A Formal Theoretical Results and Proofs

In this section, we provide formal statements of the theorems presented in the main text of the paper
and show their proofs. This section has several subsections. The first subsection introduces General
RVI Q, which will be used in later subsections. The other six subsections correspond to six theorems
presented in the main text.

A.1 General RVI Q

Wan et al. (2021) extended the family of RVI Q-learning algorithms (Abounadi, Bertsekas, and
Borkar et al. 2001) to prove the convergence of their Differential Q-learning algorithm. Unlike RVI
Q-learning, Differential Q-learning does not require a reference function. We further extend Wan et
al.’s extended family of RVI Q-learning algorithms to a more general family of algorithms, called
General RVI Q. We then prove convergence for this family of algorithms and show that inter-option
algorithms and intra-option value learning algorithms are all members of this family.

We first need the following definitions:

1. a set-valued process {Y,,} taking values in the set of nonempty subsets of Z with the
interpretation: Y,, = {i : i component of () was updated at time n},

2. v(n,i) =Y p_o I{i € Yi}, where I is the indicator function. Thus v(n,¢) = the number
of times the % component was updated up to step 7,

3. ii.d. random vectors R,,, G,, and F), for all n > 0 satisfying E [R,, ()] = 7(¢), where r is a
fixed real vector, E[G,,(Q)(i)] = g(Q)(i) for any Q € RIZ! where g : Z — T is a function

satisfying Assumption A.1 and E[F,,(Q)(i)] = f(Q) forany i € Z and Q € RZ! where
f + T — Ris a function satisfying Assumption A.2.

Assumption A.1. 1) g is a max-norm non-expansion, 2) g is a span-norm non-expansion, 3) g(x +
ce) = g(x) + ceforany c € R,z € R 4) g(cx) = cg(x) for any c € R,z € RIZI,

Assumption A.2. 1) f is L-Lipschitz, 2) there exists a positive scalar u s.t. f(e) = wand f(x+ce) =
f(@) +cu 3) fex) = cf(z).

Assumption A.3. Forn € {0,1,2,...}, E[|R, —r||°] < K, E[|Go(Q) —g(Q)|’] < K(1 +
Q%) for any Q € R, and E[||F,(Q) — f(Q)el”] < K(1 + [|Q|*) for any Q € R¥! fora
suitable constant K > (.

The above assumption means that the variances of R,,, G,,(Q), and F,,(Q) for any () are bounded.
General RVI Q’s update rule is
Qn-i—l(i) = Qn(z) + Ay (n,i) (Rn(z) - Fn(Qn)(Z) + Gn(Qn)(l) - Qn(z) + en(l))I{Z € Yn}a

(A.1)

where v, (,, ;) is the stepsize and ¢, is a sequence of random vectors of size |Z|.

We make following assumption on €,,.

Assumption A.4 (Noise Assumption). |6, | < K(1+ ||Qn]|,) for some scalar K. Further, €,

converges in probability to 0.

We make following assumptions on v,y ;).

Assumption A.5 (Stepsize Assumption). Foralln >0, o, > 0, Y07 o, =00, and Y oo a2 <
<.

Assumption A.6 (Asynchronous Stepsize Assumption A). Let [-] denote the integer part of (-), for
z € (0,1),

su Hei]
p < 0
i QO
and
[yi]
e
LTI

Z;‘:O @

uniformly iny € [z, 1].
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Assumption A.7 (Asynchronous Stepsize Assumption B). There exists A > 0 such that

lim inf M’Zl) > A,

n—oo N +

a.s., forall s € S,0 € O. Furthermore, for all x > 0, let

N(n,x):min{m>n: Z aizm},

i=n+1
the limit
v(N(n,z),i)
li Zi:u(n,i) g
oo SN (n,2),1)
Zi:u(n,i/) Q@
exists a.s. for all s,s',0,0'.
Assumption A.8. (i) — 7 + g(q)(i) — q(¢) = 0,Vi € T has a unique solution for 7 and a unique
Sfor q only up to a constant.

Denoted the unique solution of 7 by 7. Further, it can be seen that the solution of ¢ satisfying both
r — e —g(q) —q = 0and f(q) = re is unique because our assumption on f (Assumption A.2).
Denote the unique solution as g... We have,

f(qoo) =Too- (A2)

Theorem A.1. Under Assumptions A.1-A.8, General RVI Q converges, almost surely, Q,, to g~ and
f(Qn) to 0.

Proof. Because (A.1) is in the same form as the asynchronous update (Equation 7.1.2) by Borkar
(2009), we apply the result in Section 7.4 of the same text (Borkar 2009) (see also Theorem 3.2
by Borkar (1998)) which shows convergence for Equation 7.1.2, to show the convergence of (A.1).
This result, given Assumption A.6 and A.7, only requires showing the convergence of the following
synchronous version of the General RVI Q algorithm:

Qn-‘rl(i) = Qn(z) + oy (Rn(i) - Fn(Qn)(Z) + g(Qn)(Z) - Qn(z)) Viel. (A.3)
Define operators 11, T5:

@
@

(i)
(i)

T'oos

f@Q)

9(Q)(3) —
9(Q)(#) —

Consider two ordinary differential equations (ODEs):

g = Ta(ye) — we, (A4)

&y = To(we) — e = T1 (1) — 21 + (1o — f(21)) €. (A.5)
Note that because g is a non-expansion by Assumption A.1, both (A.4) and (A.5) have Lipschitz
R.H.S’s and thus are well-posed.

Because g is a non-expansion, 77 is also a non-expansion. Therefore we have the next lemma, which
restates Theorem 3.1 and Lemma 3.2 by Borkar and Soumyanath (1997).

Lemma A.1. Let ij be an equilibrium point of (A.4). Then ||y, — || is nonincreasing, and y; — y
for some equilibrium point y. of (A.4) that may depend on .

Lemma A.2. (A.5) has a unique equilibrium at .
Proof. Because f(¢oo) = Too, We have that goo = T1(¢0) = T2(goo ), thus g is a equilibrium
point for (A.5). Conversely, if T5(Q) — Q = 0, then T1Q + (roo — f(Q))e = Q. But the equation

T1Q + ce = @ only has a solution when ¢ = 0 because of Assumption A.1. We have ¢ = 0 and thus
f(Q) = ro, which along with T7Q = @, implies Q = goo. O
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Lemma A.3. Let z¢ = yo, then xy = yi+ zie, where z; satisfies the ODE 2, = —uzi+ (roo — f (Y1),
and k = |Z|.

Proof. From (A.4), (A.5), by the variation of parameters formula,
t t
ro = exp(—t)eo + [ explr — 0T (a)ir + [ [ eptr =06 = s e e
0 0

t
y: = exp(—t)yo + / exp(1 — t)T1 (y,)dr.
0
Then we have

H;%X(Q?t(& 0) - yt<s7 0))

< | " exp(r — t) max(Ti (o) (5, 0) — Ti () (5,00 + [ / exp(r — ) (ree — f(2) zﬂ |

)

min(x¢(s,0) — yi(s,0))

Z) /Ot exp(r — ¢) min(Ti(27)(s, 0) — Ta(yr)(s, 0))dr + [/Ot exp(T — ) (e — f(@2)) dr} _

Subtracting, we have

splae —y) < / exp(r — )sp(Ti (z+) — Ty (y-))dr,

where sp(x) denotes the span of vector x.

Because we assumed that g is span-norm non-expansion, 77 is also a span-norm non-expansion and
thus

splai =) < [ esp(r = sp(Tiar) = Tilo)dr < [ exolr = (e, 57

By Gronwall’s inequality, sp(z; — y;) = 0 for all ¢ > 0. Because sp(x) = 0 if and only if z = ce
for some ¢ € R, we have

Ty =Y+ ze, t>0.
for some z;. Also xg = yg = 20 = 0.

Now we show that 2; = —uz; + (roo — f(y:)). Note that f(z:) = f(y: + zee) = f(y:) + uze. In
addition, T (z;) — T1(y:) = T1(ye + zee) — T (ye) = Th(ye) + zee — T1(y¢) = zee, therefore we
have, for z; € R:
e =Ty — Yt

(Th(z) — 2t 4 (roo — f(x1)) €) — (T1(y) — y) (from (A.4) and (A.5))

= =@ —y) + (T1(@e) = Ta(ye)) + (rec — flar)) €

= —zie+zie+ (roo — fay)) €

= —uzie +uzie + (roo — f(1)) €

= —uzme+ (roc — f(y1)) €
= 4 =—uz+ (reo — f(yr))-

Lemma A4. q is the globally asymptotically stable equilibrium for (A.5).

Proof. We have shown that g, is the unique equilibrium in Lemma A.2.

With that result, we first prove Lyapunov stability. That is, we need to show that given any € > 0, we
can find a § > 0 such that ||goe — zol|,, < 6 implies [|goo — 74]|, < €fort > 0.
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First, from Lemma A.3 we have 2; = —uz; + (1o — f(y¢)). By variation of parameters and zo = 0,
we have

2= / exp(u(r — 1)) (roo — F(y,)) dr.

Then

1900 — tll oo = 1000 — Yt — zeuel|
< oo = Yell oo + w2l

t
< llgoo — goll . + / exp(u(r — ) [roo — f(yr)| dr

t
— 4o — 2ol + u/ exp(u(r — 1)) |f(go) — F(yo)|dr  (from (A2)). (A.6)
0

Because f is L-lipschitz, we have

|f(go0) = fyr)| < Lrec = yrlloo
< L||rec —%ollo, (from Lemma A.1)

:L”Too —.130”00.

Therefore
t

/ exp(u(r — )| fgw) — Fyn)| dr < / exp(u(r — )L s — woll., dr
0 0
— L llge — o]l / exp(ulr — t))dr

1
= L||¢oo — %ol 5(1 — exp(—ut))

L
= lgo0 — @ol| o, (1 — exp(—ut)).

Substituting the above equation in (A.6), we have

Lyapunov stability follows.

Now in order to prove the asymptotic stability, in addition to Lyapunov stability, we need to show
that there exists 6 > 0 such that if |29 — ¢sol|,, < 0, then lim;_, ¢ ||+ — ¢oo||, = 0. Note that

lim z; = lim [ exp(u(r —t)) (reo — f(y-))dr

t—o00 t—o00 0
o Jaentun) e — Jy)dr
t—o0 exp(ut)
= lim exp(ut) (ree — f(y1)) (by L'Hospital’s rule)
t—00 wexp(ut)
= w (by Lemma A.1).
u

Because x; = y; + zie (Lemma A.3) and y; — yo (Lemma A.1), we have ©; — Yoo + (oo —
f(yso))e/u, which must coincide with ¢, because that is the only equilibrium point for (A.5)
(Lemma A.2). Therefore lim;_, [|2; — ¢oo ||, = 0 for any xy. Asymptotic stability is shown and
the proof is complete. O

Lemma A.5. Equation A.3 converges a.s. Q,, 10 oo as n — 0Q.
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Proof. The proof uses Borkar’s (2008) Theorem 2 in Section 2 and is essentially the same as Lemma
3.8 by Abounadi et al. (2001). For completeness, we repeat the proof (with more details) here.

First write the synchronous update (A.3) as
Qn+1 = Qn + an(h(Qn) + Mn+1 + 5n)7

where
h’(Qn)(Z) = T(Z) - f(Qn) + Q(Qn)(i) - Qn(i)
= T2(Qn) (i) — Qn(3),
Miiq (Z) = Rn(l) - Fn(Qn)(2> + Gn(Qn)(Z) - T2(Qn)(2)
It can be shown that ¢,, is asymptotically negligible and therefore does not affect the conclusions of
Theorem 2 (text after Equation B.66 by Wan et al. 2021).

Theorem 2 requires verifying following conditions and concludes that (),, converges to a (possibly
sample path dependent) compact connected internally chain transitive invariant set of ODE &, =
h(x;). This is exactly the ODE defined in (A.5). Lemma A.2 and A.4 conclude that this ODE has
(oo as the unique globally asymptotically stable equilibrium. Therefore the (possibly sample path
dependent) compact connected internally chain transitive invariant set is a singleton set containing
only the unique globally asymptotically stable equilibrium. Thus Theorem 2 concludes that ), — oo
a.s. as n — oo. We now list conditions required by Theorem 2:

e (A1) The function h is Lipschitz: ||h(z) — h(y)|| < L ||z — y|| for some 0 < L < cc.

e (A2) The sequence {o, } satisfies a,, > 0, and > v, = 00, > a2 < 0.

e (A3) {M,} is a martingale difference sequence with respect to the increasing family of
o-fields

Fn = 0(Qi, My,i <n),n > 0.
That is
E[My41| Fn] =0 as,n>0.
Furthermore, {M,, } are square-integrable
E[|Muir|* | Fo] < K1+ Qnl*) as., n>0,
for some constant K > 0.

e (A4) sup,, |Qn]] < 0 as..

Let us verify these conditions now.
(A1) is satisfied because T5 is Lipschitz.
(A2) is satisfied by Assumption A.5.
(A3) is also satisfied because for any : € 7

= O,
and E[| My’ | Fol < EllRa—rl” | Fal + ElFu@0) - FQuel’ | Fl +
E[|Gn(Qn) — 9(@Qu)|° | Fn] < K(1 + [|Qull®) for a suitable constant K > 0 can be verified
by a simple application of triangle inequality.
To verify (A4), we apply Theorem 7 in Section 3 by Borkar (2008), which shows sup,, ||Qx || < oo
a.s., if (A1), (A2), and (A3) are all satisfied and in addition we have the following condition satisfied:
(A5) The functions hg(z) = h(dz)/d,d > 1,z € R¥, satisfy hq(x) — hoo () as d — oo, uniformly
on compacts for some h, € C(R¥). Furthermore, the ODE #; = h, () has the origin as its unique
globally asymptotically stable equilibrium.
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Note that
hoo(z) = lim hgy(x) = dliﬁrgo (Ty(dz) — dzx) /d = g(x) — f(z)e — z,

d—o0o
because g(cx) = cg(z) and f(cz) = ¢f(x) by our assumption.
The function h., is clearly continuous in every = € R¥ and therefore h., € C(R¥).

Now consider the ODE &; = hoo(2:) = g(z¢) — f(2+)e — x;. Clearly the origin is an equilibrium.
This ODE is a special case of (A.5), corresponding to the r(s,0)Vs € S,0 € O being always
zero. Therefore Lemma A.2 and A.4 also apply to this ODE and the origin is the unique globally
asymptotically stable equilibrium.

(A1), (A2), (A3), (A4) are all verified and therefore

Qn — oo a.S.aS N — 00.

A.2 Theorem 1

For simplicity, we will only provide formal theorems and proofs for our control learning and planning
algorithms. The formal theorems and proofs for our prediction algorithms are similar to those for
the control algorithms and are thus omitted. To this end, we first provide a general algorithm that
includes both learning and planning control algorithms. We call it General Inter-option Differential
Q. We first formally define it and then explain why both inter-option Differential Q-learning and
inter-option Differential Q-planning are special cases of General Inter-option Differential Q. We then
provide assumptions and the convergence theorem of the general algorithm. The theorem would lead
to convergence of the special cases. Finally, we provide a proof for the theorem.

Given an SMDP M = (S, 0, L, 73713), for each state s € S, option o € O, and discrete step n > 0,
let R,,(s,0), S;l(s, 0), ﬁn(s, 0) ~ p(+,-,-|s,0) denote a sample of resulting state, reward and the
length. We hypothesize a set-valued process {Y,, } taking values in the set of nonempty subsets of
S x O with the interpretation: Y,, = {(s,0) : (s, 0) component of () was updated at time n}. Let
v(n,s,0) = > 1_oI{(s,0) € Y;}, where I is the indicator function. Thus v(n, s, 0) = the number
of times the (s, 0) component was updated up to step n. The update rules of General Inter-option
Differential Q are

Qn+1(8,0) = Qn(s,0) + (5,00 (5,0)/Ln(s,0)[{(s,0) € Yn}, Vs€S,0€0, (AT

R,i1=R,+n Z Qy(n,s,0)0n(5,0)/Ln(s,0)I{(s,0) € Yy}, (A.8)
Lyy1(s,0) = Ly(s,0) + Bu(s, 0)(ﬁn(s, 0) — L, (s,0))I{(s,0) € Y,,}, (A.9)

where
6n(5,0) = Ry(s,0) — RyLn(s,0) + max Qn(5!(5,0),0") — Qu(s,0) (A.10)

is the TD error.

Here oy, s,0) is the stepsize at step n for state-action pair (s, 0). The quantity cv,,, s ) depends
on the sequence {«,, }, which is an algorithmic design choice, and also depends on the visitation
of state-option pairs v(n, s, 0). To obtain the stepsize, the algorithm could maintain a |S x O|-size
table counting the number of visitations to each state-option pair, which is exactly v(-, -, -). Then the
stepsize ai,(p,s,0) can be obtained as long as the sequence {«, } is specified.

Qo and Ry can be initialized arbitrarily. Note that Ly can not be initialized to 0 because it is the
divisor for both (A.7) and (A.8) for the first update. Because the expected length of all options would
be greater than or equal to 1, we choose Lg to be 1. In this way, L,, will never be 0 because it
is initialized to 1 and all the sampled option lengths are greater than or equal to 1. Therefore the
problem of division by 0 will not happen in the updates.
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Now we show inter-option Differential Q-learning and inter-option Differential Q- planning are
specml cases of General Inter-option Differential Q. Consider a sequence of real experience

S’Vh Ona Rn,Ln7 Sn+1, “ e

Y (s,0) =1,if s = Sp,0 = Oy,
Y, (s,0) = 0 otherwise,

and S’;(Sn, On) = §n+17 Rn(é’n, O,) = f%nJrh Ln(S'm 0,) = Lo, update rules (A.7), (A.8), and
(A.10) become

QnJrl(Sm On) = Qn(gnv On) + ay(n,Sn,On)gn/Ln(Snv On) sand Qni1(s,0) = Qn(s,0),Vs # Sn,o0 # On,

Rut1 = R+ 10,0, 5. 6,900/ In(Sn, On),
on = R, — R,Ly, —l—maXQn( 4150') = Qu(Sn, On),

Ln+1 (Sna On)

which are inter-option Differential Q-learning’s update rules (Section 3) with stepsize « in the n-th
update being av,,(,, ¢ ¢, - and the stepsize 3 being B(Sn, On).

If we consider a sequence of simulated experience . .., Sy, Oy, Ry, Ly, S), .. ..

Y.(s,0) =1,if s = Sn.0=0,,
Y,.(s,0) = 0 otherwise,

and S',(s,0) = S',, Rn(s,0) = Ry, L(s,0) = L,, update rules (A.7)-(A.10) become

n?’

QnJrl (Sna On) = Qn(gnz On) + al,(n,gmén)gn/lln 5 and QnJrl(Sa 0) = Qn(sa 0)7V8 7& gnvo 7& O'ru
Rn+1 = R + nay(n grué )S /L’I’L7
6 = Rp — RyLy, —|—maxQn( ,0') = Qn(Sn,0n),

Lni1(80,00) = Ly(Sn, On) + Bu(Sn, On) (L — Ln(S,,04)).

=7

Now, in the planning setting, the model can produce an expected length, instead of a sampled one.
And there estimating the expected length using L,, is no longer needed. The above updates reduce to

Q?L-‘rl(SnaO )= Qn(é @) )+ay(n 5,,,00) 6 /Ln,and Qnt1(s,0) = Qn(sao)avs#ng#Om
Roi1 =R, +1n QY (n,5,,00) 5n/Ln7

=~ R, — R,L, + max Qy( 5 .0") — Qn(Sn,0,).

Onz
||

The above update rules are our inter-option Differential Q-planning’s update rules with stepsize at
planning step n being Qyn5,.00)

We now provide a theorem, along with its proof, showing the convergence of General Inter-option
Differential Q.

Theorem A.2. Under Assumptions 1, A.5, A.6, A.7, and that 0 < f3,,(s,0) < 1, ", Bn(s,0) = o0,

and Y, [%(s,0) < oo, and B, (s,0) = 0 unless s = S,,, General Inter-option Differential Q
(Equations A.7-A.10) converges, almost surely, Q,, to q satisfying both (2) and

1> a—>_ Qo) =r.— Ry,

R, to 1., and (i) to v, where ju,, is a greedy policy w.r.t. Q,,.
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Proof. At each step, the increment to R,, is 7 times the increment to Q,, and > Q,,. Therefore, the
cumulative increment can be written

R, —Ro=n Z Zau(m?o)éi(s, 0)/L;i(s,0)I{(s,0) € Y;}

1=0 s,0
:7]<ZQTL_ZQO)
— Ru=1>_ Qu—nY Qo+Ro=1) Qun—c (A.11)
where ¢ = nZQO — R,y. (A.12)

Now substituting R,, in (A.7) with (A.11), we have Vs € S, 0 € O:
Qn+1(37 0) = Qn(sa 0) + Ay (n,s,0)

Fen(5,0) = Ln(s,0) (032 Qn =€) + maxy Qn(S3(5,0):0) = @n(s:0) 1 vy
T (5.0) ’ !

= Qn(sv 0) + Ay (n,s,o0)

<Rn<s,o> ~ln(5,0) (15 Qn = ) T maxy Qu(Sy(5,0), ) = Quls,0) , o>> I{(s,0) € Yu}
I(s,0) e ’ "

(A.13)

where I(s, 0) is the expected length of option o, starting from state s, and €, (s,0) = (R, (s,0) —
L (s,0)(n 32 Qn—c)+maxy Qn(S,(s,0),0")—Qn(s,0))/L(s,0) = (Rn(s, 0)=I(s, 0)(n > Qn—
¢) + maxy Qn(S5.,(s,0),0") — Qn(s,0))/l(s,0).

Standard stochastic approximation result can be applied to show that L,, converges to [. Further, it

can be seen that ¢, satisfies that ||e, || ., < K (1 + [|Q,||) for some positive K and, by continuous
mapping theorem, converges to 0 almost surely (and thus in probability).

We now show that (A.13) is a special case of (A.1). To see this point, let

i=(s,0),
R, (i) = P;?is(,))o) + ¢,
Go(Qn) (i) = max, an(iS’z)(s,o),o’) N l(?(z)o; 1Qn(870)7

F(Qn)(@) =1 Qn,
en(i) = €n(s,0).
We now verify the assumptions of Theorem A.1 for Inter-option General Differential Q. Assump-
tion A.1 and Assumption A.2 can be verified easily. Assumption A.3 satisfies because the MDP

is finite. Assumption A.4 is satisfied as shown above. Assumption A.5-A.7 are satisfied due to
assumptions of the theorem being proved. Assumption A.8§ is satisfied because

(i) — 7+ g(q) (i) — q(3)
= E[R, (i) — 7 + Gn(q) (i) — q(i)]

Rn(s, 0) + cl(s,0) — 7l(s,0) + max, q(S;l(s,o), o)+ (I(s,0) — 1)q(s,0) — I(s,0)q(s,0)
I(s,0)

E [Rn(s,o) + cl(s,0) — Tl(s,0) + max, q(SA’jl(s, 0),0") — q(s,0)

Il(s,0)

From (2) we know if the above equation equals to 0, then under Assumption 1, 7 = r, + cis the
unique solution and the solutions for ¢ form a set ¢ = ¢, + ce.

=E
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All the assumptions are verified and thus from Theorem A.1 we conclude that (),, converges to a point
satisfyingn > g =ri+c=r.4+n> Qo—Roand R, =n> . Qn,—ctond g—c=ri+c—c=r,.

Finally, in order to show 7(,) — 74, we first extend Theorem 8.5.5 by Puterman (1994) to deal with
SMDP.

Lemma A.6. Under Assumption 1, VQ € RIS*©!

HliIlTQ(S, 0) < 7a(NQ) <re < maXTQ(Sv 0)7

where TQ(s,0) =3, ., D(s',7, 1] 8,0)(r +maxy Q(s',0")) and jiq denotes a greedy policy w.r.t.
Q.

Proof. Note that

r(nQ) =Y B(s',r 1] 5,0)(r + no(o' | Qs o) — Qs,0)).

s'rl o’

Therefore
min(TQn(s,0) = Qn(s,0)) < 7r(pn) <7 <max(TQn(s,0) = Qu(s,0))

= |’I“* - T(:U’n)| < SP(TQn - Qn)
O

Because @, — goo a.8., and sp(T'Q,, — Q,,) is a continuous function of @,,, by continuous mapping
theorem, sp(T'Q,, — Q) — sp(T'¢oo — ¢oo) = 0 a.s. Therefore we conclude that r (g, ) — 7.

O

The convergence of General Inter-option Differential Q that we showed above implies Theorem 1
when there are no transient states (S’ = &) and thus all states can be visited for an infinite number of
times. When &’ C S, option values associated states in S — S’ do not converge to a solution of the
Bellman equation. However, the option values associated with recurrent states S’ still converge to a
solution of the Bellman equation, the reward rate estimator converges to r,, and the r(u,,) converges
to r.. The point that option values (associated with recurrent states) converge to depends on the
sample trajectory. Specifically, it depends on the transient states visited in the trajectory.

A.3 Theorem 2

The proof for the intra-option evaluation equation is simple. First note that these equations can be
written in the vector form:

O=r—re+ (P, —1I)g,

where 7(s,0) = E[Ri41 | S; = 5,0¢ = 0], Pu((s,0),(s",0")) = Pr(Sey1 = 8,041 = 0[Sy =
$,0¢ =o,p) = B(s',0)u(0" | §')+ (1= B(s',0))I(o = 0'), and e is a all-one vector. Intuitively, the
intra-option evaluation equation can be viewed as the evaluation equation for some average-reward
MRP with reward and dynamics being defined as r and P,,.

By Theorem 8.2.6 and Corollary 8.2.7 in Puterman (1994), the intra-option evaluation equation part
in Theorem 2 is shown as long as the Markov chain associated with P, is unichain. Note that by
our Assumption 1, there is only one recurrent class of states under any policy. Therefore no matter
what the start state-option pair is, the agent will enter in the same recurrent class of states. Therefore
we have, for every state § in the recurrent class and an option 6 such that x(o | §) > 0, the MDP
visits (8, 0) an an infinite number of times. This shows that any two state-option pairs can not be in
two separate recurrent sets of state-option pairs. Therefore the Markov chain associated with P, is
unichain.

The proof for the Intra-option Optimality Equations is more complicated. First, similar as what we
know in the discounted primitive action case, we have the following lemma for the discounted option
case.
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Lemma A.7. Forevery 0 < v < 1, there exists a stationary deterministic discount optimal policy.

The proof uses similar arguments as Theorem 6.2.10 and Proposition 4.4.3 by Puterman (1994).

Now choose a sequence of discount factors {y,}, 0 < 7, < 1 with the property that v,, T 1. By
lemma A.7, for each ~,, there exists a stationary discount optimal policy. Because the total number
of Markov deterministic policies is finite, we can choose a subsequence {,,} for which the same
Markov deterministic policy, j, is discount optimal for all +/,. Denote this subsequence by {7, }.
Because (4 is discount optimal for v, Vn, ¢." = ¢, Vn. By intra-option optimality equations in the
discounted case (Sutton et al., 1999), for all s € éﬂ o€ 0,

0="> mlals,0)Y_pls',rls,a) (r +7B(s',0)g)" (s', u(s) + (1 = B(s', 0))ai" (5", 0)) — q" (s, 0)

= Zﬂ(a|s,0) Zp(s’, r|s, a) (r + v B(s’,0) ntgxqz”(s’, 0') + (1= B(s",0))g0m (s, )) —q"(s,0).
’ o (A.14)

By corollary 8.2.4 by Puterman (1994),

g = (1 =)~ r(we +qu + fm), (A.15)

where (1) and g,, are the reward rate and differential value function under policy p, and f(7) is a
function of -y that converges to 0 as v 1 1.

Substituting (A.15) into (A.14), we have

0="> m(als,0) Y p(s',ls,a)(r +7uB(s", 0) max[(L = 7a) "' (1) + qu(s’,0) + F (. 5", )]

a s'r

+ 9 (1= B(s,0))[(1L = 7)) "7 (1) + qu(s’, 0) + f(ym, 8", 0)])
— (L= )7 (1) + qu(s,0) + f(n, 5,0)]
= m(als,0) Y p(s',rls,a)(r —r(p) + 1nB(s", 0) mﬁx[qu(sl, 0') + f(ym, 8", 0")]

+ 9 (1 = B(5",0))[qu(s",0) + f(yn, 5", 0)])
—[qu(s,0) + f(yn 8, 0)]

= Yo ntalso Zp . rls,0)(r = (1) + B(5', 0) maxlg(s',0') + f (', )]

Tn — ) (S 70) max[q,u(s 0 ) + f('Ym 8/7 01)]

+ (

+ (1= 8(5",0))[qu(s",0) + f(Yn, 5", 0)]

+ (9 — 1)(1 = B(8",0))[qu(s", 0) + f(n, 5", 0)]
—[gu(5,0) + f(7n,5,0)].

Note that (y — 1)5(s’, 0) maxy[gu(s’,0") + f(v,s',0")] and (v — 1)(1 — B(s,0))[qu(s’,0) +
f(v,8,0)] both converge to 0 as v 1 1.

Now take n — oo, then ,, 1 1, we have

0= (als.0) > p(s',rls,a) (r = () + B, 0) max g, (s', o)) + (1 = B(s',0))qu(s",0) ) = gu(s,0).

a s'r

We see that 7 = r(u) and ¢ = g, is a solution of (11)-(12).

Now we show that the solution for 7 is unique. Define

B(F,q) = Zw(a\s, 0) Zp(s',r\s, a) (r — 7+ B(s',0) mogxq(s’,o') + (1= B(s",0))q(s, 0)) —q(s,0).

a s',r

22



First we show if B(7,q) = 0, then 7 > r,.

0= B(r,q)
= Z (als,0) Zp s’ rls,a)(r — 7+ B(s',0) rrtz/ixq(sﬂo/) + (1= B(s',0))q(s',0)) —q(s,0)
> sup Z a|30 Zps r|s, a)
pElIMR

(r —7+8(s,0) ZM(O’ls/)Q(s’, o)+ (1— (s, 0))q(s, 0)) —q(s,0),

where ITM 7 denotes the set of all Markov randomized policies. In vector form, the above equation
can be written as:

0> sup {r—re+ (P, —1I)q}
MEHZVIR

Therefore Vi € MME,
re >r+ (P, —I)g.

Apply P, to both sides,
P,fe > P,r + P,(P, —I)q,
re > Pyr+ P, (P, —I)q.
Repeating this process we have:
re > Plr + Py (P, —I)g.
Summing these expressions fromn = 0ton = N — 1 we have:
N-1
Nie > Y (Pyr+ P ZP"T+ (PY - PY " 1)q.
n=0

Because limy o0 (P — PY~1)g =0,

e > lim —ZP"T—T

N—oco N

forall u € IIME Therefore 7 > r,.

Then we show thatif 0 = B(7, ¢) then 7 < r,. As we proved above, if (7, ¢) satisfies that 0 = B(T, q)
then there exists a policy 4 such that 7e = r + (P, — I)q is true. Therefore,

Plre= Pjr+ P (P, — I)q,
N—1

n = 1 13 n
ngnooﬁzp Te = hm N;}(PMT—FPM(PH—I)(]),

Fe = lim Z Plr=r(pe <r.e.

N —oco

Therefore 7 < r,. Combining 7 > r, and 7 < r, we have 7 = r,.

Finally, we show that the solution for ¢ is unique only up to a constant. Note that one could iteratively
replace q in the r.h.s. of the intra-option Optimality equation (11)-(12) by the entire r.h.s. of the
intra-option Optimality equation, resulting to the inter-option Optimality equation (2). Therefore any
solution of (11)-(12) must be a solution of (2). But we know that the solutions for ¢ in (2) is unique
only up to a constant. Therefore the solutions for ¢ in (11)-(12) can not differ by a non-constant.
Further, it is easy to see that if ¢ is a solution, then q + ce, Vc is also a solution. The theorem is
proved.

O
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A.4 Theorem 3

For simplicity, we will only provide formal theorems and proofs for our control learning and planning
algorithms. The formal theorems and proofs for our prediction algorithms are similar to those for
the control algorithms and are thus omitted. To this end, we first provide a general algorithm that
includes both learning and planning control algorithms. We call it General Intra-option Differential
Q. We first formally define it and then explain why both Intra-option Differential Q-learning and
Intra-option Differential Q-planning are special cases of General Intra-option Differential Algorithm.
We then provide assumptions and the convergence theorem of the general algorithm. The theorem
would lead to convergence of the special cases. Finally, we provide a proof for the theorem.

Given an MDP M = (S, A, R, p) and a set of options O, for each state s € S, option o € O, a refer-
ence option o, and discrete stepn > 0, let A,,(s,0) ~ 7(- | 8,0), R (8, An(s,0)), S, (s, An(s,0)) ~
p(-, - | s, An(s,0)) denote, given state-option pair (s, 0), a sample of the chosen action and the result-
ing state and reward. We hypothesize a set-valued process {Y}, } taking values in the set of nonempty
subsets of S x O with the interpretation: Y,, = {(s,0) : (s, 0) component of () was updated at time
n}. Letv(n,s,0) = > ¢_, I{(s,0) € Yi}, where I is the indicator function. Thus v(n,s,0) =
the number of times the (s, 0) component was updated up to step n. In addition, we hypothesize a
set-valued process {Z,, } taking values in the set of nonempty subsets of O with the interpretation:

,», = {0 : 0 component was visited at time n}. ) . I{0 € Z,} means the number of reference
options used at update step n. For simplicity, we assume this number is always 1.

Assumption A.9. Y _I{o € Z,} = 1 for all discrete n. > 0.
The update rules of General Intra-option Differential Q are

Qn+1(5,0) = Qn(s,0) + Ay s,0) an(s, 0,0)0,(s,0,0)I{(s,0) e Y, }[{o€ Z,}, VseS,andoe O

(A.16)
Ry +7}Zo¢y(néo)2pnsoo (s,0,0)I{(s,0) € Y, }I{o € Z,}, (A.17)
where p,,(s,0,0) = w(A,(s,0) | s,0)/7(An(s,0) | s,0) and
0n(8,0,0) = Ru(s, An(s,0)) = Bn + B(S;,(s, An(s, 0)), 0) max Qn(S], (s, An(s,0)), ')
+ (1= B(S0 (s, An(s,0)): 0))Qu (S (s, An(s,0)),0) = Qu(s,0) (A.18)

is the TD error.

Here a,,(,s,0) is the stepsize at step n for state-option-option triple (s, 0). The quantity a, ;s o)
depends on the sequence {«, }, which is an algorithmic design choice, and also depends on the
visitation of state-option pairs v(n, s,0). To obtain the stepsize, the algorithm could maintain a
|S x O|-size table counting the number of visitations to each state-option pair, which is exactly
v(+,-, ). Then the stepsize c,(, s,,) can be obtained as long as the sequence {cv, } is specified.

Now we show Intra-option Differential Q-learning and Intra-option Differential Q-planning are
special cases of General Intra-option Differential Q. Consider a sequence of real experience
.y St, 0, Ay, Riq1, St41, - - .. By choosing step n = time step ¢,

Y.(s,0)=1,if s =5,

( ,0) = 0 otherwise,
Z,(0)=1,ifo = Oy
Zn(0) =

9
and ATL(St7Ot) = At, S;L(St, 'IL(St7Ot)) = St+1,Rn(St,An(St,Ot)) = Rt+1, update rules
(A.16), (A.17), and (A.18) become

Qi+1(S,0) = Q¢(St,0) + ay(,5,,0)0t(0)0¢(0), Vo € O, and Q¢ 41(s,0) = Q4(s,0),Yo € O and Vs # Sy,
Rt-{-l = Rt +n Z au(t,St,O)pt(O)(st(O)v

0¢(0) = Rys1 — Ry + B(Se41,0) max Q(Si41,0') + (1 = B(Se41,0))Qi(Sit1,0) — Qu(Sy, 0),

= 0 otherwise,
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where p;(0) = m(A; | St,0)/7(As | S, Or). The above equations are Intra-option Differential
Q-learning’s update rules (Equations 14, 15, 16) with stepsize at time ¢ being «,( s,,,) for each
option o.

If we consider a sequence of simulated experience . . ., Sy, On, Apn, Ry, S/ !, .. by choosing step
n = planning step n,

)
(s,0) = 0 otherwise
w(0)=1,ifo=0
(0) = 0 otherwise

and A, (Sp,0,) = Apn, S'(5,,4,(Sn,0,)) = S, Ry(Sn, An(S,,0,)) = R, update rules
(A.16), (A.17), and (A.18) become

Qns1(5,,0) = Qn(Sn,0) + (0, 50.0)Pn(0)0n(0), V0 € O, and Qn41(s,0) = Qn(s,0),Vs # S,,Yoe O
RnJrl = Rn + n Z Oéy(m,é'n,o)pn (0)577, (O)’

6 ( ) R _R +6( )maXQn( 0/)+(1_6(5'4170))62“(3;1’0)_Qn(‘gmo)?

where p,,(0) = w(Ay, | Sn,0)/7(Ay | Sk, Oy). The above equations are Intra-option Differential
Q-planning’s update rules (Equations 14, 15, 16) with stepsize at planning step n being o, (3., 0)
for each option o.

Finally, note that for both Intra-option Differential Q-learning and Q-planning algorithms, because
for each time step ¢ or update step n, there is only one option which is actually chosen to generate
data, Assumption A.9 is satisfied.

Theorem A.3. Under Assumptions 1, A.5, A.6, A.7, A.9, General Intra-option Differential Q (Equa-
tions A.16-A.18) converges, almost surely, Q., to q satisfying both (11)-(12) and

10> ¢— Qo) =r. - Ro, (A.19)

R, to ., and v(pu,,) to 7, where ., is a greedy policy w.r.t. Q..

Proof. At each step, the increment to R,, is 1) times the increment to @,, and >_ Q,,. Therefore, the
cumulative increment can be written as:

fRo—nZZau(lso)szsoo (s,0,0)I{(s,0) € Y;}I{o € Z;}

=0 s,0
:n<ZQn72QO)
= Ry=1) Qu-nY Qo+Ro=n) Qu-—c (A.20)

where ¢ = WZQO — Ry.

Now substituting ,, in (A.16) with (A.20), we have Vs € S,0 € O:

m(A,(s,0) | s,
Qnt1(5,0) = Qu(5,0) + Avn0) D W

(R (s, A nZQn—l-c—i—ﬁ( (s, (s,6)),0)nta/LXQn(S;l(s,An(s,é)),o’)

(1= B(S(5, An(5,8)),0))Qn (S (5, An(5,5)), 0) — Qn(s, o>)
I{(s,0) € Y, }[{o € Zy,). (A21)
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We now show that (A.21) is a special case of (A.1). To see this point, let i = (s, 0),

Ru(i) = Y TS0 145 € 2, (R (s, 4 (50)) + ),

— 5(40(5,0) | 5,0)
Fu(@u)i) =Y W” €203 Qu.
Gu(@n)(0) = 3 T 0 10 € 2,1 (3(50 (5, An(5,0)).0) 5k Qu (S, 5, (5,0).0)
(1= B8} 5 A0(5,0)),0))Qn (S5 (5 An(5,0)).0) ~ Qu(5,0)).
e (1) = 0.

’0) {6 € Z,}(Ry(s, An(5,0)) + ¢)

0)
z’O;I{OEZ Y Rn(s, An(s, 0))+c)]

:ZI{éeZn}Zw(a | 5,0)E[Ry(s,a) + ]

—Z (a]s,o0) Zprs | s,a)(r + c), By Assumption A.9,

r,s’

= 5| X T 10 € 2,) (31555 Au(5.0).0) myx (5,5, A (5,0)).0)

+ (1 - /B(S’;L(S7 An(87 6))7 0))Q(S;(57An(s>6))= O) - Q(‘S?O))

= ZI{@ € Zn}ZW(a | 5,0)
E[(8(S;,(s; @), 0) maxq(S;,(s, a), ') + (1 = B(S, (s, ), 0))a(5;, (5, a), 0) = q(s, 0))]
= Zw(a | s,0) Zp(s’,r | s,a)(B(s',0) mﬁxq(s’7 o)+ (1 —B(s,0))q(s',0) — q(s,0))],

forany ¢ € 7.

We now verify the assumptions of Theorem A.l for Intra-option General Differential
Q. Assumption A.l can be verified for g(q)(s,0) = > ,m(a | s,0)> ., .p(s,r |
s,a)(B(s',0) maxy q(s',0") + (1 — 5(s',0))q(s’,0)) easily. Assumption A.2 is satisfied for
f(@) = n>_q. Assumption A.3 satisfies because the MDP is finite. Assumption A.4 is satis-
fied for €, = 0. Assumption A.5-A.7 are satisfied due to assumptions of the theorem being proved.
Assumption A.8 is satisfied because

r(i) =7+ g(q) (i) — (i)
= Zw als,o) Zp s rls,a)(r =7+ B(s',0) mogxq(s’,o') + (1= 8(s",0))q(s,0)).

\r
By Theorem 2, we know that if the above equation equals to 0, then under Assumption 1, ¥ =r, + ¢
is the unique solution and the solutions for ¢ form a set ¢ = g, + ke for all k € R.

Therefore Theorem A.1 applies and we conclude that ), converges to a point satisfying n >~ ¢ =
r«+tc=r.4+n>.Qo— Roand R, =n> . Qn —ctond.q—c=r,+c— c=r,. Finally, by
Lemma A.6, we have 7 (1) — 7.
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Applying a similar argument as one presented in the last paragraph of Section A.2 finishes the proof
of Theorem 3.

O

A.5 Theorem 4

Proof. We will show that there exists a unique solution for (18). Results for (19) and (20) can
be shown in a similar way. To show that (18) has a unique solution, we apply a generalized
version of the Banach fixed point theorem (see, e.g., Theorem 2.4 by Almezel, Ansari, and Khamsi
2014). Once the unique existence of the solution is shown, we easily verify that m? is the unique
solution by showing that it is one solution to (18) as follows. With a little abuse of notation, let
p(s'sr | s,0) =3 p(x,7,1|s,0), we have

mP(z|s,0) = Zﬁ(w r,l|s,0)
m,l

= i (x,1]s,0) Zw(a\s,o)Zp(s’m\s,a)ﬂ(s' I(z=5") Z (x,1]s,0)

—Z a|soZps rls,a)(B(s', 0)l(z = &) + Z (z,1]',0))
:Z (als,0 Zps rls,a)(B(s", 0)l(z = )+(176(s,0))mp(x|s,0)).

To apply the generalized version of the Banach fixed point theorem to show the unique
existence of the solution, we first define operator 7' : RISIXISIXIOl  _  RISIXIS[X|O]
such that for any m € RISIXISIXION and any z,5 € S,0 € O, Tm(z | s,0) =
Yoalals,0) . p(s',7s,a)(B(s", 0)l(z = ') + (1 — B(s',0))m(z|s', 0))). We further define
T™m = T(T" 'm) for any n > 2 and any m € RISI*ISI*XIOI The generalized Banach fixed point
theorem shows that if 7 is a contraction mapping for any integer n > 1 (this is called a n-stage
contraction), then T'm = m has a unique fixed point. The unique fixed point immediately leads to
the existence of the unique solution of (18). The existence of the unique solution and that m” is a
solution imply that m? is the unique solution.

The only work left is to verify the following contraction property:

HT‘SWM - T‘S|m2H <qlma —mall (A22)
oo

where m; and ms are arbitrary members in RISI*ISIXIOl "and 4 < 1 is some constant.
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Consider the difference between T'°Im; and T15!my for arbitrary m,, my € RIS*S*Ol For any
z,5 € S,0 € O, we have

TISImy (| 5,0) — TSImy(z | 5, 0)
= Zﬂ(a | s,0) Zp(s',r|s,a)(1 — B(s', oISy (| 8, 0) = TSI Ymy (| 67, 0))
= Pr(Siy1 =518 =5,0; = 0)(1 = B(s1,0)) (T my (2 | 51,0) = T mg (| 51,0))

= ZPr(St_H =51 |85 =50 =0)(1— B(s1,0)) ZPr(St+2 =89 | Sty1 = 81,041 = 0)(1 — B(s2,0))

S1 S2

(T151=2m, (| 59, 0) — TI51"2my (|52, 0))

|S|
= Z Pr(Siy1 =51, , Seqis| = 815 | St = 5,04 = 0) H(l — B(si,0))(mi(x | 815],0) — ma(z]s|s),0))
S1ym,8|S| i=1
S|
< Y Pr(Si=s1,0,Seys = i8] | S = 5,00 = 0) [ [(1 = B(si,0)) [m1 — ma -
51,70 ,8]s) i=1

Here p(s,0) = Zsl’m’s‘s‘ Pr(Siy1 =51+, Siy1s] = 815 | St = 5,0: = 0) Hl‘ill(l — B(s4,0))
is the probability of executing option o for | S| steps starting from s without termination. If p(s, 0) = 0,
then option o will surely terminate within the first |S| steps and if p(s,0) = 1, then option o will
surely not terminate within the first |S| steps.

If option o would surely not terminate within the first |S| steps (p(s, 0) = 1), then it would surely not
terminate forever. This is because there are only |S| number of states, and thus an option could visit
all states that are possible to be visited by the option within the first | S| steps. p(s,0) = 1 means that
option o has a zero probability of terminating in all states that are possible to be visited by option o.
This non-termination of a state-option pair implies that the expected option length is infinite, which is
contradict to our assumption of finite expected option lengths (Section 2). Therefore (s, 0) = 11is
not allowed by our assumption and thus p(s, 0) < 1. So there must exist some (s, 0) < 1 such that
p(s,0) <(s,0). With v = max, , Y(s,0), we obtain (A.22).

A.6 Theorem 5

We first provide a formal statement of Theorem 5. The formal theorem statement needs stepsizes to
be specific for each state-option pair. We rewrite (21-23) to incorporate such stepsizes:

Mf«kl(m | St,0) = M{ (x| St,0) + at(St, 0)pt(0) (5(5t+170)ﬂ(5t+1 =)

+ (1= B(Si1,0)) MP (3| Sy11,0) — MP (x| S, o)), Vees, (A.23)
M{41(St,0) = M{ (St 0) + (1, 0)p1(0) (R + (1 = B(St41,0)) M (Se1,0) = MF (5t,0))
(A.24)
M{11(S1,0) = M (Se,0) + (St 0)pr(0) (1+ (1= B(St1,0)) M{ (St41,0) = M{ (St.0) ).
(A.25)

Theorem A.4 (Convergence of the intra-option model learning algorithm, formal). If0 < a4(s,0) <
L >, au(s,0) = ccand Y-, ai(s,0) < oo, and vy (s,0) = 0 unless s = Sy, then the intra-option
model-learning algorithm (A.23-A.25) converges almost surely, M} to mP, M] to m”, and M} to
ml.

Here the assumptions on «; guarantee that each state-option pair is updated for an infinite number of
times. Because the three update rules are independent, we only show convergence of the first update
rule; the other two can be shown in the same way.
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Proof. We apply a slight generalization of Theorem 3 by Tsitsiklis (1994) to show the above theorem.
The generalization replaces Assumption 5 (an assumption for Theorem 3) by:

Assumption A.10. There exists a vector x* € R"™, a positive vector v, a positive integer m, and a
scalar 8 € [0,1), such that

|F™(z) —2*||, < Bllw —27,, VreR™

That is, we replace the one-stage contraction assumption by a m-stage contraction assumption. The
proof of Tsitsiklis’ Theorem 3 also applies to its generalized form and is thus omitted here.

Notice that our update rule (A.23) is a special case of the general update rule considered by Theorem
3 (equations 1-3), and is thus a special case of its generalized version. Therefore we only need to
verify the above m—stage contraction assumption, as well as Assumption 1, 2, and 3 required by
Theorem 3. According to the proof in Appendix A.5, the operator 1" associated with the update rule
(21) is a |S| —stage contraction (and thus is a |S| —stage pseudo-contraction). Other assumptions
(Assumptions 1, 2, 3) required by Theorem 3 are also satisfied given our step-size, and finite MDP
assumptions. [

A.7 Theorem 6

Proof. We first show that

Zu (o | s) Z (s’ r L] s,0")(r —lr(p) +vu(s))

sl

> ZM o] s) Z (s’ L] s,0)(r —Ir(p) +vu(s)) = vu(s). (A.26)

s’

Note that for all s, o0 and its corresponding o', (o | s) = p/(0’ | s). In order to show (A.26), we
show >, P(s' 7, L] 8,0)(r = Ir(p) +vu(s') = 32y (s, L[ s, 0)(r — Ir () + vu(s7)) for
all s, 0 and corresponding o’.

ST B 1] 5,0)(r — Ur() + vu(s)

(Snt1) | S = 5,05 = 0]
v, (Snt1) | Sn = 5,0, = o', Not encountering an interruption]
0,(811) | Sn = 8,0, = o, Encountering an interruption|
(

vy, n+1) | Sp. = 8,0, = o/, Not encountering an interruption]

+ E[/B(Sl)(én - Lnr(”) + Uu(sn-i-l)) + (1 — 5(3/))(Rn - IA/nT('U) + qM(Sn-i-lvO))
| Sp, = s,0,, = o', Encountering an interruption]

= Z p(s’ L s,0)(r — Ir(p) +vu(s")).

sl
The above inequality holds because Sn+1 is the state where termination happens and thus
4u(Snt1,0) < v,(Sp41). The last equality holds because E[3(s")(Ry, — Ly (1) + vu(Snt1)) +
(1= B(8))(Rn — L (1) + ¢u(Sns1,0)) | Sn = 5,0, = o, Encountering an interruption] is the

expected differential return when the agent could interrupt its old option but chooses to stick on the
old option. (A.26) is shown.

Now write the 1.h.s. of (A.26) in the matrix form

Zu o' [8) Y Bls' i ls, o) (r — 1) + vu(s) = 1 (8) = L (8)r(p) + (P (s),

s’,r,l

where T (8) =22, W (0| 8) > g .y B(s" 7,18, 0")r is the expected one option-transition reward,
Lo (s) = 2 W (0 | 8)> 2y ., D(s',m,1|s,0")l is the expected one option-transition length, and
Pu (s, 8") = ZO (o' |s)> ., b(s',r1|s,0") is the probability of terminating at s’.
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Combined with the r.h.s. of (A.26), we have
T (8) = L (8)r(p) + (Purvg)(s) = vu(s).

Iterating the above inequality for K — 1 times, we have

(P () — Phd(s)r(0) + PEv,(s) > va(s)

(B (8) = Plidy (s)r()) > vu(s) = Pl v,(s).
k=0

Divide both sides by Z,f;ol P[f/l ' (s) and take K — oo:

K-1
1 1
lim —————— P’f,rtz s —Plf/l (s)r > lim ———7———(v,
Kovoo 33000 PRI, mgo(‘ w(8) = Bl Glr () KWZ;CKJR’EJMS)(’()
For the Lh.s.:
K-1 K-1
— P /T '(S)
lim ——————— /r P Ay = lim =A20 w7
A S 01 PrL Z w( (s)r(p)) = Jim_ ST )
For the r.h.s.:
1
lim —(”u(s) — Plffvﬂ(s)) =0.

K_”X)Z/}:olp Ly (s)

Therefore r(p') — r(u) > 0.

Finally, note that a strict inequality holds if the probability of interruption when following policy 1’

1S non-zero.
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B Additional Empirical Results

B.1 Inter-option Learning
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Figure B.1: Plots showing a parameter study for inter-option Differential Q-learning and the set of
options O = H + A in the continuing Four-Room domain when the goal was to go to G1. Same
experimental setups are used as what was described in Section 3. The x-axis denotes step size «; the
y-axis denotes the rate of the rewards averaged over all 200,000 steps of training, reflecting the rate
of learning. The error bars denote one standard error. The algorithm’s rate of learning varied little
over a broad range of its parameters «, 5 and 1. Small standard error bars show that the algorithm’s
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performance varied little over multiple runs.
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Figure B.2: Plots showing a parameter study for inter-option Differential Q-learning and the set
of options O = H in the continuing Four-Room domain when the goal was to go to G1. The
experimental setting and the plot axes are the same as mentioned in Figure B.1. Compared with
Figure B.1, it can be seen that the algorithm’s rate of learning with O = ‘H was worse than it with
O = H + A. This is because there is no hallway option from # can takes the agent to G1. The
algorithm’s rate of learning varied little over a broad range of its parameters «, 8 and 7, and also
varied little over multiple runs.
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Figure B.3: Plots showing a parameter study for inter-option Differential Q-learning and the set of
options O = A in the continuing Four-Room domain when the goal was to go to G1. Note that with
options being primitive actions, the algorithm becomes exactly the same as Differential Q-learning by
Wan et al. (2021). The experimental setting and the plot axes are the same as mentioned in Figure B.1.
Compared with Figure B.1, it can be seen that the algorithm’s rate of learning with O = A was worse
than it with O = H + A, particularly for small «.. The algorithm’s rate of learning did not vary too
much over a broad range of its parameters § and 7, and also varied little over multiple runs. The
algorithm’s performance is more sensitive to the choice of a.
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B.2 Intra-option Q-learning
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Figure B.4: Plots showing a parameter study for intra-option Differential Q-learning with the set of
options O = H in the continuing Four-Room domain when the goal was to go to G2. The algorithm
used a behavior policy consisting only of primitive actions. The hallway options were never executed..
The experimental setting and the plot axes are the same as mentioned in Section 4. The algorithm’s
rate of learning varied little over a broad range of its parameters « and 7, and also varied little over
multiple runs.

B.3 Interruption
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Figure B.5: Plots showing parameter studies for intra-option Differential Q-learning with and without
interruption in the continuing Four-Room domain when the goal was to go to G3. The algorithm
used the set of hallway options O = H. The experimental setting and the plot axes are the same as
mentioned in Section 6. The algorithm’s rate of learning with interruption was higher than it without
interruption for medium sized choices of ce. When a large or small o was used, interruption produced
a worse rate of learning. The algorithm’s rate of learning varied not too much over a broad range of
its parameters 7 and varied little over multiple runs, regardless of interruption. The algorithm’s rate
of learning was more sensitive to o when interruption is used.

B.4 Prediction Experiments

We also performed a set of experiments to show that both inter- and intra-option Differential Q-
evaluation can learn the reward rate well. The tested environment is the same as the one used to
test inter-option Differential Q-learning (with G1). The set of options consists of 4 primitive actions
and 8 hallway options. For each state, the behavior policy randomly picks an option. The target
policy is an optimal policy, which induces a reward rate 0.0625. We ran both inter- and intra option
Differential Q-evaluation in this problem. The parameters used are the same with those used in inter-
and intra-option Differential Q-learning experiments. The sensitivity of the two algorithms w.r.t. the
parameters is shown in Figure B.6 and Figure B.7. Inter-option algorithm’s reward rate error is quite
robust to 3. Intra-option algorithm’s reward rate error is generally better than Inter-option algorithm’s
reward rate error unless a large stepsize o = 0.5 is used.
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Figure B.6: Plots showing parameter studies for inter-option Differential Q-evaluation in the con-
tinuing Four-Room domain when the goal was to go to G1. The algorithm used the set of primitive
actions and the set of hallway options O = A + H. The y-axis is the absolute difference between the
optimal reward rate 0.0625 and the estimated reward rate, averaged over all 200,000 steps.
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Figure B.7: Plots showing parameter studies for intra-option Differential Q-evaluation in the continu-
ing Four-Room domain when the goal was to go to G1. The setting is the same as the one used for
intra-option Differential Q-evaluation.
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C Additional Discussion

C.1 Two Failed Attempts on Extending Differential Q-learning to an Inter-option Algorithm

The authors have tried two other ways of extending Differential Q-learning to an Inter-option
Algorithm (cf. Section 3). While these two ways appear to work properly at the first glance, they do
not actually. We now show these two approaches and explain why they do not work properly.

The first extension uses, for each option, the average-reward rate per-step instead of the total reward
as the reward of the option. In particular, such an extension use update rules (3) and (4), but with TD
error defined as:

5»;1 = Rn/i/n - Rn + mngn(Sn+17 0) - Qn(ény On) (C])

Unfortunately, such an extension can not guarantee convergence to a desired point. Specifically, the
extension, if converges, will converge to a solution of E[d/,] = 0, which is not necessarily a solution
of the Bellman equation E[d,,] = 0 (Equation 2).

An alternative approach to avoid the instability issue is to shrink the entire update, not the option’s
cumulative reward, by the sample length:

Qn+1(§n7 On) = Qn(gvu On) + O‘n(sn/f/na (CZ)

Still, the above two updates can not guarantee convergence to the desired values because, again,
E[6,,/L»] = 0 does not imply that the Bellman equation E[4,,] = 0 is satisfied.

C.2 Pseudocodes

Algorithm 1: Inter-option Differential Q-learning

Input: Behavioral policy pp’s parameters (e.g., € for e-greedy)

Algorithm parameters: step-size parameters «, 7, 3

Initialize Q(s,0) Vs € S,0 € O, R arbitrarily (e.g., to zero); L(s,0) + 1V s € S,0€ O
Obtain initial .S

while still time to train do

Initialize L 0, R < 0, Spnp < S
O < option sampled from (- | S)
do
Sample primitive action A ~ 7 (- | S, 0)
Take action A, observe R, S’
L+« L+1
R+ R+R
S« 5
while O doesn’t terminate in S’
S <+ Stmp
L(S,0) « L(S,0) + B(L — L(S,0))
6+ R—R-L(S,0) + max, Q(S',0) — Q(S,0)
Q(S,0) < Q(S,0) + ad/L(S,0)
R+ R+nad/L(S,0)
S« 5
end
return )
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Algorithm 2: Inter-option Differential Q-evaluation (learning)

Input: Behavioral policy pp, target policy p
Algorithm parameters: step-size parameters «, 7, 3
Initialize Q(s,0) Vs € S,0 € O, R arbitrarily (e.g., to zero); L(s,0) + 1V s € S,0€ O
Obtain initial S
while still time to train do
Initialize L <= 0, R <= 0, Stppp < S
O < option sampled from (- | S)
do
Sample primitive action A ~ (- | S, O)
Take action A, observe R, S’
L+ 1L+1
R+ R+R
S+ 5
while O doesn’t terminate in S’
S+ Stmp
L(S,0) + L(S,0) + B(L — L(S,0))
0+ R~ R-L(S,0) + 3, u(0] 5)Q(S",0) — Q(S,0)
Q(S,0) + Q(S,0) + ad/L(S,0)
R < R+mnad/L(S,0)
S« 9

end
return )

Algorithm 3: Intra-option Differential Q-learning

Input: Behavioral policy pup’s parameters (e.g., € for e-greedy)
Algorithm parameters: step-size parameters «, 7
Initialize Q(s,0) Vs € S,0 € O, R arbitrarily (e.g., to zero)
Obtain initial .S
while still time to train do
O < option sampled from (- | S)
do
Sample primitive action A ~ (- | S, 0)
Take action A, observe R, S’
A=0
for all options o do
pm(A]S0)/n(A]S,0)
§« R-R+ ((1 — B(S,0))Q(S", 0) + B(S', 0) max, Q(S', 0’)) —Q(S,0)
Q(S,0) < Q(S,0) + apd
A — A +napéd
end
R+ R+ A
S5
while O doesn’t terminate in S

end
return )
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Algorithm 4: Intra-option Differential Q-learning with interruption

Input: Behavioral policy pup’s parameters (e.g., € for e-greedy)
Algorithm parameters: step-size parameters o, 1

1 Initialize Q(s,0) Vs € S,0 € O, R arbitrarily (e.g., to zero)
2 Obtain initial S

3 O « option sampled from g (+|.S)

4 while still time to train do

5 if O ¢ argmax Q(S, -) then

6 | O < option sampled from 4 (-|S)

7 end

8 Sample primitive action A ~ (.S, O)

9 Take action A, observe R, S’

10 A=0

11 for all options o do

12 p < m(A|S,0)/7(A|S,O)

13 6 R—R+ ((1-B(5,0)Q(S",0) + B, 0) maxyy Q(S',0')) = Q(S,0)
14 Q(S,0) + Q(S,0) + apd

15 A — A+ napd

16 end

17 | R«R+A

18 S=9
19 end
20 return )

Algorithm 5: Intra-option Differential Q-evaluation (learning)

Input: Behavioral policy uy, target policy p
Algorithm parameters: step-size parameters o, n

1 Initialize Q(s,0) Vs € S,0 € O, R arbitrarily (e.g., to zero)
2 Obtain initial S

3 while still time to train do

4 O + option sampled from (- | S)

5 do

6 Sample primitive action A ~ (- | S, O)

7 Take action A, observe R, S’

8 A=0

9 for all options o do

10 pm(A|S,0)/m(A]|S,0)

i 6 R=Ro+((1-B(5',0)Q(S",0)+ (", 0) S, (0’ | $1Q(S",0)) = Q(S,0)
2 Q(S,0) « Q(S,0) + aps

13 A +— A+ napd

14 end

15 R+ R+A

16 S+ S

17 while O doesn’t terminate in S
18 end
19 return Q)
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Algorithm 6: Combined Algorithm: Intra-option Model-learning + Inter-option Q-planning

Input: Behavioral policy p;’s parameters (e.g., € for e-greedy)
Algorithm parameters: step-size parameters «, /3, ; number of planning steps per time step n
1 Initialize Q(s,0), P(x | s,0), R(s,0) Vs,z € S,0 € O, R, arbitrarily (e.g., to zero);
L(s,0) =1V s€S,0€ O; T + False

2 while still time to train do

3 S ¢+ current state

4 O < option sampled from (- | S)

5 while T is False do

6 Sample primitive action A ~ (- | S, O)

7 Take action A, observe R, S’

8 for all options o such that w(A | S, 0) > 0 do

9 pm(A|S,o0)/m(A]S,0)

10 for all states x € S do

1 P(x|S,0) < P(z|S,0)+ Bp(B(S’,o)H(S’ =z)+ (1 - B(5,0))P(z |

S'.0)— P(z| S, o))

12 end

13 R(S,0) « R(S,0) + Bp(R’ +(1-B(S",0))R(S", 0) — R(S, o))
14 L(S,0) « L(S,0) + 5p(1 + (1= B(S,0))L(S", 0) — L(S, 0))
15 end

16 T « indicator of termination sampled from 3(S’, O)

17 for all of the n planning steps do

18 S < arandom previously observed state

19 O < arandom option previously taken in S

20 S’ < a sampled state from P(- | S,0)

21 0+ R(S,0) — L(S,0)R + max, Q(S’,0) — Q(S,0)

2 Q(S,0) + Q(S,0) + apd/L(S,0)

23 R < R+napd/L(S,0)

24 end

25 end
26 end
27 return )
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