Appendix

A Approximation Error Analysis

In this section, we provide a complete proof of Theorem I, quantifying the effect of function
embedding of constraints in dual ()-LP. The proof is an adaptation from the standard LP for state-
value functions to the case of Q-LP (De Farias and Van Roy, 2003).

We first provide an equivalent reformulation of the primal of the feature embedded LP,

Lemma 5 The solution defined by
" = argmin {(1= ) s [570 (50,0)] 1376 (5,0) > Br (879) (5,0, ¥ (s,0) € 5 x 4],

with (BrQ) (s,a) == R(s,a) +v-P"Q (s, a) is also the solution to
win Q- 570l as)

BERP Mo
s.t. BT (s,a) > By (BT(;S) (s,a), V(s,a) € S x A,
where | £l wom = S 1 (5, )| o (5) 7 (als) dsda.

Proof Recall the fact that 5, is monotonic: given two bounded functions, 1y > vo implies B,v1 >
Brvs. Therefore, for any feasible v, we have v > B,v > 67271/ > ... 2 B>v = @7, where the
convergence to Q™ is due to the contraction property of B;.

Consider a feasible 3, we have
||Q’T — BTd}Hl,uow = / (ﬁT¢ (s,a) — Q" (s, a)) o (s) 7 (a|s) dsda, (16)

which implies minimizing E,, » [6T¢] is equivalent to minimizing HQ” — BT¢||1 o |

Theorem 1 Suppose the constant function 1 € Fy := span{¢}. Then,
O g ﬁﬂ' — Pr g 2H1,6}1'1||Q7T - <B7¢>||oo )

where QT is the fixed-point solution to the Bellman equation Q) (s,a) = R (s,a) +vP™Q (s, a).

Proof We first show the equivalence between function space embedding of dual Q-LP and the linear
approximation of primal Q-LP, which can be easily derived by checking their Lagrangians. Denote

1(d, ) :=Ealr (s,a)] + BT (¢, (1 =) pom + - PId — d) a7
= (1=7)Eunr [5T¢ (s, a)] +Eq4 [r (s,a)+- PTBT ¢ (s,a) — BT (s, a)}
= (1-9) Epon [Qﬁ (s;a)] +Eqlr(s,a) +v- P"Qp (s,a) — Qs (s,a)],
where 3 € R? and Qg (s,a) := 37 ¢ (s,a). Since the [ (d, 3) is convex-concave w.r.t. (3, d), it is
also the Lagrangian of primal Q-LP with linear parametrization, i.e.,

min (1= Epr [870 (50, a0)] (18)

s.t. BT (s,a) = R(s,a)+v-P B ¢(s,a), V(s,a) €S x A
By Lemma 5, it is equivalent to solving

min Q7 =876, (19)

BERP
s.t. BT p(s,a) > By (Bth) (s,a), V(s,a)e S x A.
We now define
(d*,B*) := argmax argmin! (d, 5) ,
d>0 B

B = argénin HQ” — 5T¢||OO ,
o5,
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and obtain from strong duality that
*\ T
Ea- [r (5, )] = (1= ) Epr [ (89 @]
Recall the fact B is a y-contraction operator with the norm ||-|| _, and we have

B (870) - Q|| _<+||FTo-0"

i

which implies
By (870) <@ +7el.

Now consider a new solution (BT(;S — cl) , which must be in span {¢} as 1 € span {¢}. Then,

B (Bqu) — cl) = B: (BTQS) —ycl
Q" + vel — ycl
BT+ (1+7) el — el
FTo—cl4 (L)t (1+7)01
Choose ¢ = — (1+7) ¢/ (1 — ), and the above implies B (BTcé - cl) < BT ¢ — 1. Therefore,

there exists some 3 such that

NN

FTo=FT6+ e
.

Then, we can bound the approximation error
Eg[r(s,a)] = pr = Ea-[r(s,a)] = (1 =) Euor [Q7]
w\ T T
= (1= Eur [(89 0] = (1= 9) Eur [Q7] > 0,
where the last inequality comes from the fact (1 — ) E, ~ {(5*)T (ﬂ is the optimal value of a
restricted feasible set within linearly representable ().

On the other hand, we bound

(=) Epor [(8) 0] - (1= Er [Q7) = = [[807 0 -5,
< 1=-M8To-Qsll,,,.
< (1-7)8"6- Qs
< - (|gTe-87¢| +|lo"-57¢|_)
< (- )(1+1+3> ~ 2.
where the third inequality comes from the optimality of (19). |

Justification of full-rank basis embedding. The effect of full-rank basis embedding in the ex-
ample in Section 3.1 can be justified straightforwardly. We consider the Lagrangian (17). If the
¢ € RISIAIXISIAL g full-rank, ¢! exists. For arbitrary Q € RISIIAIX1 there exists 5 = (ng*l)T
which means there is an one-to-one correspondence between () and /3 in Lagrangian. Therefore,
in finite state and action MDP, the Lagrangian is not affected by full-rank basis embedding, and
therefore, the solution of full-rank basis embedding will be the same as the original LP.

B CoinDICE for Undiscounted and finite-horizon MDPs

In the main text, we consider the CoinDICE for infinite-horizon MDPs with discounted factor v < 1.
The algorithm can be generalized to undiscounted MDPs with v = 1 and finite-horizon MDPs.
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Undiscounted MDP. We have the dual form of the Q-LP as

I Jd(s,a)dsda =1

Pr = {d:sgl,?imr Ealr (s,a)] d(s,a) =Prd(s,a),¥(s,a) € Sx A
Comparing with the (3), we have an extra normalization constraint. Specifically, if d(s, a) is feasible,

without the normalization constraint, ¢ - d (s, a) will also be feasible for any ¢ > 0. Therefore, the
optimization could be unbounded.

By change-of-variable 7 (s,a) = 3222‘3 and feature embeddings of the stationary constraint in (20),

we obtain

(20)

Ego [T (s,a)] =1 @
Ego [¢(s',a") (7 (s',a") =7 (s,a))] =0/~
Then, the CoinDICE confidence interval is achieved by applying the generalized empirical likelihood
to (21), i.e.,

B ::{ max  Egolr -7 (s, a)]

T:SXA—=RY

’UJGICf n—1 (=~
Cig'_ pr(w) = maxE,, [1 - 7] IEui[T—l]ZO , with Ky := {%GP ~ (Zzl){}a
>0 Ey [A (z;7,¢)] =0 £ (wllpn) <5

(22)
(s, a") =7 (s,a)).

where A (z;7,¢) := ¢ (s',a’) (T
n 3.3 for discounted MDPs can be applied to (22), resulting in the

A similar argument of Sectio
following confidence interval:

Cf ¢ = lln, un]
with
[l un] = | ‘min max Jnin B [ (@;7,8,v)], max min max By [ (s, B,v)],  (23)
where ¢ (z;7,8,v) i=7 -1+ BTA(2;7,0) +v —v - T.

Remark (Normalization constraint): Although in the discounted MDPs, there is no scaling issue,
and thus the normalizaiton constraint is redudant, we still prefer to add the constraint in practice. It
does not only bring the benefits in optimization, but also enforce the normalization explicitly and
reduce the feasible set, leading to better statistical property.

Finite-horizon MDP. While we mainly focus on infinite-horizon MDPs with a discounted factor,
the dual method can be adapted to finite-horizon settings straightforwardly. For example, we have the
finite-horizon d-LP as

H
E 24
dh(s,a;r.lga)i{A*)R+ }; dh [Th (S, a)} ( )
s.t. do (s,a) = po (s) 7 (als), (25)
dpy1 (s,a) = Pldp (s,a), Vhe {1,...,H}. (26)

Upon this finite-horizon formulation, we can derive the finite-horizon CoinDICE following the same
technique, i.e..

[lnv un] =

min  min  max E, [fg (27, 8L max max min By, [(g (z: 7, 8L
L”E’Cf BI eRr il S0 (o (370 Biea) ] weKy T >0 B erp S

where x := {(s, a,r,s,a, h)thl}, Ly (J:; T, B;{il) = Ethl ThTH + 2’1;1:1 B Ay (w374, B),
and Ay, (2;7h, @) := 71 (s5,0) ¢ (s',a") — Thy1 (8',0") @ (8, ).

C CoinBandit

MDPs are strictly more general than multi-armed and contextual bandits. Therefore, our estimator
can also be specialized accordingly for confidence interval estimation in bandit problems with slight
modifications. Without loss of generality, we consider the contextual bandit setting, while the
multi-armed bandits can be further reduced from contextual bandit.
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Specifically, in the behavior-agnostic contextual bandit setting, the stationary distribution constraint
in (5) is no long applicable in bandit setting. We rewrite the policy value as

pr = Es~;ﬂ>,a~7r(a\s) [r (s,a)]
= { max  Egpo [1-7(s,a)]| dP-1 = P, Ego [1] = 1} , 27
T:SXA—-RL
where we reload the 1P as the contextual distribution, which is unchanged for all policies, d (s, a) =
uP (s)m (als), T (s,a) = %, and ¢ (s, a) denotes the feature mappings. We keep the
normalization constraint to ensure the validation of density ratio empirically.

We apply the same technique to (27), leading to the CoinBandit confidence interval estimator

we Ky Ey[r—1=0 .  JweP" 1 (pn),
E, [A (z;7,¢)] = 0 } with Ky == {Df (w||pn) < £ [
(28)

)5 _ .
Ol ¢i= {polw) = maxEa [

where the = := (s,a,s’,a’) is constructed by s ~ uP (s),a ~ = (a|s) and (s’,a’) ~ dP, and
A (*T; T, ¢) = (b (57 a’) - ¢ (8/7 a/) - T (817 al>'

Similarly, the interval estimator in CoinBandit (28) can be calculated by solving a minimax optimiza-
tion.

Remark (Behavior-known contextual bandit): When the behavior policy 7, (als) is known, the

solution to (27) can be computed in closed-form as 7 (s, a) = :b((‘;lls S)) . Then, the CoinBandit reduces
to

w e Ky . {weP"‘l(ﬁn),}
’ , with ;= ~ . 29
E, [7—1}:0} P =\ Dy (wlifn) < € (29)

Ol = {pelw) =B Ir 1

Remark (Multi-armed bandit): Furthermore, these estimators (28) and (29) can be further re-
duced for multi-armed bandit. Specifically, we set all s equivalent, then, the s becomes the dummy
variable. The CoinBandit estimators (28) and (29) reduces for the off-policy evaluation in multi-
armed bandit. If the action number is finite, we can use tabular representation for 7 (a), eliminating
the approximation error.

Remark (Comparison to Karampatziakis et al. (2019)): Karampatziakis et al. (2019) considers
the off-policy contextual bandit confidence interval estimation. Although both CoinBandit and the
estimator in Karampatziakis et al. (2019) share the same asymptotic coverage, there are significant
differences:

e The estimator in Karampatziakis et al. (2019) is derived from empirical likelihood with reverse
K L-divergence, while our CoinBandit is based on generalized empirical likelihood with arbitrary
f-divergence.

e More importantly, compared to our CoinBandit, which is applicable for both behavior-agnostic
and behavior-known off-policy setting, the estimator in Karampatziakis et al. (2019) is only valid
for behavior-known setting.

o Computationally, the estimator in Karampatziakis et al. (2019) requires an extra statistics, i.e.,
{maleog (nw;) }Ew [T—1=0, we K_glog(.)} ,

i=1
while such quantity is not required in CoinBandit, and thus saving the computational cost.

o Statistically, we provide finite sample complexity for CoinBandit in Theorem 4, while such sample
complexity is not clear for Karampatziakis et al. (2019).

D Stochastic Confidence Interval Estimation

We analyze the properties of the optimization for the upper and lower bounds and derive the practical
algorithm in this section.
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D.1 Upper and Lower Confidence Bounds

We first establish the distribution robust optimization representation of the confidence region:

Lemma 6 Let p, (w) = max,>o mingege Eyy [7‘ v+ BTA (2T, (;5)] The confidence region 07];5
can be represented equivalently as

C gz{ﬁﬂ(w)|w€/Cf}. (30)

Proof For any w € K, we rewrite the optimization (8) by its Lagrangian, which will be an estimate
of the policy value,

P (w) = I}_lg())(érel]llg? Ey [T 7+ BTA (z;7, o). (31)
|

Based on Lemma 6, we can formulate the upper and lower bounds:

Theorem 3 Denote the upper and lower confidence bounds of CZ’ ¢ by u,, and l,,, respectively:

[ln,un] = [ﬁ%ﬁéﬁi?ﬁ?E [ (z;7,B)], i%%i?%é%ﬁm [5(32;776)]],
= | ey i e ). ma iy B i)

where { (z;7,3) == T -7+ BT A (x;7, ¢). Forany (1, 8, \,n) that satisfies the constraints in (11),
the optimal weights for upper and lower confidence bounds are

_pt 77*5(1;775) gt 5(5557,5)*77
wm (L) g g = g (HE0)

respectively. Therefore, the confidence bounds can be simplified as:
|:ln:| ming max,>o, x>0,y Ep [ by S (M) +n— )\%]
maxr>o min57,\>07,7 ED {)\f* (W) + n + )\%:|

Proof We first calculate the upper bound u,, using Lemma 6:

— P— 1 . T
Un = X pr (w) = max max min B, [7-r+BTA (27, 9)]
J— . T
= r‘lr_lg())( gg}c}(f élel]llg' E, [T r+6 A ( )] (32)
= max min max E, [7-7+ 8 A(z;7,9)], (33)

720 BERP weK
where the switch between maxy,cic, and max, ¢ in (32) is immediate, (33) is due to the fact that
the objective is concave w.r.t. § and convex w.r.t. w and 7, separately.

We apply Lagrangian to the inner constrained optimization over w, leading to

: T £
un = max min max Ey [T -r+B"Az;7,0)] —)\(Df (w|pn)—) +n(l-w'l)
B T-r+BTA(x;7,¢) — 1 AE
= iy, B M X N .

where the last equation comes from the conjugate of f, and for any given (7, 8, A, 1), the optimal w*

will be
: TA (2 -
wZ:fL(TT+B s ”).
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The lower bound [,, may be obtained in a similar fashion:
l, = min p(w;7) = min max min B, [7-7+8TA
weky wey; 720 BERP
= min min maxE, [7-r+8TA
weKy BERP 720

X,

BERP weK; 720

T, @
r+BTA(z;T, ¢

= min max min E,,
BERP 720 weKy

)]
7,6)]
0]
)]

[ (

[ (
= min min maxB, [7-r+ 8T A (z;7

[ (

Again, we consider the Lagrangian

_ T ~y_ ¢ T
l, = /?el%lgj T>IOn§L§0ngun Ey[m-r+B " A(z;7,0)] + A <Df (w]||pn) n) +n(l-—w'l)
_ . TA .
— min max _)\f* (7] (T T+/6 (I,T,¢))> +77_ )\5‘| ,
B 720,20 A n

and the optimal weight is

— (7 - T T
wz‘zf;<” rortFTAG, W).

D.2 Closed-form Solution for Reweighting

We consider a few examples of f-divergences in Theorem 3, and show how the weights can be
efficiently computed, for a given 7 and .

e K L-divergence. To satisfy the conditions in Assumption 1, we select f () = 2z log x. Recall the
property that for any convex function f and any « > 0, the conjugate function of g(z) = a.f ()
is equal to g.(y) = af.(y/a). Let f be the standard f-divergence function of K L-divergence
KL (wl||pn), ie., f(x) = 2zlogz. With ¢.(y) = fi.(y/a), equation (12) implies that the
following upper and lower bounds:

w (z) = exp (W) lOgZeXp( “5))
wu(x)zexp<£(x;7’2§)_nu>7 logZexp( “5))

This can also be verified by plugging the f () = 2xlog x into (12) and considering w1 = 1.

o Reverse KL-divergence. With the f-divergence function f (z) = —logx for the reverse-KL
divergence, one has the following upper and lower bounds:

wz< ) =N (€ (@7, B) > m) (€ (57, 8) —m)
25 :L' Tvﬂ >771) (£($7T,ﬁ) _ﬂl)71 =
Wy <x> =\ (1 > (257, B8)) (9 — £ (237, 8))

Y8 > (a7, B8)) (nu — £ (x57,8))

i=1
1 ifa>b

0 otherwise” This is obtained by plugging the f () = — log x into (12)

where ¢ (a > b) = {

and considering w'l = 1, w > 0 and KKT conditions on the dual variables for w > 0.
Unfortunately the reverse KL-divergence does not satisfy the conditions in Assumption 1. Note
that this is the standard f-divergence function for empirical likelihood maximization problem, we
therefore also include it here for the sake of completeness.
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x2-divergence. Notice that the standard f-divergence function, i.e., f (z) = (x — 1)2, of x2-
2
divergence x? (w||p,) := Ejp, {(5 — 1) } satisfies the conditions in Assumption 1. Consider

the lower bound calculation. Leveraging the closed-form solution of the following ¢5 projection
problem onto the simplex space w ' 1 = 1 and w > 0 (Wang and Carreira-Perpinan, 2013):

n

l (x5, 1 .
arg min Zwiw + Z = (w; — pn,i)2

wiw ' 1=1,w>0 Pt i—1 Pni

- = LT, B), =\ w;
Dn.i - arg min Z (vi -(1-——=)- pm) , (here we let v; = )

v \/Pr=1,020 ;1 2X Pn,i

the lower bound wy(x) is given by (forany i € {1,2,...,n})

we(x;) = \/Dni -w*(wi)
— :v“ ) — l(x;T, —
pn,i : ((1 - 5 pn 1 + gpn ( %) : pn,z)) )
+
11— Z‘ on| Yi-/Dn,i

where G, (y) = Z T , Sp, is the set of indices in {1, ..., n} in which any element j
i i

ST (1 — Zl 1Y) - \/Pn,i) > 0. Here y ;) indicates the samples with the

1-th largest element of y Usmg analogous arguments, by replacmg € with —/ one can also define a

similar solution for the upper bound w, (). Now suppose p,, ; = -, Vi. Then, we have

w(a) = i'(“ “”5 \f g(u—“g;@)ﬁ)),

+
(o) = ;.<<1+W>.ﬁ+gi(<l+“g;ﬂ>>. 1)) |
+

Syl
where G1 (y) = M S1 is the set of indices in {1,...,n} in which any element j

satisfies y ;) +

satisfies y ;) + %(n —/n Zle Y@iy) > 0. Here y; indicates the samples with the i-th largest
element of 3. This can also be verified by plugging the f (x) = (z — 1)? into (12) and considering

w'l = 1and w > 0. In fact, the above can be generalized to the Cressie-Read family with

z—1)F—k(z—1)+k—1
f(z)= ! k(k(—l)) .

Reverse K L-divergence. With the f-divergence function f (x) = — log « for the reverse K L-
divergence, one has the following upper and lower bounds:

wl( ) =6 (L (27, B) > m) (Z(x”-’ﬁ),m)—l’
25 (z;7,5) >771)(4(»T;T7ﬂ)—m)71:§,

1

Wy (fﬂ) = A5 (Nu > L (z;7,B)) (nu — £ (257, 8))
- 1
S 60> L7, 8) O — L (57 8) 7 = 5,
i=1
where § (a > b) = 1 ifa>b This is obtained by plugging the f () = —log z into (12)
10 otherwise y plugging - J
and considering w'l = 1, w > 0 and KKT conditions on the dual variables for w > 0.

Unfortunately the reverse K L-divergence does not satisfy the conditions in Assumption 1. Note
that this is the standard f-divergence used in the vanilla empirical likelihood, we therefore also
include it here for the sake of completeness.

D.3 Practical Algorithm

In (13), we eliminate one level optimization, thus reduce the computational difficulty. Meanwhile,
SGDA for (13) could benefit from the attractive finite-step convergence. However, as observed
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Algorithm 1 CoinDICE: estimating upper confidence bound using KL-divergence and function
approximation.

Inputs: A target policy w, a desired confidence 1 — «, a finite sample dataset D :=
{(s(()])7 aé]), s a0 r0), 5’(j))}?:1, optimizers OPT y, number of iterations K, T.

Set divergence limit £ := 1 ot

Initialize A € R, Qg, : S X A = R, (g, : 5 x A = R.
fork=1,...,Kdo
fort=1,...,T do 4 .
Sample from target policy ai/’ ~ x(s§), a0 ~ 7(s0) for j =1,...,n.
Compute loss terms: ' ,
g@)ﬁ:(1,70Q0A5g[ag>y+g%(§ﬁ’aUU.Q,QQASULaod)+rux+7Q9AsUV,aUV»

Update (91; 92) < OPT{} (;C, 91, 92)
end for
Update (w, A) by (35) or (36)
Compute loss £ := Z?:l w@ . p),
end for

Return L.

in Namkoong and Duchi (2016), when A approaches 0, SGDA for (13) may suffer from high variance.
In this section, we consider two strategies to bypass such difficulty. We take the upper bound as an
example, and the lower bound can be handled similarly:

e Instead of using the optimal weights (12), Namkoong and Duchi (2016) suggests to keep
(w, \) in optimization to be updated simultaneously via gradients, i.e., targeting on solving
the Lagrangian (33) with SGDA directly. For example, with K L-divergence, this leads to
the update of w,, in the ¢-th iteration as

, _ N Lmed 10\ 1A p()
o) = exp (mﬁ(”) (w(j)) — and w, = L, (35)
n Zj w(])
with stepsize 7.

e The instability and high variance of solving (13) comes from unboundness of w induced by
arbitarry \ during the optimization procedure. In other words, given a fixed (7, 3), if we
can keep w € Ky satisfied, i.e.,

w, = argmax {(w,{)
KL(“’Hﬁn)gg

= (wy, A") = argmax argmin (w,{) — A | KL (w||p,) — =
w1=1,w>0 A=0
7) . 5\ L .
RENE) IR CRE D) 1op ) — &
e bowy) = 50 with Zw/\* logwy. = e
A* 7j=1

. /(
= (wy, \") = ﬁ}f\]*) = exp{

(36)
the optimization will be stable.

Moreover, the major computation cost of optimization is updating the w, which is an O (n) operation.
Therefore, we update w less frequently, which corresponds to optimizing the equivalent form (10).
Incorporating these techniques into SGDA, we obtain the algorithm in Algorithm 1.

Remark (More regularization for stability): Directly solving a Lagrangian for LP may induce
instability, due to lack of curvature. To overcome such difficulty, the augmented Lagrangian
method (ALM) (Rockafellar, 1974) is the natural choice. Directly applying the ALM will introduce
the regularization h (E5, [A (x; T, ¢)]) where h denotes some convex function with minimum at zero.
Such regularization will not change the optimal solution (7, 3) in (11) and the value [I,,, u,,].

The ALM introduces extra computational cost in optimization since the regularization involves
empirical expectations inside a nonlinear function. We exploit alternative regularizations following the
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spirit of ALM, while circumventing the computational difficulty. Recall the fact that the regularization
on dual variable does not change the optimal solution (Nachum et al., 2019b, Theorem 4), i.e.

T (8,a) = {argmax Ego [1-7(s,a)] |Egp [A (2;7,0)] = 0} 37

720
= {argmax Ego [T -7 (s,a)] — aE, [h(7)] |Edp A (z;7,0)] = O} , (3%
720
where p is some distribution over S x A.

We show the upper bound as an example, and the lower bound can be treated similarly. We have

(w,, ") = argmax {argmax By 77 (s,0)] |Ew [A (257, 0)] = 0}
wek ¢ 720

= argmax {argmax Ey[m-7(s,a)] — aEp [h(7)] ’]Ew [A (z;71,0)] = O} ,(39)
wek ¢ 720

where the equality comes from Nachum et al. (2019b, Theorem 4) and the fact the regularization

E, [h ()] does not depend on w. Then, we can solve (39) alternatively for (w,,, 7*) by Lagrangian,

maxmin max E, [7-7(s,a) + 8T A (z;7,8)] — aE, [ (7)]. (40)

=0 g wEICf
Although the optimal 5* to (40) differs from 3*, (w,, 7*) are the same. Once we have the (w,,, 7*),
we can recover the original Lagrangian jr (w,) = Ey, [T -7 (s,a)], since Eq,, [8*TA (z;7%,¢)] =
0 in the original Lagrangian E,, (¢ (z;7*, 8*)) in (11) due to the KKT condition.

Comparing to the original ALM, the new regularization takes the advantage of ALM while keeps the
original computational efficiency.

E Proofs for Statistical Properties

In this section, we provide the detailed proofs for the asymptotic coverage Theorem 2 and the finite-
sample correction Theorem 4. For notation simplicity, we use sup, max and inf, min interchangeably.
With a little abuse of notation, we use [ as > on discrete domain.

E.1 Asymptotic Coverage

Theorem 2 follows from a result in Duchi et al. (2016). The following notation will be needed:

o U(z;7,8)=(1—7)B"¢(s0,a0) + 7 (s,a) (r(s,a) +vB8 ¢ (s',a’) — BT ¢ (s,a)):
o [[flly = [If (s,a)|d” (s,a)dsda, and || (s,a)l, := \/{(¢, d);

1
o |f(s,a)llp2(qp) = Ear [f?(s,a)]®, H C L?(dP), we define L> (H) be the space of
bounded linear functionals on H with || L1 — La||,; := supyeqy |L1h — Loh| for Ly, Ly €
L= (H);
e p= %, with a Lebesgue measure p, is the Radon-Nikodym derivative. Abusing notation a
bit, we use (D (P||Q), D (p||q)), and (Ep [-],E, (-)) interchangeably.

Definition 7 (Duchi et al., 2016, Hadamard directionally differentiability) Let Q be the space of
signed measures bounded with norm ||-||,,. The functional T : P — R is Hadamard directionally
differentiable at P € P tangentially to B C Q if for all H € B, there exists dT,, (H) € R such
that for all convergent sequences t, — 0 and ||H,, — H||,, — O that satisfies P + t, H,, € P, the
following holds

T (P +t,H,) — T (P)

ln

We say T : P — R has an influence function T (x; P) € R if

ﬂ}@—Py:/TWamd@—PM@,

—dTp(H), as n— oc.

and Ep [T* (z; P)] = 0.
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We consider f in Dy satisfying the following assumption (Duchi et al., 2016),

Assumption 1 (Smoothness of f-divergence) The function f : Ry — R is convex, three times
differentiable in a neighborhood of 1, f (1) = f' (1) = 0 and " (1) = 2.7

Then, the following theorem, which slightly simplifies Duchi et al. (2016, Theorem 10), characterizes
the asymptotic coverage of the general uncertainty estimation,

Theorem 8 (General asymptotic coverage) Let Assumption I hold and H = {h (x; 1, 3)}, where
h(xz;7,B8) is Lipschitz and the space of (t,83) is compact. Denote B C Q be such that

H\/ﬁ (ﬁn - P0> - GHH — 0 with G € B. Assume T : P — R is Hadamard differentiable

at Py tangentially to B with influence function T' (-; Py) and dT'p is defined and continuous on the
whole Q, then,

im (7)€ {7(P) Dy (PIR) < £) = (1<),

n—oo

Denote the T (P) = max,>o mingere Ep [¢ (z; 7, §)] by convexity-concavity, our proof for The-
orem 2 will be mainly checking the conditions required by Theorem 8: i), Lipschitz continuity of
functions in 7, and ii) Hadamard differentiability of T' (P).

We first specify the regularity assumption for stationary distribution ratio:

Assumption 2 (Stationary ratio regularity) The target stationary state-action correction rato is
bounded: || 7%, < Cr < oo, and 7% € F; where F, is a convex, compact and bounded RKHS
space with bounded kernel function ||k ((-,-), (s,a))|z < K.

The bounded ratio component of Assumption 2 is a standard assumption used in Nachum et al.
(2019a); Zhang et al. (2020a); Uehara et al. (2019). The latter part regarding - is required for the
existence of solutions. In fact, the RKHS assumption F is already quite flexible, and it includes
deep neural networks by adopting the neural tangent kernels (Arora et al., 2019).

With Assumption 2, we can immediately obtain

T(P)= in Ep [¢ (27, /)] = mi Ep [0 (a;
(P) = max min Ep [ (z; 7, §)] = min maxEp [¢ (z;7, 5)]

by the minimax theorem (Ekeland and Temam, 1999, Proposition 2.1). By this equivalence, we will
focus on the min-max form.

Since r € [0, Rimax), one has for every 7 that Q™ < Ruax/(1 — 7). Therefore, it is reasonable to
assume the following regularity conditions for ¢:

Assumption 3 (Embedding feature regularity) There exist some finite constants Cz and C¢, such
that || ]|y < Cag, |||y < Cy. Moreover, ¢ (s,a) is Lg-Lipschitz continuous.

This assumption implies ||ﬂTq$HOO < |18, 19ll, < CsCys and Lipschitz continuity of 37 ¢ (s, a).
We define F3 := {f] |||, < Cs}.

Lemma 9 (Lipschitz continuity) Under Assumptions 2 and 3, function { satisfies ||¢ (x; T, B)|| o, <
M and is Cy-Lipschitz in (1, B), for some proper finite constants M and C,.

Proof We first show the boundedness claim. By the definition of ¢ (z; 7, 3), one has

1€ (257, B) [l oo
A =NBT¢| . + 7 (s,0) (r(s,0) + 48T ¢ (s',a") = BT ¢ (s,a)) |
A=NBT¢| o + T (s:0)ll (r (s,0) +78T ¢ (s d") = B¢ (s,a))
(1 =7)CsCs + Cr (Rmax + (1 +7) C5C)
(Cr4+1)(1—7)CsCs + CrRpax := M.

[ V/ANR/ANIV/AN

>That f(1) = 0 is required in the definition of f-divergence. If f' (1) # 0, one can “lift” it by f (t) = f(t) —
J/(1)(t — 1) so that the new function satisfies f* (1) = 0. f” (1) = 2 is assumed for easier calculation without
loss of generality, as discussed in Duchi et al. (2016). For example, one can use f () = 2zlogz — 2 (z — 1)
for modified KL-divergence, f (t) = (x — 1) for x2-divergence, and f (t) = — logz + (x — 1) — 1(z— 1)?
for reverse KL-divergence.
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We equip F, x Fg with the norm

1 B = N7l 2, + 118l (41
Then, we show the Lipschitz continuity of £ (z; 7, 8) in (7, 3),
€ (2571, B1) — £ (2572, B2)|

< (=)0 (s0a0) (B = Bo)| + |72 (5,0) (81 = )T (76 (@) + 6 (s,0))

+ |(Tl (57 a) — T2 (370')) (7’ (370') + ’VB;—QS (S/, a/) - 6;45 (87 a))|

< (1= (@2+7)Cs+Cr) A1 = Bally + (Bmax + (1 +7) CoCp) |71 (5,0) — 72 (s, a)],
< (A=(C+7)Cos+ C) 181 = Bally + (Bmax + (1 +7) CsCp) K |11 — 72| £,

< Co(IBr = Bally +lIm =l £,) s

which implies the ¢ (x; 7, 8) is Cy-Lipschitz continuous with
Co=max{(1 —7)((24+7)Co + Cr,(1 +7)CoCp) K}.
|

We now check the Hadamard directional differentiability of 7" (P). The following proof largely
follows Duchi et al. (2016); Romisch (2014).

Lemma 10 (Hadamard Differentiability) Under Assumptions 2 and 3, the functional T (P) =
minge 7, max,cr, Ep [¢ (x;7,8)] is Hadamard directionally differentiable on P tangentially to
B (H,Py) C L™ (H) with derivative

dTp (H) := /Z(ac;r*,ﬂ*)dH (z),

where (3%, 7%) = argmingc r, argmax ¢z Ep, [¢(z;T,B)].

Proof For convenience, we define
ﬁ(T,B) = /E(m;r,ﬁ) dH (z),
where H is associated with a measure in Q.

We first show the upper bound convergence. For H,, € B (H, Py) with || H,, — H||,, — 0, for any
sequence t,, — 0, we have

T (Py + toHy) — T (Py)
—  min max (]Epo € (27, B)] + tnH, (7, B)) — min maxEp, [¢(z;7, 8)]

BeEFp TEF, BeFp TEF,
< max (Ep, [£ (@57, 8)] + tuH, (1.8%)) — Ep, [£ (@37 5]
< ] ).
X Tnelaf),(- tnHy, (T7 B )

Denote 7, = argmax, . H, (7, 3"), by definition, we have
ﬁn,*_ ﬂ-,*gﬁn *’*_j_:[ *’*<H
max Hy, (7, 5%) — max H (7, §7) (70, 87) = H (75, 57)
Therefore, we obtain
1 -
lim sup . (T (Po+t,Hy) —T (Py)) < H(7%,5%).
For the lower bound part, we have
T(Py+t,Hpy)
= min {max (]Ep0 [0 (x;7, B)] + tnH, (T, B))}

BeEFs | TEF-

min {Ep, [£ (557 (8), )] + ta (o (70 (8),8) = H (7 (8),8)) + tall (7 (8), )}

BEFp
< min {Ep [0 (a7 () )+t | o~ || 40|, }
< Bnel.%; Ep, [ (257 (B), 8)] + O (1) - tn,
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where 7, (8) = argmax, ¢z <Ep0 [¢(x;7,B)] + tnH, (7, 5))
Denote the set of e-ball of solutions w.r.t. P as

= : ; < mi ; .
Sp (e) {ﬂ € Fp: maxEp [€ (z;7,B)] < Jnip max Ep [¢(z;7, B)] +€}

Then, 8% € Sp,++, u, (0) implies 8% € Sp, (ct,), which in turn implies the sequence of 3 has a
subsequence (3}, that converges to 3* € Sp, (0).

It is straightforward to check the Lipschitz continuity of £ (3) := max, E[¢ (z; 7, 8)] as
|£(B1) = ()]

< (1= 161 = all B (6ol + [max B[+ 67 A] - max B 1 + 57 )
< (L= 181 ~ Ball Byr [18n0 l + max[E [ -7+ 5TA] ~E[r v+ 574

(1= ) 181 = Bally Ersr (910,00l + max B [(81 — 52)" A

(L=7)Cs+Cr (L +7)Cy) |11 = Bolly -
Therefore, with 5} — 3%, we have

lim (B,) = minf (8) =7 (o).

and due to the optimality, for any m,

N

N

0(Bn) > mind (8).
T(Py+tmHy) — T (P)

> (B [f (=

)]+ tut (7 8) ) - maxE, 1 (27,5,

> B, [t (w1 () 50)] + tafle (7 (5;)?;;)—1&30 (2t (Br) B |
i (52) ).

where 7, (B;*n) = argmax, cr Ep, [ﬁ (x; T, ﬁ,*n”
Since B;; — (%, we have 7, (BN;"n) — 7*, and thus,
o (7 (Br) s Bra) = B (7, 7)

(1 () Bi) = 1 (1 () 55 [+

& ] ] o (32 52) -
where we use ¢ (7, 3; ;t) is Lipschitz continuous. Therefore, we obtain

nminfti (T (Py +tn,Hy) — T (Py)) = H (7%,5").

n n

H (r (B1) Bi) = H (7, 8)

— 0,

Theorem 2 (Asymptotic coverage) Under Assumptions 1, 2, and 3, if D contains i.i.d. samples and
the optimal solution to the Lagrangian of (5) is unique, we have

Jim P (p,, ect ) —P (X(ﬁ) < g) . (42)

Therefore, C e is an asymptotic (1 — «)-confidence interval of the value of the policy 7.
X ()

Proof The proof is to verify the conditions in Theorem 8 hold. By Lemma 6, we can rewrite

P(pr € Cle) =P (pr € {pr (w) [we Ky},
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where, according to the boundedness assumption on 3 in Assumption 3,

~ - . ) T . _ . ) T .
P (W) = gl}&(}){grenjg Ew [T -7+ B8 "Ax;7,9)] ,BHEHJ% rg;%(Ew [7-r+B'Ax;7,9)] .

With Lemma 9 and Lemma 10, the conditions in Theorem 8 are satisfied. We apply Theorem 8 on
the unique optimal solution (77, 3*) = argminge » argmax 5, Ep, [( (;7, 3)]. We have dTp is a
linear functional on the space of bounded measures and

dTp, (H) = /E(x;T*,B*)dH (z),
with the canonical gradient given by T (+; Py) = ¢ (x; 7%, %) — Ep, [¢ (z; 7%, 8%)]. [ |

E.2 Finite-Sample Correction

The previous section considers the asymptotic coverage of CoinDICE. We now analyze the finite-
sample effect for the estimator, for the special case f (z) = (z — 1)°. Thus, D 7 is the x?-divergence.

Consider the optimization problem,
max w'z, st. Dy (w||p,) < é,w e P (pn). (43)
wekn n

The following result will be needed.

Lemma 11 (Namkoong and Duchi, 2017, Theorem 1) Let Z € [0, M] be a random variable,

o = Var(Z) and 52 = E;, [Z%] — E5, [Z)? as the population and sample variance of Z,

respectively. For & > 0, we have
£, Mg

[ S n] < max {8, 2]1D; (wllpn) < £,0 € PP ()} - Bp, 2] < /02

Moreover, for n > max {2, %2 max {4o, 22}}, with probability at least 1 — exp (— %’}\‘}22 ),
e {0 (2] Dy (i) < Eow e P )} =85, 21+ £t

The follow is the symmetric version of Lemma 11, which can be obtained immediately by negating
the random variable Z. For completeness, we give the proof below, which is adapted from Namkoong
and Duchi (2017). Recall that the lower bound is obtained by solving the following:

m%l w'z, st Dy (w||pn) < §7 we pri (Pn) - (44)
weR™ n

Lemma 12 (Lower bound variance representation) Under the same conditions in Lemma 11, for

& >0, we have
<5, 12] - min {B. 12]1D; (ullp) < Swe P ) ) < /5t

[/ésg_Mé
n " n
+

Moreover, for n > max {2, %j max {4o, 22}}, with probability at least 1 — exp (— %’E; )

win (B, 1210 (i) < Sw e P )} =5 (21— S

w

1

Proof Denote u = = —w, we have "1 = 0, and the optimization (44) can be written as

§

1
Z—maxu' (z—2), s.t. ||u||§ <2u'1=0,u< —, 45)
u n n

with z = % > zi. Obviously, by the Cauchy-Schwartz inequality,

W=y S,
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and the equality holds if and only if

VEG—2) _ VE(z—2)

nllz — |, ny/ns2

Given the constraint u < %, to achieve the maximum, one needs to ensure
max VG —2)

i ny/ns?

U; =

< 1.
If this condition is satisfied, we have

Bp. (2]~ min {E, (2) D (wllpn) < £} < 222

gM?
ns?

Since z € [0, M], we have |z; — Z| < M, to ensure the condition, we need

5 2 2772
Otherwise, suppose s2 < £ or equivalently 5% < 2L then,

minw 'z < Ep, [2] — l\/gs% - m]
w n nol,

For the high-probability statement, when n > max {2, %2 max {40, 22} }, and the event 52 > 202

holds, s% > % Following Maurer and Pontil (2009, Theorem 10), one can bound that

na?
P(lsp, —0o|<a) < -
(Is ol < a) exp( 2M2>

Setting a = (1 — g) o completes the proof. |

With Lemma 11 and Lemma 12, we represent the confidence bounds with variance. We resort to an
empirical Bernstein bound applied to the function space F with bounded function i : X — [0, M],
using empirical £.,-covering numbers, NV, (F, €,n),

Lemma 13 (Maurer and Pontil, 2009, Theorem 6) Let n > % and t > log12. Then, with
probability at least 1 — 6N, (F,¢,2n) e”t, forany h € F,

18Vary, (h)t  15Mt 21
E[h] - Ep, [] < arp, (W)t 15 +2<1+2\/>e.
n

n n

Theorem 4 (Finite-sample correction) Denote by N, (Fr,€,2n) and N (Fg, €,2n) the £oo-
covering numbers of F. and Fg with e-ball on 2n empirical samples, respectively. Let Dy be
x2-divergence. Under Assumptions 2 and 3, let M := (Cr 4+ 1) (1 — ) C3Cs + CrRinax and
Co=max{(1—7)((24+7)Cys + C-,(1+~)CyCp) K}, then, we have

P (pr € [lu — Cotin + Ca]) = 1 — 12N (Fr,€,20) Nog (Fa, €, 2n) e~ 35,

where (1, uy) are the solutions to (11), ¢, = 1161\7145 + 2 (1 + 24/ 9§n) Creand & = x?ﬁ_a.

When the VC-dimensions of F, and Fg (denoted by dr, and dz,, respectively) are finite, we have

P(pr € [ln — Knytn + Kn)) =1 —12exp (c1 +2 (d}; +dr, — 1) logn — 1£8> ,

where c; = 2c+logdr, +logdr, + (df, +dF, — 1), and Kk, = % + QC‘TM (1 + 2‘/9571> .

Proof We focus on the upper bound, and the lower bound can be bounded in a similar way. Define

(r*,B8%) := argmax argmin E o [¢ (x; 7, §)]
TEF, B8

(ﬁ}*, 7 B*) := argmax argmax argmin E,, [¢ (z; 7, 8)] .
w TEF, B
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By definition and the optimality of 3*, we have
pr =Ego [0 (z;7,87)] < Egp [Z (:E;T*,B*)] . (46)

Applying Lemma 13 and the Lipschitz-continuity of £ (x; 7, 5) on F x Fga, with probability at least
1 — 6N (Fry€,2n) Noo (Fa,€,2n) e~ t, we have

Eqp [E (iE;T*,B*)}
@ i) e LT EN o ()

&Varg, (f (a:;T*,B*)) ~ M¢

n n

< max [, [ﬁ (m;T*,B*)} —
Dy (w||pn)< 5

+3 2V, (f (I;T*75*>) : + 1524t +2 <1 + 2\/§> Cre

+

n

1 2t
< max  max min E,, [¢ (xTﬁ)]—FMf—FQ(l—!-Q\/n) Cye

Dy (w||pn)< 5 TEFT PETS
£
N 18
and the definition of B*. Combining this with (46), we may conclude that with probability at least
£

1-— 6NQO (]:7—767271)_/\[00 (]:ﬂ7€72n) e 18,
11M.
Pr < max max min E,, [¢ (z;7,8)] + 675 +9 <1 +2\/9?> Cye.

Df (“)Hﬁn)<% TEF, Be]:ﬂ

where the second equation comes from Lemma 11 and the third line comes from setting ¢ <

With the same strategy based on Lemma 12 and Lemma 13, we can also bound the finite-sample
lower bound correction that with probability at least 1 — 6N (Fr, €, 2n) N (Fp, €, 2n) e~ s,
pr >  max max min E, [E(m;T,B)]—M—2<1+2\/ 3 >Cz€
Df(w||17n)§fj TEF, BEFs 6n
The first part of the theorem is then proved.
For the second part, by van der Vaart and Wellner (1996, Theorem 2.6.7), one can bound

N (F,€,2n) < cVC(F) (%)Vc(ﬂ_l for some constant c. We set ¢ = 2 and denote
dF = VC (F). Plugging this into the bound, we obtain

P(pr € [ln — Kyun +K]) 21 —12exp ((31 +2 (d]-‘T +dF, — 1) logn — 1§8>
where c; and « are as given in the theorem statement. |

F Implementing Principles of Optimism and Pessimism

Based on the discussion in Section 5, the optimism and pessimism principles can be implemented by
maximizing up (7) and Ip (), respectively. In this section, we first calculate the gradient V up ()
and VIp (), and elaborate on the algorithm details.

Since we will optimize the policy 7, we modify the confidence interval estimator in CoinDICE
slightly, so that 7 is an explicitly parameterized distribution. Concretely, we consider the samples
x := (89,5, a,r) with s ~ 10 (5), (s,a,r,s") ~ dP, which leads to the corresponding upper and
lower bounds with
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where A(l’;T7¢77T) = (1 - ’Y) Eﬂ'(ao\sO) [¢ (807a0)] + ’yEﬂ'(a’\s/) [¢ (S/,a/)T(S,(I)] -
@ (s,a) T (s,a).

Theorem 14 Given optimal (5], 7", w;') and (B, 7.5, w) for lower and upper bounds, respectively,

ur Tu)

the gradients of lp (7) and up (7) can be computed as

Eu; [(1=9) Eagnn [V log 7 (afs0) 57 6 (0, a0)] +
VErmonaris) |77 (5,0) Vi logm (a']s) B 76 (', )

Eu; [(1 =) Eagr |V log (aolso) 836 (0, a0)] +

’YEa/Nﬂ'(a’\s’) {TZ (87 a) \ IOg Q0 (a’|s’) BZTQb (8/’ a/)]]
(47)

Vﬂ—l’p (Tl')

vﬂ’U,D (ﬂ')

* *

Proof We focus on the computation of V up () with the optimal (5, 7., w):
Vzup (W) = Ew;j [ng(xa T, B)]

= (1= By VaBagur |8 (50,00)| +1Eu; |72 (5:0) VaEarmniarie 8270 (5,0

= (1=7)Eu;Eapur |Vrlog (aolso) B 6 (50, 00)] (48)
+VEw: Earor(ar)s [T; (s,a) Vylogm (a'|s") ﬁquﬁ (s, a')} ) (49)

The case for the lower bound can be obtained similarly:
Vil (1) = (1= ) By Baymr [V log (aolso) B 6 (50,00 (50)

By Ermntario) [ (5,0) Vi logm (] 57 T (51,a')]
|
Now, we are ready to apply the policy gradient upon up (7) or Ip (7) to implement the optimism

for exploration or pessimism for safe policy improvement, respectively. We illustrate the details
in Algorithm 2.

Algorithm 2 CoinDICE-OPT: implementation of optimism/pessimism principle

Inputs: initial policy 7y, a desired confidence 1 — a, a finite sample dataset D := {:c(j) =
(s(()]), s\ ql@) pG), 5’(j))}§?:1, number of iterations 7.
fort=1,...,7T do

Estimate (5, 7,5, w?) via Algorithm 1 for optimism. { (5}, 7", w;) for pessimism. }

Sample {x(j)}le ~ Dy, al ~ i (s§7), a9 ~ (s for j =1,.. . k.

Estimate the stochastic approximation to V up, () via (49). {V ip, (m;) via (50) for pes-
simism. }

Natural policy gradient update: 741 = argmin, — (m, V up, (7)) + %KL (m||me).

{741 = argmin,_ — (m, Vip, (7)) + %KL (m||m) for pessimism. }

Collect samples £ = {x(j) = (so, 8, a,r, s’)(j)} by executing 7y 11, Dyy1 =Dy UE.
=1

{ Skip the data collection step in offline setting. }
end for
Return 7.
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