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Abstract

We consider the infinite-horizon ~y-discounted
optimal control problem formalized by Markov
Decision Processes. Running any instance of
Modified Policy Iteration—a family of algo-
rithms that can interpolate between Value and
Policy Iteration—with an error € at each itera-
tion is known to lead to stationary policies that
are at least u{%y-optimal. Variations of Value
and Policy Iteration, that build ¢-periodic non-
stationary policies, have recently been shown to
display a better (lfﬁﬁ-optimality guaran-
tee. We describe a new algorithmic scheme,
Non-Stationary Modified Policy Iteration, a fam-
ily of algorithms parameterized by two integers
m > 0 and £ > 1 that generalizes all the
above mentionned algorithms. While m allows
one to interpolate between Value-Iteration-style
and Policy-Iteration-style updates, ¢ specifies the
period of the non-stationary policy that is out-
put. We show that this new family of algorithms
also enjoys the improved ufﬂjﬁ-optimality
guarantee. Perhaps more importantly, we show,
by exhibiting an original problem instance, that
this guarantee is tight for all m and ¢; this tight-
ness was to our knowledge only known in two
specific cases, Value Iteration (m = 0,/ = 1)
and Policy Iteration (m = oo, ¢ = 1).

1. Introduction

Dynamic Programming (DP) is an elegant approach
for addressing ~y-discounted infinite-horizon optimal con-
trol problems formalized as Markov Decision Processes
(MDP) (Puterman, 1994). The two most well-known DP
algorithms in this framework are Value Iteration (VI) and
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Policy Iteration (PI). While the former has typically lighter
iterations, the latter usually converges much faster. Mod-
ified Policy Iteration (MPI), that interporlates between the
two, was introduced to improve the convergence rate of VI
while remaining lighter than PI (Puterman & Shin, 1978).

When the optimal control problem one considers is large,
an option is to consider approximate versions of these DP
algorithms, where each iteration may be corrupted with
some noise €. An important question is the sensitivity
of such an approach to the noise. Bertsekas & Tsitsiklis
(1996) gather several results regarding approximate ver-
sions of VI and PI (thereater named AVI and API). It is
known that the policy output by such procedures is guaran-
teed to be (12_75)2 -optimal. In particular, when the pertur-
bation € tends to 0, one recovers an optimal solution. This
analysis was recently generalized to an approximate im-
plementation of MPI (AMPI) independently by Canbolat
& Rothblum (2012) and Scherrer et al. (2012). The bet-
ter guarantee, obtained by the latter—“{%)z-optimality—
exactly matches that of AVI and API. The algorithmic
scheme AMPI can be implemented in various ways, re-
ducing the original control problem to a series of (more
standard) regression and classification problems (Scher-
rer et al., 2012), and lead to state-of-the-art results on
large benchmark problems, in particular on the Tetris do-
main (Gabillon et al., 2013).

An apparent weakness of these sensitivity analyses is that
the dependence with respect to the discount factor + is bad:
since vy is typically close to 1, the denominator of the con-
stant (1371)2 often makes the guarantee uninformative in
practice. Unfortunately, it turns out that it is not so much a
weakness of the analyses but a weakness of the very algo-
rithmic approach since Bertsekas & Tsitsiklis (1996) and
Scherrer & Lesner (2012) showed that the bound (12_%)2
is tight respectively for API and AVI and thus cannot be
improved in general. Interestingly, the authors of the lat-
ter article described a trick for modifying AVI and API
so as to improve the guarantee: even though one knows
that there exists a stationary policy that is optimal, Scher-
rer & Lesner (2012) showed that variations of AVI and API
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that compute ¢-periodic non-stationary policies (thereafter
named NS-AVI and NS-API) lead to an improved bound of

# For values of ¢ of the order of —that is
I-ma-H" 5

equivalent to ﬁ when 7 is close to l—the guarantee is
improved by a significant factor (of order ﬁ). With re-
spect to the standard AVI and API schemes, the only extra
algorithmic price to pay is memory that is then O(¢) in-
stead of O(1). As often in computer science, one gets a
clear trade-off between quality and memory.

To the best of our knowledge, it is not known whether the
non-stationary trick also applies to a modified algorithm
that would interpolate between NS-AVI and NS-API. Per-
haps more importantly, it is not known whether the im-

proved bound (%ﬁ is tlght for NS-AVI or NS-API,

and even whether the standard ( 7 bound is tight for
AMPIL. In this article, we fill the missing parts of this topic
in the literature. We shall describe NS-AMPI, a new non-
stationary MPI algorithm that generalizes all previously
mentioned algorithms—AVI, API, AMPI, NS-AVI and NS-
API—and prove that it returns a policy that is (1—72)(+%)_
optimal. Furthermore, we will show that for any value of
the period ¢ and any degree of interpolation between NS-
AVI and NS-API, such a bound is tight. Thus, our analysis
not only unifies all previous works, but it provides a com-
plete picture of the sensitivity analysis for this large class
of algorithms.

The paper is organized as follows. In Section 2 we de-
scribe the optimal control problem. Section 3 describes
the state-of-the-art algorithms AMPI, NS-AVI and NS-API
along with their known sensitivity analysis. In Section 4,
we describe the new algorithm, NS-AMPI, and our main
results: a performance guarantee (Theorem 3) and a match-
ing lower bound (Theorem 4). Section 5 follows by provid-
ing the proof skteches of both results. Section 6 describes
a small numerical illustration of our new algorithm, which
gives some insight on the choice of its parameters. Sec-
tion 7 concludes and mentions potential future research di-
rections.

2. Problem Setting

We consider a discrete-time dynamic system whose state
transition depends on a control. Let X be a state space.
When at some state, an action is chosen from a finite ac-
tion space A. The current state x € X and action a €
A characterize through a homogeneous probability kernel
P(dz|z,a) the distribution of the next state z’. At each
transition, the system is given a reward r(z,a,z’) € R
where r : X x Ax X — Ris the instantaneous reward func-
tion. In this context, the goal is to determine a sequence of
actions (a;) adapted to the past of the process until time
t that maximizes the expected discounted sum of rewards

from any starting state x:

Z’Ykr(l’lw ak7xk+1) To =T, xt+l ~ P("xh a/t) )
k=0

where 0 < v < 1 is a discount factor. The tuple
(X, A, P,r,~) is called a Markov Decision Process (MDP)
and the associated optimization problem infinite-horizon
stationary discounted optimal control (Puterman, 1994;
Bertsekas & Tsitsiklis, 1996) .

An important result of this setting is that there exists at
least one stationary deterministic policy, that is a function
m : X — A that maps states into actions, that is opti-
mal (Puterman, 1994). As a consequence, the problem is
usually recast as looking for the stationary deterministic
policy 7 that maximizes for every state x the quantity

vp(x) = xo=1z|,

ey
called the value of policy 7 at state . The notation
FE. means that we condition on trajectories such that
Zir1 ~ Pr(-|zt), where P (dz|z) is the stochastic ker-
nel P(dz|x,m(x)) that chooses actions according to policy
7. We shall similarly write r, : X — R for the function
giving the immediate reward while following policy 7:

> A r(@, w(ar), whin)

k=0

Vo, rp(x) = E[r(zo,n(x0),z1) | o = x, ©1 ~ Pr(-|x0)].

Two linear operators are associated with the stochastic ker-
nel P,: aleft operator on functions f € RX

Va, ( /f

and a right operator on distributions p

- (dy|x)

f(x1) | zo =z, 1 ~ Pr(-|z0)],

(P2 (dy) = / Py (dyl)u(de).

In words, (P, f)(x) is the expected value of f after follow-
ing policy 7 for a single time-step starting from z, and p P
is the distribution of states after a single time-step starting
from p.

Given a policy T, it is well known that the value v, is the
unique solution of the following Bellman equation:

Vp = Tx + YPrUsr.

In other words, v, is the fixed point of the affine operator
Trv := r; + vPrv. The optimal value starting from state
x is defined as

() = max vy (z).
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It is also well known that v, is characterized by the follow-
ing Bellman equation:

v, = max(ry + YPrv,.) = max Trv,,
s T

where the max operator is componentwise. In other words,
v, is the fixed point of the nonlinear operator Tv :=
max, T,v. Finally, for any function v € RX, we say that
a policy 7 is greedy with respect to v if it satisfies:

7 € argmax Trrv
s

or equivalently T.v = Tv. We write, with some abuse of
notation' G(v) any policy that is greedy with respect to v.
The notions of optimal value function and greedy policies
are fundamental to optimal control because of the follow-
ing standard property: any policy . that is greedy with
respect to the optimal value is an optimal policy and its
value v, is equal to v,. Thus, the main problem amounts
to computing the optimal value function v,.. The next sec-
tion descibes algorithmic approaches from the literature.

3. State-of-the-Art Algorithms

We begin by describing the Approximate Modified Pol-
icy Iteration (AMPI) algorithmic scheme (Scherrer et al.,
2012). Starting from an arbitrary value function vg, AMPI
generates a sequence of value-policy pairs

Thp1 = G(vg) (greedy step)

ym+l (evaluation step)

Vi1 = (T.,rk+1 Vg + €
where m > 0 is a free parameter. At each iteration k, the
term €, accounts for a possible approximation in the evalu-
ation step. AMPI generalizes the well-known approximate
DP algorithms Value Iteration (AVI) and Policy Iteration
(API) for values m = 0 and m = oo, respectively. In the
exact case (e = 0), MPI requires less computation per it-
eration than PI (in a way similar to VI) and enjoys the faster
convergence (in terms of number of iterations) of PI (Put-
erman & Shin, 1978; Puterman, 1994).

It was recently shown that controlling the errors €; when
running AMPI is sufficient to ensure some performance
guarantee (Scherrer et al., 2012; Canbolat & Rothblum,
2012). For instance, we have the following performance
bound, that is remarkably independent of the parameter 2.

"There might be several policies that are greedy with respect
to v.

Note that in practice, the term ¢, will generally depend on
m. The exact dependence may strongly depend on the precise
implementation and we refer the reader to (Scherrer et al., 2012)
for examples of such analyses. In this paper, we only consider the
situation of a uniform error bound on the errors, all the more that
extensions to more complicated errors is straightforward.

Theorem 1 (Scherrer et al. (2012, Remark 2)). Consider
AMPI with any parameter m > 0. Assume there exists
an € > 0 such that the errors satisfy ||ex|co < € for all
k. Then, the loss due to running policy my, instead of the
optimal policy T, satisfies

||U* — v, || < 2(777k)6+ Q’Yk
T (=) 19

[0+ = voll -

In the specific case corresponding to AVI (m = 0) and API
(m = 00), this bound matches performance guarantees that
have been known for a long time (Singh & Yee, 1994; Bert-
sekas & Tsitsiklis, 1996). The asymptotic constant (1372/)2
can be very big, in particular when + is close to 1. Unfortu-
nately, it cannot be improved: Bertsekas & Tsitsiklis (1996,
Example 6.4) showed that the bound is tight for PI, Scherrer
& Lesner (2012) proved that it is tight for VI,? and we will
prove in this article* the—to our knowledge unknown—
fact that it is also tight for AMPI. In other words, improving
the performance bound requires to change the algorithms.

Even though the theory of optimal control states that there
exists a stationary policy that is optimal, Scherrer & Lesner
(2012) recently showed that the performance bound of The-
orem 1 could be improved in the specific cases m = 0 and
m = oo by considering variations of AVI and API that
build periodic non-stationary policies (instead of stationary
policies). Surprisingly, the Non-Stationary AVI (NS-AVI)
algorithm proposed there works almost exactly like AVI: it
builds the exact same sequence of value-policy pairs from
any initialization vg (compare with AMPI with m = 0):

(greedy step)
(evaluation step)

1 = G(vk)

V1 = Ty Uk + €k

The only difference is in what is output: while AVI would
return the last policy, say mj after k iterations, NS-AVI re-
turns the periodic non-stationary policy Ty, ¢ that loops in
reverse order on the last £ generated policies:

The = Tl Th—1 * "

Tk—t+1 Tk Tk—1 ~*° Tk—¢+1"""

last £ policies last £ policies
Following the policy 7, means that the first action is se-
lected by 7, the second one by 7;_1, until the /" one by
Tr—¢+1, then the policy loops and the next actions are se-
lected by 7y, mx—1, so on and so forth. Note that when
¢ =1, we recover the output of AVI: the last policy 7, that
is used for all actions.

3Though the MDP instance used to show the tightness of the
bound for VI is the same as that for PI (Bertsekas & Tsitsiklis,
1996, Example 6.4), Scherrer & Lesner (2012) seem to be the
first to argue about it in the literature.

“Theorem 4 page 4 with £ = 1.
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To describe the other algorithm proposed by Scherrer &
Lesner (2012), Non-Stationary API (NS-API), we shall in-
troduce the linear Bellman operator T, , associated with
T,0-

T, v

k—1 """ T Tg—¢41"7"

Yo e RX, T

Wkﬂgv - T‘mC Tﬂ"
It is indeed straightforward to show that the value v, ,
obtained by following m , is the unique fixed point
of Ty, ,. Then, from any initial set of £ policies
(mo,m—1,...,T—¢+1), NS-API generates the following se-
quence of value-policy pairs:

(evaluation step)

(greedy step)

Uk‘ = /UTK‘)C)( + ek‘

Tht1 = G(vk)

While computing the value vy requires (approximately)
solving the fixed point equation vy, , = T}, ,vr, , of the
non-stationary policy 7y, ¢ made of the last ¢ computed poli-
cies, the new policy 71 that is computed in the greedy
step is (as usual) a simple stationary policy. After k itera-
tions, similarly to NS-AVI, the algorithm returns the peri-
odic non-stationary policy 7 .. Here again, setting £ = 1
provides the standard API algorithm.

On the one hand, using these non-stationary variants may
require more memory since one must store ¢ policies in-
stead of one. On the other hand, the following result shows
that this extra memory allows us to improve the perfor-
mance guarantee.

Theorem 2 (Scherrer & Lesner (2012, Theorems 2 and 4)).
Consider NS-AVI or NS-API with any parameter | > 0.
Assume there exists an € > 0 such that the errors satisfy
llexlloo < € for all k. Then, the loss due to running the
non-stationary policy Ty, ¢ instead of the optimal policy .
satisfies

2(y —7%) k
Io- = vl < T=5@ =5 + 0 00

where g9 = ﬁHv* — vl for NS-AVI or go =
|ve = vy, || for NS-APL

11;7,3 better than in Theo-

rem 1. Using { = [ﬁ—‘ yields® an asymptotic perfor-

For any ¢ > 1, it is a factor

.164 . . .
mance bound of %e. which constitutes an improve-

ment of order O(ﬁ), which is significant in typical situ-
ations where +y is close to 1.

3 Using the facts that 1 — v < —log~ and logy < 0, we

1 _ ¢ -1
—1og~,10g7— 1lhence v* < e .

2 < 3.164.

1—e—1

have logv* < log 'yﬁ <

Therefore =2 <
-

4. Main results

We are now ready to present the first contribution of this
paper. We shall introduce a new algorithm, Non-Stationary
AMPI (NS-AMPI), that generalizes NS-AVI and NS-API
(in the same way the standard AMPI algorithm general-
izes standard AVI and API) and AMPI (in the same way
NS-VI and NS-PI respectively generalize AVI and API).
Given some free parameters m > 0 and £ > 1, an arbi-
trary value function vg and an arbitrary set of £ — 1 poli-
cies my, m_1, T_p+2, consider the algorithm that builds a
sequence of value-policy pairs as follows:

(greedy step)
(evaluation step)

1 = G(vk)

Vk+1 = (Tﬂk+1.l)mTﬂk+lvk + €.

While the greedy step is identical to that of all algorithms,
the evaluation step involves the non-stationary Bellman op-
erator T, ., , (composed with itself m times) that we intro-
duced in the previous section, composed with the standard
Bellman operator 77, , . As in NS-AVI and NS-API, after
k iterations, the output of the algorithm is the periodic non-
stationary policy 7y, 0. For the values m = 0 and m = oo,
it is easy to see that one respectively recovers NS-AVI and
NS-APIL When ¢ = 1, one recovers AMPI (that itself gen-
eralizes the standard AVI and API algorithms, obtained if
we further set respectively m = 0 and m = o0).

At this point, a natural question is whether the previous
sensitivity results extend to this more general setting. As
the following original result states, the answer is yes.

Theorem 3. Consider NS-AMPI with any parameters m >
0 and ¢ > 1. Assume there exists an € > 0 such that the
errors satisfy |lex||oo < € for all k. Then, the loss due to
running policy my, ¢ instead of the optimal policy m, satis-
fies

2(y — ") 29"

||,U* _’UTrk.fHoo S (1 _,7)(1 _,yf)€+ 1 -

[0+ = voll -

Theorem 3 asymptotically generalizes both Theorem 1 for
¢ > 1 (the bounds match when ¢ = 1) and Theorem 2
for m > 0 (the bounds are very close when m = 0 or
m = o0). As already observed for AMPI, it is remarkable
that this performance bound is independent of m.

The second main result of this article is that the bound of
Theorem 3 is tight, in the precise sense formalized by the
following theorem.

Theorem 4. For all parameter values m > 0 and { > 1,
for all discount factor ~, for all € > 0, there exists an MDP
instance, an initial value function vy, a set of initial policies
0, M1, . . ., T_g42 and a sequence of error terms (€x)x>1
satisfying ||ex|lco < € such that for all iterations k, the
bound of Theorem 3 is satisfied with equality.
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This theorem generalizes the (separate) tightness results for
PI (m = oo, £ = 1) (Bertsekas & Tsitsiklis, 1996) and
for VI (m = 0, £ = 1) (Scherrer & Lesner, 2012), which
are the only results we are aware of. To our knowledge,
this result is new even for the standard AMPI algorithm (m
arbitrary but £ = 1), and for the non-trivial instances of NS-
VI(m =0, £ > 1) and NS-PI (m = oo, ¢{ > 1) proposed
by Scherrer & Lesner (2012).

Since it is well known that there exists an optimal policy
that is stationary, our result—as well as those of Scherrer
& Lesner (2012)—suggesting to consider non-stationary
policies may appear strange. There exists, however, a
very simple approximation scheme of discounted infinite-
horizon control problems—that has to our knowledge never
been documented in the literature—that sheds some light
on the deep reason why non-stationary policies may be
an interesting option. Given an infinite-horizon problem,
consider approximating it by a finite-horizon discounted
control problem by “cutting the horizon” after some suf-
ficiently big instant 7" (that is assume there is no reward af-
ter time 7T"). Contrary to the original infinite-horizon prob-
lem, the resulting finite-horizon problem is non-stationary,
and has therefore naturally a non-stationary solution that is
built by dynamic programming in reverse order. Moreover,
it can be shown (Kakade, 2003, by adapting the proof of
Theorem 2.5.1) that solving this finite-horizon with VI with
a potential error of € at each iteration, will induce at most

fyte = 2021 2097 ¢ ff we add
Tmax5a| (s, a)|)

1—~
1—6) for a mem-
-y

T—
a performance error of 2 Zi:o

the error due to truncating the horizon (v

we get an overall error of order O (

ory T of the order of® 0 ( ) Though this approxima-

tion scheme may require a significant amount of memory
(when 7 is close to 1), it achieves the same O(12-) im-
provement over the performance bound of AVI/API/AMPI
as NS-AVI/NS-API/NS-AMPI do. In comparison, the non-
stationary algorithms with a fixed period £ can be seen as a
more flexible way to make the trade-off between the mem-
ory and the quality.

5. Proof sketches

We begin by considering Theorem 3. While the perfor-
mance guarantee was obtained through three independent
proofs for NS-VI, NS-PI and AMPI, the more general set-
ting that we consider here involves a totally unified proof,
which we describe in the remaining of this section.

We write Py, (resp. P,) for the transition kernel Py, (resp.

(1 K
<

1

P

8 We use the fact that -y

(1 ’Y)K

log

with K = maxs,q |7(s,a)]
1— 1—~

P..) induced by the stationary policy 7y, (resp. m.). We
will write Ty, (resp. T)) for the associated Bellman oper-
ator. Similarly, we will write Py , for the transition ker-
nel associated with the non-stationary policy 7, ¢ and T}, ¢
for its associated Bellman operator. For & > 0 we define
the following quantities: by = Ty r1V% — Thy1,6Th41Vks
Sk = Vg~V , —€k> Ak, = Vx—Vp+eg, and [ = v,
The last quantity, the loss I}, of using policy 7y, ¢ instead of
7, is the quantitiy we want to ultimately upper bound.

7’Uﬂ-k’[.

The core of the proof consists in deriving the following re-
cursive relations.

Lemma 1. The quantities by, sy and dj, satisfy:

b < vPry1 (('Yépk,f)mbk—l + - ’YéPk,Z)Gk) ;
m—1

di, = YPydp_1 — yPiep—1 + Z (Y*Pre)'br—1,
i=0

(o)
st = (V' Pe)™ > (V' Pre) (Tovr—1 — Ty Tuv—1) -
7=0

Since e is a uniform upper-bound on the pointwise absolute
value of the errors |eg|, the first inequality implies that by, <
O(€), and as a result, the second and third inequalities gives
us d < O(e) and s < O(e). This means that the loss
Iy = dy + s will also satisfy I, < O(e) and the result
is obtained by taking the norm || - ||.. The actual bound
given in the theorem requires a careful expansion of these
three inequalities where we make precise what we have just
hidden in the O-notations. The details of this expansion are
tedious and deferred to Appendix B of the Supplementary
Material. We thus now concentrate on the proof of these
relations.

Proof of Lemma 1. We will repeatedly use the fact that
since policy 741 is greedy with respect to vg, we have

V’IT’, Tk+1'l}k 2 Tﬂ—/vk. (2)

For a non-stationary policy 7 ¢, the induced ¢-step tran-

sition kernel is Py ¢ = PyPr_1--- Pr—¢+1. As a conse-

quence, for any function f : & — R, the operator T}, , may

be expressed as: Ty ¢f = r +vPra7k—1 + 72 ProTk—2 +
S ")/epk’gf and, for any function g : S — R, we have

Tyef = Tieg =7 Pio(f — 9) 3)
and
Tio(f +9) = Tiof +7 Pri(g). )
Let us now bound b;,. We have
b = Th1vk — Thy1 0 Tht10k

Eq.2)
< Tk — TpgreTp—rr1vk

= Tiy1V% — T Tk evk
= YPry1 (v — T evr)
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= YPps1 (Th,e) " Thvg—1

+ex — Do (Thye) " Thvr—1 + €x))
Eq.4) m
=" YPey1 (Th,e) " Thv—1

—(Th )" M Tevi—1 + (I — ¥ Py g)er)
Eq.3) .
= Y Prs1 (V' Peo)™ (Thve—1

Tyt Tivr—1) + (I — 7" Pro)er)
= YPii1 (V' Pre)™br—1 + (I = 7" Pro)er) -

We now turn to the bound of dj:

di, = ve — Vg + €
=0x — (T o) " Tivi—1

= vy — Tpvr_1

—

+ (Tho,0) Tivi—1 — (The) " Thvg—1
0

=

@.(3) T*U* — TkUk,1
m—1
+ (Y Pro) (Thog—1 — ThoThvg—1)
=0
Eq.(2) =, ,
Tov. = Tvp—1 + ) (7 Pre) b
i=0
Eq.0) m—1
= ’)/P*(U* - Uk—l) + Z (’)/Zpk7g)lbk_1
i=0
m—1
=yP.dp—1 — yPiep_1 + Z (Y Pro) br—1.
i=0

Finally, we prove the relation for sj:

Sk = VU — v’fl'kyg — €k
= (Tr,e)" ThVk—1 — Vny,,
= (Th,o)" Trvi—1 — (T o)™ T ¢ T VK1

o0

= (V'Peo)™) (Y'Pes) (Thvg—1 — ThoTrvr—1). 0
=0

—2v¢ =2y +7?)e

0¥0 =0 o=~

Figure 1. The deterministic MDP matching the bound of Theo-
rem 3.

We now turn to the tightness results given in Theorem 4.
The proof considers a generalization of the MDP instance
used to prove the tightness of the bound for VI (Scherrer &

Lesner, 2012) and PI (Bertsekas & Tsitsiklis, 1996, Exam-
ple 6.4). Precisely, this MDP consists of states {1,2,... },
two actions: left («—) and right (—); the reward function r
and transition kernel P are characterized as follows for any
state ¢ > 2:

-
-y
P@li+1,+)=1, P(i+¢—1Ji,—) =1,

and r(1) = 0 and P(1|1)1 for state 1 (all the other transi-
tions having zero probability mass). As a shortcut, we will
use the notation r; for the non-zero reward (i, —) in state
i. Figure 1 depicts the general structure of this MDP. It is
easily seen that the optimal policy 7, is to take < in all
states ¢ > 2, as doing otherwise would incur a negative re-
ward. Therefore, the optimal value v, (4) is 0 in all states
1. The proof of the above theorem considers that we run
AMPl withvg = v, =0, mg =711 = -+
and the following sequence of error terms:

—e ifi=k,
Vi, e(i)=4 € ifi=k+¢,

0  otherwise.

r(i,«) =0, r(i,—) = =2 €,

= Tp42 = Tk,

In such a case, one can prove that the sequence of poli-
cies my, T2, ..., Tk that are generated up to iteration k is
such that for all ¢ < k, the policy ; takes ¢ in all
states but ¢, where it takes —. As a consequence, a non-
stationary policy 7y, ¢ built from this sequence takes — in
k (as dictated by ), which transfers the system into state
k + ¢ — 1 incurring a reward of ri. Then the policies
Mk—1,Tk—2,...,Tp—¢+1 are followed, each indicating to
take <— with O reward. After ¢ steps, the system is again
is state k and, by the periodicity of the policy, must again
use the action m(k) = —. The system is thus stuck in
a loop, where every ¢ steps a negative reward of ry, is re-
ceived. Consequently, the value of this policy from state k
is:

Tk v=1*

B (O

As a consequence, we get the following lower bound,
v ="

‘ Use vﬂ'k,e Hoo 2 ‘Uﬂ'k,z (k)| (1 _ ,\/)(1 _ ,y[)
which exactly matches the upper bound of Theorem 3
(since v9 = v, = 0). The proof of this result involves
computing the values vy, (%) for all states 4, steps k of the al-
gorithm, and values m and ¢ of the parameters, and proving
that the policies 71 that are greedy with respect to these
values satisfy what we have described above. Due to lack
of space, the complete proof is deferred to Appendix B of
the Supplementary Material; in Lemma 7 and the associ-
ated Figures 4 and 5 there, note the quite complex shape

of the value function that is induced by the cyclic nature of
the MDP and the NS-AMPI algorithm.

) (k)

2€




Non-Stationary Approximate Modified Policy Iteration

6. Empirical Illustration

In this section, we describe an empirical illustration of the
new algorithm NS-AMPI. Note that the goal here is not to
convince the reader that the new degrees of freedom for ap-
proximate dynamic programming may be interesting in dif-
ficult real control problems—we leave this important ques-
tion to future work—but rather to give some insight, on
small and artificial well-controlled problems, on the effect
of the main parameters m and .

The problem we consider, the dynamic location problem
from Bertsekas & Yu (2012), involves a repairman moving
between n sites according to some transition probabilities.
As to allow him do his work, a trailer containing supplies
for the repair jobs can be relocated to any of the sites at
each decision epoch. The problem consists in finding a re-
location policy for the trailer according the repairman’s and
trailer’s positions which maximizes the discounted expec-
tation of a reward function.

Given n sites, the state space has n? states comprising the
locations of both the repairman and the trailer. There are n
actions, each one corresponds to a possible destination of
the trailer. Given an actiona = 1,...,n, and a state s =
(8, 8t), where the repairman and the trailer are at locations
sy and s;, respectively, we define the reward as r(s,a) =
—|sy — s¢| — |s¢ — a|/2. At any time-step the repairman
moves from its location s, < n with uniform probability to
any location s, < s/. < n; when s, = n, he moves to site
1 with probability 0.75 or otherwise stays. Since the trailer
moves are deterministic, the transition kernel is

7n_517‘+1 if s, <n
P((sl.,a)|(sr,5¢),a) =< 0.75 ifs,=nAs, =1
0.25 ifs,=nAs.=n

and 0 everywhere else.

We evaluated the empirical performance gain of using non-
stationary policies by implementing the algorithm using
random error vectors €, with each component being uni-
formly random between 0 and some user-supplied value
€. The adjustable size (with n) of the state and actions
spaces allowed to compute an optimal policy to compare
with the approximate ones generated by NS-AMPI for all
combinations of parameters ¢ € {1,2,5,10} and m €
{1,2,5,10,25,00}. Recall that the cases m = 1 and
m = oo correspond respectively to the NS-VI and NS-PI,
while the case ¢ = 1 corresponds to AMPI. We used n = 8
locations, v = 0.98 and € = 4 in all experiments.

Figure 2 shows the average value of the error v, — vy, ,
per iteration for the different values of parameters m and /.
For each parameter combination, the results are obtained by
averaging over 250 runs. While higher values of ¢ impacts
computational efficiency (by a factor O(¢)) it always re-
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Figure 2. Average error of policy . per iteration k of NS-
AMPI. Red lines for ¢ = 1, yellow for £ = 2, green for ¢ = 5 and
blue for ¢ = 10.

sults with better asymptotic performance. Especially with
the lower values of m, a higher ¢ allows for faster conver-
gence. While increasing m, this trend fades to be finally
reversed in favor of faster convergence for small £. How-
ever, while small ¢ converges faster, it is with greater error
than with higher ¢ after convergence. It can be seen that
convergence is attained shortly after the /*" iteration which
can be explained by the fact that the first policies (involving
T, T—1, - .., T—g42), are of poor quality and the algorithm
must perform at least ¢ iterations to “push them out” of
Tk,0-

We conducted a second experiment to study the relative in-
fluence of the parameters ¢ and m. From the observation
that, in the very setting we are considering, the time com-
plexity of an iteration of NS-AMPI can be roughly summa-
rized by the number ¢m + 1 of applications of a stationary
policy’s Bellman operator, we ran the algorithm for fixed
values of the product /m and measured the asymptotic pol-
icy error for varying values of ¢ after 150 iterations. These
results are depicted on Figure 3. This setting gives insight
on how to set both parameters for a given “time budget”
¢m. While runs with a lower ¢ are slightly faster to con-
verge, higher values always give the best policies after a
sufficient number of iterations, and greatly reduces the vari-
ance across all runs, showing that non-stationarity adds ro-
bustness to the approximation noise. Regarding asymptotic
quality, it thus appears that the best setting is to favor ¢ in-
stead of m.

Overall, both experiments confirm our theoretical analysis
that the main parameter for asymptotic quality is /. Re-
garding the rate of convergence, the first experiments sug-
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|

Figure 3. Policy error and standard deviation after 150 iterations
for different different values of ¢. Each plot represents a fixed
value of the product /m. Data is collected over 250 runs with
n = 8.

gests that too big values of ¢ may be harmful. In practice,
a schedule where ¢ progressively grows while m decreases
may provide the best compromise. Confirming this, as well
as studying approximate implementations designed for real
problems constitutes a matter for future investigation.

7. Conclusion

We have described a new dynamic-programming scheme,
NS-AMPI, that extends and unifies several state-of-the-art
algorithms of the literature: AVI, API, AMPI, NS-VI, and
NS-PI. NS-AMPI has two integer parameters: m > 0 that
allows to move from a VI-style update to a Pl-style up-
date, and ¢ > 1 that characterizes the period of the non-
stationary policy that it builds. In Theorem 3, we have
provided a performance guarantee for this algorithm that
is independent of m and that improves when ¢ increases;
since ¢ directly controls the memory of the process, this al-
lows to make a trade-off between memory and quality. In
the literature, similar upper bounds were only known for
AMPI (Scherrer et al., 2012)—¢ = 1 and m arbitrary—
and NS-AVI/NS-API (Scherrer & Lesner, 2012)—¢ arbi-
trary but m € {0,00}. For most settings—¢ > 1 and
1 < m < oo—the result is new. By exhibiting a specially
designed MDP, we argued (Theorem 4) that our analysis is
tight. Similar lower bounds were only known for AVI and
API—¢ = 1 and m € {0,00}. In other words, we have
generalized the scarce existing bounds in a unified setting
and closed the gap between the upper and lower bounds for
all values of m > 0 and ¢ > 1.

A practical limitation of Theorem 3 is that it assumes that

the errors ¢ are controlled in max norm. In practice, the
evaluation step of dynamic programming algorithm is usu-
ally done through some regression scheme—see for in-
stance (Bertsekas & Tsitsiklis, 1996; Antos et al., 2007a;b;
Scherrer et al., 2012)—and thus controlled through the

L, ,, norm, defined as || f||2,, = \/ [ f(2)p(dz). Munos

(2003; 2007) originally developed such analyzes for AVI
and API. Farahmand et al. (2010) and Scherrer et al. (2012)
later improved them. Using a technical lemma due to
Scherrer et al. (2012, Lemma 3), one can easily deduce’
from our analysis (developed in Appendix A of the Sup-
plementary Material) the following performance bound.

Corollary 1. Consider AMPI with any parameters m > 0
and ¢ > 1. Assume there exists an ¢ > 0 such that the
errors satisfy ||ex||2,, < € for all k. Then, the expected
(with respect to some initial measure p) loss due to running
policy my, ¢ instead of the optimal policy m, satisfies

2(y —v*)C1 .k k
Banylo(6) = vr (8)] € TR 0 ().

(1= (1 =99 1—~
k—1 oo
(1-y)(1—=1H it g
where Cj 1 = o Z ZW Hne(i 4 In)
i=j n=1

is a convex combination of concentrability coeffi-
cients based on Radon-Nikodym derivatives c(j) =

max HpPry Pry - Pry) ‘

T T an .

1 J dp 2

With respect to the previous bound in norm || - - - ||, this

bound involves extra constants C; 5 ; > 1. Each such co-
efficient C; 1, ; is a convex combination of terms c(¢), that
each quantifies the difference between 1) the distribution p
used to control the errors and 2) the distribution obtained
by starting from p and making % steps with arbitrary se-
quences of policies. Overall, this extra constant can be
seen as a measure of stochastic smoothness of the MDP
(the smoother, the smaller). Further details on these coef-
ficients can be found in (Munos, 2003; 2007; Farahmand
et al., 2010).

We have shown on a small numerical study the significant
influence of the parameter £ on the asymptotic quality of
approximately optimal controllers, and suggested that opti-
mizing the speed of convergence may require a fine sched-
ule between ¢ and m. Instantiating and analyzing spe-
cific implementations of NS-AMPI as was done recently
for AMPI (Scherrer et al., 2012), and applying them on
large domains constitutes interesting future work.

7Precise1y, Lemma 3 of (Scherrer et al., 2012) should be ap-
plied to Equation (8) page 15 in Appendix A of the Supplementary
Material.
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Supplementary Material for
Non-Stationary Approximate Modified Policy Iteration

A. Proof of Theorem 3

For clarity, we here provide a detailed and complete proof. Throughout this proof we will write Py (resp. Py) for the
transition kernel Py, (resp. P, ) induced by the stationary policy 7y (resp. m.). We will write T}, (resp. T) for the
associated Bellman operator. Similarly, we will write Py , for the transition kernel associated with the non-stationary
policy 7, ¢ and T}, ¢ for its associated Bellman operator.

For k > 0 we define the following quantities:

o by = Thi1vx — Tht1,0Tk+1vk. This quantity which we will call the residual may be viewed as a non-stationary
analogue of the Bellman residual vy, — Tk 10y.

® Sk =V — Ur, , — €. We will call it shift, as it measures the shift between the value v, , and the estimate vy, before
incurring the error.

e di, = v, — vy + €. This quantity, called distance thereafter, provides the distance between the k™ value function
(before the error is added) and the optimal value function.

® I = Vs — Vg, ,. This is the loss of the policy vy, ,. The loss is always non-negative since no policy can have a value
greater than or equal to v,.

The proof is outlined as follows. We first provide a bound on by, which will be used to express both the bounds on s and
dy. Then, observing that [}, = s, + dj, will allow to express the bound of ||/, ||, stated by Theorem 3. Our arguments
extend those made by Scherrer et al. (2012) in the specific case ¢ = 1.

We will repeatedly use the fact that since policy 71 is greedy with respect to vy, we have
V', Thy1vg > Trovg. )
For a non-stationary policy 7, ¢, the induced ¢-step transition kernel is
Poo=PiPr_1- - Pr_¢q1.
As a consequence, for any function f : S — R, the operator T},  may be expressed as:
Tioof =16 +YPearho1 + V2 Peath2+ -+ Py 1mh_oi1 + Y Prosf

then, for any function g : S — R, we have

Tioof = Tueg =7 Pra(f — 9) (6)

and
Too(f+9) = Thof +7 Prs(g) @)

The following notation will be useful.

Definition 1 (Scherrer et al. (2012)). For a positive integer n, we define P,, as the set of discounted transition kernels that
are defined as follows:

1. for any set of n policies {m1,...,mn}, (VPr,)(VPry) -+ (vPr,) € Py,
2. foranya € (0,1) and P\, P, € P,,, aP1 + (1 —a)P, € P,

With some abuse of notation, we write I'"™ for denoting any element of P,,.



Non-Stationary Approximate Modified Policy Iteration

Example 1 (I'" notation). If we write a transition kernel P as P = a1 + aoITF = T + oI 1F, it should be read
as: “There exists Pi € Py, P, € P;,P3 € P, and Py € Pj1y, such that P = a1 Py + aa PoP3s = o1 Py + an Py
We first provide three lemmas bounding the residual, the shift and the distance, respectively.

Lemma 2 (residual bound). The residual by, satisfies the following bound:

k
b < ZF(Zm+1)(k7i)xi + F(Zm+1)kb0
=1
where

zp = (I — IY)Tey.

Proof. We have:

b = Thr1vk — Tht1 0T ht10%
S Teprvg — Tra1,6Th—o110k {Tky1vx > Th—er1vr (5)}
= Ti+1vk — Tr+1Tk oV
= yPiy1 (v — T ov)

= YPet1 (T 0) " Trvi—1 + €6 — Do (Tho) " Tvi—1 + €x))

= YPis1 (Te) " Thvi—1 — (D)™ Tyvi—1 + (I — ¥ Pro)er) {(D}
= ¥Pis1 (Y Pre)™ (Thvi—1 — TroTivi—1) + (I — v Ppo)er) {®}
=Y Pei1 (V' Pre)™bo—1 + (I =¥ Pr)er) -

Which can be written as

b <D bp_y + (I —T%e;) = T by + ay.

Then, by induction:

S
Ju

k
bk S F(lm+1)imk_i 4 F(Zm-‘rl)kbo —_ Z F(Zm—‘rl)(k—i)xi T F(£m+l)kb0.
i=1

Il
=]

i

Lemma 3 (distance bound). The distance dy, satisfies the following bound:

k mi—1 k
0j+i—1 i—1
A <O TV Y T g+
i=1 j=0 i=1
where
yr = —Ley,
and
mk—1

=Y TF b + Ty,
1=0
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Proof. First expand dy:

d = vy —vg + €
— (Th0)" Thvg—1
= 0. — Thvp—1 + Thvi—1 — T o Thvi—1 + Tr o Thvi—1 — (Tho)* Thv—1

+ (Tho0)*Tivi—1 — - — (Thot) ™ Thvi—1 + (Theo) ™ Thvi—1 — (The,o) " Tivr—1
m—1
=y — Thvp—1 + Z (Tr0) Trvi—1 — (Ti o) Thv—1
i=0
m—1
=T, — Tpvp—1 + Z (Y Pio)' (Trvg—1 — Th e Thvg—1) {©6)}
i=0
m—1
< Ty, —Tovp_1 + Z (’yzpkj)zbk_l {Tkvk—l > Tyvp—1 (5)}
i=0
m—1
=P, (v —vp—1) + Y (Y Pre) i1 {©)}
i=0
m—1
_ ¢ i _
= yPidp—1 — yPiep—1 + Z (V" Pr,e) br—1 {dr = vs — vk + €}
i=0
m—1
=D+ yu-1+ Y T,
i=0

Then, by induction
k—1 m—1
dp <Y T <yj + ) F‘P@) + T dj.
=0 p=0

Using the bound on by, from Lemma 2 we get:

k—1 m—1
dy < Fk 1—j5 <yj + Z Fép (ZF (m+1)(5— 7')1‘ +F(Zm+1)jb >> +de0
7=0 p=0 i=1
k—1m-—1 j k—1m—1 k
_ Zl—\k—l—j—i-ép—&-(ém—i-l)(j—i)xi I Z Z Ph= 1=+ (Em+1)ig 4 hg, 4 Zri_lyk—
j=0 p=0 i=1 j=0 p=0 i=1

First we have:

k—1m—-1 7 k—1k—1m-—1
§ § Fk717j+2p+(5m+1)(jfz)zi — § 2 § Fk71+5(p+m])72(5m+1)z1
=0 p=0 i=1 i=1 j=i p=0

k—1m(k—i)—1
_ Z Z Fk71+€(]+m1)71(5m+1)xi
i=1 =0

k—1m(k—i)—1

:Z Z plith—i=1,.

i=1 ;=0
k—1mi—1

= Z Z Fej—H_ll‘k_i.

i=1 j=0
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Second we have:

k—1m—1 k—1m—1 mk—1
Z Z Fk—l—j+€p+(£m+1)jb0 _ Z Z Fk—1+€(p+mj)b0 _ Z =14ty — o — TFd,.
=0 p=0 =0 p=0 i=0
Hence
k mi—1 k
dy < Z Z T 1e , + Zri_lyk—i + 2.
i=1 j=0 i=1

Lemma 4 (shift bound). The shift sy, is bounded by:

oo

k-1
s <D D T e b,

i=1 j=mi

where
e .
wy= 3 Ty,
j=mk
Proof. Expanding s;, we obtain:
Sk = Vg — ’Uﬂ'k-j — €k
= (Th,0)" Trvr—1 — Vry
= (Th,0)" Tivi—1 — (Th,0) T e TV —1 Vf: vn, = (The)* f}
= (Y'Peo)™ (VPrs) (Thvg—1 — ThoTrvr—1)
=0
_ Fﬁm Z ]_—\Zjbk71

J=0
o0
= T,
3=0

Plugging the bound on by of Lemma 2 we get:

oo k—1
sp < ZFEmHj (Z P(ém-i—l)(k—l—i)l,i + F(@m-i—l)(k—l)bo)

j=0 =1
oo k—1 o
— Z Z Flm+fj+(lm+1)(k—1—i)xi + Z F27n+fj+(fm+1)(k—l)b0
j=0i=1 j=0
oo k—1 9]
_ Z Z Fé(j+mi)+iflxk_i + Z Fe(j+mk)+k71b0
§j=0 i=1 §j=0
k—1 oo 00
— Z Z Féj-H_lS(}k,i + Z I—\Zj+k—1b0
i=1 j=msi j=mk
k—1 oo
= Z Fej+i71xk_i + wg.
I=m
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Lemma 5 (loss bound). The loss lj, is bounded by:

k—1
ST [T =T~ 1 | e+,

where
mk—1 00
Me =2k +wp =y TF1H0, £ TRy + Z D=1y =y T 1py 4 Thdy.
=0 j=mk =0

Proof. Using Lemmas 3 and 4, we have:

ly = s +dy,
k—1 oo k—1mi—1 k
< Z Z L9 e + Z Z i+i=te, .+ Zri_lykﬂ' + 2 + wi
i=1 j=m1 =1 j5=0 i=1
k—1 oo

—ZZF@H Yag ri'zrl YWk—i + .

=1 j=0
Plugging back the values of x; and y;, and using the fact that ¢y = 0 we obtain:

o0

D9+ =4I —TTe_ Z+Zrz Y—T)ep—i — TFeg + i
0

k—1
lk<z

=1 j=
k—1 o)
= S TYUTI =T epmi — Dy | +mi
i=1 \j=0
k—

= ZI‘ZJI Y — 1| enei + .

We now provide a bound of 7, in terms of dy:

Lemma 6.

me <TF <Z ' —1)+ I) do.

=0

Proof. First recall that

I Z F2i+k71bo + deo
i=0
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In order to bound 7, in terms of dy only, we express by in terms of dj:

by = Trvo — (T1) Thvg
= Tlvo — (T1)2’U0 + (Tl)QUO — e — (Tl)Z'UO + (Tl)lvo — (T1)£+1UO

4
= Z(7P1)i(vo — Thvo)
=1
2 .
= Z(’Ypl)l(vo — Uy + T*U* - T*UO + T*UO - Tl'UO)
=1
e .
<> (vP1)(vo — ve + Tuvs — Thvo) {Tyvo > Tovg (5)}
=1

¢
= Z(Vpl)i(’yp* — I)do.

Consequently, we have:

oo 4
N < ZF&—HC ! Z(’Vpl) (YP, — I)do +T"dy

i=0 j=1
e3¢} —1
= Z plitk Z Py (vP, — I)dy + T*dy
. o
0o -1
=TF (Y Ty VI —1)+1 | do
i=0 =0
<Z ' —1)+ 1) do
1=0
O
We now conclude the proof of Theorem 3. Taking the absolute value in Lemma 6 we obtain:
k| <T* (Z YT+ 1)+ I) |dol =2 " T"|d|
i=0 i=k
Since [, is non-negative, from Lemma 5 we have:
[e%s) k—1 s} e’}
] < Zrz S TOI AT 4T fer—il + el =2 T T +2) Tldy|. (8)
j=0 i=1 7=0 i=k

Since [|v||,, = max —vp and Iy = v, — vr, ,, We can take the maximum in (8) and conclude that:

2(y =" 7
(R R

[0 = O[] o < lox = voll
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B. Proof of Theorem 4

We shall prove the following result.

Lemma 7. Consider NS-AMPI with parameters m > 0 and { > 1 applied on the problem of Figure 1, starting from
vy = 0 and all initial policies mg, T_1,...,T_¢42 equal to T.. Assume that at each iteration k, the following error terms
are applied, for some € > 0:
—€ ifi=k
Vi, ex(i) =4 € ifi=k+/¢
0  otherwise

Then NS-AMPI can® generate a sequence of value-policy pairs that is described below.

For all iterations k > 1, the policy my, takes the optimal action in all states but k, that is

— ifi=k

Vi 2, m(i) = { < otherwise ®)
For all iterations k > 1, the value function vy, satisfies the following equations:
e Foralli < k:
v (i) = —yF—DEm+D (10.2)
e Forallisuchthatk <i<k+ ((k—1)m+1)¢:
- Fori=k+ (gm+p+1)lwithq>0and0<p<m(ie.i=k+nln>1):
L(p+1) _ ~f(m+1) k—g-1 0 b(m+1)
v () = 'yq(e +1) 11—t Tk—q T Lp=oj€ + gZ:; ’y](e +1) ( 1—~¢ Tk—q—j + 6)
(10.b)
- Fori=k:
vg(k) = vi(k+€) + 1 — 2¢ (10.c)
—Fori=k+@+pwith0<qg<(k—1)m—1landl <p<¥:
v (i) = —AFmDEm+D (10.d)
— Otherwise, i.e. wheni=k+ (k—1)ml+pwithl < p < {:
ve(i) =0 (10.e)
o Foralli >k+ ((k—1)m+1)¢
vp(1) =0 (10.1)

The relative complexity of the different expressions of vy in Lemma 7 is due to the presence of nested periodic patterns in
the shape of the value function along the state space and the horizon. Figures 4 and 5 give the shape of the value function
for different values of ¢ and m, exhibiting the periodic patterns. The proof of Lemma 7 is done by recurrence on k.

B.1.Basecase k =1

Since vg = 0, m; is the optimal policy that takes < in all states as desired. Hence, (T} ;)" Tivo = 0 in all states.
Accounting for the errors €; we have v1 = (11 ¢)"T v + €1 = €1. As can be seen on Figures 4 and 5, when k = 1 we
only need to consider equations (10.b), (10.c), (10.e) and (10.f) since the others apply to an empty set of states.

First, we have
1)1(1 +€) = 61(1 +€) = €

8We write here “can” since at each iteration, several policies will be greedy with respect to the current value.
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which is (10.b) when ¢ = (k — 1) = 0 and p = 0.

Second, we have
v(l)=e(1)=—e=€e4+0—-2e=v1(1+€)+r; — 2

which corresponds to (10.c).

Third, for 1 < p < ¢ we have
vi(l+p)=e(l+p)=0
corresponding to (10.e).

Finally, for all the remaining states ¢ > 1 + ¢, we have

corresponding to (10.f).

The base case is now proved.

B.2. Induction Step

We assume that Lemma 7 holds for some fixed k > 1, we now show that it also holds for k£ + 1.

B.2.1. THE POLICY T4

We begin by showing that the policy 741 is greedy with respect to vg. Since there is no choice in state 1 is —, we turn
our attention to the other states. There are many cases to consider, each one of them corresponding to one or more states.
These cases, labelled from A through F, are summarized as follows, depending on the state ::

A 1<i<k+1

B)i=k+1

O i=k+14+gl+pwithl<p<land0<g<(k—1)m
D)i=k+1+(gn+p+1)fwith0<p<mand0<g< k-1
(B) i=k+1+((k—1)m+1)¢

(F) i >k+ 14 ((k—1m+1)¢

Figure 6 depicts how those cases cover the whole state space.

E+1 E4+1+((k—1)ym+1)¢
ko E+1+¢ k41420 k+1+(k—1)me i
k (-1 (-1 (-1 (-1

Figure 6. Policy cases, each state is represented by a letter corresponding to a case of the policy mi1. Starting from 1, state number
increase from left to right.

For all states 7 > 1 in each of the above cases, we consider the action-value functions q;’ (i) (resp. g; ,(4)) of action —
(resp. <—) defined as:

G (i) =ri+yoe(i—1)  and g, (i) = yur(i +£—1).
In case i = k + 1 (B) we will show that ¢;7, (i) = ¢ ,(i) meaning that a policy 71 greedy for vj, may be either
Tk41(k +1) = — or m1(k + 1) = <. In all other cases we show that ¢, , (¢) < gj7(¢) which implies that for those
i #k+1, mpy1(i) = <, as required by Lemma 7.
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A:Instates1 <i <k+1 Wehave g7 (i) =7 +yop(i + £ — 1) and g7, (i) = yvx(i — 1), depending on the value
of i + ¢ — 1, which is reached by taking the — action, we need to consider two cases:

e Case I: i + ¢ — 1 # k. In this case vg (i + £ — 1) is described by either (10.a) or (10.d) when ¢ + ¢ — 1 is less than, or
greater than k, respectively. In either case we have vy, (i + £ — 1) = —y*=DEm+1D ¢ — 4 ( — 1) and hence:

Qo1 () =1 +yvp(i + 0= 1) =i +yor(i — 1) <y (i — 1) = g5 (9)
which gives myy1(i) = « as desired.

e Case2:i+{¢—1=k.

Qo1 (1) = i +yo(k) = ri + 7 (vi(k +£) + 11, — 2¢) {(10.0)}

k-1 ¢ _ . e(m+1)

= ZVJ(ZmH) (7 1 1 ; Tp—j + e) + 71— 2 {(10.b)}
§=0
k=1

<~ Zvj(gmﬂ)e + 71 — 2€ {re—; <0}
§=0
k=1 ‘ k=1

= Z (,yg(eerl)6 — 27%) —€ {ri=—2 Z,ygg}
j=1 j=1

< —ve {71Um+De _ 9~47¢ < 0}

< (i —1) {op(i — 1) = —4F=DEmFD ¢ (10.2)}

= iy (1)

giving mx41(7) = < as desired.

B: In state k + 1 Looking at the action value function ¢;_ , in state k£ + 1, we observe that:

Gip1(k+1) = yop(k) = v (1 — 26 + v (k + £)) {(10.0)}
= yrg — 2ve + yug(k + )
=11+ yvr(k +£) {riv1 = yri — 2ve}

= qp(k+1)

This means that the algorithm can take 7,1 (k + 1) = — so as to satisfy Lemma 7.

C:Instates: = k+ 1+ gl +p We restrict ourselves to the cases when 1 < p < £and 0 < g < (k — 1)m. Three cases
for the value of ¢ need to be considered:

e Case 1: 0 < g < (k—1)m — 1. We have:

Qi1 (i) = ri +yvr(k + (¢ + 1)+ p)
=r; +yup(k+ ¢l +p) {(10.d) independent of ¢}
< ~ug(k+ql+p) {r; <0}

= Gt (1)
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e Case2: q=(k—1)m—1
Qg1 (1) =i +yoe(k + (¢ + 1) + p)
Y=
€
L=y
k+qt+
_—y (M“’ ﬂmqeﬂ)

1—n
< _,yk-l-qf-&-p6

k+1+ql+p
=-2

_,Yk+(k71)mel+p€

< _,yk:—i-(k—l)ém6 — _,y(k—l)(E'rn—i-l)—i-l6

= yur(k + gl +p)

= qjop1 (4).

e Case3:qg=(k—1)m
o1 (1) = ri +yvi(k+ (k= 1)m + 1) + p)
=r;i+90
=ri+yve(k + ((k — 1)m){ + p)
=7 +’71}k(i — 1)
< Gy (8)-
D: Instatesi = k+ 1+ (gm + p+ 1)¢ In these states, we have:

QGey1 (1) = yor(k + (gm +p + 1)0)

{(10.¢)}

{g=(k—-1)m—1}
{p—¥ <0}
{(10.d)}

{(10.0}
{(100)}

{7‘2‘ < 0}

Qo1 (1) = ri +yop(k+ 14 (gm+p+ 1)+ £ —1)

=r; +yup(k+ (gm + p + 2)¢).

As for the right-hand side of (11) we need to consider two cases:
e Case l: p+1 < m:

In the following, define
,Yj(éerl) <’YZ - ’Ye(mﬂ)

1—~f

k—q—1
Th,q =

J=1
Then,
Qo1 (1) =i +yvp(k + (gm+ (p+ 1) + 1)¢)

,-yf(erQ) — fyg(m“l’l)
1—~f

q(fm+1)

=71, +7v
j=1

L(p+1) _ Al(m+1)
ol £ B 7z<p+1>> re_o + xm)
L(p+1) _ 7€(m+1)

1—~f

=+ ,yq(€m+1)+1 <<

=y — AlamtptDitatl,, | a(tmt )1 (7

1—x

< = TR+ o (k + (gm+p + 1)0)
q

=r; — ’Yi_Hqufq + g1 (7).

k—q-1 0 0(m+1)
gt 3 e (V“Y7

Th—q—j T+ e) .

Th—q—j T 6)

Tk—q t xkﬂ)

=1 — My (kA (gmt p 4 1)E) — Tpe gy @D

{(10.b)}

{(10.0)}

Y

(12)
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Now, observe that

_ , — ~k—a
’y“Hq?’k—q _ 72,Ysz+q'y : ;Y,y c
_ _2,}/1'—k+q+1 _ Vie
I—x
G ke e Al
= — €
L=~
At _ i—k+q+1
_2’}’ g c—9 Y+
1—v 1-—
=Ti = Ti—k+q+1-
Plugging this back into (12), we get:
Qi1 (1) <75 — 1+ Tikgqa1 + Qepr (0)
< Gy (1) {ri—ktqs1 <0}
e Case2: p+1=m
Using the fact that p 4+ 1 = m implies W = 7Y™ we have:
Gha (i) = ri +yor(k + ((g + Dm + 1))
0 b(m+1) k—g-2 0 b(m+1)
= 1; + yylatDEm+D) %rk—q—l +e+ Z A3 (Em+1) <’}/7é7’k—q—j—1 + e> {(10.b)}
L—n =~ 1—v
k—gq-2 ¢ £(m+1)
‘m m 7=
=r; +’W<q+1)( ) ( Z ’Yj( ) <1_/ye7”k—q—j—1 +€>
7=0
k—gq-1 ¢ £(m+1)
‘m m 7=
=7 +’Wq< 1) Jz:; 'Yj( ) <1_,y€7"k—q—j + 6)
£p+1) _ ~f(m+1) k—q-1 ¢ _ f(m+1)
=7+ 77Q(1€m+1) (7 ’YZ _ ’Ylm> Th—q + Z ,y](ferl) (MTk—q—j + 6)
L= = L=~
— g =y (kR + (qm o p o+ 1)8) = Ty ) {(10.b)}
<7 =y Mg o (k4 (gm 4 p + 1)0)

< qzj,-l (7’)7
where we concluded by observing that this is the same result as (12).
E:Instatei =k + (E—1)m+ 1) +1

Qg1 (1) = yor(i = 1) = yor(k + ((k = Dm + 1)¢)

,yf — (m+1)
= (k=D (Em+1)+1 <15r1 + e) {(10.b) with ¢ = k — 1 and p = 0}
-7
— k=Dt {r1 =0}
> T {Ti < 0}
=7 +yvp(i+£-1) {op(i4+£+1) =0 (10.5)}

QI:FIO)'
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F:Instates: > k+ ((k — 1)m + 1) +1 Following (10.f) we have v (i — 1) = vi (i + £ — 1) = 0 and hence
G (1) = 0> 73 = gy (0).

B.2.2. THE VALUE FUNCTION g1

In the following we will show that the value function vy satisfies Lemma 7. To that end we consider the value of
((Th+1,0)"Trk+1vk)(s0) by analysing the trajectories obtained by first following m times 7 ¢ then 741 from various
starting states sg.

Given a starting state sp and a non stationary policy 71, we will represent the trajectories as a sequence of triples
(Si,ai,7(S4i5@i))i=o0,....em arranged in a “trajectory matrix” of £ columns and m rows. Each column corresponds to one of
the policies Tjq1, Tk, . . ., Tht2—¢. In a column labeled by policy 7; the entries are of the form (s;,7;(s;), (s, m;(8:))s
this layout makes clear which stationary policy is used to select the action in any particular step in the trajectory. Indeed,
in column 7;, we have (s;, —, ;) if and only if s; = j, otherwise each entry is of the form (s;, +—,0). Such a matrix
accounts for the first m applications of the operator 7% 11 ¢. One addional row of only one triple (s;, T 41(8:), Ty, (53))
represents the final application of T 1. After this triple comes the end state of the trajectory Sg.,+1.

{ = 3 steps
T4 7;3 T
(10,-,0) (9,+,0) (8,+,0)
) (7,+-,0) (6,<,0) (5,+,0)
m=AUmes) ) (6,4,0)  (5,4,0)
(4,—,74) (6,<-,0) (5,+,0)
(4,—,74)  [6]

Figure 7. The trajectory matrix of policy 74 ¢ starting from state 10 with m = 4 and ¢ = 3.

Example 2. Figure 7 depicts the trajectory matrix of policy 74 ¢ = mymsma with m = 4 and { = 3. The trajectory starts
from state so = 10 and ends in state Sy, +1 = 6. The < action is always taken with reward 0 except when in state 4 under
the policy m4. From this matrix we can deduce that, for any value function v:

((Ty,0)™Ty0)(10) = vOra + v'rs + 7214 +v"30(6)

— ’}/%7”4 T 73ZT4 +’}/4£’I"4 + ’}/4£+1U(6)

20 (m+1)e
" Y m+1
= ()

With this in hand, we are going to prove each case of Lemma 7 for vy 1.

In states i < k + 1 Following m times 71, and then 7 starting from these states consists in taking the < action
¢m + 1 times to eventually finish either in state 1 if 7 < ¢m + 2 with value

U1 () = 7 0 (1) + s (i) = —y Iy ETDERT e = _k(EmED e
or otherwise in state ¢ — ¢m — 1 < k with value
U1 (1) = 7 o (i — 0m — 1) + g1 (3) = —y Ty DERTD e — _ k(EmrD e
This matches Equation (10.a) in both cases.

In states i = k+ 1+ (¢gm + p+ 1)¢ Consider the states i = k+ 1+ (gm +p+ 1) withg > 0and 0 < p < m.
Following m times 71 . and then 7, starting from state ¢ gives the following trajectories:
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e wheng=0,G(e i=k+1+ (p+1)0):

{ steps
Tk+1 Tk ) Tk—£+2
(k+1+@(@+1l+,0) (k+(p+1)4,+,0) ... (k4 pl +2,4,0)
(k4+1+pl,+,0) (k+pl,«<,0) ... (k+(p—-1)0+2,+,0)
p+ 1 times {
(k+1+.€,e,0) (k+€‘,e,0) (k+2.,e,0)
(k+1,—=,7%11) (k+¢,<,0) (k+2,+,0)
m — p — 1 times { : : : :
(k+1,—,7k41) (k+4£,<,0) (k+2,<,0)

(k+1vﬁ>7rk+l)

Using (10.b) with ¢ = p = 0 as our induction hypothesis, this gives

(Ter1,0)" Trprv) () = Y ¥ Irepn + 9" ok + 0)

Jj=p+1
m _ 0 f(m+1) k-1 0 f(m+1)
= > AT b ek Yy (711@7%—]‘ + 6)
i=pH1 7 j=1 7
£(p+1) _ Al(m+1) k £ _ l(m4+1)
_ 7 8l j(em+1) (7 ‘
- T +;7j " ( 11 Tk—y+€)

Accounting for the error term and the fact thatt =k + 14+ ¢ <= p = q = 0, we get

Uk1(8) = (Tha1,0) " Thrvk) (1) + Lpmpg140€

£(p+1) _ Af(m+1) ko 0 b(mA+1)
= 1-— ::E P+ Lpmoje 377 (7 1 176 —Tk—j + 6)

Jj=1

which is (10.b) for £ 4+ 1 and ¢ = 0 as desired.
e whenl < g < k:

In this case we have ¢ — (ém + 1) > k + 1, meaning that k& + 1, the first state where the — action would be available
is unreachable (in the sense that the tractory could end in k& + 1, but no action will be taken there). Consequently the <
action is taken m + 1 times and the system ends in state i — fm — 1 = k + ((¢ — 1)m + p + 1)¢. Therefore, using (10.b)
as induction hypothesis and the fact that i ¢ {k + 1,k + £+ 1} = e€,41(i) = 0, we have:

k1 (1) = "ok + (g — )m + p + 1)0) + €x11(0)

0(p+1) _ Ab(m—+1) k—q ¢ 0(m+1)
= Ha(tm+1) ( T Tr+1—q + Lpp=o)€ + Z,y (em+1) <1—’y€rk+1qk + 6>> ,
i=1

which statisfies (10.b) for k + 1.
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In state k +-1 Following m times 711 ¢ and then 7, starting from k + 1 gives the following trajectory:

{ steps
Thk+1 Tk i S Tk—0+42
(k+1,—=,7m41) (BK+£,<,0) ... (kE+2,,0)
m times : : : :
(k+1,—,7m41) (K+£,<-,0) ... (k+2,,0)

(k+1,—,741)

As a consequence, with (10.c) as induction hypothesis we have:

1 — A4+ tmt1
(Tht1,0) " Thervr) (k+1) = 1_77(7’]@+1 + 4T ok (k 4+ £)
0 0(m+1) £ 0(m—+1) k-1 £ _ o 0(m—+1)
_ Y tmt1 [V T i(em+1) (V7 )
S ez G R e v LRSS DU (s e A
0 0(m+1) k £ _ A f(mA+1)
_ T j(em+1) (VY — 7 ,
=Tg41 + 1= ’75 Te+1 + E o < - ’ye Tk—jt+1 + 6)

j=1
=71 FOpp1(E+L+1) —€

Hence,

Vg1 (B +1) = (Ths1,0) " Thor1vr) (K + 1) + €1 (E+ 1)
= ’Uk+1(k + 0+ 1) + Tk41 — 26,

which matches (10.c).

Instates¢ =k +1+¢gl+p Forstatesi =k + 14+ gl +pwith0 < ¢ < km —1and1 < p < ¢, the policy mpy1,¢
always takes the <— action with either one of the following trajectories

e when g > m:

¢ steps
Tk4+1 Tk Tk—0+42
(k+1+ql+p,<+,0) (k+ql+p,+,0) ... (k+(q—1f+p+2,+,0)

m times : : : :
k+1+(@—m+Dl+p,«,0) (k+gl+p,«,0) ... (k+(qg—m)l+p+2,+,0)
(k+14(g—m)+p,<,0) [k+(g—m)+p]

As a consequence, with (10.d) as induction hypothesis we have:
Uk1(8) = (Tip1,0) " Trrvw) (i) = 7" o (k + (g = m)E+ p) = =y HIEDEmTD e = b+l

which satisfies (10.d) in this case.

e when g < m:
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Assuming that negative states correspond to state 1, where the action is irrelevant, we have the following trajectory:

{ steps
Tk+1 Tk—0+42
(k+1+gl+p,+,0) oo (k+(@=1Dl+p+2,+,0)
q times < : : :
(k+1+£0+p,+,0) (k+p+2,+,0)
(k+1+p,+,0) (k—C+p+2,<,0)
(k+1—4¢+p,<,0) (k—20+p+2,<,0)
m — q times <
(k+1—(m—-—qgq—1)l+p,«<,0) ... (k—(m—q)l+p+2,+<,0)

(k+1— (m — )t +p,+,0) b+ (g —m)l +p]

In the above trajectory, one can see that only the < action is taken (ignoring state 1). Indeed, since we follow the policies
Tk+1Tks - - - » Tk—¢+2 the — action may only be taken in states k + 1, k, ...,k — £ + 2. When state k + 1 is reached, the
selected action is 7y _p1(k + 1) which is < since p > 1. The same reasonning applies in the next states &, ...,k —{+1,
where p > 1 prevents to use a policy that would select the — action in those states.

Since p — ¢ < 0 the trajectory always terminates in a state j < k with value vy (j) = —~(k=D)(Em=1)¢ a5 for the ¢ > m
case, which allows to conclude that (10.d) also holds in this case.

In states i = k 4+ 1+ kml + p Observe that following m times 71 ¢ and then 7;; once amounts to always take <—
actions. Thus, one eventually finishes in state k + (k — 1)mf 4+ p > k + 1, which, since ¢ (i) = 0, gives

Ok1() = (Tos1,0) " Thgrvr) (i) = 7" o (k + (k — Dyml + p) = —"" 10 =0,

satisfiying (10.e).

In states i > k+ 1+ (km + 1)¢ In these states, the action < is taken m + 1 times ending up in state j > k + ((k —
1)m + 1)¢, with value v (j) = 0, from which vg1(¢) = 0 follows as required by (10.f).



