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Abstract—In this paper, we introduce a novel Learning
Automata (LA) solution to the Non-linear Stochastic Propor-
tional Polling (NSPP) problem. The only available solution to
this problem in the literature is that given by Papadimitriou
et al. [1]-[3]. It was shown to solve a large set of adaptive
resource allocation problems under noisy environments [1],
[2], [4]-[10]. We make a threefold contribution. First, we take
a two-timescale approach to the field of LA by estimating the
reward probabilities on a faster timescale than the timescale
for updating the polling probabilities. Second, by making
a not-obvious choice of the objective function, we show
that the NSPP problem is indeed an instantiation of the
Stochastic Non-linear Fractional Equality Knapsack (NFEK)
problem, which is a substantial resource allocation problem
based on incomplete and noisy information [11], [12]. Third,
in contrast to the legacy approach taken by Papadimitriou
et al. [13], [14], we show through extensive experimental
results that our solution is remarkably robust to the choice of
tuning parameters and that it outperforms the state-of-the-art
solution in terms of Bayesian expected loss.

Keywords: Learning Automata, Two-timescale Learning, Resource
Allocation, Stochastic Non-linear Fractional Equality Knapsack .

I. INTRODUCTION

A Learning Automaton (LA) is an adaptive learning
mechanism that interacts with a stochastic environment
in order to find an optimal action from among a set of
offered actions [15], [16]. The field of LA was pioneered
by Tsetlin more than five decades ago [17] through the
introduction of the first LA scheme based on finite-state
machines. Since then, the theory of LA has attracted ex-
tensive research interest [15], [17]-[20]. Most LA schemes
in the literature aspire, as time elapses, to learn the op-
timal action among a usually finite set of actions offered
by a stochastic environment, where the notion of opti-
mality is often defined as converging to the action with
the largest reward probability, or, equivalently, the action
with the lowest penalty probability. An LA solution that
is radically different from the latter stream of research
is that proposed by Papadimitriou et al. [13], [14]. In a
series of works, Papadimitriou et al. [13], [14] addressed
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the so-called Non-linear Stochastic Proportional Polling
(NSPP) problem. In contrast to the main stream of LA
algorithms that operate under the assumption that the
reward probabilities of the actions are stationary over
time, the NSPP problem instead works on the premise
that reward probabilities vary over time and depend on
the action probability vector [11], [19], [21].

The NSPP problem [1]-[3] is characterized by the
following three main peculiarities:

« First, the reward probabilities are stochastic variables
whose distributions are unknown.

» Second, the reward probability of an action may
decrease as a function of the polling probability.

« Third, the optimal probability of an action should
be proportional to its reward probability.

The only available solution to the NSPP problem is
that proposed by Papadimitriou et al. [1]-[3], which was
shown to have a large set of applications in computer
science [1], [2], [4]-[10].

In this paper, we show that the NSPP problem can
be formulated as an instantiation of the Stochastic Non-
linear Fractional Equality Knapsack (NFEK) problem
[22] thanks to a subtle choice of the objective function.
We therefore bridge the gap between the Stochastic
NEFEK problem [11], [12], [22], [23] and the NSPP prob-
lem of Papadimitriou et al. [1]-[3]. It is worth men-
tioning that the first optimal solution to an instance
of the Stochastic NFEK problem is that proposed by
Granmo and Oommen [11], [12], which relies on two-
action discretized LA. The solution was subsequently
generalized by invoking a hierarchy of two-action dis-
cretized LA in order to resolve the generalized case of
multi-materials. However, as we will elucidate later in
the paper, our NSPP has a different objective function
than the one found in [11], [12]. Therefore, the latter
solution attributed to Granmo and Oommen [11], [12]
cannot be used to solve the NSPP problem. In a recent
work, Yazidi et al. [24] propose using the theory of a
two-timescale approach to solve the latter problem. By
virtue of introducing the two-timescale approach, Yazidi
et al. [24] achieved a more stable convergence than in
[11], [25]. The LA in [24] converges to a solution that
equalizes the reward probabilities from each action. In
informal terms, the decision maker is indifferent among



the different actions at equilibrium as the reward proba-
bilities from each action are equal. In this paper, we deal
with the proportional polling problems where the action
probabilities are proportional to the reward probabilities.

To the best of our knowledge, the latter work is the
first work in the field of LA to invoke this concept.

In this paper, we introduce a novel strategy that allows
the LA to obtain estimates of the reward probabilities,
and a method for how these estimates can be utilized
directly in the learning process. Our approach is dis-
tinct from classical LA schemes [26] that only require
knowledge of the maximum estimates rather than the
exact values of these estimates. To achieve synchronous
updating and learning, we resort to carefully designed
estimates of the reward probabilities when adjusting the
action probabilities.

We present a threefold contribution that can be briefly
outlined as follows:

1) First, we show that the NSPP problem [1]-[3] is an
instantiation of the Stochastic NFEK.

2) Second, we report an application of the two-
timescale approach to the field of LA by estimating
the reward on a faster timescale than the update
of the polling probabilities. This advance can pave
the way for new LA schemes that build on the idea
of connecting the updates of the action probabili-
ties and reward probabilities in tandem using the
concept of two-timescale updates.

3) Third, we show that our solution has high robust-
ness to the choice of the tuning parameters while
outperforming the state-of-the-art solution of Pa-
padimitriou and colleagues [1]-[3].

The rest of this paper is organized in the following
manner. First, in Section II, we review related work. Sec-
tion IV presents the design of our solution together with
sound theoretical results proving its convergence to an
optimal fixed point. Section V provides some thorough
experimental results investigating how our solution per-
forms in different scenarios, and shows its superiority
compared to the state-of-the-art solution. Finally, Section
VI rounds off the paper with some concluding remarks.

II. PRELIMINARIES

The vast majority of the LA schemes described in the
literature are designed to converge on the action yielding
the largest reward probability. Furthermore, in the field
of LA, the reward probabilities are usually constant over
time and independent of the action choice. However,
in many real-life applications involving multiple agents
that share some common resources, resorting to classical
LA schemes to govern access to these resources among
competing agents does not produce a fair result. To
counter this problem, Papadimitriou, in collaboration
with different researchers [1], [2], [4]-[10], has provided
a novel LA design that yields a fair share of resources
by ensuring that an entity can access or use a resource in

proportion to its demand. This usually involves design-
ing an LA that polls an action in a proportional manner
to its reward probability. In the most generic case, the
resource access can be modelled as a Non-linear Stochas-
tic Proportional Polling (NSPP) problem [1]-[3] with
the three aforementioned peculiarities, namely unknown
distribution of the reward, monotonicity of the reward
function, and an optimal fixed point characterized by
a polling probability that is proportional to the corre-
sponding reward probability. In this perspective, it is
worth mentioning that the literature on LA includes two
prominent studies that operate under the monotonicity
assumption of the reward function, notably the work
of Narendra and Thathachar on adaptive routing [19],
[21], and the work of Granmo and Ommen on adaptive
web crawling [11]. However, in contrast to the work of
Papadimitriou et al. on the NSPP problem [1]-[3], the
objective of the latter two works is to equalize the reward
probabilities. The informed reader would remark that an
ergodic LA is required in this case. However, work has
been done on LA in non-stationary environments [27]
where, even though the reward probabilities are time-
varying, the optimal action is kept unchanged, which
means that an absorbing LA scheme is required [28], [29].
Another type of non-stationarity in an LA environment
appears in [30], where the source of the non-stationarity
emanates from the fact that the joint local decisions of
the neighboring cells affect the reward of the irregular
cellular automata LA in the current cell.

In this section, we have tried to cover the most promi-
nent proportional LA applications and schemes reported
in the literature. For a complete list of proportional LA
applications, we refer the reader to the following studies
[31]-[39]. The latter articles do not present a new solution
to the proportional polling problem originally devised
in Papadimitriou et al. [13], [14]. These papers rather
deal with different application domains of the originally
devised algorithm in [13], [14]. The large amount of
applications of the stochastic polling problem motivates
a new efficient solution which is the objective of our
paper.

The scheme developed in this paper can be deployed
to model a large family of adaptive self-organizing sys-
tems that rely on Reinforcement Learning (RL) where
there is a coupling between the reward probability
and the action probability [40]-[45]. The main literature
stream in RL deals with the assumption of “no-effect of
the chosen actions” on the future reward distribution.
In those classical settings, the optimal policy is usually
deterministic and consists in converging to the optimal
action that yields the highest average reward. However,
in many real-life scenarios, there is a coupling between
reward outcomes and how often an action is chosen. This
can be seen, for instance, in a resource allocation prob-
lem, where the more often a resource is chosen, the more
it is exhausted, and thus, the less the resulting reward
perceived by an RL agent [44]. In the latter work, we
have demonstrated that classical RL fails dramatically



due to exclusive action choice. Some recent literature
in the field of RL have used the terminology the satia-
tion effect to describe the phenomenon of diminishing
reward [46], [47]. The satiation effect in RL describes
the situation in which the perceived reward by an agent
diminishes as it consumes more and more of the same
resource. This is relevant for the case for instance of food
recommendations where recommending the same food
type might lead to boredom by the user. Wang et al.
devised a per-load reward, where the reward depends on
the number of players choosing the same arm [48], [49].
The main difference compared to our work is the fact
that the latter two works consider decentralized settings,
while ours consider centralized ones. Furthermore, in the
latter two works, the reward depends on the number of
players while in our settings it depends on the polling
probabilities. In [46], the reward depends on the time
since an arm was pulled in a consecutive manner. Other
studies assume that the expectation of the reward from
an action is a a function of the last time it was pulled [50],
[51]. More precisely, the reward function is increasing
concave function of the time since it was last played. In
[52], [53], the expected reward of an arm increases since
the last time it was pulled and decreases after pulling it.
In this paper, we rather investigate a direct dependency
between the reward and the action probabilities rather
than a dependency with the last time it was pulled
or the number of times it was pulled. The informed
reader will observe that the polling problem considered
in this paper is related to policy patrol optimization
[54], which was solved using reinforcement learning in
[55]. In [55], the aim is to choose a location to patrol
at each time instant. The security state of a location
degrades as the idling time between two consecutive
patrols increases. In this sense, it is possible to model the
reward probability of patrolling as a decreasing function
of the patrol probability.

III. PROBLEM FORMULATION

In this section, we formulate the NSPP problem as
an instance of the Stochastic NFEK problem [11]. The
Stochastic NFEK involves finding an optimal allocation
of n materials, denoted as z°P* = [z9%*,..., z%"], that
can fit within a knapsack of capacity c. (Without loss
of generality, we suppose that ¢ = 1.) Granmo and

Oommen formulate the problem as:

n

maximize f(z) = Zﬁ(ﬁ?y)

i=1

where f;(x;) = /x pi(u)du Vi € {1,...,n}, 1)
0

n
subject to le =cand x; > 0Vie {1,...,n}.
i=1
The functions p; are monotonic, either all decreas-
ing or all increasing, but otherwise unknown. Instead,
the optimiser observes a random variable v; with a

Bernoulli(p;(z;)) distribution in response to selecting
material ¢ with probability z;.

A. Formulation of NSPP as an instance of the Stochastic
NFEK

In order to show that our NSPP problem is an instance
of the Stochastic NFEK problem, we instead define
fizi) = [ up;(u)~'du. An alternative interpretation
of this is to replace p;(u) with p;(u) = u/p;(u) in
(1), although the feedback available is still a v; ~
Bernoulli(p;(x;)) instead of the Bernoulli distribution
with the parameter p;. Without loss of generality, in the
rest of the article, f;(x;) will be defined as f;(z;) =
Sy upi(u)~!du. Furthermore, we suppose that the func-
tions p; are strictly monotonically decreasing, Lipschitz
and continuous.

n

maximize f(z) = Z fi(zs)

=1

where f;(x;) = /z upi(u) tduVie {1,...,n}, (2
0

subject to le =land z; >0Vie{1,...,n}.
i=1
We will show that, by resorting to this not-obvious
choice of fi(x;) given by fi(z;) = [y upi(u)~'du, the
solution to the above Stochastic NFEK problem will
coincide with the solution to the NSPP problem.

B. Characterization of the Stochastic NFEK solution

We will first study the characteristics of the optimal so-
lution to the above Stochastic NFEK problem described
by the optimization problem (2).

Lemma 1. The material mix x°P* = [25P",... x| that
solves the Stochastic NFEK Problem (2) is characterized by
. _ xopt
(@) T p2(agt) pa(z")

Furthermore, the problem (2) admits a unique solution.

Proof. We consider the following Lagrangian function
L(z,n) where n > 0 is the Lagrange multiplier corre-
sponding to the optimization problem (2):

L(z,m) =Y filz:) + n(z z; —1)

i=1
To solve the optimization, we set the partial deriva-
tives for 1 <1 < n:
OL(z,m) _
5901- o
This gives for 1 <14 < n:
9 fi(xi)
895,»

= 7’



Thus,

afl(l'l) _ _ afn(xn)
o0x1 ox,
It follows immediately that
z _om 3)
pi(f”) pn(@i)
and simple algebra leads to
D S )
pi(a™) 3 ()
Using the fact that 7, 27" = 1, we obtain
opt
ot = P ®)

31 2 (257)

Now, we proceed to proving the uniqueness of the
solution by contradiction. Let z°P* = [zP* ... 22! be an

optimal solution. Let us suppose that another solution

yoPt = [y{",..., Yo", exists to the problem. Therefore,
yort = [y, ... yoP!] must verify equation (4).

Since z°P* and y°P* are two distinct probability vectors,
we can affirm that the ty have two indexes ¢ and j where
on the one hand 2/ > ¢ and on the other hand

z5P b < Yo ‘. As a consequence of the fact that p;(-) and
p]( ) are monotonically decreasing, we obtain p;(z{?") <
pi(y?™") and p;(aF") > p;(y;™). Thus 2" /pi(ai™") >
Yo" Jps (y?*") and :vOpt/pj( Opt) < y;pt/pj( Opt) This con-
tradicts (3), since we cannot have both xoP " pi(xP) =
opt/pj( opt) and yopt/pl opt _ y;)pt/pj( J )

Therefore, we deduce that the solution is unique.

O

We have shown that the Stochastic NFEK problem (2)
has a unique solution

xopt pilT ( opt)

' S pila Opt)

which is indeed the solution to the NSPP problem
reported in the literature [13], [14]. Hence, a learning
algorithm which solves the Stochastic NFEK problem
will also solve the NSPP problem.

(6)

IV. A TWO-TIMESCALE LA SOLUTION TO RESOURCE
ALLOCATION

While we now have a Stochastic NFEK formulation
of the problem, the p; are considered unknown, so it is
not possible to solve (2) directly. We therefore derive a
learning algorithm to find optimal solutions, building on
earlier linear automata approaches to NFEK [11], [12],
[22]. LA is just an instance of RL algorithms. In the
original paper introducing REINFORCE [56], LA was
shown to be an instance of the REINFORCE framework.
In this paper, what is original is the design of the
updating scheme in the form of ODE in order to make
the LA system converge to the desired equilibrium of

Proportional Polling Problem where the optimal proba-
bility of an action should be proportional to its reward
probability. LA can be seen as another variant or solution
to the multi-armed bandit problem. LA is competitive to
other RL algorithms such as for instance Q-learning. If
one applies instead a classical RL algorithm such as the
linear-reward inaction the RL algorithm will converge
to equalizing the reward probabilities of the different
actions which is not the desired equilibrium in the case
of our proportional polling problem [11], [25]. The direct
application of any bandit algorithm to this problem will
not lead to the desired of equilibrium of the NSPP
problem.

The general approach is to play repeatedly, evolving
an action z in response to observations of the rewards
received. Previous automata approaches are not effec-
tive for this problem, since the available feedback is
a signal, v; ~ Bernoulli(p;(x;)), while our Stochastic
NFEK formulation integrates p;(z) = z/p;(z) instead
of p;(z) in the objectives; the reason we care about
this alternative Stochastic NFEK formulation is that the
Bernoulli(p;(z;)) feedback signals are those we observe
in an NSPP. Hence we develop a two-timescale approach
in which we estimate the (current) response probabilities
pi, while evolving our action vector z.

A. Details of the two-timescale LA Solution

At each time instant ¢, the player:

« selects action i(t) using strategy z(t) (i.e., set i(t) =14

with probability z;(t)),

« Observes a response v(t), which is a Bernoulli ran-

dom variable with the parameter p; ) (2;«)(t)),

« updates the belief vector p(t) and the strategy x(t).
In fact, we need to modify z(t) slightly before playing
(see below).

The interleaving updates of p and «x are:

a) Updating p;(t) for 1 < i < n: The estimates of
the reward probabilities are updated in the following
manner:

Picey (t +1) 4= Dy (1) + e [v(2)
pj(t+1) < p;(¢) for j #i(t)
where a; € [0,1] is a learning parameter. As we can see
from the above equation, p;(t) is an estimate of the re-
ward probability obtained using an exponential moving
average update with oy as a learning parameter. p;(t) are
probability estimates. The initial values of p;(¢) should
be in the interval [0, 1]. Although the initial values do not
affect the asymptotic convergence they can influence the
convergence speed during the first iterations. We suggest
to choose 0.5 as initial value in the absence of a priori
knowledge about the underlying functions p;(.).

b) Updating x(t): We suppose that initially, z;(0) =
1/n for 1 < ¢ < n. The value of z;(t), 1 < i < n is
updated as per the following rule:

—h®]

.I‘z'(t + 1) — xi(t) + 0, ﬁl(t) —x

t) Zﬁj | ®



The stepsizes ay, 6; in (7) and (8) are positive scalars

satisfying:

2 o= b

t t

The first two terms are standard for the stochastic ap-
proximation literature. The final term is what makes the
approach a two-timescale one [57]: parameter ¢;, which
governs the magnitude of the x(¢) updates should be
considerably smaller than parameter «; used to track the
reward probability estimates p(t), with the consequence
that from the perspective of the fast dynamics of p;, z;
seems to be “almost constant”, while when considering
the slow dynamics of z;, p; seems to be almost always
“almost equilibriated” [58].

It is easy to see that the above update form z;(t), 1 <
i < n preserves the property that the components of the
probability z(t) still sums to 1:

= 00, Zaf—!—@f <00, O =o(n)
t

Zl‘i(t—f'l) = Z <)+0tpz ZpJ
= 1+ot2ﬁi(t>fetZzsj@)in(t)
i=1 j=1 i=1
= 1+9t2ﬁj(t)—9t2ﬁj(t)
j=1 Jj=1
=1

B. Remark: Bounds of the sampling probability

Although (7-8) is the scheme we would like to run,
it is necessary to ensure that all actions are selected
sufficiently often so that all of the p; estimates are
reasonable. We therefore do not use strategy x(¢) to select
the actions, but use a modified strategy =’ satisfying

7i(t) = -+ (1= oi(h). ©)

Choosing ¢ > 0 ensures that all actions are played
infinitely often, while choosing ¢ small enough ensures
that the system is only perturbed to a small extent.
Note, however, that, by playing strategy z'(t) instead of
x(t), the reward v(t) is now sampled from a Bernoulli
distribution with a success probability of p;)(}(t)).
We denote ¢ (z;(t)) = pi(2j(t)) = pi (5 + (1 — €)z(t)).

At this juncture, we note that there is some sensitivity
to choosing sufficiently small learning parameters so
that the z;(t) probabilities remain positive. In particular,
assuming that z;(t) > 0,

1 _etzpj

> wi(t)(1 - 9m)

ZPJ

+ etpz )

since 37, p;(t) < n. Hence a sufficient condition is 0, <
1 for all ¢.

Similarly, if € € [0,1], then z/(¢) is a convex combi-
nation of 1/n and z;(t) € [0,1] and therefore lies in

le/n,1— (1 — 1/n)el.

C. Convergence proofs

In this section, we resort to the theory of two-timescale
stochastic approximation [57]-[59]. The “almost con-
stant” and “almost calibrated” nature of the system
means that we should consider continuous time ODE’s
corresponding to the ‘fast’ timescale j(t) as if the ‘slow’
timescale z(t) is constant, and, for the x(t) system, as if
the p(t) system is fully calibrated. We start by proving
the convergence of the slow system.

Let z(t) = (z1(t),...,zn(t)), pt) = (P1(t),....Dn(t))
and g(z) = (g(21),...,gn(zs)) where qze(xl) = pi(e/n +
(1—e€)x;) denotes the composition of the smoothing from
z to 2’ followed by the proportional polling function p;.
It is easy to check that the ¢{(.)" s are strictly decreasing,
continuous, non-negative functions of the xz;’s because
the p;(.)’s possess the same property.

Consider the following ODE for i € [1,n]:

n
;= qf(2:) — 23 Y ¢5(x;).
J=1

Let z*(€) be the fixed point of the ODE given by (10).
The uniqueness of z*(¢) is guaranteed by following
the same lines as Lemma 1 for a modified Stochastic
NFEK problem where p; is replaced by ¢f in the original
Stochastic NFEK problem (2).

Proposition 1. The fixed point of the ODE given by Eq. (10)
is asymptotically stable and unique.

(10)

Proof. Throughout this proof, we fix ¢ and suppress it
from the notation (in both ¢{ and z*(¢) to simplify the
notation. Consider the following Lyapunov function.

n X
- x
=1 g

where 2* is the fixed point of the ODE (10). We can see
that V(z*) =

By applying the Jensen’s inequality, we move the log
outside the parentheses:

11

Because the function In(.) is strictly concave, the equal-
ity V(z) = 0 holds whenever:



1 T,

== (12)
L1 Ln
Let the above ratio equal o.
Therefore,
1:in=Ufo:a (13)
i=1 i=1

Then o = 1. Thus,

{1,...,n}.
We know that S i =0.

V(xz) = 0, yields that z; = 2} Vi €

dV(x)

dt:Z

= D (@i—a) (qjj”z J(x;‘)), (14)

where (14) follows because >, (z;
(1=1) 375y gj(a;) = 0= (1-1) 377
) Zj_l q;(5)-

Recall that qi(xi) is non-negative decreasing and z; >
0, so that ¢;(x;) / x; is also decreasing. We will show that
w; — af and L&) _ Z] 1 4;(x}) have opposite signs.
In fact suppose x; > x;, then qz(xz)/gcZ < qi(xf)/x; =
> i=1 () (Recall that #* is the fixed point of the ODE
given of Eq (10) which satisfies 2} = ¢;(z})/ >_7_, ¢;(x})
). Therefore, V(z) < 0 for z # z* and dv(z ) = 0.

Given that a uruque solution exists, =* 1s also asymp-
totically stable, and the ODE will converge to the unique
fixed point satisfying,

_xf)zj 1 ¢5(75) =
1%(55;) i (zi—

oo (=)
YL ()
pil + (1= 9a7) 4

2= PG+ (L= azj)

Thus, we have proved the result. It is not out place to
remark that we have resorted to the decreasing mono-
tonicity of the functions p; to prove that the derivative
of the Lyapunov function is negative by showing that
it is the sum of terms of opposite signs. In the proof of
Lemma 1, only strict monotonicity is needed to prove

the uniqueness of the optimal solution.
O

We now make use of this ODE result within the
proof of convergence of the two timescale discrete time
algorithm.

Theorem 1. (p(t),x(t)) converges almost surely to
(q¢°(z*(€)),xz*(e)) which, for small €, approximates
(p(zP"), 2°P").
Proof. Let i be arbitrary and fix z; = x;(t). Double
expectation gives
El(pi(t +1) = pi(1)) /e | He]
E[E[(pi(t+1) = pi(t) /o | He,i(t)] | He]
where H, denotes the history up to immediately prior

to action i(t) being selected at time ¢.
Since p;(t) is updated only if i(t) =i,

El(pi(t +1) = pi(t))/cu | He,i(t) = j] =
Li—i {E[v(®) [ He,i(t) = 5] —pi(t)} =
I {q5 (z:) — pi(t) }

where I[;_; = 1if i = j and I;—; = 0 otherwise. Therefore

El(pi(t+1) = pi(8) /o[ ] =
P(i(t) = i[He) {g; (i) —=pi(t)} =
£+ (=it {gi (@) — pa(t)}

where P(i(t) =i|H;) = & + (1 — €)x; by (9). Thus
(Bi(t+1)=pi(t)) for = {5 + (1 = )2 } {qf (s

for some martingale difference sequence {Mt}

We obtain the following ODE system, if (as is pro-
scribed by the two-timescale approach [57]) the strategies
are fixed at z;:

b= (S+0-9w) (@) -p).

Since z; is fixed, and ( +(1- e)xl) > 0, this system
has a unique globally asymptotically stable fixed point
at p; = q; ().

Now we consider the slow dynamics, under the as-
sumption that p; is fully calibrated (i.e. p; = ¢f(x;(1))):

ZPJ

@i(t) + Oelaf (2i() —@i(t) Y a5 (25 ()],

Jj=1

(16)

The corresponding ODE is simply that given in (10), so
Proposition 1 tells us that the slow system also has a
unique globally asymptotically stable fixed point. Apply-
ing the results of [59] shows that (p(¢),z(t)) converges
almost surely to (q(z*(€)),x*(€¢), where x*(e) satisfies
(15). In Appendix A, we give a summary of the theory
behind two-timescale framework and how it applies to
our case.

We now show that z*(e) is continuous in ¢, proving
the final part of the theorem. Suppose not, so that there
exists an e, and a sequence ¢, — € such that z*(e,,) 4
x*(€x0). Since x € [0,1]™, a compact space, there exists a
subsequence ¢,,, and x> # z*(e) such that z* (e, ) —
x*°. Now recall that z*(¢) is the unique solution of 0 =
Q5 () := qf(z;) — 2 >, ¢5(w;) for all 4, and note that the

— Di(t)}+ My



Q) are continuous as functions of both ¢ and x. Hence
for each i

Qi (x°) = lim Q:m" (z}(€ém,,)) = lim 0=0.
k—oo k— o0

By uniqueness of * (e ), this implies that 2> = 2™ (ex),
which leads to a contradiction. So z*(e) is continuous in
e. Note that this is an implicit function theorem [60], but
the need to prove continuity at ¢ = 0 on the boundary of
the space precludes the use of standard implicit function
theorems.

O

V. EXPERIMENTAL RESULTS

In this Section, we compare the performance of the
suggested algorithm with the algorithm of Papadim-
itriou et al. [13], [14]. We consider two different reward
functions:

o Linear: For the linear case, we assume the following

reward probabilities

pi(x;(t)) = max {0.7 — z;(¢)i, 0}, i =1,2,...,n

« Exponential: For the exponential case, we assume
the following reward probabilities

pi(x;(t)) = 0.7e W1 =12 ... n

We consider fixed steps sizes, meaning 6, = 0, a; =0,
and o << 6. We used ¢ = 0.001. We considered the
linear case for n = 4 materials and the exponential
case for n = 2 and n = 4. We refer to the three cases
as LINE4, EXP2, and EXP4. Furthermore, We consider
both static and dynamic environments. Please note that
the linear function is only decreasing and not strictly
decreasing. The strictly monotonically decreasing condi-
tion is a sufficient but not necessary condition to ensure
the uniqueness of the optimal point. Please note that
the only part where we use the condition is when, by
contradiction, we used the uniqueness of the optimal
point. In our case, we have verified numerically that the
fixed point is unique.

For the sake of completeness, we provide a description
of Papadimitriou’s algorithm [13], [14] which we use
for comparison purposes in the experiments. In simple
terms, Papdimitriou’s algorithm runs an estimate of the
reward probability for each action and polls that action
in a proportional manner to its estimated reward. Ini-
tially, at time instant 0, we start from an initial probabil-
ity vector that is in the simplex. The algorithm runs the
following loop over time starting from arbitrarily initial
estimates of the reward probabilities p;(¢), 1 < i < n that
are in the unit interval.

1) Poll a random action i € [1,..,n], according to the
probability
pi(t)

> i—1D;(t)

2) Update the reward probability for the polled action
i, in same manner as (7).

z;(t) = (17)

A. Dynamic environment

In this experiment, we investigate situations where the
feedback from the system varies with time. We consider
three different cases:

1. Every D = 500 iteration the reward probabilities
for the different materials are shuffled. More specif-
ically, at every D = 500 iteration we draw a ran-
dom permutation 71, ..., 7, of the material indexes
[1,2,...,n]. The reward probability for amount z;
of material ¢, then becomes p5, (x;). We refer to this
case as SHORT.

2. The same as 1., with D = 5000. We refer to this case
as LONG.

3. We now let D be a stochastic variable with the
outcomes 500, 2000, and 10 000 with the probabilities

P(D = 500) = 20/2¢6
P(D = 2000) = 5/26
P(D = 10000) = 1/26

which means that the amount of time spent in a
rapidly (D = 500), medium (D = 2000), and slowly
(D = 10000) changing environment is equal. We
refer to this case as RAND. The objective of this case
is to investigate the extent to which our algorithm is
robust and can handle environments that randomly
alternate between rapid and slow changes.

In order to initialize our scheme, we use a flat Dirich-
let distribution that ensures that the initial values are
uniformly distributed in the simplex.

In a dynamic environment, the aim is to obtain polling
probabilities as close as possible to the underlying opti-
mal values in every iteration. For a given choice of the
tuning parameters and for each of the three cases above,
we ran a chain for N = 10° iterations. We measured the
error using the RMSE.

N
— 1 1
Fm) - L E S vy

i=1 j=1

(18)

where z}; refers to the value of the chain at iteration j for
material ¢ and z°?! to the optimal values of the chains.

Let p(«) denote a probability distribution for our prior
belief in the tuning parameter « in the algorithms. As
a key performance indicator, we define the Bayesian
expected loss

E, (L (ﬁ,x"pt;a)> = /1 L (?,x"pt;oo p(a)da (19)
0

As described above, it is not possible to know be-
forehand which values for the tuning parameters will
perform best, and we therefore computed the RMSE in
(18) for a large set of values. We tested the following
ratios: 6/a: 1/50, 1/20, 1/10, 1/5 and 1/3. Using higher
ratios than 1/3 resulted in convergence problems since
the material amounts sometimes became negative. Table
I shows results under optimal values of the tuning



Ratio

Pap. 1/50 1/20 1/10 1/5 1/3

EXP2 476 467 4.69 479 493 5.01

SHORT EXP4 3.02 290 2.98 3.03 313 317
LINE4 407 453 4.05 411 426 4.37

EXP2 273 274 2.82 277 285 2.89

LONG EXP4 1.70  1.74 1.75 1.79 185 1.89
LINE4 233 226 2.35 242 243 256

EXP2 3.05 3.08 3.11 312 322 323

RAND EXP4 190 1.90 1.93 196 203 208
LINE4 264 251 2.58 260 272 276

TABLE I: Dynamic environment. RMSE multiplied by
100 under optimal choices of the tuning parameter a.

Ratio

Pap. 1/50 1/20 1/10 1/5 1/3

EXP2 2370 5.28 5.10 569 7.11 8.82

SHORT EXP4 1412 3.6 3.52 435 579 743
LINE4 17.19 6.12 5.03 482 549 6.84

EXP2 23.61 3.16 374 482 657 842

LONG EXP4 14.07 217 296 4.00 557 726
LINE4 17.08 294 2.85 336 454 6.15

EXP2 23.63 348 3.92 493 6.63 8.6

RAND  EXP4 14.08 230 3.02 4.04 559 728
LINE4 17.08 3.44 3.10 352 464 622

TABLE II: Bayesian expected loss based on Equation (19)
in dynamic environments. The Bayesian expected losses
are scaled in the tables by a factor of 100.

parameter . Figure 3 in the Appendix B shows addi-
tional results under all choices of the tuning parameter
a. From Table I, we see that, under optimal values of
the tuning parameters, Papadimitriou’s algorithm and
the suggested algorithm perform about equally well.
However, from Figure 3, we see that the performance of
Papadimitriou’s algorithm is much more sensitive to the
choice of the tuning parameter o than the suggested al-
gorithm. This is further demonstrated in Table II, which
shows the Bayesian expected loss on the assumption
of no prior knowledge of «, ie., p(a) in (19) is the
uniform distribution on the [0, 1] interval. We see that
the suggested algorithm outperforms the algorithm of
Papadimitriou by a large margin. Robustness is impor-
tant since we usually have little knowledge of suitable
values for a.

B. Static environment

In a static environment, we assume that the reward
probabilities do not vary with time. In this section we
demonstrate how the algorithm in this paper can also be
used for such cases. The basic idea is to take the average
over time instead of picking the last material estimates.
In a static environment, the aim is to get as precise
estimates of the true material amounts =", 25", ... %"
as possible within a given set of 1terat10ns N . If we
use high values for the tuning parameters, o and 6, the
estimates will rapidly converge towards the true material
amounts, but the marginal variance of the chain after
convergence will be high. If we use low values for the
tuning parameters, the estimates will converge slowly
toward the true estimates, but the marginal variance

of the chain after convergence will be low. In other
words, it is not easy to know which values of the tuning
parameters will result in the least estimation error based
on a set of iterations. In the experiments below, we there-
fore measured the estimation error for a large number
of different choices of parameters. To estimate the true
material amounts, we use two estimation strategies.

1. In the first strategy, we simply take the average of
all the values of the material amounts in the chain
up to iteration N. A disadvantage of this strategy is
that we also include the values before convergence,
resulting in estimation bias.

2. The second strategy uses a simple procedure to
detect when a chain has converged by running
two chains in parallel, starting with highly different
initial estimates. For example if n = 4, we could
start the first chain with the initial state z; = 0.5,
T9 = 0, z3 = 0.5 and z4 = 0 and start the second
chain from z; = 0.25, 2o = 0.25, z3 = 0.25 and
r4 = 0.25. When the two chains have crossed at
least once for every material, we assume that the
chains have converged. Since we run two chains, to
make the comparison with the first strategy fair, we
only run each of the chains for N/2 iterations in this
strategy. We estimate the true material amounts by
taking the average of all the values from the two
chains after convergence is detected.

For a given choice of the tuning parameters, we com-
puted the estimation error using the root mean squared
error measure (RMSE). In order to reduce the Monte
Carlo error in the results, we repeated the experiment
M = 1000 times. For the first strategy the RMSE becomes

(i) =25 3

1=

xopt) (20)

where 2}, («) is the average of all the values of the
amount of material ¢ in the chain using the value « for
the tuning parameter, i.e.

zk:z § : Lijk

where z7;; is the value of the cham from experiment k at
iteration j for material 7. Results under optimal choices
of the tuning parameters are shown in Tables III and IV.
Figures 1 and 2 in the Appendix B present additional
results under all choices of the tuning parameter o.
We start with the results based on the first estimation
strategy (average of all values of the chain) shown in
Figure 1 and Table III. From Figure 1, for N = 1000
iterations, and to some extent for N = 10000 iterations,
using a ratio of 1/50 results in a high estimation error
for low values of «. Using a ratio of 1/3 for the LINE4
case, we observe high estimation errors for high values
of a. Overall, it seems that using ratios of 1/5, 1/10,
1/20 results in good estimation performance for almost
any choice of a. This is an important property since,



Ratio Ratio

Pap. 1/50 1/20 1/10 1/5 1/3 Pap. 1/50 1/20 1/10 1/5 1/3

EXP2 740 1270 827 741 712 732 EXP2 1.58  4.08 2.24 153 117 1.04

N = 1000 EXP4 4.29 5.40 446 438 439 433 N = 1000 EXP4 0.79 1.61 0.95 072 062 0.63
LINE4 3.83 5.19 3.58 355 353 3.61 LINE4 347 1.87 1.01 073 075 1.09

EXP2 2.30 2.46 2.25 227 229 227 EXP2 1.35 0.72 0.43 033 031 0.36

N =10000 EXP4 1.34 1.39 1.38 137 137 137 N =10000 EXP4 0.63 0.30 0.20 0.18 022 031
LINE4 1.04 1.01 0.97 099 098 0.96 LINE4 342 031 0.18 0.19 041 0.86

TABLE III: Static environment. Estimation based on us-
ing all values of the chains. The table shows RMSE
multiplied by 1000 under optimal choices of the tuning
parameter a.

Ratio

Pap. 1/50 1/20 1/10 1/5 1/3

EXP2 718 9.16 7.24 723 709 7.02

N = 1000 EXP4 428 450 4.30 422 437 435
LINE4 297 297 2.83 285 289 288

EXP2 2.29 2.16 2.21 222 213 222

N =10000 EXP4 1.31 1.33 1.33 133 133 135
LINE4 0.88 0.86 0.86 0.87 0.87 0.86

TABLE IV: Static environment. Estimation based on us-
ing all values of the chains after convergence. The table
shows RMSE multiplied by 1000 under optimal choices
of the tuning parameter o.

in a real situation, it is hard to know which values of
the tuning parameters are preferable. From Table III, we
see that Papadimitriou’s algorithm and the suggested
algorithm perform about equally well under optimal
choices of the tuning parameters. However the perfor-
mance of Papadimitriou’s algorithm is highly sensitive
to the choice of a, which can be critical in a real situation
since we do not know which value of « to use. In fact,
by choosing a value of o that deviates slightly from
the optimal value, the performance of Papadimitriou’s
algorithm drops dramatically. Inspecting the results for
the second strategy (average after convergence), shown
in Figure 2 and Table IV, we can draw many of the same
conclusions. Using a ratio of 1/5, 1/10 or 1/20 yields
very robust results. Again, we see that the performance
of Papadimitriou’s algorithm is critically sensitive to the
choice of a.

Tables V and VI summarize the Bayesian expected loss
for the results in Figures 1 to 2. We usually have minimal
knowledge about preferable values of o, and the results
in Tables V and VI are computed on the assumption that
the prior distribution p(«) is the uniform distribution on
the interval [0, 1]. From the tables, we see that especially
for N = 10000 iterations, the suggested method outper-
forms Papadimitriou’s algorithm by a large margin. We
also see that the suggested method performs a little bet-
ter for strategy two (average of values after convergence)
compared to strategy one (average of all values), while
Papadimitriou’s algorithm performs about equally well
for the two strategies.

VI. CONCLUSION

In this article, we have presented an efficient and
novel solution to the NSPP problem, which was first

TABLE V: Bayesian expected loss based on equation (19)
in a static environment using estimation based on all
values of the chain. Evaluation after N = 1000 and N =
10000 iterations. The Bayesian expected losses are scaled
in the tables by a factor of 100.

Ratio

Pap. 1/50 1/20 1/10 1/5 1/3

EXP2 156 2.86 1.65 120 097 092

N = 1000 EXP4 0.79 1.16 0.75 060 055 0.59
LINE4 346 1.92 0.98 068 069 1.07

EXP2 1.35 0.50 0.36 029 028 034

N =10000 EXP4 0.63 0.22 0.19 0.17 021 0.30
LINE4 341 0.26 0.19 0.18 040 0.85

TABLE VI: Bayesian expected loss based on equation (19)
in a static environment using estimation based on values
after convergence. Evaluation after N = 1000 and N =
10000 iterations. The Bayesian expected losses are scaled
in the tables by a factor of 100.

introduced by Papadimitriou and colleagues. Our solu-
tion outperforms the state-of-the-art solution by a large
margin in terms of Bayesian expected loss. Furthermore,
our solution is robust to the choice of the tuning param-
eter. Moreover, the paper advocates the concept of two-
timescale LA, paving the way for more research on this
novel type of LA design. In future work, we would like
to generalize our solution to the NSPP problem to tackle
the case of continuous random variables. Furthermore,
designing a discretized LA algorithm to solve the NSPP
problem is an interesting research direction that is worth
pursuing.
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APPENDIX A
TWO-TIMESCALE FRAMEWORK

Theorem 5 of [59] presents the results of [57] in a more
useful framework for our context. It considers a system:
o), = 09 + AP {FOO0,02) + M2, |
for j = 1,2, with FU) globally Lipschitz, the {65}
sequences bounded, }_ )\, = oo and Y A2 < oo, with the
M,, martingale difference sequences (so that ) A, M, 1
converges a.s.), and /\;”/)\5?) — 0 as n — oo (the two-
timescales assumption). If for each fixed §(!) the ODE
Y = F®A(PM Y) has a globally attracting fixed point

€(0™)) where ¢ is Lipschitz, then (almost surely):

1652 — €(650)] — 0

and an interpolation of the iterates 65" is an asymptotic

pseduotrajectory of the ODE:
X = PO, £(X)). (21)

Results from Benaim [61], culminating with Proposi-
tion 6.4, tell us that if there is a Lyapunov function for a
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Fig. 1: Static environment based on using all values of
the chains. The left and the right refer to evaluation after
N = 1000 and N = 10000 iterations, respectively. The
rows from top to bottom refer to the cases EXP2, EXP4
and LINE4, respectively.

unique fixed point of this fast timescale ODE (21) then
the iterates {97(11)} converge to the fixed point.

In our article we map 6(?) to the vector of p values,
M to the vector of z values, AV to 6 and A\(?) to a. The
conditions on o and ¢, immediately following Eq. (8)
ensure they meet the requirements of the general theory.
Furthermore, by the assumption that p; are Lipschitz
function of x;, and using the fact that the composition
of two Lipschitz functions is Lipschitz, and the sum of
Lipschitz functions is again Lipschitz, we deduce that
qi(z;) —; 3 ; qj(z;) is Lipschitz function ;. We can also
see that (e¢/n+ (1 —e¢)z;)(q:(x;) — p;) is Lipschitz function
of p; since any linear function is Lipschitz.

The proof given of Theorem 1 verifies the convergence
of the requisite ODEs.

APPENDIX B
SUPPLEMENTARY EXPERIMENTAL RESULTS

Please recall the experiments leading to the results in
Tables III and IV. Figures 1 and 2 show estimation error
under all possible values of c.

Please recall the experiments leading to the results in
Table I. Figures 3 in Appendix B show tracking error
under all possible values of a.
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Fig. 2: Static environment based on using values of the
chains after convergence. The left and the right column
refer to evaluation after N = 1000 and N = 10000
iterations, respectively. The rows from top to bottom
refer to the cases EXP2, EXP4 and LINE4, respectively.
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Fig. 3: Dynamic environment. RMSE under different choices of the tuning parameters. The columns from left to
right refer to the cases SHORT, LONG and RAND, respectively. The rows from top to bottom refer to the cases
EXP2, EXP4 and LINE4, respectively.



