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Figure 2: Organization of appendices.

Figure 2 contains an overview of the appendices to help the reader navigate through the technical
results leading to the proof of the main results, summarized in Thm. 2.1.

Sections A.1-A.3 collect proofs of miscellaneous technical claims: Section A.1 contains sufficient
conditions to ensure boundedness of {6,,}. Section A.2 is focused on the linearization of Zap SA
algorithm (14), and based on this a formula for the asymptotic covariance of Zap SA is obtained.
The proof that the maximal eigenvalue for GQ-learning with tabular basis satisfies Real(A\(A.)) >
—(1 — ¥)?% is contained in Section A.3.

Analysis of the Zap ODE (7) is contained in Section A.4, including existence of solutions, and the
consistency result lim;_, o, f(w;) = 0. Section A.5 finishes the proof of Thm. 2.1 by establishing
solidarity between the ODE and the stochastic recursion. It is simplest to begin in the special case in
which ¢ has non-negative entries, which is the focus of Sections A.5.2 and A.5.3. The arguments are
extended in Section A.5.4, where the non-negativity is relaxed.

A.1 Establishing boundedness of the parameter estimates
Suppose that the following limits exist:
Q% (z,u) = lim m~'Q™%(z,u), reX,ueU
m—o0

(o(B,2) = lim ((mb,z), ze’l
m—0o0

where the limiting functions are twice continuously differentiable. The global Lipschitz conditions in
(A2) imply that the gradients also converge, and the convergence is uniform on compact sets. We
then obtain a vector field for the “ODE at infinity” introduced in [10]:

?oo (9) = n}gnoo milf(ma) =E [('YQZO (Xn+1) - ng (Xm Un))Coo (97 (bn)}

and a similar definition for f, (6, z). The associated regularized Newton-Raphson flow “at infinity”
is similar to (7):

Ly = —[e] + Aso(we) T Ao (w)] M Aso (i) Tf oo (wr),  Asol(wy) = 0o f oo (wr)  (32)

With A, (#) defined as in (26) with respect to f__, assume the following:

(A2,.) The functions (), and (. are Lipschitz continuous and twice continuously differentiable
in € in any open set not containing the origin; f.(6, z) is Lipschitz continuous for each z € Z;

ATF (0) #0forall § # 0and A € A (0).

Assumptions (A2) and (A2.,) are identical when the function approximation Q" is linear, and
¢=VvaQ’.
The function || f || is coercive under (A2..) since f_ is radially linear: f__(mf) = mf_,(6) for

any 6 and any m > 0. Prop. A.6 can be adapted to show that (32) is globally asymptotically stable.
[9, Sections 6.3, Theorem 9] explains how stability of the ODE implies stability of the SA algorithm.
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A.2 Asymptotic covariance of regularized Zap SA

We first introduce a standard result in linear system theory [24, Theorem 2.6-1].

Lemma A.1. If A € R%*9 is Hurwitz and X o € R4*? is positive semi-definite, then there exists a
unique solution 3 > 0 that solves the Lyapunov equation,

A+ 3XAT 4+ XA =0,

whose solution can be expressed

Y= / exp(AT)Xa exp(ATT)dr
0

Let {€S} be the sequence obtained by the stochastic linear recursion (10) with matrix gain G € R%*¢:
EF = EF + annGIAET + A1), EF =000 (33)

Denote the asymptotic covariance of {£S} by 2§ := lim,,_, o nE[ES(£F)T]. According to the
eigenvalue test (12), X§ is finite if 37 + G A, is Hurwitz. It is well known that the matrix gain
G. = —A; ! achieves the minimal asymptotic covariance:

Y= AIEAATHT (34)

The following result is standard in stochastic approximation [5, Part I, Section 3.2.3, Proposition 4],
and quantifies optimality of 3.

Lemma A.2. Suppose that A, and %I + G A, are Hurwitz. Then,
(1) The asymptotic covariance Eg; > 0 uniquely solves the Lyapunov equation:
A1+ GA)EF + 2§ (A1 + GA)T + GEAGT =0
(1) The sub-optimality gap $6 = Zg — X > 0 uniquely solves the Lyapunov equation:
(31 +GANEG + 5§ (A1 + GA)T + (G + A7 HZA(G + A1) T =0 (35)

For any symmetric matrix S € R%*?, denote by \(S) the set of its eigenvalues.

Proposition A.3. Suppose A, € R¥ is Hurwitz, and denote G. = —[el + ATA,]7*AL If
0 <& < Amin(ALA,), then %I+ G A, is Hurwitz, so that the matrix gain G, in the linear recursion
(33) results in a finite asymptotic covariance 5. Moreover, the follow approximation holds:

55 =5+ 250 + 0%, withS) = (A,ATA,) 'SA(ATALAT) L, (36)
Proof. The set of eigenvalues of %I + G- A, admits the following representations:
1
M3+ GLAy) = {5 — XA e N(el + ATA,]TTATA)}

_ {% L xeneara) e

A
— {% — &\7{%1 A E )\((AIA*)_l)}
_ {% _ E/A% LN EA(ATA,))

Given 0 < & < Amin(AlA,), the eigenvalues of %I + G A, are real and strictly negative. In
particular, this matrix is Hurwitz, as claimed.

We next establish the approximation (36). By Lemma A.2 (iii), ig = X§ — X} solves the Lyapunov
equation (35) with G replaced by G.. Denoting G. = G. + A ', we obtain by Lemma A.1,

¥ = / exp([31 + G A7) G SAGT exp([3T + G A7) dr (37)
0
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A Taylor series representation of matrix inverse results in the following:
G A, = —[el + ATATYATA, = [T +(ATA) 7 = —[I —eA;H(AD) 7 + O(?)
Ge=G.+ A7 = [G.A, + INAZY = e ATV (AT T AZT + 0(€?)

With Z((f) = (A.ATA,) " 1SA(ATALAT) L, the integral in (37) becomes
23:52/0 exp(—[31—e AL (AD) ) S exp(—[AT—cA7H(AD)YTr)dr + O(3)  (38)

Another Taylor series expansion for matrix exponential gives
exp(—[31 — AN (AD)7r) = exp(—F1) +er A (AD) " exp(—F1) + O(e?)

Consequently, the integral in (38) can be rewritten as
ig =¢? /0 exp(—%I)E((f) exp(—Z1)dr 4+ O(e?)

:522é2) +0(e%)

A.3 Eigenvalue test for GQ-learning

Consider the linear function approximation architecture: Q?(z,u) = 1 (x,u)76, where ¥ : X x

U — R9 is the basis function. With eligibility vector ¢, := 1(X,,, Uy,), let f be defined by (18).
GQ-learning [31] aims to solve the root finding problem (18), transformed into the non-convex
optimization problem (3).

The GQ-learning [31] algorithm is the two-time scale SA algorithm,

0n+1 == 911 + Oén+1[D(0na (I)n+1)<n - 7¢£+1Cn¢(X71+17 (;5971 (Xn+1))] (393)
Ont1 = On + But1Gu[DOn, Prt1) — Y(Xn, Un)Tn] (39b)
where {3, } and {«, } are non-negative step-size sequences satisfying o, /8, — 0 as n — co. The

fast time scale recursion (39b) for {¢,,} is designed so that ¢, ~ M f(6,,) for large n. It follows
that the ODE approximation of (39a) is (4).

Proposition A.4. The linearization matrix for GQ-learning at 6* is given by Agg = —AIMA,,
whenever 0* is a solution to A(6)TM f(6) = 0. With the tabular basis: 1y, (z,u) = {x = 2%, u =
uk} 1 <k < L, - Ly, there is an eigenvalue \cq of Agg satisfying

Aag = —(1—7)?

We first introduce some notation for tabular Q-learning. For any deterministic stationary policy
¢ : X = U, let S, denote the substitution operator, defined for any function @) : X x U — R by
SeQ(z) = Q(z, #(x)). With P viewed as a matrix with £, - £,, rows and ¢, columns, P.S can be
interpreted as the transition matrix for the joint process (X,U) when U is defined using policy

# [15]. Then f(#) can be written in matrix form

J(0) =r +[yPSy — 1]0 (40)

where II is a diagonal matrix with entries: II(k, k) := w(2*, u*) and r is a vector with entries:

r(k) := r(x*,u*). The derivative A(6) of f(6) is given by
A(0) =TI[yPSye — 1]

Proof. The matrix Agq is the derivative of —A(w;)TM f(w;) at *. For the tabular case, by (40),
A(‘,Q = —[’YPS¢,* - I]TH[’}/PS(Zg* — I] == —HTH,

with H := IT'/2[T — yPSy-]. It suffices to show that HTH has a positive eigenvalue less than

(1—9)%
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Since H ! is a positive and irreducible matrix, we can apply the same arguments as in [15, Theorem
3.3] to bound the Perron-Frobenius eigenvalue as follows:

1 1
)\pF Z min

=7 zuw | /w(z,u)
Therefore, H has positive eigenvalue iy = A\pp- such that

Mg < (1 —v)max+/w(x,u)

z,u

Applying [21, Theorem 5.6.9] we obtain the complementary bound
)\H 2 Umin(H) == Amin (HTH)
and combining the two implies:

Amin(HTH) < Xy < (1 =) (max /(0 u)” < (1-7)?

)

A.4 ODE Analysis

To obtain the existence of a solution to (7), we first consider an ideal smooth setting:

Proposition A.5. Consider the following conditions for the function f:

(a) f is globally Lipschitz continuous and continuously differentiable. Hence A(-) is a bounded
matrix-valued function.

() ||| is coercive. That is, {6 : || f(0)|| < n} is compact for each n.

(c) The function f has a unique zero 0%, and AT () f(0) # 0 for 6 # 6*. Moreover, the matrix
A, = A(0%) is non-singular.

The following hold for solutions to the ODE (7) under increasingly stronger assumptions:
(1) If (a) holds then for each t, and each initial condition

S F(wr) = —A(w)[el + A(wy)T A(wy)] ™ Awy) T F (w) (41

(i) Ifin addition (b) holds, then the solutions to the ODE are bounded, and

. Ti —
tli)rglo A(we)T f(we) =0 (42)
(i) If (a)—(c) hold, then (7) is globally asymptotically stable. ]

Proof. The result (i) follows from the chain rule and the definitions.

The proof of (ii) is based on the Lyapunov function V' (w) = 3 || f(w)||* combined with (a):

&V (we) = = F(we) TA(we)[e] + A(wr) T Awe)] ™" A(we) T f (we)

The right hand side is non-positive when w, # 6*. Integrating each side gives for any 7" > 0,

T
V(wr) = V(wg) — /0 Fw)TA(wy) el + A(w)TA(wy)] " A(we) T f(wy) dt (43)

so that V' (wr) < V(wp) for all T. Under the coercive assumption, it follows that solutions to (7) are
bounded. Also, letting T" — oo, we obtain from (43) the bound

/OOO Flw)TA(we)[e] + Awe) T A(we)] ™ A(w,) T f (we) dt <V (wo)
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This combined with boundedness of w; implies that lim;_, o A(w;)T f(w;) = 0.

We next prove (iii). Global asymptotic stability of (7) requires that solutions converge to 8* from each
initial condition, and also that 8* is stable in the sense of Lyapunov [26]. Assumption (c) combined
with (ii) gives the former, that lim;_, ., w; = 6*. A convenient sufficient condition for the latter is
obtained by considering Ao, = Jg[G(6)f(0)] |o=p~. Stability in the sense of Lypaunov holds if this
matrix is Hurwitz (all eigenvalues are in the strict left half plane in C) [26, Thm. 4.7]. Apply the
definitions, we obtain Ao, = —[el + M]~1M with M = A(0*)TA(0*) > 0 (recall that A(6*) is
assumed to be non-singular). The matrix A, is negative definite, and hence Hurwitz.

O

Prop. A.5 cannot be applied to the ODE (7) that motivated Zap Q-learning because f is only piecewise
smooth. To obtain an extension we consider the ODE in its integral form:

wy = Wy — /Ot[z-:I + AT (w,) A(w, )] L AT (w,) f (w,) dr, t>0 (44)

where f(6), A(6) are defined in (18, 20).

Proposition A.6. Under Assumptions AI-A2, there exists a solution to (44) from each initial condition.
The following hold for any solution:

t
() f(w) = flwg) — / A(wy)[el + A(w,)TA(w,)] P Alw,)T f(w,) dr, t>0
0
(i) ||f(wy)| is non-increasing, and tlim Flwy) = 0.
—00
(iii) Ifin addition A3 holds, then the ODE (44) is globally asymptotically stable.

The proof of existence is obtained by considering smooth approximations of (7).

Lemma A.7. Under Assumptions AI-A2, there exists a solution to (44) from each initial condition.

Proof. Define a C* probability density 1 on R? via

_ fhexp(=(1— a7 [l <1,
0= el > 1 “

where k > 0 is a normalization constant: [ 7(z)dz = 1. For each § > 0, a C* vector field is
defined via the convolution:

HOE 5% / fla—ymy/o)dy, zeR? (46)

The family of functions {f5 : 0 < § < 1} is globally uniformly Lipschitz continuous, with the same

Lipschitz constant by, as of f. It is also evident that lims | f5 = f pointwise. The uniform Lipschitz
continuity implies that the convergence is uniform on compact sets.

Denote A5(6) = 0qf5(0), and consider the ODE (44) with f and A replaced by their smooth
approximations:

t
wl =l [T+ AR @A) AT Ty wf)dr, wf=uwn @D
0
The solution exists and is unique for each ¢ € (0, 1]. To obtain bounds on the solution we require
bounds on the matrices involved, and opt for the spectral norm:

1 1
< —
Amin(e] + AJ (w)) As(wy)) ~ €

[ As(wd)|| < br

el + AF (wp) As(w))] || =
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where by, is the Lipschitz constant for ?5. Therefore,
t
lwf]l < [Jwd]] +/0 el + AT (wd) As ()]~ - | As (W) - | F5(wd)|| dr
PR L
< llwoll +— [ Ifs(wr)ll dr
0
by [t - _ _
< [lwgll + ;/0 1Fs ()l + 11 F5(wd) = Fs(wd)| dr
) br F (8 ! b )
< Jlwg |l + ?{THfé(wO)H + 0L ; Jwy —wpll dr}
) bL T é § ¢ §
< lwgll + ;{T(Hfa(wO)ll +brwoll) + b ; Jwy| dr}
The set {|| f5(wd)|| : 0 < & < 1} is bounded by max, e p(uw,,1) | f(y) |, where B(wy, 1) denotes the

closed unit ball in R? centered at wy. By Gronwall’s inequality, there exist constants C; and Cs such
that

Wil < Oy + CoettT/e te0,T], e (0,1
t

This combined with (47) implies that {w?° : 0 < § < 1} is uniformly bounded and equicontinuous. By
the Arzela-Ascoli theorem, there exists a sequence d,, J. 0 and a continuous function w® : [0, 7] — R?
such that

lim sup [lwd" —w?|| =0
N0 (0,7
So the functional equation (47) holds for w® with § = 0, and w? is thus a solution of (44). a

The following result has been derived in [15, Lemma A.10]. We present it here for completeness.

Lemma A.8. Let G(6) := maxj<i<¢, G;(0) where each G; : RY — R is twice continuously
differentiable and Lipschitz continuous. Let w : [0, T] — R® be a Lipschitz continuous function, and
denote gy := G(w). Then,

(i) g :[0,T] — R is Lipschitz continuous.

(il) At any time to € (0,T) such that the derivatives of g and wy exist,

%gt = 09 G (wy,) - %wt o foreach k € arg max Gi(wy,). (48)
=to =to 7

Proof. Denote gi = G;(w), so that gy = max;<;<¢, g;. Let by, denote a Lipschitz constant for each
of these functions:

lgi, — gi,| S brlti —tol,  to,t1 €[0,T], 1<i<4,
For any tg,t; € [0, 7],
9t — 9t < g, — gt,, foreachk € arg max 9t
< bplt — tol
The same inequality holds for g;, — ¢;, with k& € arg max; gél. This proves (i).

The proof of (ii) is also straightforward: The difference g; — g¥ has a global minimum at ¢ if
k € argmax; g; , and consequently

0= %[gt - gf”t:tg
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Given a parameter vector § € R?, denote by ¢/ : X x U — R the reward function that satisfies the
Bellman equation (16), with Q* replaced by QY: For each z € X and u € U,

Sayu) ==y Y Pule,a)Q(@') + Q(x, ) (49)
z'eX

Lemma A.9. Suppose Assumptions Al-A2 hold and the function w : [0,T] — R® is Lipschitz
continuous. Then, ¢"*(x,u) is Lipschitz continuous in t for each x,u. Moreover, at any point tq of

differentiability,

= [ — Z Py (z,2")0pQ" 0 (z', "0 (2)) + 0pQ"0 (z, u)} %wt‘ (50
z'eX

where "t is defined in (17).

d _wy
=57 T, Uu
d g (g, >L:t0

Proof. From the definition (49), it is sufficient to establish the derivative formula
%th (x/)‘t:to = 9pQ™0 (x/’ (b(k)(l‘/)) . %wt|t:t0

where (¥ is any policy that is Qo -greedy. This is immediate from Lemma A.8. O

Stability of is obtained from the following standard Lyapunov condition:

Lemma A.10. Suppose that {w; : t € R} is a Lipschitz continuous function taking values in R?,
V:R? — Ry is continuous and coercive, and U: R? — R,. Assume moreover the following
properties:

() inf{U(0) : V(0) >} > 0 foreach § > 0.
¢

(i) V(w) < V(wp) —/ U(w,)dr, t>0.
0

Then, there exists a function B: Ry — Ry such that V(w) < nforallt > V(wg)B(n). In
particular, V(wy) — 0 as t — oo.
Proof. For any scalar 7 satisfying 0 < n < V(wq), let H" := {6 : 1 < 6 < V(wy)} and

2= 3], VO

Under assumption (i) of the lemma we have €,, > 0. Let 7" = inf{¢ : V' (w¢) < n}, so that w, € H"
for 0 <t <T™M. By assumption (ii) we have

0 < V(w) < V(wp) —ent, 0<t<Tm.

Therefore, T < V(wy)/e,. Because V(w;) is non-increasing in ¢, we have V' (w;) < n for all
t >V (wo)B(e), with B(e) = ;.

Since 7 is arbitrary, it follows that lim;_, . V (w;) = 0. O

Proof of Prop. A.6. Suppose w : [0, T] — R% is a solution of (44). At point ¢ of differentiability, the
derivative of f(w;) is given by

4 f(we) =LE|Cns™ (X, Un)}
ZE[Cnﬁgwf (X”’ Un)} + E[’D(wta (I)TH»I)%Cn]

For each € X and u € U, ¢“*(x, u) is a Lipschitz continuous function of ¢, whose derivative is
given in Lemma A.9. Assertion (i) follows:

LF(we) = E|Culv96Q" (Xnt1, " (Xnt1)) — 06Q™* (X, Un)] + D(wr, @1y41)0pCr | shwr
= —A(wy)[el + A(we)TA(we)] P A(we) T f(wy)

(51
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A candidate Lyapunov function is defined as V (w;) := %||f(w;)|*>. At a point ¢ where f(w;) is

differentiable,

&V (w) = —F(w)TAwe)[el + A(wr) T Awe)] ™ A(we) T f (we) (52)

—[eI+ AO)TAG)] ™ < —byT
The integral representation of (52) then gives, for any ¢ € [0, T,

V(we) = V(wp) 7/0 Fw)TA(w,)[el + Alw,)TA(w,)] " A(w,)Tf (wy) dr
(53)

< V(wp) — by / | A(w,) T F(uw,) |2 dr

Under (A2) the assumptions of Lemma A.10 hold with U(f) = by | AO)TF(0)]|%, so that
hmt_mo V(U}t) = hmt_,oo f(wt) =0.

If in addition (A3) holds, we conclude that lim;_, ., w; = 6*. O

A.5 Proof of Thm. 2.1

The remainder of the Appendix is dedicated to the proof of Thm. 2.1. We use ng = 0 in the definition
of the step-size sequences (22); this shortens many of the expressions that follow, and the extension
to general ng > 1 is obvious. Given the typical choice of (,, in (2), it is assumed throughout that
Cn = (0, X, Uy,) for some function ¢ : R? x X x U — R?. We proceed under the additional
assumption that the vector-valued function ¢ has non-negative entries:

[€(0,z,u)]; > 0 foreach i,0,z,u. (54)

The proofs are extended to the general case in Section A.5.4.

A.5.1 Generalities

This subsection contains the building blocks of the proof, summarized in two propositions, and
the proof of Thm. 2.1 based on these key results. The proofs of the propositions are postponed to
subsequent subsections.

The slow time scale used for an ODE approximation of {6, } is defined by

n n 1
th=D> ;=) =, n>l, t=0 (55)
=1 =1

and its approximate inverse

[t] :=max{j: t; <t} (56)
Define the continuous time process {w; : t > 0} with @, = 6, and extended to R via linear
interpolation. Define the associated continuous time process {¢; := f(w;) : t > 0}. We also define
the piecewise constant processes {A;, Gy : t > 0} with A, = A, 1,G; = Gy fort € [tn, tni).
Both by :=sup,, ||0,.|| = sup, ||@w:|| and b, := sup, ||¢;|| are finite a.s. by assumption.

Denote by o(1) = e(Tp, t) a function of two variables, satisfying for each T' > 0,

lim  sup_[le(To, 8) = 0
To—o0 0<t<T

Proposition A.11. Under Assumptions (Al)-(A2) and (54), {w;} and {¢;} are Lipschitz continuous
with respect to t, and the following approximations hold:

To4+T

D) li A, Lvy — LE| o0 dt = 0.

(1 o - A Gz we — Celloo
To+t o

(11) 6T0+t = ETO +/ ATQ.,-ET dr + O(l), TO — 00
To
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To+t o
mn|wn+m2=HaQW-%z/’ TAGendr+0(1), Ty oo o
To

For a fixed but arbitrary time-horizon 1" > 0, define a family of functions {fTO : To > 0}, where
=To

I'"" :[0,T] — R™ for each Ty > 0 and an integer m. It consists of four components: for ¢ € [0, 77,

T _ T _ T - T - -
T)°(t) =wryge, Lo (t) = Croes T, (t) = Agy ¢ T,°(t) = — A 4:Gr, 1+

{f?o : Tp > 0} and {i? : Tp > 0} are uniformly Lipschitz continuous and bounded. More
specifically, each of frfu and fQTO is a function of two variables: f{o (w, 1), fQTO (w,t) withw € 2 and

t € R.. The property that ff(’ and f2T° are Lipschitz continuous and bounded holds with probability
one. Denote their sub-sequential limits by

Fl(t) = W¢, Fz(t) = C¢
where the convergence is uniform over [0, 7.

Limits of the remaining components of I' are defined with respect to the weak topology in

Ly ([0, T]; R¥*4). Because {f3TO : To > 0} and {f4T° : To > 0} are uniformly bounded, they
are weakly relatively sequentially compact in Ly ([0, T]; R?¥9) [17, Theorem 1.1.2]. Their weak
sub-sequential limits I'3 and T'4 are denoted by {A;, H; : 0 < ¢t < T'}. That is, there exists T, — oo
such that

To* = Aweakly in Lo ([0, T); R¥4) . Ta* — H weakly in Lo ([0, T];R™*?), &k — oo

Based on Prop. A.11, and a separate analysis of the fast time scale recursion for {ﬁn} we obtain the
following properties for any sub-sequential limit I' of {fTD : To > 0}:
Proposition A.12. Under Assumptions (Al)-(A2) and (54), for each t € [0,T],

(1) Ct = Fg(t) = f(wt)
(i) H;:=T4(t) € R4 js positive semi-definite.

(iv) There exists a constant by > 0 such that, for a.e. t € [0,T),

Loy = —Hey (57a)
&V (we) < =U(wy) (57b)
with V(w;) = %||f(wt)||2 and U(wy) = by || Al c¢||%. O

An alert reader will notice that we have nor obtained the desired ODE limit, since (57a) may differ
from the ODE solution given in Lemma A.6 (i). In particular, we do not know if A; coincides with
A(wy) (where A(6) is defined in (20) using a particular Q?-greedy policy), and we do not know if
H, coincides with

Awy)[eI + A(we)TA(wy)] P A(w,)T

We preserve the essential drift condition (57b), which leads to a simple proof of the main result:

Proof of Thm. 2.1. Prop. A.12 (i) and (ii) justify the assertion that U (w;) := by ||.AJ ¢ ||? is in fact
a function of w;. Under (A2) we see that Assumption (i) of Lemma A.10 holds, and (57b) implies
Assumption (ii) of the lemma.

For given n > 0, we may choose T > V' (wg) B(n), so that V (wr) < n for any sub-sequential limit.
It then follows that lim sup,,_, . V/(6,) < 7. Since n > 0 is arbitrary, it follows that V (wr) = 0;
that is, lim;—, o f(6,) = 0 as claimed. O
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A.5.2  Analysis of {4, } over the fast time scale

The goal in this subsection is to show that ﬁn is close to the set .A(f,,) with n sufficiently large. An
explicit representation of .A(6) is given in the following: denote, for any 6 € R? and any (possibly
randomized) policy ¢, the random d x d matrix:

An+1(0, ¢) = [’YaﬁQe(XnJrlv ¢(Xn+1)) - 80QG(XM Un)]C(gva Un)
If ¢ is Q?-greedy, meaning
Q(z,¢(x) = Q°(x),  weX,

then a generalized subgradient of the function f in (19b) is given by
An+1(01 ¢) + D(Ga (I)n+1)80<(0a Xna Un)

Lemma A.13. If (Al)-(A2) hold, and if ( is non-negative, then the set A(0) defined in (26) admits
the representation,

-’4(9) = {Ew [A’rH-l(ea (5’?7,-"-1) + D(ev (I)n-i-l)a@C(ev Xn’ Un)] : éfw—l is Qe_greedy}

where &z 11 ranges over all Q?-greedy randomized policies. g

A key implication of the non-negativity assumption (54) is the following:

Lemma A.14. Under Assumptions (Al)-(A2) and (54), there exists by < oo such that, for all n > 1
and all vectors v € R, ||lv]| < 1,

f(en + v, q)n+1) > f(ena (I)n+1) + Anp1v — bT||UH21 (53)

where the inequality is component-wise, A, 11 is defined in (212), and 1 denotes the vector of all
ones. In particular, when Q° = 170, we have by = 0:

f(gn + v, (bn—i-l) Z f(ena (I)n+1) + An+1v (59)

Proof. The proof is based on the Taylor series expansion. With z := (2/, 2,4/, u), define g :
R? x Z x U = Rby

9(6,2,u°) ==r(z,u) +7Q° (2',u°) — Q°(z, u) (60)
By (A2), g admits the Taylor series expansion at each ||6]| < by:
9(0 +v,z,u°) = g0, z,u°) + 9pg(0, 2, u)v + O(Jv[|*)
Recall that D(0, 2) := g(0, z, $ (2')) = max, g(#, z,u°) and the state-input space is finite,
DO +v,Ppy1) = max 9(0n + v, Ppq1,u’)
= maxg(0n, Pry1,u°) + Opg (0, Bir,u®)v + O([[v]|*) (61)
> D(On, Prs1) + 009(0n, Prsr, ¢ (Xny1))v + O(Jv])
Denote (,(0) := (0, X, Uy,). Another Taylor series expansion of ¢ at §,, gives
G (O +0) = Ga(0n) + 9pCa(8)v + O([[0]*) (62)
We next recall that f(60,,, ®p41) = o (00)D(0n, Prt1)s
F(On 40, Pn1) = f(On, Pni1) =Cu(0n){D(On + v, @py1) — D(On, Pry1) }

+ {Cn(‘gn + U) - Cn(an)}p(am ‘I)n+1)
+ {Cn(0n +0) — a(02) H{D(On + v, Pps1) — D(On, Pry1) }

By (61) and the non-negativity assumption (54),
G(0){D(On + v, ®ps1) = DO, Prr1)} 2 Ca(0n)0g (O, Prsr, 67" (Xng1))v + O([[0]]?)
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Similarly, from (62),
{Cn - }D Ons Priy1) {aOCn Jv+O(] |U|| }D On, Pri1)
ED(Hm (I)n+1)69<n( n)v + O(HUH )

By (A2) once more, both ¢ and D are Lipschitz continuous in 6,

||Cn(9n+v) —Cn(ﬂn)|||D(9n+v,<I>n+1) D(On, Prt1) ’ = ||UH )
Consequently,
f(en + v, q)n+1)*f(9m (I)n—O—l)

> {Cn a@g(ena¢n+la¢ ( nJrl)) +D(6naq)n+1)a9<n }U+O ||U||

The proof is completed by realizing that A,, 1 defined in (21a) can be expressed

n+1 Cn( )809(071’ (I)n+1a ¢9,,, (Xn+1)) + D(ena (I)n-‘rl)a@gn (en)

Define the fast time scale, over which the matrix gain sequence {/Aln} is updated,

n

1
Z@— ., n>1, t=0, pe(051) (63)

= 1

Define the time process {A; : t > 0} with 4,, = A, for those values t,, with the definition
extended to R via linear interpolation. Note that this definition of {4, : ¢ > 0} is used only in this

subsection to analyze {ﬁn} For each n > 1, define the associated time block: [t,, (), t,) Where

m(n) = min{j : t; + In(n) > ¢, }. Some properties of this fast time scale setting are collected in
the following:

Lemma A.15. The follow hold:
(i) In(n) =1 < tp —tymy < In(n).
(i) There exists N, > 1 such that for n. > N, m(n) +1 > pt/(0=°)(n 4 1).
(i) limy, 0o MaXyy(ny<i<n [0k — Onll = 0.

Proof. (i) follows directly from the definition.

By (63), X
"1 L |
i=m(n)+1 mn

=1 =p) Hn+1)'77 = (m(n) + 1) 7]
Since In(n) > t,, — tp(n), We have
(1—p)In(n) > (n+ 1) — (m(n) + 1)~
There exits N, > 1 such that (n + 1)'~? > In(n) for n > N,. Hence,
A=p)n+1)' 2+~ (m(n) +1)'7", n>N,

which proves (ii).
By (64),

A=p) e+ D" = (k+ D))< A= p) 7 Hn+ 1) — (m(n) +1)177]
In(n)

Multiplying each side of above inequality by (1 — p)(k + 1)?~! gives

<
<

(Zﬁ) —1<(1=p)(k+1)"" In(n) < (1 = p)(m(n) +1)"~ " In(n)
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By the inequality In(1 + z) < x for z > —1,

(1= pin(Fg) < 1+ (1= () + 1~ () < (1= p)(m(n) + 1) Inn)

Given m(n) 4+ 1 > p/(0=P)(n + 1) in (ii),

SN .
ln(z+1> < p M n(n)(n + 1)1 (65)

The parameter vector 6,, updated by (21d) can be expressed

0, =0, + Z aiGif(Hi,l, (I)i), m(n) <k<n
=kt 1

We can find a constant by < oo such that sup,, ||Gpn11f(6n, Pni1)|| < by for almost every w € €.

With o; = 1/,
16, =00l b 3> ar<ty [
i=k+1 k

n

%dr < by 1n<%)

By (65), forn > Nq.
+1
)| b ) (1)

16 = 61l < by () = (G

1 1
<bslIn(l — ——=)+In(1+ )|+ bsp~ " In(n)(n+ 1)~
n+1 k (66)
1 -1 p—1
< bf% +brp~ In(n)(n+1)
1
p/ (=P (n+1) -1

< by +bsp tn(n)(n +1)P7!

where the last inequality holds given & > m(n) > pl/(1=p) (n + 1) — 1. Therefore,
max,, (ny<k<n |0k — On|l — 0asn — oo. o

Proposition A.16. Under Assumptions (A1)-(A2) and (54), the following hold for all v € R, ||v]|| <
1, and all k € Z between m(n) and n:

®

> Bilf(Bia + v, @) — f(Bi1, ®;) + br|v]*1] > Agv — Ay + > BiAi—1v (67)
i=kt1 i=k+1

(i) Foranyt € [tpy(n),tn),
tn J— —
/_ltnv—/_ltv—I—/ Arvdr < (ty—t)[f(0n+v)—F(0,)+br||v]|*1]+o(1), n — oo (68)
t
where o(1) — 0 as n — oo, uniformly in v.

Proof. By (58), foreachn > 1,
f(en + v, q)n+1) > f(em (I)n—O—l) + An+lv - bT”U”zl ) CAS Rd
Consequently,
n n
7 Bilf(Bicr +v,®0) — f(0im1, @) +br|vl*1] = Y Bidw,  m(n) <k<n
i=k+1 i=k+1
The gain matrix En updated by (21b) can be expressed

Ay =L+ > BiAi— Y BiAin,  mn)<k<n
i=kt1 i=ht1
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Therefore, " , .| BiAw = Av— Agv + >kt B;A;_qv. This proves (i).

Now consider the sum Z?:k-u Bif(0i—1 + v, ®;) with m(n) < k < n. We first rewrite it in the
suggestive form

> Bif(biia+v,®) = Z Bilf(0io1 + v, @) = f(0n + 0, 2]+ D Bif(On +v,Py)

i=k+1 i=k+1 i=k+1

By the Lipschitz continuity of f in § and Lemma A.15 (iii), the first sum on the right hand side goes
to 0 uniformly in k& as n — oco. The second sum can be expressed

D Bif(On+v,9;) = (tn — te) F(On +v) + D Bilf(0n +v,9;) — F(0 +v)]

i=k+1 i=k+1

Each term in the sum on the right side has zero-mean under the stationary pmf of (X, U). It goes to
zero a.s. form(n) < k < nasn — oo [5, Part II, Section 1.4.6, Proposition 7]. We then obtain

max_|[(tn = ) f(On +v) = Y Bif (i1 +v,®:)|| =0(1), n—o0 (69)
m(n)<k<n Farwri
Since the process {A; : t > 0} is linearly interpolated between discrete values,

tn

Arvdr = % Z 51[/1 +2¢—1]’U = Z 61‘A\i—1v+% Z Bz[A\z *1&—1]’0

28 i=k+1 i=k+1 i=k+1

where the second sum on the right hand side can be rewritten as

n n—1
Z BilAi — Ai—1]v = —Bri1Arv + BpAntiv + Z [Bi — Bir1]Aiv
i=k+1 i=k+1

which goes to zero as n — oo given sup,, ||A\n|\ < ooand B; — Biy1 ~ pi~'/3;. Therefore,

n tn
max || Z 51-21-_11) f/t A d7'|| =o(1), n — 00 (70)
+1

<k<
m(n)<k<n i N

Combining (i) with (69) and (70) gives, for t € {t; : m(n) < k < n},
tn _ _
Ai, v — Ao+ / Avdr < (t, —t)[f(0, +v) — F(0,) + brllv]|*1] + o(1) (71)
t

For any t € [t,;,(n), tn), denote k = max{j : t; <t}. Letting 6 = (t — tx)/(tp41 — tx), we have
./th’l) = (1 — 5)Atkv + 6/_1tk+11}
Then,

(1—6){ Ay, v— Ao+ / " Arvdr) < (1= 6)(t — t0)[F(6 + v) — F(6,) + brllo]*1] + o(1)

S{ A0 — Ao+ | Awdr} < 6(t — tisn)[F (0 + ) — F(Ba) + brlo]*1] 4+ 0(1)

tht1

Combining above two inequalities gives

./Itn’U — ./_tt’U + / ' fL—U dr < (tn - t)[?(an + U) - ?(en) + bTH’U”QH + O(l)
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Recall the constant by > 0 introduced in Lemma A.14. For fixed matrix A € R4 and vector
6 € R?, define the function disty : R¥*? x R? — R by

distN(;l\, f) = sup {max[gv — (f(0 +v) — ?(9))}1 — bTHU||2} (72)

o<1 ™ *

This measures how well Av approximates the directional derivative f/(6;v) for v in the unit ball. It is
non-negative since v = 0 is feasible in the supremum in (72). It is also continuous in both arguments:

Proposition A.17. Under Assumptions (Al)-(A2) and (54), the function distys defined in (72) satis-
fies:

(1) For fixed A and 0, the supremum in (72) is achieved.
(i1) distN(/T, 0) is non-negative and Lipschitz continuous in both Aand 6.
(iii) Ifdistar(A,8) = 0, then the following hold: A € A(6), and
If T (0;0) = —F (6; —v) for some ||v]| < 1, then Av =T (6; v).

Proof. With fixed A and 6, max;[Av — (F(6 +v) — f(0))]; is Lipschitz continuous with respect to
v by Lemma A.8 (i). Since the set {v : ||v|| < 1} is compact, the supremum is achieved.

For (ii), consider A # A’, while 6 is fixed. Let v*, i* maximize [Av — (F(6 4 v) — F(6))]; — br||v||>.
We have

distar (A, 0) — distar (A, 0) < [Av* — (F(0 +v*) — F(0))]s — [Av* — (F(O +v*) — ()]~
< A - A1]lv* |

Therefore, dist/\/(g, 6) is Lipschitz continuous in A. The same argument implies the Lipschitz
continuity of distar(A, ) in 6.

For (iii), the first claim follows from the definition of .A(f) in (26). By the definition of directional
derivative,

T (O:0) =70 +v) = 7(0) + o(lo]) (73)
where o(s)/s — 0 as s | 0. Given dist/\/(//l\7 6) = 0, we have for each v € R,

Av < F(0 +v) — F(0) + brlv]|*1 = ' (6;0) + o(||v])
—Av < F(0 — v) — F(0) + br o)1 = F(8; —v) + o(||v]))
Using f (6; —v) = —F (6;v) gives
T (6:0) — o(|Jo]]) < Av < F'(8;0) + o(|[v]])

With f (6;sv)/s = f (6;v) for s > 0, replace v by sv in the above inequality and divide:

700 21D < 7, < 7010y 4 20D

S
Letting s | 0 gives Av = f(6;v). O
Proposition A.18. Under Assumptions (Al)-(A2) and (54),
(1) The component-wise inequality holds:
Ao < F(On +v) = F(O0n) +br[0]P L +0(1),  n—o0 (74)
where o(1) — 0 as n — oo uniformly in ||v|| < 1.

(i) lim dista(An,0,) =0 a.s..
n— o0
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(iii) Let {0, } be a subsequence of {0,,} that converges to some 0° € R? a.s.. Then,
Jlim dist((A,,, A(6°) =0,  a.s. (75)
— o0

where dist(gnk , A(6°)) denotes the Euclidean distance between /Tnk and the set A(6°).

Proof. For fixed n and v € R%, letU : [t,(n), tn] — R? denote the solution of the following linear
integral equation

¢

U = utm(n) _/ U dT+(t_tm(n))[f(e’rb""v)_f(97L)+bT||U||2] ) utm(n) = Atm(n>v (76)
tm(n)

With n fixed, 6, £ max;|[o(1)];| in (68) can be viewed as a positive constant. We claim that A, v <

Uy, +16,,. Suppose the claim is not true. Then [Ay, v]; > [Uy, ]; + 6, for some index i between 1 and

d. Because A;v and U, are both continuous functions over [tm(n), t,] and .,thm 0 =U,,.,, there

exXists ¢ € [ty (n),tn) such that [A; v]; = [Uy]; and [A-v]; > [U;]; for T € (t,t,). Consequently,
combing (68) and (76) gives

tn
6n < (A v — Uy Ji < [Avo — U]; —/ Aw — Us]s dr+ 6, < 6,
t

which is a contradiction. Therefore, fltnv < Uy, + 16,.
The integral equation (76) has the solution,

ut = exp(tm(n) 7t)ut7n(n) + (1 7exp(tm(n) *t))[ (Gn +’U) 7?(9n) +bT ||”U||2] ) te [tm(n)a tn]
Consequently,

fznv <f(n +v) = [(0,) + br||v]|°1 + 0,1
+exp(tim(n) = tn) Uty — (F(On +v) = F(0n) + brl|v]*)]
By Lemma A.15 (i), we have ¢,,(,,) —t, < —In(n)+1 and hence exp(t,,(n) —tn) < €/n. Therefore,
_ — e
lexp(tmm) = tn) [Ue,y = [F(On +0) = F(02) + brlo]*1]]| < —lba+br +br]|l]

e
which goes to zero as n — co. This proves (i), and (ii) follows by the definition of distx/.
We prove (iii) by contradiction: Suppose (75) does not hold. Then there exists a constant § > 0

and a subsequence {A,,, } such that dist(A,,, , A(6°)) > & for each k. Without loss of generality,
the subsequence is convergent, with limit A° satisfying dist(A°, A(6°)) > 6. However, combining
statement (i) and Prop. A.17 (iii) gives

dist(A°, A(6°)) =0
which is a contradiction. O

A.5.3 Proofs of Prop. A.11 and Prop. A.12

In this subsection, the time processes involved all refer to those defined in Section A.5.1 with respect
to the slow time scale (55).

Proof of Prop. A.11. The Lipschitz continuity of {w;} and {¢;} follows directly from boundedness
of {6,}.

At a point of differentiability, let v, = %ﬁ)t = Gif(011), Pry+1) and recall that sup, [[v¢|| < by.

Whenever exists, the derivative of ¢; may be represented as the directional derivative of f(w;) along
direction v;:

F(Weys) — flwy) flWiys) = flwy)

de, = lim , = lim p = F (@i v) -
= lim J(ers) = J(121) = *?l(lﬂt; —vt)
s10 S



Prop. A.17 (ii) combined with Prop. A.18 (ii) gives

tlim distpr(Ag, wg) <0, a.s. (78)
—00

Let 7, := max(1/t, distpr (A, w;)), satisfying n; > 0 and 1y — 0 as t — co. There exists Ty < 00
a.s. such for ¢t > T,,

Aoy — ?l(ﬁﬁvt) = \/17% [As/meve — 7/(@::; Vvt |
_ (79)

WA, = [0+ ) = F)l] + o)

< (1 +brby)y/mel + o([Jve])

where the second equality follows from (77) and the last inequality holds given distas (A, w;) < 1
and ||v|| is uniformly bounded by b;.

At points of differentiability, we apply ?’(wt; vy) = —?'(wt; —vy) from (77):

— A+ (@501) < (14 brbg) v/l + o |[ve])
Consequently, -
A g 0 — Gycelloc < (1+brby) /i + o[|vell)

where || - || denotes the infinity norm. The right hand side of above inequality is bounded and
converges to zero as t — oo. Since the derivatives of w; and ¢; exist a.e., we have for each 7" > 0,

To+T Tot T
[ WMo dedede< [ @ brbg) v+ of ol de

To To
The desired result follows from Dominated Convergence Theorem.

Part (ii) is obtained from (i):

To+t o
=cr, + / ATng(Q[T], (I)[T]+1) dr + o(1), Ty — o0

To+t
= ¢, Jr/ A-G. f(w,)dr 4+ o(1), Th — o0
To

where the last equality follows from standard ODE arguments for stochastic approximation [5].
For (iii),
in (ii),

¢:||? is Lipschitz continuous in ¢ given boundedness of {6,,}. Hence by the same argument

To+t
ler,+¢l1> = ller, |* + 2/ EIEET dr
To

To+t o
= ||on, |1 + 2/T TA.Ge dr+0(1), To—
0

Proof of Prop. A.12. (i) follows from the Lipschitz continuity of f.

Let {T}} be a sequence such that T™* 5 T for each of the four components: fiTk, 1 <4 <4

Since T'3" — A weakly in L ([0, T); R?*?) as k — 0o, by the Banach-Saks theorem, there exists a
subsequence {7}, } such that

N

1 _

= Ty () = A, aete0,T], N
k=1
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Without loss of generality, we can modifying .A; on a Lebesgue-null set such that the convergence
above is pointwise. We also have FlT’“( t) — wy as k — oo for each ¢ € [0, T]. By Prop. A.18 (ii),

lim dist(T3"* (t), A(wy)) =0,  t€[0,T]

It follows from definition (26) that the set A(6) is convex for each 0. Then,

lim dist(— ZFS"’“ A(w)) =0,  t€0,T]

N—o0

Therefore, A; € A(w,) for each ¢t € [0, T]. This proves (ii).

. =To . . . . o .
Given that T'," is positive semi-definite pointwise and uniformly bounded, the same arguments
establish (iii).

Since I'2* — ¢ uniformly over [0, 7] and T'>* — H weakly, F4 I‘2 converges to He : [0,7] — R
weakly. The ODE (57a) follows from Prop. A.11 (ii). For (57b), since by := sup,, Amax (AT A, )
finite,
eI+ ATA,] ' < — T, n>1
€+ by
Combining this inequality with Prop. A.11 (iii) implies
2 2 2 Tott o 2
ez +21° < llem I = == |ATe-I"dr +o(1),  To—0 (80)
e+bx Jr

We can show that {(f?” )Tf;rk} converges weakly to ATc in Ly ([0, T]; R?) by the sames arguments

that we used to establish f4Tk ffk — Hc weakly. Applying [17, Theorem 2.2.1], we obtain for each
t € [0,77,

t t
/ |ATe, [2dr < lim inf / |2 ()72 (1) dir
0 k—oo 0
Consequently,

2 /t
2 2 2
cll” < el = ——— Alc.||%dr
llcell llcoll 1o J; I |

A.5.4 General eligibility vector ¢

We finally come to the general model in which (54) is relaxed. For the sake of analysis, the
two functions D, ¢ in (19b) are assumed to be parameterized by separate parameters 6, € R%:
D(0,z2),((&,x,u). This is only for clarifying calculations — in the end we do impose § = &.
Decompose the function ¢ : R xX x U — R into its positive and negative components: { = ¢+ —(~,
with ¢* = max(¢,0) and (~ = max(—¢, 0). Define functions f*, f~ : R¢ x R% x Z — R% by

fH(&,0,2) =¢T (& 2,u)D0,2),  f(£,0,2) = ¢ (& 2,u)D(0, 2)
Next define functions ?Jr,f_ :R? x R? — R? by
THE0) = Exlft (6.0, 0001)], T (6,0) =Eolf (6,0, ®p41)]

Let A*(6), A~ (0) denote the sets of generalized subgradients of ?Jr, f with respect to 6 based on
(26). Explicit representations of A™(#) and A~ (6) can be obtained as in Lemma A.13. With general
eligibility vector ¢, let A(6) denote the set

A(0) :={A" — A7 + E5[D(0, @1 41)0:Ca(0)] : AT € AT(0), A~ € A= (0)} (81)
At each 6 € R?, denote

T (0:0) i tim L0+ 50) =T (0,0)

sl0 S
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with f (0;v) is defined similarly. Then the directional derivative 7 (0;v) can be expressed

- f( —fO - -
7 (00) =t LD IO ) 7 0,0) 4 D6, 0000, 00 € B
(82)
Decompose A, in (2la)as A1 = AF — A + A§1+1:

At = GH00Q" (Xpr, 07 (X)) — 90Q° (X, Un)]
T_L+1 = C; [789Q9(Xn+17 ¢6n (Xn—i-l)) - a@Qe(Xna Un)]
AfH—l = D(em (I)n+1)8€Cn

Accordingly, the matrix gain is decomposed: Enﬂ = ﬁ: 1 E; 1t Efb 41> and each component
can be expressed in the recursive form:

A:H = A:Lr + 5n+1[A:+1 - Arﬂ
A=A, + 5n+1[A;+1 - A
A§z+1 = A5 + /Bn+1[A7<L+1 — A7)

Analysis of { A}, A~ AS} over the fast time scale: Consider the fast time scale defined by (63).
The conclusions in Section A.5.2 hold for each of {A;"} and { A, }. While {AS} can be treated using
standard SA arguments since Afl 1 1s Lipschitz continuous with respect to 6, under (A2). We obtain
an extension of Prop. A.18:

Proposition A.19. The following hold:

(1) Asn — oo,

A0 < T (00,00 +0) = T (6, 60) + brl[v]1 + 0(1)

g;v < F (0,00 +0) = F (00, 0,) + brl|v]*1 + o(1)
where o(1) — 0 as n — oo, uniformly in ||v|| < 1.

(ii) Let {0, } be a subsequence of {0,,} that converges to some 0° € R a.s.. Then,

lim dist(A

k—oc0

FAT(6°) =0, lim dist(A, ,A~(0°)) =0,  as.
k—o00

ng?

(iii) AS = Ew[D (0, @py1)0:Cn] + 0(1).

Analysis of {6,,} over the slow time scale: Going back to the slow time scale defined by (55),
define the continuous time processes {wy, ¢; : t > 0} as before. Define similarly the piecewise

constant time processes {A;, G, : t > 0} as well as the three components {4, A;, A : ¢ > 0}.

Proposition A.20. The conclusions of Prop. A.11 and Prop. A.12 hold for general eligibility vectors,
subject to the modified definition of A(0) in (81).

Proof. For the three claims of Prop. A.11, it suffices to prove that Prop. A.11 (i) holds with the new
definition (81) of A(#). The rest of the claims then follow from (i).

At a point t where both w; and ¢, are differentiable, denote v, = %wt. Consider

lim

s—0 S

zt- - _*+ - o Wits _ Wt
S (0 Oe) =8 000 00) i 5™ o, ) (i, ) ) = S ()
s—)Owu S

By Lemma A.8, ¢%t (z,w) is differentiable for each state-action pair and a.e. ¢, and hence

f+(wt;vt) = —?+(1Dt; —v), for a.e.t € Ry
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The same arguments imply f (w;v¢) = —f (w; —v) for a.e. t € R Then, with Prop. A.19 (i),
the same arguments used to establish Prop. A.11 (i) yield those conclusions: For each T' > 0,

To+T _ —t
lim H.A?_Ut—f (?I)t;vt)Hoo dt =0
To— o0 To
To+T L

Tg — 00 TO

It follows from (82) that

R _ _
4z = f (wiv) — f (we301) + E[D(Wy, Prrg1)0eCnlvy
Therefore,

To+T To+T . ~ o
/ s — oo dt < / 1A 0 — T (@000 o0 + [ A v — T (5 00) oo dt

To To

To+T _
+ / | ASvy — Ewo[D(@r, B 1) OeColnl] oo dt
To

where the right hand side of the above inequality goes to 0 as Ty — c0.

For the conclusions of Prop. A.12, we only need to prove (i) with the new A(6). Let Af, A7, AS
denote the weak sub-sequential limits of {fl}'o o fl}o e flCTO 4+t :To > 0,0 <t < T} respectively.
By Prop. A.19 (ii), the same arguments used for Prop. A.12 (ii) apply to each of A?‘ and A,

AF e At (wy), AT e A (wy), te[0,T)]

We also have A§ = E,[D(w;, @4 1)eCn] from Prop. A.19 (iii). Therefore, A; = A — A; + AS,
and A; € A(w,) foreach t € [0,T7]. |

Following the same arguments as in Section A.5.1, the ODE approximations and ODE limits
established in Prop. A.20 imply the following extension of Thm. 2.1:

Theorem A.21. The conclusions of Thm. 2.1 hold, subject to the modified definition of A(6) in (81).

A.6 Numerical Results: Implementation details

Complexity of Zap Q-learning For the Zap Q-learning algorithm (21), per-iteration complexity
comes from various sources:

(i) Computation of f(0,,, ®,,+1) involves a maximum to obtain QG" in (19a).

(ii) The derivatives A,,11 = Opf (0, Ppy1) are easily computed for linear parameterization of
@Y, but require back-propagation in a neural network function approximation architecture.
(iii) Computation of G, 41 f(0n, Ppnt1) in (21¢) and (21d) requires (i) multiplication of two d x d
matrices, and (ii) multiplying a matrix inverse and a vector. Each of these two steps has worst

case computational complexity O(d?).

As discussed in Section 3, the complexity in (iii) can be reduced by updating the gain only periodically,
while continuously updating estimates of A(6,,).

The complexity bound O(Nd?/Ny + Nd?) given in Section 3 is based on gain updates performed
only at integer multiples of N,. This bound is based on the accounting (i)—(iii) above: O(d?)
complexity per iteration in (21b), and O(d?) complexity for the matrix inverse (as well as the product

Al 1 An 1 appearing in (21¢)).
Meta-parameters in experiments We used ¢ = 1076 in (21¢) for Mountain car and Acrobot,
¢ = 10~* for Cartpole.

For the decreasing step-size rule, we used p = 0.85 and ng = 100 in (22). For constant step-size
experiments, we used
a, = «a, Bn = =100«
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The choice of « itself was problem specific: o = 0.002 for the network of size 6 x 3 in the Mountain
car example; o = 0.005 for other experiments using constant step-size. The average reward R(¢%")
defined in (31) was estimated by running 100 independent simulations following the policy ¢’=. The
deterministic upper bound 7 was 200 for Mountain car and Acrobot, and 7 = 1000 for Cartpole.

Q-network The input space U in each of the examples is a finite set of scalars. Recall that the
size of neural networks indicated in Figure 1 refers to the size of hidden layers, with the input to
the network (z,u) and the output Q?(z,u); hence, in the Cartpole example with (z,u) € R®, the
network size 30 x 24 x 16 corresponds to # € R%, with d = 1341:

d=0B+1)*30+(30+1)*24+(24+1)*x16+ (16 + 1) = 1341

where each + 1 accounts for a bias parameter.

Policy The theory developed in this paper assumes a randomized stationary policy for exploration.
In our experiments, we apply the parameter-dependent e-greedy exploration: At iteration n,

g _ 7" (Xu),  with probability 1 — ¢
" | rand, with probability e

We set € = 0.4 for the Mountain Car and Acrobot, and € = 0.2 for Cartpole.
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