
T2 A HE (ﬁ) 76
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Proof. In equat1on L if we set 8 < £ CE‘;;‘qu =15 04 L“ , and plug Equation (29) in Equation ,
and we have that

1 T—1
fiyﬂm—xﬁ
t=0

=~ o t Tq i t
2k +1)2 C2R§nax 2k +1)2C2 1 '
(>\m1n) T7 ( m1n 2 Ti Z
432 1 115 11 =
< — * - w
< Ty + 1075 BV )] = ) + 17 M& o:113) + i 75 2 C
2(k+1)2C’£ R2 B2 T— = =
= — Z IVT@)l5| + 7= D GE |+ > GY
()\min)2 T7 T =0 |: :| T")/ t=0 Tq t=0
T—1 T—1
1 11 51  4B? 1 1
<— (E SNTE||6, 6 = 45— w
< g7 EV el =T + 37 3 WtMQ+m+“WT;@
2(k+1)*C3 ([ R2 1 = (k+1)*C5BS
max - G —J
()\mln)Q T’Y T’Y poard mln 2,}/ (Tﬂ( [ (wt+1)] (WO)))
(k+1)2CSBp = . w 0
+(A—) 2C¢’TZ [||9t—9t||2} 6TZG +—ZG. 77)
min 0
If we set % < 1, it then follows that
1 T-—1
%12
= > E 16~ ;113
t=0
T—1 T—1
1 1 1 4B? 1 1
< - - * - w
< Jozrs BV ]~ o) + 37 E[wt 1) + 5 + ersT 2
t=0 @ t=0
2(k +1)20? anax
(Amin )2 ’ T~ Z GY )+ 804 ]E[J(wtﬂﬂ - J(WO)))
1 i1 21 % .
5 <QC¢T;E[|& 9”} 5T 2 >+ ZG
1 1122 AB? 11
- - - - %112 2 - )
= g7 B )] = ) + 37 3 mew+m+%WT;@
2(k + 1)2C3 1= 1«
_ max - _ . 7
Gon)? ( T T Z G )+ 7 2 G (78)

This further implies that
T—1

1 . 1
7 2 E (100~ 0713] < G (B 1 ()] = o)
SB k+1) 3 2 )
Ty C4Tf3Z (henin)? < ZG>+ZGH

(79)
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Next, we choose the stepsizes to minimize the tracking error and the gradient norm. We choose

v = ﬁ and k > H’gT—‘ Then, Apin > /\m"‘ We set o and 8 such that o = (é%\gggv and
i Anin Ammin Anin
[ = min { 2C@+4C@C§+4O" Te;rem a, 41@203;327}' It holds that
O(=).0= O ). = Oy ).a = O(—=g). (80)
— - ,Oé — R = R = .
K VT VTlog®>T VTlog*T 1 VTlog*T

With the setp size, the orders of the following terms can be determined:

]‘Til w k 202\ __ 1 .
ngt =0 ((mp WJFkB)_O(TlogQT)’

T—
1 logT
—E:G?:O((mpk)'erﬂerkzﬂ'qukfﬂ) —O( T );

TZGO < PP+ k(mp” )5+(mpk)2+k‘3(12+k3a[3+k262)0( ! )

B TlogT
(81)
Then Equation (79) can be bounded as
T-1 3
1 2 log® T
= E |6, — 0F =0 . 82
7 (16— 0713] ( Nis ) (82)
Now we involve Equation (29), and have that
T-1 ot T= T-1
1 2] _ 2(E[J(wet1)] — J(w & 2 2
— < — il w .
72 E [NZCAHE 5 7 Z L6~ 6:15] + 75 >
(83)

Plugging Equation (79) in Equation (83) implies

T-1

= S E[IVI@I]

t=0

E[J(wis1)] — J(wo) 8B2 Ak +1)2C? 4anax 9 1= .
< 20; < 1 0 — ¢ Tf E [Hot —0; ||§}
t=0

—+ =
CéTﬁ Tq ()\min)2

T—1 2,12 T—1 T—1 T—1
1 4(k+1)°Cs 1 2 2
204 | == Gy + ——— ¢ G} + — — GY
T <ch5 ; T R Ty ; t T Tg Z * 75 z::O C
16C2B2  8(k+1)2CS 41-22 1 Ch o
%) ¢ max m ¢
< _ G’ e
- Tq * (Amin)2 Z T ZO
4 4 —
+ T3 (E [J(we+1)] = J(wo)) + T3 ; GY. (84)
After plugging in the step sizes set above, we have that
T—1 3
1 9 log” T
7O E[IVI@W)l3| =0 < ) : (85)
LS afimstntt] <o (25
which completes the proof. O
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C NAC SAMPLE COMPLEXITY ANALYSIS
In this section, we provide the sample complexity analysis of NAC.

C.1 BOUND ON GRADIENT NORM IN NAC

Recall that in Algorithm[I} NAC updates the policy parameter as follows: w41 — wy = 346, which
directly implies that

lwerr — willy < Be [|0c]ly < Bps. (86)

We denote by A, the maximum eigenvalue of the matrix Ep, [¢/ (s, a)¢:(s,a)]. Then, by Lemmall|
we can show that

Tennn) 2 T(en) + (VT (o), s = ) = = o =l
2
> () + B (V)00 — P o)
* * N* N)* LJBz/B?
> J(we) + Be (VI (wi), 0 — 07) + Be (VI (wr), 07 — 07) + B (VI (wi), 07 ) — —

B * ﬂ * N* 2
> J(w) = S 19T @05 = B 18— 613 = 53 19T @0ll; = AnBe |67 = 67
m m

202
+ Bt <VJ(UJt)a (Ep, [(th(s, a)oy (s, G)D_l VJ(%)> B @
oy
> J(w) + :i IV @r))3 - % IV @) 15 = Ambe [16: = 6713 — %pﬂ
L;B*p}
LB

. Coapmp® L, B2j32
:J(wt)—l—%||VJ(wt)||§—)\mﬁtngt_gtHg_ gap Pﬁt_ J Bt.

)\min 2 (87)

Taking the expectation on both sides, we have that

< E [J(wt+1)] —-E [J(Wt)]

AnCaapmp®  L;B%B;
8 " |

>\min 2

E [IIV.J(w)}] +2RE IG5+

(88)
C.2 BOUND ON || — J(wy)|| IN NAC

In this section, we bound the term 7; — J(w;) for the NAC algorithm.
Lemma 11. If we denote

t—1 t—1

t—1 i—1
G? =2 anaxcﬂ' Z Z/BJ + ernaxmpk + RIQnax Z v + BCyRmax Z Bj

j=t—k i=j j=t—k j=t—k
+2R% A2 + C3B%B% 4 2BC Rinax BVt + 2Rumax Ly B2 57, (89)

and set vy, — ¢ > [3y, then it holds that

E[lmesr = T3] < (=902 + B) E [Ilnc = J@olly] + BBE [IV I @)l3] + G-
(90)

Proof. Similar to the AC analysis in Appendix [B.2] we have that

1641 — J(wer)lls = (1= 7¢) (e — J(we)) + 3 (Re — J(we) + J(wi) — T (wes1) Il
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< (1= e — J(o)lls + 2 [1Re — J(w)lls + 1 (we) — J(wes1) Il

+ 29 (R — J(wr), J(wi) — J(weg1)) +29 (L =) (e — J(wi), Be — J(wi))

+2(1 =) (me — J(we), J(we) — J(weg1)) - 1
11

The term ||J(w;) — J(we+1)]|, can be bounded using its Lipschitz smoothness as follows

[ J(wi) = J(wir1)lly < Cllw — wigrlly < CrBB:. (92)

Term II in Equation (91) can be bounded as follows
|E[(ne — J(we), Re — J (w))]]
< E [t — J(wi—i), Re = J(@e )| + [E [0 — ne—r — J(wr) + J(wi—k), By — J(wr))]|
< EE [k — J(wi—k), Be — J(wi)) [Fr—k]]]
+E[ne — -k — J(we) + J(wi—i) |y |1 Re — J(wi)][5]

(@)
< BLuxE P (st a0)| Fiok) , Dillry] + E [l = me—rlly + 17 (@) = J(@i—p)ll2) Bmax

(b) t—1
<R, (cw > E [lwe — wjlly)] +mpl~c)

j=t—k

t—1

+Rmax (Rmax Vi +C]E[||wt _wtk|2])

j=t—k
t—1 t—1 t—1 t—1
SRLLCx > > Bit+ R, mp" +RL. > v+ RuaxCiB Y By 93)
j=t—ki=j j=t—k j=t—k

where (a) follows from that 0 < 7, < Ry,ax When g = 0 and Ep, [R(s,a) — J(w;)] = 0. From
0 S J(Wt) S Rand 0 S Rt S Rma}u it holds that |<’I7t k — J(Wt k) R (wt)>| < Rmax ( )
follows from Lemma [l

Term I can be bounded as follows

|E (R — J(wr), J(wi) = J(wer )| S E[[Re — J(wi)| [T (wr) = T (wit1)]]
S f{maxc(JIE [Hwt-i-l - Wt”z] S BCJRmaxﬁt- (94)

‘We then bound term III as follows
IE[(ne — J (i), J(wi) — J(wig1))]|
VQJ(d)t)

_ ‘E [<m — J(@e), =V @) @i —wi) + 5 (@ie1 — “t)zﬂ
J

<|E [{ne — J(we), =V T J(we) (weg1 — we))] | + ‘]E Km = Jlwn), % (e = wt)2>] ‘
@)

= B [E [ — J(w0), ~ T T (w0)0)]| + B2 |E K JWW”%”?W

B? Roax Ly B?
< 28 [~ s@l] + B [19501] + Bl ©5)

where the first equation is from the Mean Value theorem for some &; = Aw; +(1—X)wiy1, A € (0,1).

Plug Equation (93),Equation (94) and Equation (93] in Equation (91)), and we have that

E 1 = T@er) 3] < (0 =202 + B) E [l = T@llf] + CIB2BE [V (wo)]
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t—1 t—1 t—1
+29 | RoaxCr Y Y By + Riuep® + Riue D 75 + RmaxCy BB
j=t—k i=j j=t—k
+ RooVi + CFB*B7 + 2BCy Ruax Bt + 2Rmax Ly B> 57 (96)
This completes the proof. O
C.3 TRACKING ERROR ANALYSIS OF NAC
In this section, we bound the tracking error §, — 0; for NAC. Define
~ 207 mpk 2 mpk
GtQ = <8Cg2ap 5gap J,. /Btc@ gap) ()\mln) + 4(/4; + 1)C¢U§ (2BAmm + 3Cgap) atm
t—1 t—1 t—1
+4BUsCray Y Y Bi+A(k +1)CyUs | (k+1)CyUsey Z aj+CeBoy Y. B
j=t—k i=j j=t—2k j=t—2k
t—1 j—1 j—1 t—1
+UZ(k+1)2C2a} +8BCyUsar Y | CxB > > B+ LBY B
j=t—k i=j—k 1=i i=j
+2(k + 1)Cy BUsCoa By + 2CE B3, (97)
and set
j\minat
5 > (4Ce +2) Bs. ©8)

Lemma 12. It holds that

j\min *
B (o~ 0002 < (1 2252 ) i - 0713

}
+ ,\26 BE [HVJ(wt)IIg} + (k;i

min

B (1) = mll}] + GE. 99)

Proof. From the update rule of Algorithm[I} we have that

16041 — 9f+1||§ = |15 (6 + ardrze) — 9:+1||§

a)
< 00+t — 07,4

< ||6c + ebrze — 0F + 0; — t+1||2

* * * 2 *
< [|6: — ||§ + atQ ||5tzt||§ + { 07 — 9t+1H2 + 20 (0 — 07, 0v24)
+ 20 (8124, 07 — 071 ) +2(0, — 07,07 —0f,,), (100)

where (a) follows from the fact ||IIg(z) — yl, < ||z — yl|, when ||y|, < B and

Taking expectations on both sides, we have that

E (1841 = 00 ll3]) < E[16: = 0:13] + oZE [I00223) +E [167 - 67a]3]

+ 20étE [<0t — 9:, 5t2’t>] +206tE [<5tl’t,9: - 9?_,’_1 ] +2E [<0t - 0;;, 9: - 9:_,'_1 ] . (101)
—_—————
1

fall, < B.

I I

For the term ||02‘

— 0711]|,> we have that
107 — 071l = 1107 — Or1 + 607 — 07 — 071 + 0744,
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<

O — 07,4, +

07 — 07|, + |

Cgapm,ok Cgapmpk

9r+1 - é;;i*l Hz

(a) N* N*
< |07 = 074, +

Amin Amin
= V(@) (e = wera)l, + W
< BiCo |10ill, + QCAmmP
= ot wiapiwk’ (102)

where (a) follows from the Proposition {4} Hence we have that

802 m2p2k
B [0; - 2] < 2025257 + T

min

(103)

By Lemma[3] term I in Equation (TOI]) can be bounded as

k+1)2C?
(k+1)203

2 min

)\min *
B [0, — 07, 6120)] < — “22E [0, — 03] + (1) = mll3] + 5. o4

For term II in Equation (T0I)), we have that
E [(6:2¢,0; — 07,1)] <E[l16:2el5 |05 — 07411,
< (k+ 1)CUSE [[|0741 — 67|, + (167 = 67 ], + (671 — 02 ]
2(]{: + 1)C¢U50gapmpk

>\min

< (k+1)CyUsCo ||weg1 — welly +
(k’ + 1)C¢U§Cgapmpk

>\min

2
< (k+1)CyBU;Cef; + (105)

For term I1I in Equation (TOI]), we have that
E [(0: — 07,07 — 071)]
=B [0 = 67,0711 = 0721)] +E[(6: — 07,67 —07)] +E[(6: — 07,0841 — 0711)]
<

. . 1 [ Cygpmp® 2
< B(10 ~ 071, Co s — il + GE 10 - 0718] + - (Con)

. o2 1 Cgapmp’C 2
= BE [Het - 975 ||2 Co ||9t||2] + BE [Hat - 9t ||2] +t S

ﬁt )\min
. ~ . 1 [ Coapmp” ?
< CoBE [10: = 0711, 19: 11,] + B [16: - 0;13] + = (””)
615 Amin
+ CoiE [16, — 6; 3] + CoBE[16: — 07 1, [16; — 6]
* n* * 1 Ca m N7
< CoBiE (10, - 07 107 ] + B [l — 07 18] + - (B2 )
ﬂt Amin
+ CoiE [, — 07 13] + CoBE 16 — 67 1, |67 — 771,

< 3ConE (160~ 0:18] + 5CatiE || (B, [o] (s )onts. ) V)

1
+BE [0 —0;15] + 7 (

Clapmp"

)2 + CoBE [|16: - 6]

Amin
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2
C@ w12 C@ Ca mpk
+ 2BE (10— 0713 + =2 (g;m B

) C. Co 1\ (Capmp®\’
< (200 + 1) B [161 — 07 1] + -G8 [IVwl3] + (252 + ) ()

min ( 1 06)

Combine the bounds on terms I, II, IIT in Equation (TOI]) together, we have that

E{[61 — 671 3]

_ . C
< (1= Aminas + (4Co +2) B,) E [||9t — 0 ||§} Af BE [Hw(wt)ug]
(k + 1)2C2 2 2 20g2ap mp" ’
+ TatE [H‘I(wt) 77tH2} + 8Cgap B, + B:CeC, gap (Amin>
t—1 t—1 t—1
+4B%UsCray > Y Bi+A(k+ 1)CyUs | (k+1)CyUsar Y + CoBay Z B,
j=t—k i=j j=t—2k j=t—2k
t—1 j—1 j5—-1 t—1
+ U (k+1)2C30% +8BCUsay > [ CxB Y. Y B+ LB i
j=t—k i=j—k t=1 i=j
+2(k + 1)Cy BU;Coa By + 2C3 B2 7. (107)
This hence completes the proof. O

C.4 SAMPLE COMPLEXITY OF NAC

Lemma 13. Denote T = LlogT—‘ t> logT’ then forany t' < T — f it holds that

?%i%ﬂE [J(7*) — J(wy)]

< D(wt/) - D(UJ

T CCa k )\ t
t+T—1)+ ¢Cgapp L4C,, Tcmﬂr%\f(e cM ch)

ﬂf Amin
t’+T 1 t—1
8B2 + 2R2 BQL
_ )t—J w 6 ui max )
+CpV2 | = 221(1 (Gy+Go+G1) + . =8
t=t'  j=t—i
tDw/ —D(w,, 7 2 )\mAtJrT ! Rax
I W b e TR VNP Y Gi+ (108)
T pT t=t/

Proof. Recall that m* = arg max, J(). Denote by A™ = Q™ (s,a)—V ™ (s) the relative advantage

function, and also denote D(w;) = —Ep_. [log 7;?(?\‘;))} . We first have that

D(wi) = D(wit1) = Ep,. [log 711 (als) — logm(als)]

L
> Ep... [Viogm(als)] (Wi —w) = 5 [wrer = will;

LB}
2

= BEp.. [ (s,0)6;] — 1613

Z BtEDﬂ.* [ATH (57 a)] + ﬁt]ED,,x |:¢:(Sa a)02< —A™ (Sa a)] + BtED,\.* [(b;r(sa a)(et - 9:)]
 BLy?
2
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@ B (I(x) = J(x)) + B Ep_. [6] (5,000 — A™(5,0)] +B,Ep_. [] (5.0)(6, — 07)]

I I

2 2
_BLe; (109)
2
where (a) from the fact that Ep_, [A™ (s, a)] = J(7*) — J ().
To bound Term I, note that
[Ep,. [6/ (s;0)f; — A™(s,a)]|
< [Ep.. [¢{ (5,0)0; — A™(s,a)]| + |Ep_. [/ (s,a)(0; — 67)]]
Dﬂ'* N)* N)* T N* *
< Dol Ep, lqﬁj(s,a)ﬁt - za:ﬂt(ab)(bj(s,a)ﬁt — A" (s,a)| |+ Cy ‘ 0y — 071,
Dy ., . - - CyCgapmp”
< Ep, 0] (s,0)0; = Y mlals)o] (s,0)0; — Q (s,a) + V™ (s) | | + —=E2=
Dt 0o a )\min
D, . _ 21 CyCapmph
<[5 Voo 167 s — @] + CeSemne”
D 2
+ H D": (als){ (s, a)0; *Za:m(alswf(sva)Q’”(&G) 2]
@ || D .
< i 2\/ Eactor T M7 (110)
Dt 00 )\mln

where (a) follows from Equation , the definition of 6%, the definition of &, and the facts that

Ep, |[|Q7(s,0) = 6] (s.0)0;

2
2:| < Eactors (111)

]

t

and

Zﬁ (als ¢t sa9 —Zm ¢t (5,a)Q™ (s,a)

< EDt [HQW (57 a) - (b?(s,a)éj 2} < Eactor- (112)
Next, consider term II. We have that
Ep... [¢/ (s,a)(0: — 67)]] < Cy [16: — 07, - (113)

Plug the two bounds on terms I and II in Equation (T09), and we have that

B D] - BDlurs)] 26 (x%) ~ B - 6 [ 55| 2y - 5 S
— BB [10: — 05— 52627, (14)
which implies
) ~ E L) <E[DGwn)] ~ ElDGwr)] + 5[ 57| 2y + sSem
+ BCElI6e — 67 ll] + @52. (115)
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Weset My 1 =E [Hé)H_l — 074 H;] +E [||77t+1 — J(wt+1)||§} , we now aim to bound M;. Combine
the bounds we obtained in Equation (90) and Equation (99), and we have that

1< . C (k+1)2C?
My < <1 - 2Amina> E [116: - 6;15] + 57 BE IV (@)ll3] + ———=aE [/ () — 3]

2] | B? 21 |, m0 A&
+ (L= E [llne = J(@e) 3] + 5-8E [V @) 3] + G + &
1- k+1)%2C?
= (1 - 2>\mina) E [||9t - 9:”3} + (Xmi)n¢04E [HJ(Wt) - 77t||§} +(1-7E {Hﬂt - J(wt)Hg}

C B? ~ ~
+ (o2 + 5 ) o [Ivaeai] + 62+ &

A2,
(a) 1o . (k+1)%C?
< (1= G ) B (100 = 1] + S22 1) ] + (4= [l ~ T 1]
C B2 Am "
+ (o + 5) 8 (% @) - EUG) + 228 [l - ;1] )
C, B? Ammp®  L;B%2B2 ~ ~
+(A2?+2)B(Cgap /\Wfp + "2 £ >+Gf+G,’J

< (1 - %Xmma + 2A?ncM/3) E 16 - 0;13] + (AnC™) E [T (wr11)] — E [J ()

k+1202 Ca)\m k L32 2
+(1—v+wa)E[um—J(wni}wM( ot f L2 )

Amin Amin 2
+GY+GY, (116)
where (a) is obtained by plugging Equation , and CM = % + %2. To convenience, we set
~ CgapAmmp® L;B?p3?
Gctu _ CM ( gap)\ mp /B + J 5 B ) ) (117)

We set k large enough such that Ayin > 3 Amin, and further set the step sizes such that $Anina >

22
2X2CMBand 3 > W%

M1 < (1= q) My + (AaCM) (E[J(ws1)] = E [T (wr)])
+GY+ G+ @Y. (118)

a. Denote ¢ = %S\mina. Then the inequality above can be written as

Sett = H log T—‘ . For t > 2k + t, we recursively apply Equation (118)) for ¢ times, and have that

My (1= ) My + 2O 3 (1= @) (B 1T (w541)) — B [T ()

j=t—t

+ Y -0 (G + GO+ GY)

j=t—t
(@) 4B2 + 4R2 S ‘
< S e oM YT (1 ) (B (wy)] — E [T (@)
T N
j=t—i
t—1
+ 5 (1-9 (Gj +Gj+Gj>v ()
j=t—t

where () follows from (1 — ¢)f < e~ < ¢logT < T,
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Denote the time length T = [ Tlog T —‘f > <T- T, together with Equation (|1
we have that
t+T 1
Z J(r*) — E[J(w)]
t=t
D(Wt/) — D(Wfq_f 1) O¢C a mpk 1 tHT-1 D«
< L £P + = || 2/Eactor
5T Ami]ﬂ T ; Dt 00 ;
t/+T71 2
1 . B“L
+Coz Y B8 -0l + 25
T =
(@ D(wy) = Dwy . 71)  CyCapmp® 1 Dy
< AT o gap il s 9
= ﬁT + Amin + T ; D, . v/ €actor
t+T—1 9
1 .12 B“Ly
+C 7 ; E[H@t—etﬂz}‘*‘ 5 e
®) D(wy) = D(w,,5_1)  CyCoupmp
< ﬂf Pl + ¢ )\gal') + 2C0v/Eactor
t+T—1 9
1 B“L
T\ 7 D Mt =508 (120)
t=t’

where (a) follows from the rearrangement inequality and the fact for any random variable X,
I (X)) < B [|1X]2]. (2) follows from Assumption

Moreover, for 2k + £ < t/ < T — T, summing Equation (119) w.r.t. ¢ from ¢’ to ¢’ + T — 1 implies

t+T 1
= >
t=t’
lf-‘,—T 1 t—1
< Am CM > D (-9 E[J(wi+)] - E[J(wy)])
t=t"  j=t—{

4B2_|_1%1rnx 1 I t i [ Aw ~0 1
A R 1TSS g (66 )
t=t"  j=t—i

=0 t=f{—j
4132<i>1%12nx 1 I el t i [ Aw ~0O 1
P 1TSS - (64 6)
t=t"  j=t—i
(b) i—1
Am cMT > (1= ) (B [ J(wy,0)] ~ E (@)
1=0
t'+T—1 t—1
AB2+R% 1 e~
e N 3 (1) J(Gj +G§+G}')
T T 55
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4B? + R? 1 m o~
+ —;—‘Rmax q(CM (Cgap/\Amp B—FL 3252) +G9+G7l)

min
t

< /\mCM% S () — B[ (wp )

i=0

~
|

AB2 4 R2 1 t'+T—1 1
+% = 1—th(G“’+G9+G") (121)

~+

=t

I
o~

—t

where (a) follows from that we set i — j and (b) follows from the fact that

T €U @rmien)] ~E L win)]) = E [J( t,ﬁ}—ﬂzw(wtuin.

* T-1 *

We denote by X = 1 zt o (J(@) —E[J(w)]), Yo = PHT1(J(x*) — E[J(w,)]) and
Zt/ 1 Zt +T 1

= T Lat=t
Firstly note that there must exist ¢’ 4+ £ < ¢/ <t/ + T s.t. Xy < Yy, We then discuss the following
two cases.
[Case 1: For any 2k + i<t <T-— T,it holds that eYy < Xy.]
Then, for ?0 = 2k + £, we have X;O > eY; .
Thus, there must exist t + < t; < to + T — 1, s.t. X; <Y < 1Xt ; recursively applying this
inequality for j = 0,1, ..., |log T'| implies that

(b)

(a) ) ,
X; > €Yy >eX; > eQ‘Y; > .. >eY; > ej'HY;;_ > . ellosTl x > ellogT+1y.
0o — 0 — 1 — 1 — - Jj J

tllogT| — tllog T’

(122)

where (a) follows from the condition of case 1 and (b) follows from the fact that there must exists
t" <t +Tie. Xy <Yy. Then, by Equation li we can conclude that

t'+T—1

1 R 1 1
Y?LlogTj = ? Z (J(’/T ) —E [J(UJt)D S WXIO é TX’{O (123)
t=t/
Note that X3 < J(7*) < Rmax, hence we have that
1 t'+T—1 R
Y sy = 7 Z (") ~ E[J(w)]) < =5~ (124)
This further implies that
R
. ) < max
min B [J(77) = J{w)] < —5 (125)

This hence completes the proof of Theorem 2]under Case 1.
[Case 2 There exists some 2k + i< I <T-— T st. X7 <eYr]
From Equation (I21)), we obtain that

1 t'+T—1 1
> M < ACM= Z(J(W*)_E[J(Wt/—i)])
T t=t’ 1=0
4B 4 R2_ 1t'+T—1 t—1 il e
P 25 Y 1m0 (G- G4 )
t=t'  j=t—i
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;o +é;?). (126)

- t+T—1 t—1
t 4B? + R? 1 L~ ~  ~
S MCM =Xy 4 e o 3D ST (1) (G 4 G+ )
t=t'  j=t—i
4BQ+R12naX 1 t'+T—1 t—1 o
B s LSS 0 (G4
t=t'  j=t—i

< AmcMith,
T

Next, from Equation (I20), we have that

t'+T—1
Y, = Z J(m [J (wt)]
t=t/
D Wy ) — D (-L)/ oAl C O i
- ( ) ~( 1) ¢~gapMp + 2C 50/ Cactor
BT )\min
t'+T—1
1 w14 B L
+Com Y ElI0 -8l + =26
T =
- D(wy) — D~(wt/+f—1) + C¢Ogapmpk + 2Co0v/Eactor
5T )\min
t4+T—1 2
1 B“L
+Co\[z D Ell— 07l + 526
t=t'
< D(wy) — DN(‘*’t’va—l) + C(ﬁ(j\gar.)mpk + 2C o v/Eactor
B%L

Then, we have that

t+T 1

N S’

t=t’

At +T—1

6)\ t Z Gw

t+T—1 t—
432 +R2.. i
T T t=t"  j=t—{ t=t’
t | D(wy D(w,, T -1
—i—)\mCMe: (wr) ~( t'+T 1) +o0, ,75actor+c¢> Z M,
T BT —
t'+T—1 Mo 2N 2 t4+T—1 t—1
11 eAmCM Cyt 1 i (S ~
<3z Mt+( _ ¢) = 2(1_q)tf(aj+G§+G;7)
T = T T = I
= = J=t—t
4B? + R, ei (D(wr) = D(w,. 7 )\  ergl "
__~'max +AmCM~< t A t'+T—1 ) Z Gw+20 Eactor-
T BT T2 —
(128)
Thus, it follows that
t'+T—1 Ay 2 t'+T—1 t—1
11 eAmCY Cyt 1 b i (e M0 Am
37 2 M () LY S 0 (G 64 6)
t=t’ t=t'  j—t_f
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~t +T 1
Z Gw + 2C2 oo Eactor -

t=t’

N 4B2 +Rr2nax +)\ C]V[gj (D(wt/) D(wt’+f1)> + 6)\
BT T2

(129)

Then, we get that

I+ T—
D(wy) — D(wt/+f_1) N C¢Cgapmpk t4+T—1

B%L
)/t’ < ~ + 2000\/ Eactor + C(b Z Mt + ¢5
ﬂT )\min =t/
D(wy) = D(wy, 5_1) = CyCapmp® eAmCMCyt
S ~ — + = +4Coo\/€acor+c \@(M)
ﬂT )\min : ¢ T
t’+T 1 t—1
4B? + R?
4OV | = Z S° (1 -y (G + G+ GY) + Oy | e
t=t’ j=t— n T
D(wy) — 2
+C¢f\//\ CMet ) LQL%, (130)

which proves the claim under Case 2.
Thus, combine the Case 1 result Equation (124) and the Case 2 result Equation (I30), we have that
gr;lng [J(7*) — J(wy)]

D(wy) — D(w,, , +_ C'yClaaympP AnCMCyt
< (wy) ~( t'+T 1)+ o Ceap P +40, /;Eamﬁ_cd)\/i(e mY en ¢)
BT )\min T
t’+T 1 ¢-1
B2+ R? BQL
_ t w ol n max P
+CuV2 = Z Y (1-q J(G e +G)+C¢,/8 = 28
t=t'  j=t—{
tDCU/—DUJ/" A)\ i mx
+C¢f\/ CMe () = Doy y7-) +CyV2 e~ Yo Gy TR (13D
6T t=t’
which completes the proof. O

Next, we prove Theorem@

Theorem 4. (Restatement of Theorem[2) Consider the NAC algorithm in Algorithm[I|with constant
step sizes, it holds that

minE [J(r%) — J(wy)] <O (log2T) Lo <logT> Lo (log2T> o <\/7510g2T>

t<T To T3 Tvap NG
log? T Blog?T
+O(7:’/% >+O( i)/ga )—I—C’)(\/along)
Lo (\/B log? T) + O (Vewm) -
Ifwesety =0T 3),a=0(T"3log 2T), 3 =O(T 3 log 2 T), we have
Itlii%l J(r*) = J(w) <O ( —3 log® T) + O (\VEactor) - (132)

Proof. From Lemma|I3] we have that

mink [J(77) — J(w)]
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< D(wi) = D(wy i 5.1) i CyCoapmp®
o ﬂf )\min

1 t'+T—1 t—1 . N N SB2 + 2R B2L
+CyV2 7 oY (—gt (G;+G§+G§)+C¢ +T max 5 23
T

J

AnCM Oyt
+ 4000 vV Eactor + C¢\/§ <e Cf C¢ >

tD wy) — D(w,, max
+ V2 /\CMG () ~(t+T‘1)+C¢\/§ 4 Bmax a3
pT T
We then set the stepsize as follows

y=T"%

K22\ A
_ ) min -2 —2 —2 .

o < Amin ) T k202 =0 (T *log T) ’

2402 0MN\ ! A2 s 2

Applying the above stepsizes Equation (T34)), for ¢ < T', we can have that

37 = O (mp*)y + B2+ K287 + ky?) = O (T~ logT) :

~O k k (mp*)? 3 2 3 252\ _ —4. 2.
G{ = O k(mp™)a+ k(mp®)8 + 3 + k0" +kPaf+ k87 | =0 (T 3log” T ) ;
S B2log’T  [2logT iy
Gy =0 (( "B+ 5%) % O(T 5 log T). (135)
Thus, it holds that
t’+T 1 t—1
Z 3 lfqtJ(G“+G9+Gn):O(T*%10g2T). (136)
t=t"  j=t—1{
We further recall that
j\min
¢=—5— S =0();
=[] -0 ()
o
T:LT L?:O( r ) (137)
tlogT log T
Plugging the above equations to Equation (I31)) , we have that
minE [J(") ~ J(w)] < (T*% log™ T) + O (/o) - (138)
This concludes the proof. O

D PROOF OF LEMMAS

Proof of Lemmall] Recall the definition of V.J(w) in Equation (I):
VJ(w)=Ep, [Q™(s,a)du(s, a)l, (139)
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which implies that
IVI()ly = [[Ep,, [@(s,a)du(s,a)l,

Y \Ep, [6] (s, a)0%6u(s, )],

< (lozl,+ 1105 - 0]1,)

(b) k

<G (B i Cga";w) =G (140)

min

where (a) follows from Equation (3) and (b) follows from Proposition |4} It hence proves the first
claim. The second claim is proved in (Xu & Gul 2020; Wu et al., [2020). O

Proof of Lemmd2] Recall F, =Ep_ [¢u(s,a)d,, (s,a)]. From the definition of 67, in Equation ,
it can be verified that

02

=F;'VJ(w). (141)

Hence

N* N*
162 -

w’

2
= |F;'VJ(w) = F'VI W),

w

<||FS'VI(w) = FIVI(W)||, + || Fo' VI (w) — FLIVI (W),

w

(a)
< ESH NE 1 = Furll IV T @)y + [[(F) 7|, [V (@) = VI (@)l (142)

where (a) follows from the facts that for positive definite matrices A; and A,,
143" = A3, < A7 (Ar = A0) 457,
< AT Ar = Aally [ 457, - (143)

Note that F}, can be shown to be Lipschitz as follows

|Fs = Furll, = [Ep.., [0u(s, )00 (5,0)] = Ep,_, [6ur(s, )0l (s,a)] |
<|[Ep,, [¢u(s,a)d.(s,0)] = En,, [du(s )00 (s, )],

+|[Eo... [bu (5,00 (5,0)] ~ Ep, , [bur(s, )8l (s,0)]

<2C4Lg ||l — wlly + C3 || Dr, — Dr,

A%

(a)

< 204 Ly ||lo" — wlly + C3Lx [lw —w'|l,, (144)
where (a) follows from (Zou et al., 2019) and Theorem 1 in (Li et al., 2021b), recall L, =
%C’ﬂ (1 + [logm’q + ﬁ),

| Dx., — D=, Ly |lw =o', (145)

Tv S

Hence combining Equation (T42), Equation (T44) and Lemmal|[I} we obtain that

97*_7*

w w’

C L
2 S ()\QJ (2CoLy + C3Lx) + )\njn> lw = wl, - (146)

min

This completes the proof.
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Proof of Lemma[3] From the definition, we first have that
A, =Ep,, {]E {Q%(So, a0) (Gu (5K, ar) — u(s0,a0)) " |s0 = s,a0 = a,ﬂwH

DEp [¢u(sa) (B[4 (sx,ax)|50 = 5,00 = a,my] — Ep._ [6)(5,0)])]
—Ep,_ [$u(s,a)d, (s,a)], (147)

where (a) follows from ¢,,(s, a) = Vlog 7, (als) and Ep__ [@,), (s,a)f(s)] =0, where f(s) is the
function which is not determined by action a.

Define AA, =Ep, [¢u(s,a) (E [ (sk,a)lso = s,a0 = a, 7] —Ep,_ [¢)(s,a)])]. Thus,

Ao +AL  AA,+AAJ
2 N 2

—Ep,_ [#u(s,0)d)(s,a)] . (148)

For any symmetric matrices X and Y, Apax (X +Y) < Apax (X) + Amax (Y). Thus, we have that

T T
)\max (M> < )\max (M) + )\max (_ED7rw [¢w<57a)¢c—ur(saa)])

2 2
< CZE[||P(sk; aklso = s,a0 = $,7w), Dr, ll7] = Amin
S dcgmpk - Amin - _S\min- (149)

O

Proof of Lemmad] Conditioned on (s;_, a;_ ), the sample trajectory in Algorithm is generated
according to the following Markov chain:

T—p X P Wt,k+1><P

T X P
(St—kvat—k) E— (st—k+l>at—k+l) ~~($t,at) Te, (St+17at+1)~ (150)

Using the technique in (Zou et al.,2019)), we construct an auxiliary Markov chain as follows. Before
time ¢ — k, the states and actions are generated according to Algorithm|[T} and after time ¢ — k, all the
subsequent state-action pairs, denoted by ($;, @;), are generated according to a fixed policy 7; and
transition kernel P:

P - P e~ mxXP o~ o~
(St—tr Q1) —=55 (Botop 1, Qp—bp1) — (B, @) —2 (Sig1, Aps1)- (151)

Denote by F, the filtration corresponding to the auxiliary Markov chain designed in Equation li

Then follow steps similar to those in (Zou et al.,[2019, Appendix B) and (Li et al.,[2021b, Lemma 6),
it can be shown that

t
P (s, atlFir) = Dillry < mp" + > Crflwr — will, - (152)

j=t—k

Proof of Lemma[3] Define the sum of the feature along the trajectory as follows:

t t

t
Zt = Z ¢j(sj,aj), é’t: Z qﬁt(sj,aj) and;?t: Z ¢t(§j,aj). (153)

j=t—k j=t—k j=t—k

For every policy m;, we construct another auxiliary Markov chain, denoted by {(8;, a;)}72,, which
is under the stationary distribution induced by policy 7; and transition kernel P, i.e.,

(5076/0) NDt; (154)
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and all the subsequent actions are generated by ;. Define

t
Z= Y ¢u55,a;). (155)
j=t—k
Denote by 6; (8¢, ar; 8¢, wi) = R(3¢,ar) — J(wi) + &/ (Bes1,@a1)0r — &) (54, a0)0;.
Lemma 14. It holds that
E [itgt(gudt; etawt)lﬂ—t] = Ay, bt (156)

From the definition in Equation , 07 is the fixed point of the k-step TD operator ’7}(tk ), Then, it
follows that

A, 0; =Ep, [qb;r(s,a) (ﬂf)¢:(s,a)9;‘ — qb?(s,a)@f)] =0. (157)

Together with Lemma [T4] we have that
E [Etgt(Et,ét;Hf,wt)] =0. (158)

Thus we have that
E [<9t — 07, 204(5, ay; 9t7wt)>] =K [<9t — 07, Z04(5¢, Qy; Op, wi) — 204 (51, ar; 9:,wt)>]
=E[{0, — 0f, A, (6: — 07))]

A, + AL .
< )\max <2> E |:||9t - et ||§i|

(a) _ L2

S _Amin]E |:H0t - 915 ||2:| s (159)
where (a) follows from Lemma

Then, recall 2, = Z;:t_k ®¢(sj,a;). Denote by 5 = R(se,a0) — J(wy) + & (041, ar41)0; —
®/ (s¢,at)0;, we have that

E[(0; — 0f,0¢2)] = E [<9t — 07, %04 (51, ay; 9t7wt)>] +E [<9t — 07, 20; — 204 (51, @y et,wt)>:|

+E [<9t . 2t<§t>}

© AnE (160 = 613) +E [ {6, — 07, 20 — 284(51,3100))|

+E[(0 — 07, 2z (J(wi) —me))]
— * 2 * s I — —
< —XuinE [[10: = 07 15] +E [ (00 = 07, 2001 — 28u(50,300))
(k +_1)2C§
2)\min

S\min *
+ 2 [, — 072] +

2 E[I7w) - ml3], (60

where (a) follows from Equation (159).
Consider the term E K@t — 07, 20 — 2,04 (3¢, ag; Oy, wt)>] , and we have that

E [<et =07, 246, — Z04(5¢. s Gt,wt)ﬂ
) [<9t oy — OF + 07y, 2401 — 204(50, a3 0y, wt)ﬂ

+E K@t_zk —0; ok, 240y — Z,61(5¢, s ot,wt)ﬂ
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<E [0 = Ou-sully + 1167 = 07kl (12ella ||8]|, + 11zl 1805t @13 00,0, ) |
(@)
+ {012k = 0 _gp 200 — 201
(i)
+E [(Ou-ak = 07 g 2001 — 200150, 00, 0) )| (161)

(#i1)

In AC algorithm, recall Us = Rax + CyB. Then, consider ||6; — 6;_21||, and HH 07 _on||5> We
have that
t—1 t—1
10: = Oarlly < || Y aydiz|| < Z a; |4 |||ZJH2 < (k+1 )CoUs Y @y, (162)
j=t—2k y  J=t—2k J=t=2k
where (a) follows from the fact that ||z, < (k+ 1)Cs.
Then, it can be shown that
||9f*9:—2k”2 H —0;_ 2k+9**9*+9t ok — t—2k||2
< ‘ 9:7219H2 —+ ‘ 9: - t 2 t72k - 8:7219"2
ConmpF  Copymp®
< Co |lwi — wi—akllo + s S P
)\min >\min
2C,apmp
< C )6, Zeap Tl
= Lo Z ﬂ] (s5,a;)0;0;(s5,a;) Aunin
j=t—2k
2
— 2C gapymph
aJ
< CeC2B | > B+ % (163)
j=t—2k
Thus, from Equation (163)), the term (7) in Equation (161) can be bounded as follows
o
(i) < 2(k +1)CyUs | (k+1)CyUs Z aj+ CeCiB Z B + QCgapA . (164)
Jj=t—2k j=t—2k
Then, for term (47) in Equation (161)), it can be bounded as follows
t
(i) < E [[|6r—ar — 07_op || 2 = 2ell5 [6:(60)]] < 2BUs || D ¢(s5,a5) — ¢u(s,a;)
j=t—k )

t t t
<2BUs Y CiE [|lwy — wjll,] <2BUCx Y > R [||Bid] (sia:)0i0i(si, a:)|,]

j=t—k j=t—k i=j

t t
<2B°CRUCr Y > B (165)

j=t—k i=j
Next, for term (i7¢) in Equation (161)), we can show that
(’LZ’L) = E |:<9t72k — 9:72]6, étgt — étgt(gfm dt, 9t)>]

=E {]E Kat—zk — 07 o, 20 — Z,61(5¢, Ay 9t)> |-7'—t—2kH
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< 4BC,4U; Z [IP (55, a;|F—2x) — Dell ]
j=t—k

< 4BCyUs Z [IP (55, @ Fe—2x) = Djll 1y, + 105 = Dill 1]

j=t—k
t 7j—1
<4BCyUs > | Cr Y E[llwi — wjlly] +mp* + LiE [|lwy — wj,]
j=t—k i=j—k
t j—1 j—1 t—1
<4BCyUs Y | Cr > Y BCEB+mp" + LY BiCIB|. (166)
j=t—k i=j—k =i i=j

Thus, combining Equation (164),Equation (T65)) and Equation (I66), we can bound term as follows

)\mm * (k + 1) C
E [(6: — 07, 8,2)] < —“52E [16; — 0713] + —5——"E [/ (w) — m3]

j—1 j5-1 -1
+2B2C3UsC, Z ZBZJFALB@)U(s Z BCiCr Y > Bo+mp" +BCILr Y B
Jj=t—k i=j Jj=t—k i=j—k t=1 i=j
= 2C pmpP
gap
2(k +1)CyUs | (k+1)CyUs tZQkajJrc@cd,B ;%ﬂj ] (167)
J J

In NAC algorithm, terms [|6; — 6,2 ||, and ||6} — 6;_,, ||2 can be bounded as follows

t—1 t—1

||Ht — 915721@”2 < Z Oéj(Sij < (k+ 1)C¢U§ Z aj, (168)

j=t—2k ) j=t—2k

and
0 — 07 _aill, = 1107 — Or_on + 07 — 07 + 070y — /o,

o A e T I N )
Cgapmp n Cgapmpk

>\min )\min

< Co [[(wi — wi—2r)lly +

1
2C yapmp”
<Coll > B0, +%.p

j=t—2k 9
t—1

< CgB Z ﬁj—|—

j=t—2k

k
2Cgapmp” (169)

)\min

Thus, using Equation (169) and Equation - term (%) in Equation (161)) can be bounded as
t—1
(i) < 2(k+1)CyUs | (k+1)CyUs Z aj+CeB > B+ 2ngpA . (170)
j=t—2k j=t—2k min

Next, we bound the term (i) in Equation (161) as follows

t
} <2BUE ||| Y ¢(sj,a5) — ¢u(s;, a5)

j=t—k 9

i

(1) < B [[|00-2% = 05 i ] 122 — 21l
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t t—1 t—1
< 2BUj Z CxE [[lwr — wjll,] < 2BUCx Y > [1Bibilly < 2B*UsCsr Z > B
j=t—k j=t—k i=j j=t—k i=j
(171)

Term (744) in Equation can be bounded as
(0) = E ({8121 — 0f_on 21(61) — 2451(60)]
=E [E [(01—2 — 07 oy, 2:6:(0r) — 204(61) ) | Fi—2x] ]

t
<2B2C,Us Y E[IP(s),a;/F—2x) — Dill )]
j=t—k
t

<4BCyUs Y E[|IP(sj,a;Fi—2x) — Dilljy, + IDj = Dill ]

j=t—k
t j—1
< 4BCyUs Z Cx Z E [le - wj”g] + mpk + L-E “|Wt - Wj||2]
G=t—k i=j—k
t
<4BCyUs | | Cn Z Z@ +mpt + Ly Zﬂl . (172)
j=t—k i=j—k t=1

Combining the above bounds on terms (2), (i¢), (¢i¢), term can be bounded as
E [<0t — 9:, 5t2t>]

k 1 C t t—1
< - Ao [1g, ~g713) + C L [0 - mi] + 2500, 30 S

2Amin j=t—k i=j
t—1 t—1 20 mpk
Q]
+ 2k + 1)CyUs | (k +1)CyUs Z o+ CoB > B+ ﬁ
j=t—2k j=t—2k
t Jj—1 j-1
+4BCyUs > | BCx > > B +mp* + BL, Zﬁz . (173)
j=t—k i=j—k =1
This completes the proof. O

Proof of Lemma Consider the probability P (55,05, 5k, Gt—k) and term
E [2:0¢(5¢, s 0y, wy) ]

l\‘ M“

[ (85,;) (R(5e,a0) — J(wi) + & (Se41, ari1)0 — ¢/ (51, a0)0) ‘771,‘

I
&=

¢
E ¢ S]aa_] Staataetth) Tt

Jj=t—k

o~

I
M

t
Z ]P) 8]70‘]7Staat)¢t (Sjﬁaj)ét(shat;et)’ﬂ-t
j:t—k

»
2

t

> P (8i,a, 521, Gi—5) &F (51,81)01(Sarj, s - ]aetawt)‘ﬂ't
j=t—k

I
2 M

s,a Li=0

k
(a) _ _ _
& Z ZP Staatast-s-uat-s-z))¢,5T(8t7at)5t(5t+i,at+i§9t,wt)’ﬂ't1
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k
= E(s,,a,)~D; [@T(St,at) Zét(st-&-i,at—ki;etawt)‘ﬂ't]
i=0
=Ep, [0/ (5,0) (TO0/ (5.0)0, — 6] (5, )6, )]
= Awtet, (174)

where (a) follows from the fact that P (5;,a;) = P (5;,a;) ~ D, thus,
P (55,a;,5¢ a¢) = P (5¢,a¢|55,a;) P (55, a,)
=P (52—, Got—j|5¢,a¢) P (5¢,ar) =P (54, G, Sot—j, Gor—j) - (175)

O

Proof of Lemma[@) Define b, = E [zfzo &7 (50, a0)(R(s,a;) — J(w))|(50, ao) ~ D, 70|

Recall the definition of A, in Equation (T3). Then, the solution to Equation () can be written
as

0r = AJ'b,,. (176)

w

First, b, can be bounded as follows:

) _
[Bully = {[B [ D &2 (50, a0)(R(s5, a;) — J(w))[(s0,a0) ~ D, T
=0 1,
k
= Y- E [ (s0, a0)(R(s;: ;) = T (@)l (s0,80) ~ D, 7o
j=0 9
k
= E [qﬁz(so, ap) (R(sj, aj) —Ep,_ [R(s, a)]) |(s0,a0) ~ wa,ww]
j=0 9

(@) &
S ZcqumaxE |:||D7Tw - P(Sjaaj‘sma()ﬂrw)”'rv |(503a0) ~ D‘n'w}

§=0
u CyRmaxm
< CRunax y [ mp" < =20, (177)
=0 -r
From the following equation:
03T AL0n = 0:Tb, = (057hy) | =057 AL0, (178)
it holds that
o (F5 A 10213 2 027 AR = 070 > Il 79
Thus, we can bound 6§ as follows:
L @ 1
10512 < ————2—=z7 bl
)\max ( 2 “ >
() 1 mC¢Rmax
< —
B )\max <AW;AI> 1 B p
(C) 1 C Rmax C Rmax
< e o (180)
)\min - dC¢mP 1- P )\min (1 - p)

-
where (a) follows from that A‘”;A“

is negative definite, (b) follows from Equation (177) and (c)
follows from Lemma[3l O
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E SYMBOL REFERENCE

E.1 CONSTANTS

Constant (Expression)
RaxC

B = maxC o

(1=p) (Amin—CZdmp*)

Ce

Co =
BIé bcs
Cy = 2
(>\mm) C.R
Cgap — 02B + ¢ max

Constant (Expression)

First Appearance
P8

expression in Equation

expression in Equation l)

Proposition
Proposition
Proposition H
Assumption 3|
Assumption [2]
Assumption 2|
Assumption [2|

Assumption 2|
P7

Table 3: Constants in Main Text

First Appearance

Cy; = C (B + Coap /\mm> Lemmal|l
oM = Az + 4B Equation (116)
Co = /\2 (2C'¢L¢ + 02 ) )\L? Lemma 2
L;= mR"‘“" (4LCy + L¢) Lemmall|

= C (1 + [logm™'] + 1%) Lemmal|l

P

Lo Lemma E
Am below Equation (36)
Amin = Amin — ch’(im,olC Lemma
Us = 2Rmax +2C4 B Lemma

E.2 VARIABLES

Table 4: Constants in Appendix

Variable Appearance Order (set a; = B = 5, v = )

G? Lemma|5| O(Ka+ k2B + k(mp"))

GY Lemma/7| 0 (mpk)ﬁ + k25?)

G} Lemmag] O ((mp*)y + B + k*By + Im )

GY Lemma 0 (k(mp Yo + k(mpk) B + ¢ ) + k3a? + kK3aB + kQBQ)
Gy Lemmall 1 O ((mp") 7+ﬁ2+k267+k7 )

GY Lemma o (k mp a+ k(mp*)3 + (m” P ka2 4 kEaf + kQﬂQ)
CN;"t” . Equation O ((mp*)B + 8?))

q = Amina Equation (68) O (a)

t= H log T—‘ Equation @) loi =

T = Ll(fg T—‘f Equation O (g7

Equation (116)

Table 5: Variables in Appendix
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