arXiv:1708.09096v3 [math.OC] 27 May 2020

Transfer-Entropy-Regularized
Markov Decision Processes

Takashi Tanakal

Abstract—We consider the framework of transfer-entropy-
regularized Markov Decision Process (TERMDP) in which the
weighted sum of the classical state-dependent cost and the
transfer entropy from the state random process to the control
random process is minimized. Although TERMDPs are generally
formulated as nonconvex optimization problems, we derive an
analytical necessary optimality condition expressed as a finite set
of nonlinear equations, based on which an iterative forward-
backward computational procedure similar to the Arimoto-
Blahut algorithm is proposed. It is shown that every limit point of
the sequence generated by the proposed algorithm is a stationary
point of the TERMDP. Applications of TERMDPs are discussed
in the context of networked control systems theory and non-
equilibrium thermodynamics. The proposed algorithm is applied
to an information-constrained maze navigation problem, whereby
we study how the price of information qualitatively alters the
optimal decision polices.

I. INTRODUCTION

Transfer entropy [1] is a quantity that can be understood as
a measure of information flow between random processes. It is
a generalization of directed information, a concept proposed in
the information theory literature for the analysis of communi-
cation systems with feedback [2]-[4]. Closely related concepts
include the KL-causality measure [S], which was originally
introduced in the economic statistics literature for the causality
analysis.! Recently, these concepts have been applied in a
broad range of academic disciplines, including neuroscience
[7], finance [8], and social science [9].

In this paper, we formulate the problem of transfer-entropy-
regularized Markov Decision Process (TERMDP), and de-
velop a numerical solution algorithm. TERMDP is an optimal
control problem in which we seek a causal decision-making
policy that minimizes the weighted sum of the classical state-
dependent cost and transfer entropy from the state random
process to the control actions. As we will discuss in the se-
quel, TERMDP predicts a fundamental performance limitation
of feedback control systems from an information-theoretic
perspective. The first context in which TERMDP naturally
arises is networked control systems theory, where the trade-off
between the best achievable control performance and the data
rate at which sensor information is fed back to the controller is
a central question. Prior work has shown that transfer entropy
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can be used as a proxy for the data rate on communication
channels, and thus solving TERMDP provides a fundamental
performance limitation of such systems. The second applica-
tion of TERMDP is non-equilibrium thermodynamics. There
has been renewed interests in the generalized second law of
thermodynamics, in which transfer entropy arises as a key
concept [10]. TERMDP in this context can be interpreted as
the problem of operating thermal engines at a nonzero work
rate near the fundamental limitation of the second law of
thermodynamics.

In contrast to the standard MDP [11], TERMDP penalizes
the information flow from the underlying state random pro-
cess to the control random process. Consequently, TERMDP
promotes “information-frugal” decision policies, under which
control actions tend to be statistically less dependent on the
underlying Markovian state dynamics. This is often a favorable
property in various real-time decision-making scenarios (for
both humans and robots) in which information acquisition,
processing, and transmission are costly operations. Therefore,
it is expected that TERMDP plays major roles in broader
contexts beyond the aforementioned applications, although the
interpretations of transfer entropy in each application must be
carefully discussed.

In the literature, a few alternative approaches have been
suggested to apply information-theoretic cost functions to
capture decision-making costs in MDPs. Similarities and dif-
ferences between TERMDP and the existing problem for-
mulations are noteworthy. The rationally inattentive control
problem [12], [13] has been motivated in a macroeconomic
context, where Shannon’s mutual information (a special case
of transfer entropy) is adopted as an attention cost for decision-
makers. The authors of [14]-[16] present a class of optimal
control problems in which control costs are modeled as the
Kullback-Leibler (KL) divergence from the “uncontrolled”
state trajectories to the “control” state trajectories. Alternative
information-theoretic decision costs in dynamic environments
include predictive information [17], past-future information-
bottleneck [18], and information-to-go [19], [20]. Information-
theoretic bounded rationality and its analogy to thermody-
namics are discussed in [21]. While intuitively plausible,
some of these problem formulations lack physical (or coding-
theoretic) justifications, unlike TERMDP, whose operational
interpretation can be found in the aforementioned contexts.

An equivalent problem formulation to TERMDP first ap-
peared in [22] and [23], where the problem was formulated in a
general (Polish state space) setup. Linear-Quadratic-Gaussian
(LQG) control with minimum directed information [24] is a
version of TERMDP specialized to the LQG regime. While



the problem in the LQG setup was shown to be tractable
by semidefinite programming [24], algorithmic aspects of
TERMDP beyond the LQG regime have not been thoroughly
studied. Therefore, the primary goal of this paper is to provide
an efficient computational algorithm to find a stationary point
(an optimal solution candidate) of the given TERMDP. The
contributions of this paper are as follows:

« We derive a necessary optimality condition expressed as
a set of nonlinear equations involving a finite number
of variables. This result recovers, and partly strengthens,
results obtained in prior work [22].

o We propose a forward-backward iterative algorithm that
can be viewed as a generalization of the Arimoto-Blahut
algorithm [25], [26] to solve the optimality condition
numerically.

The proposed algorithm is the first application of the the
Arimoto-Blahut algorithm for transfer entropy minimization.
Our algorithm should be compared with the generalized
Arimoto-Blahut algorithm for transfer entropy maximization
proposed in [27]. The algorithm in [27] can be viewed as
a generalization of the Arimoto-Blahut “capacity algorithm”
in [25], while our proposed algorithm can be viewed as a
generalization of the Arimoto-Blahut ‘“rate-distortion algo-
rithm” in [25]. Unfortunately, we discover that the proposed
algorithm may not converge to the global minimum due to
the non-convex nature of TERMDP. This result is somewhat
surprising as the global convergence of the original Arimoto-
Blahut rate-distortion algorithm, which is a special case of
our algorithm, is well-known. Nevertheless, observing that the
proposed algorithm belongs to the class of block coordinate
descent (BCD) algorithms, we show that every limit point
generated by the algorithm is guaranteed to be a stationary
point of the given TERMDP.

Organization of the paper: The problem formulation of
TERMDP is formally introduced in Section II. Mathemati-
cal preliminaries are summarized in Section III. Section IV
presents the main results. Derivation of the main results are
summarized in Section V. Section VI discusses applications of
the TERMDP framework. A numerical demonstration of the
proposed algorithm is presented in Section VII. We conclude
with a list of future work in Section VIII.

Notation: Upper case symbols such as X are used to
represent random variables, while lower case symbols such
as x are used to represent a specific realization. Notation
ot & (2, Tki1,.2) and 2t £ (21,29,..,7,) will be
used to specify subsequences. We use the natural logarithm
log(-) = log,(+) throughout the paper.

II. PROBLEM FORMULATION

We formulate TERMDP based upon the standard Markov
Decision Process (MDP) formalism [11] defined by a time
index t = 1,2,...,T, state space &}, action space U, transition
probability psi1(z¢41|2t, ut), cost functions ¢; : Xy xUy — R
foreacht =1,2,....,T and cr4+; : X711 — R. For simplicity,
we assume that both &; and U, are finite. The decision policy
to be synthesized can be probabilistic and history-dependent
in general, and is represented by a conditional probability

distribution:
ar(uelz® u1). (1

The joint distribution of the state and control trajectories is de-
noted by ;41 (2t*1, ut), which is uniquely determined by the
initial state distribution w1 (1), the state transition probability

pia1(Tia1|2e, us) and the decision policy q;(ug¢|xt, ut=1) by
a recursive formula
(a1 )
= pe1(@epr|e, w)gr(welat, w207 (@)
A stage-additive cost functional
T
J(XTHLUT) 23 Ee (X, Ur) + Berga (Xri1)  3)
t=1

is a function of random variables X7*! and U? with a
joint distribution ppyq (271, uT). Transfer entropy is an
information-theoretic quantity defined as follows:

Definition 1: For nonnegative integers m and n, the transfer
entropy of degree (m,n) is defined by
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Using conditional mutual information [28], transfer entropy
can also be written as

T
Lnn(XT 5 UT) £ I(X] UL, (5)
t=1
When m = oo and n = oo, (4) coincides with directed
information [3]:
T
I(xXT-vuh) 2 ZI(Xt; U U, (6)
t=1

The main problem studied in this paper is now formulated as
follows.

Problem 1: (TERMDP) Let the initial state distribution
u1(z1) and the state transition probability pei1(ziy1|xe, we)
be given, and assume that the joint distribution ji; 1 (2t+1, ut)
is recursively given by (2). For a fixed constant 5 > 0, the
Transfer-Entropy-Regularized Markov Decision Processes is
the optimization problem

min JXTTLUTY 4+ BLyn(XT = UT). (D)

{ae(uelzt ut =1},

A few remarks are in order regarding this problem formula-
tion. First, the transfer entropy term in (7) is interpreted as an
additional cost corresponding to the information transfer from
the state random process X; to the control random process Uy.
The regularization parameter 5 > 0 can be thought of as the
cost of information transfer. When 5 = 0, the standard MDP
formulation is recovered. As we increase § > 0, the optimal
decision policy for (7) tends to be “information frugal” in order
to reduce I, ,(XT — UT). That is, control actions generated



by the policy becomes statistically less dependent on the state
of the system.

Second, in contrast to the standard MDP (i.e., 8 = 0)
for which optimal polities can be assumed deterministic and
history-independent (Markovian) without loss of generality
[11, Section 4.4], TERMDP (7) with 8 > 0 admits an optimal
policy that is randomized and history-dependent. Thus, the
cardinality of the solution space we must explore to solve (7)
is much larger than that of the standard MDP. However, in
Proposition 1 below, we show that one can assume without
loss of performance a structure of the optimal policy of the
form

qe (wglae, uy”),) ®)

instead of (1). In other words, it is sufficient to consider a
policy that is dependent only on the most recent realization of
the state and the last n realizations of the control inputs.
Finally, the structure of the problem (7) is similar (but not
equivalent) to that of the KL control formulation in [14]. In
particular, if (m,n) = (0,0), the transfer entropy cost (4)

becomes
ZT Elog Pr1UelXe)
t=1 pe41(Ut)
On the other hand, the KL control framework considers the
KL divergence cost of the form

ZT Elog fiet1 (U] Xy)

t=1 o1 (U] X¢)

where 7141 (ut|xt) is the conditional distribution specified by
a predefined “reference” policy. Unfortunately, this difference
renders (7) nonconvex as we will observe in Section IV-C.
Despite this disadvantage, we emphasize the importance of
studying TERMDP as it arises in some practical problems in
science and engineering as discussed in Section VI.

III. PRELIMINARIES

In this section, we summarize some technical results needed
to derive our main results in this paper.

A. Structure of the optimal solution

We first derive some important structural properties of the
optimal policy, which allow us to rewrite the main problem
(7) in a simpler form. The desired structural results can be
obtained by applying the dynamic programming principle to
(7). To this end, notice that (7) can be viewed as a T-stage
optimal control problem, in which the joint distribution p; is
the “state” of the system to be controlled by a multiplicative
control action ¢; via the state evolution equation (2). Introduce
the value function as

Vi (u(a®,uf71)) £
T
min Y {Be,(Xy,Up) + I(X[_,; UUZD . 9)

{a: ;:k t—k

The value function satisfies the Bellman equation

Vi (pe(at u™h) = min{ECt(Xt, U;)

qt

HIX s UIUEN) + Vi (e @ a) - (10)

for t =1,2,...,T, with the terminal condition

Vrgr (prga (27 ah)) = BT 4iep o (Xpga).

(1)

The next proposition summarizes key structural results.

Proposition 1: For the optimization problem (7) and its
dynamic programming formulation (9)—(11), the following
statements hold for each k =1,2,...,T.

(a) For each sequence of policies {q(usz?,u'=1)},,
there exists a sequence of policies of the form
{d(ug|zs,ul=}) YL, such that the value of the objective
function on the left hand side of (9) attained by {q,}7_,
is less than or equal to the value attained by {q:}_,.

(b) If the policy at time step k is of the form
g, (ug| g, uf~L), the identity I(XF_, ;U|USFY) =
I(X3; Ug|UE=}) holds.

(c) The value function Vi (us(z*,u*~1)) depends only on
the marginal distribution 1y, (g, uf~1).

Proof: See Appendix A. [

An implication of Proposition 1 (a) is that the search for
the optimal policy for the original TERMDP (7) can be
restricted to the class of policies of the form g (ug|z,, ul"t)
without loss of performance. Proposition 1 (b) implies that,
as far as the policy of the form g (uy|zs,u!”}) is used, the
problem remains equivalent even after the transfer entropy
term I, ,(X?T — UT) is replaced by the transfer entropy
of degree (0,n):

T
(X7 = UT) =3 H(XsU|USY).
Proposition 1 (c) implies that the distribution s (z;,u!"L),

rather than the original p; (2!, u'~1), suffices as the state of the
considered problem. This “reduced” state evolves according to

Mt+1(9€t+1» U§7n+1) =

>

Tt EXt Ut —n €Ut —n

Pet1 (g1 | e, we) ge (we| e, U,t::}l)ﬂt(xt; Uij)
(12)

Based on these observations, it can be seen that Problem 1
can be solved by solving the following simplified problem:

Problem 2: (Simplified TERMDP) Let the initial state
distribution p;(x1) and the state transition probability
Pry1(Xe41|xe, ur) be given, and assume that the joint distri-
bution 1, (¢, ul”L) is recursively given by (12). For a fixed
constant 8 > 0, the simplified TERMDP is the optimization
problem

min JXTH U + Bl o (XT - UT). (13)

{ae(uelzeuf - )},

Notice that Proposition 1 implies that a global minimizer
for (13) is a global minimizer for (7). With an appropriate
notion of local optimality, it can also be shown that a local
minimizer for (13) is also a local minimizer for (7), as detailed
in Appendix B. For this reason, in what follows, we will
develop an algorithm that solves the simplified TERMDP (13)
rather than the original TERMDP (7).



Proposition 1 implies that an optimal solution to both the
original and simplified TERMDP can be found by solving the
Bellman equation

Vi (e, ui=h)) = min{ Bey (X, U7)

qt

(X U |USZ)) + W+1(Mt+1($t+17u§—n+1))} (14)
with the state transition rule (12) and the terminal condition

Vi (pria(@rgn, wp_p ) = EX" ep g (Xrga). (15)

Notice that the Bellman equation (14) is simpler than the origi-
nal form (10). However, solving (14) remains computationally
challenging as the right hand side of (14) involves a nonconvex
optimization problem. In Section IV-C, we present a simple
numerical example demonstrating this nonconvexity.

B. Transfer entropy and directed information

In some applications (e.g., networked control systems, see
Section VI-A), we are interested in (7) with directed informa-
tion (m = oo and n = oc0), even though solving such a prob-
lem is often computationally intractable. In such applications,
approximating directed information with transfer entropy with
finite degrees is a natural idea. The next proposition describes
the consequence of such an approximation.

Proposition 2: For any fixed decision policy of the form
qr(ug|ze,ul =)L), t = 1,2,..., T, we have?

IO,n 2 IO,n—Q—l Z e Z IO,oo~

Proof: See Appendix C. [

The following chain of inequalities shows that the optimal
value of (13) with any finite n provides an upper bound on
the optimal value of (7) with (m,n) = (oo, c0).

min JXTTEUT) 4 Bl .00

{Qt(ut|xt7“t71)}f:1

= min J(XT+1,UT) +Bloooo (163)
{qt(ut\wt,ut‘l)}tT:l

= min J(XTHUT) 4 Bl oo (16b)
{Qt(ut\xm’ut*l)}f:l

< min J(XTHUT) 4+ Bl oo (16¢c)
{ae(uelzeulZ )Y,

< min J(XTJFI7 UT) + Blon- (16d)

- t—1
{ae(uelweuy =)}y

Equalities (16a) and (16b) follows from Proposition 1 (a) and
(b), respectively. The inequality (16c) is trivial since any policy
of the form gq;(us|xs, ui”L) is a special case of the policy of
the form q;(u¢|x¢,ut™1). The final inequality (16d) is due to

Proposition 2.

zlm,n is a short-hand notation for Im,n(XT — UT).

C. Rate-distortion theory and Arimoto-Blahut Algorithm
In the special case with T'=1,n =0, 8 =1 and c¢r41(-) =
0, the optimization problem (13) becomes

min Ec(X,U) + I(X;U)

q(ulx)

a7
where the probability distribution p(z) on X is given. In this
special case, the problem (17) is convex, and the solution is
well-known in the context of rate-distortion theory [28].
Proposition 3: A conditional distribution ¢*(u|z) is a global

minimizer for (17) if and only if it satisfies the following
condition p(x)-almost everywhere:

v*(u) exp {—c(z,u)}
weld v*(u)exp{—c(xz,u)}

Vi)=Y p)a(ule).

Proof: This result is standard and hence the proof is omitted.
See [29, Appendix A] and [30] for relevant discussions. m

(18a)

q"(ulz) = 5

(18b)

Condition (18) is required only p(z)-almost everywhere since
for = such that p(x) = 0, ¢*(u|x) can be chosen arbitrarily.
Commonly, the denominator in (18a) is called the partition
function:

P23 vt w)exp{—clzu)}

By substitution, it is easy to show that the optimal value of
(17) can be written in terms of v*(u) as

- erx p(x) log {Zueu v*(u) exp{—c(z, u)}} . (19)

or more compactly as EP(*){—1log ¢*(X)}. This quantity is
often referred to as free energy [6], [31].

The Arimoto-Blahut algorithm is an iterative algorithm to
compute ¢*(u|z) satisfying (18) numerically. It is based on
the alternating updates:

k k—1
) =3 pa)g® D (ul)
v®) (u) exp{—c(z, u)}

2 ueu v (u) exp{—c(z, u)}’
The algorithm is first proposed for the computation of channel
capacity [26] and for the computation of rate-distortion func-
tions [25]. Clearly, the optimal solution (¢*, v*) is a fixed point
of the algorithm (20). Under a mild assumption, convergence
of the algorithm is guaranteed; see [26], [32], [33]. The main
algorithm we propose in this paper to solve the simplified

TERMDP (13) can be thought of as a generalization of the
Arimoto-Blahut “rate-distortion algorithm.”

(20a)

¢ (ulz) =

(20b)

D. Block Coordinate Descent Algorithm

The Arimoto-Blahut algorithm can be viewed as a block
Coordinate Descent (BCD) algorithm applied to a special
class of objective functions. In this subsection, we summarize
elements of the BCD method and a version of its convergence
results that is relevant to our analysis. Consider the problem

min f(z) (21a)
st. e X=X xXox..xXpn (21b)



where the feasible set X is the Cartesian product of closed,
nonempty and convex subsets X; C R™ for ¢ = 1,2,..., N,
and the function f : R™**+"~ — R U {co} is continuously
differentiable on the sublevel set {z € X : f(z) < f(2(©)},
where (%) € X is a given initial point. We call 2* € X a
stationary point for (21) if it satisfies Vf(z*) T (y — 2*) > 0
for every y € X, where V f(z*) is the gradient of f at x*.
If f is convex, every stationary point is a global minimizer
of f. The BCD algorithm for (21) is defined by the following
cyclic update rule:

)

m(lk € argmin f(z1, mgkfl), - mg\]f*l)) (22a)
x1

(Eék) € arg min f(xgk),x27xék71), ...,xg\lffl)) (22b)
T2

zg\’;) € arg min f(:rgk),xék), ey TN ). (22¢)

TN

A number of sufficient conditions for the convergence of the
BCD algorithm are known in the literature (e.g., [33]-[35] and
references therein). For instance, if f is pseudoconvex and
has compact level sets, then every limit point of the sequence
{x(®)} generated by the BCD algorithm is a global minimizer
of f [35, Proposition 6]. This result can be applied to show
the global convergence of the Arimoto-Blahut algorithm (20),
simply by noticing that the objective function in (17) can be
written as a convex function of v and ¢ as

Z p(z)q(ulx) (c(x,u) + log

zeX, ucl

fnq) = q(U|3€))

v(u)

and that (20) is equivalent to the BCD update rule (22). In
the absence of the convexity assumption on f, it is typically
required that each coordinate-wise minimization is uniquely’
attained in order to guarantee that every limit point of the
BCD algorithm is a stationary point [34, Proposition 2.7.1].
Unfortunately, the generalized Arimoto-Blahut algorithm we
introduce in this paper for the TERMDP is a BCD algorithm
applied to a nonconvex objective function, and the uniqueness
of the coordinate-wise minimizer cannot be assumed. Thus,
none of the above results are applicable to prove the conver-
gence. Fortunately, the requirement of the uniqueness of the
coordinate-wise minimizer can be relaxed when N = 2 (two-
block BCD algorithms). The following result is due to [35,
Corollary 2] and [33, Theorem 4.2 (c)].

Lemma 1: Consider the problem (21) with N = 2, and
suppose that the sequence {x(*)} generated by the two-block
BCD algorithm (22) has limit points. Then, every limit point
x* of {x(*)} is a stationary point of the problem (21).

Lemma 1 is critical to obtain one of our main results
(Theorem 2) below.

IV. MAIN RESULTS

This section summarizes the main results (Theorems 1 and
2) of this paper. Derivations are deferred to Section V.

3The counterexample by Powell [36] with N = 3 shows that the lack of
uniqueness of the coordinate-wise minimizer can result in a BCD algorithm
with a limit point which is not a stationary point.

A. Necessary Optimality Condition

The first technical result states that a necessary optimality
condition for the simplified TERMDP (13) is given by the
nonlinear condition (23) in terms of (u*,v*, p*, ¢*, ¢*).

Theorem 1: If {¢;}., is a local minimizer for (13),
then there exist variables {uj, v}, p},¢;}{, satisfying
the set of nonlinear equations (23) together with the ini-
tial condition pj(x1) = pi1(x1) and the terminal condition
Gpir (@141, U iy) = exp{—cri1(zr41)}

The optimality condition (23) can be utilized to develop
a numerical algorithm to find an optimal solution candidate
to the simplified TERMDP (13). Unfortunately, it will soon
be shown that the optimality condition (23) is only necessary
in general. Since (23) is a nonlinear condition, it is possible
that (23) admits multiple distinct solutions, some of which
may correspond to local minima and saddle points of the
simplified TERMDP (13). Theorem 1 is closely related to the
previously obtained condition in [22] and [23]. Theorem 1
refines the results of [22] and [23] by incorporating the
underlying Makovian structure of the simplified TERMDP
(13).

B. Forward-Backward Arimoto-Blahut Algorithm

As the second contribution, we propose an iterative algo-
rithm to solve (23) numerically. To this end, we classify the
five equations into two groups. Equations (23a) and (23b) form
the first group (characterizing variables p* and v*), and equa-
tions (23c)-(23e) form the second group (characterizing vari-
ables p*, ¢*, and ¢*). Observe that if the variables (p*, ¢*, ¢*)
are known, then the first set of equations, which can be viewed
as the Kolmogorov forward equation, can be solved forward in
time to compute (p*, v*). Conversely, if the variables (u*, v*)
are known, then the second set of equations, which can be
viewed as the Bellman backward equation, can be solved
backward in time to compute (p*, ¢*, ¢*). Hence, to compute
these unknowns simultaneously, the following boot-strapping
method is natural: first, the forward computation is performed
using the current best guess of the second set of unknowns,
and then the backward computation is performed using the
updated guess of the first set of unknowns. The forward-
backward iteration is repeated sufficiently many times. The
proposed algorithm is summarized in Algorithm 1. Notice that
Algorithm 1 is a generalization of the standard Arimoto-Blahut
algorithm (20), which can be recovered as a special case with
T=1m=n=0and Cry4(-) =0.

Clearly, solutions of (23) are fixed points of Algorithm 1.
The second main result of this paper is stated as follows.

Theorem 2: For each initial condition (24), the sequence
¢'®) generated by Algorithm 1 has a limit point. Moreover,
every limit point ¢* satisfies (23).

Theorems 1 and 2 together imply that every limit point of
Algorithm 1 is an optimal solution candidate for TERMDP.
The following remarks clarify some limitations of our main
results, which require further analysis in future work.

Remark 1:

1) Since (23) is only a necessary optimality condition, a limit
point may not be a local minimum of the given TERMDP.
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T EXL
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Algorithm 1: Forward-Backward Arimoto-Blahut Algorithm
Initialize:
4\ (|, ul"E) > 0 for t = 1,2,..., T} (24)
¢T+1($T+17U%+17n) 2 exp{—crii (o)} for k=1,2, .., K;
for k =1,2,..., K (until convergence) do
// (Forward path);
fort=1,2,...,7T do
k k—1 1y (K -
i e ul_ ) = thex, Zut, . Pt @t |z, ue)a™ ™ (uglw, =) (2 uf =LY (252)
k k—1 k
v ulai=h) =30 al D e w Tl @l )); (25b)
// (Backward path);
fort=T,T—1,...,1 do
(k) t _ _ 1 (k) t . 26
Pt (xtaut—n)_ct(xtvut) Z Pey1(Terr|me, up) Og¢t+1(zt+1’ut—n+1)a (262)
Tpp1E€X 41
k k k
Bnuzh) =30 A =) exp { ol (@, ui_,) } (26b)
v(F) t—1 t
k v (uelug ", ) expy—pp (Tt up_y,)
o (uglz, ulZh) = <z>§k>(xiuii) }; (26¢)
Return qu)(ut|xt,u§ 5

Section IV-C below presents an example in which one of
the limit points is a saddle point.

2) Theorem 2 does not guarantee the existence of
limy o0 q(k’) (e.g., the sequence may oscillate between
distinct points). However, we were not able to construct
such a counterexample.

3) In the classical Arimoto-Blahut algorithm, there is a known
stopping criterion by which suboptimality of the iteration
is estimated effectively (e.g., [25, Fig. 3]). Currently, such
a stopping criterion is not known for Algorithm 1.

The number of arithmetic operations to perform a sin-
gle forward-backward path in Algorithm 1 is estimated as
O(T|X|?[U4|™*1). Notice that it is linear in T, grows expo-
nentially with n, and does not depend on m.

C. Nonconvexity

Due to the nonconvexity of the value functions in (14),
the optimality condition (23) is only necessary in general.
In fact, depending on the initial condition, Algorithm 1 can
converge to different stationary points corresponding to local
minima and saddle points of the considered TERMDP (13).
To demonstrate this, consider a simple problem instance of the
TERMDP (13) with T =2, n =0, X = {0,1}, U = {0,1},

0 if Ut = Tt
culws ur) = 1 ifu £z
t “t

for t = 1,2, and c3(x3) = 0. The initial state distribution is
assumed to be u1(x1 = 0) = p1(x; = 1) = 0.5, and the state
transitions are deterministic in that

1 if Ti41 = Ug

T T, Ut) = .
pt+1( t+1| ¢ t) {O if Tt41 #Ut.



To see that this problem has multiple distinct local minima,
we solve the Bellman equation (14) numerically by griding
the space of probability distributions. Specifically, at ¢ = 2,
the value function Va(uo(z2)) is computed by solving the
minimization

‘/Q(NQ(JCQ)) = min {ECQ(XQ,UQ)"—I(XQ,UQ)}

g2 (uzlz2)
Since pio(x2) is an element of a single-dimensional probability
simplex, it can be parameterized as po(xo = 0) = X and
pa(xe = 1) = 1 — X with A € [0,1]. For each fixed A, the
minimization above is solved by the standard Arimoto-Blahut
iteration:

A ) = D pa(a2)ast Y (ualwn)
z2€{0,1}
D)= Y 8 (u2) exp{—ca(w2,u2)}
uz€{0,1}
(k) _
qék)(u2|x2) _n (u2) exp{ 02($2,u2)}.

$ (22)

After the convergence, the value function is computed as

Va(pa(a2) = — Y pa(x2) log 63" (a2).
z2€{0,1}

Fig. 1 (Left) shows Va(ue(x2)) as a function of A. It is
clearly nonconvex. After V(ua(22)) is obtained, the Bellman
equation at time ¢ = 1 can be evaluated as

Vi(pa(21)) = (T{Llllf; {Ec1 (X1, Un)+1(X1; Ur)+Va(pa(22))}-

q1(u1l|wy) (27)
Due to the nonconvexity of Va(us(x2)), the objective function
in the minimization (27) is a nonconvex function of ¢ (u1|z1).
Fig. 1 (Right) shows the objective function in (27) plotted as
a function of ¢; parameterized by 6y and 6;:

q1(up = 0Jz; =0) = b

qi(up =1z =0)=1—6g
¢1(up =0z =1) =
( )

q1u1:1|x1:1 —1—01

Clearly, it is a nonconvex function, admitting two local minima
(A and C) and a saddle point (B). Each of them is a fixed point
of Algorithm 1.

V. DERIVATION OF MAIN RESULTS

This section provides technical details of the proofs of
Theorems 1 and 2.

A. Preparation

The first step is to rewrite the objective function in (13)
as an explicit function of ¢”. For each t = 1,2,....T, let
pi(z¢|ul=t) be the conditional distribution obtained from
ey, uli”l) whenever piy(ul=!) > 0. Define the conditional
distribution 14 by

vi(ugluf=},) Z£ cx qe (|, wy =) e (e |uf =) (28)

0.4
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Fig. 1. Left: The value function V5. Right: Contour plot of the objective

function Eci (z1,u1) +1(X1;U1) 4+ Va(pz(z2)) in (27) as a function of 6o
and 6. Stationary points A and B are local minima, whereas C is a saddle
point. Two sample trajectories of the proposed forward-backward Arimoto-
Blahut algorithm (Algorithm 1) started with different initial conditions are also
shown. It can be shown that A, B and C are all fixed points of Algorithm 1.

When 4 (ui=L) = 0, v; is defined to be the uniform distribu-
tion on U;. For each t = 1,2,...,T, we consider v; and ¢; as
elements of Euclidean spaces, i.e.,

€ RIUt—n>x-x|th] (29a)

(29b)

Vt(ut\u n)

(Ut|17t,ut n) € RIUt—nlx-x U [ x| Xe |

Since v; and ¢; are conditional probability distributions, they
are entry-wise non-negative (denoted by 1, > 0 and ¢; > 0)
and

S vilueuf=y) = 1Vul=) € Ui~ (30a)
uy €U
Z g (uelze, ul=l) = 1 V(2 ul=l) € Xy x ULZL. (30b)
us €U

Thus, the feasibility sets for v7 and ¢7 are

X, = {vT : (29a), (30a) and v; > 0 for every t = 1,2, ..., T};

X, = {q™ : (29b), (30b) and ¢; > 0 for every t = 1,2, ..., T}.

Using p, v and gy, the stage-wise cost in (13) can be written

as

(>

Eey (X, Up) + 1(Xy; U |U{Z))

PNEDD

oeCXuy_ €U,

X <log

T and
£ Eery1(Xr41)

for the final time step. Thus, the objective function in (13) is

Et(#m Vg, Qt)

fae (e, w0y~ 1 )i (| e, wf )

ar (uk| vk, U’;z:,ll)

Vk(uk|u2:711)

+cp (g, Uk))

fort=1,2,...,

lry1(pryr)

pr1(zrgr)ers1(Trar)
rr41€XT 11

T

fwhq") = thl C(pesve, ) +Lrpa(prsn). (B



Notice that we consider (31) as a function of v7 and ¢7,
which turns out to be convenient in order to view Algorithm 1
as a two-block BCD algorithm. Our problem is to minimize
F(wT,q") over X, x X, subject to the equality constraint
(28). However, the following result states that (28) will be
automatically satisfied by a coordinate-wise minimizer v” of
F(wT, q") for a fixed ¢7.

Lemma 2: [25, Theorem 4(b)] Let ¢7 € X4 be fixed. Then

min  f(v7, ") (32a)
st. v eX, (32b)
is a convex optimization problem with respect to 7, and an

optimal solution is given by (28).
Therefore, the simplified TERMDP (13) can be written as

min  f(v",¢") (33a)
st. vl e X, q" € X, (33b)

(Including the equality constraint (28) in (33) does not alter the
the optimal solution because of Lemma 2.) Notice that if ¢7* is
a local minimizer for (13), then there exists a vector v7* € X,
such that (v7*, ¢T*) is a local minimizer for (33). Moreover,
a local minimizer (v7*, ¢7*) is necessarily a coordinate-wise
local minimizer. By coordinate-wise convexity (which will be

shown below) of f(v1,¢"), we have:

v € argmin,rey, f(r',¢") (34a)

¢" € argmingrc . f(v",q"). (34b)

Therefore, (34) is a necessary condition for ¢7* to be a
local minimizer for the simplified TERMDP (13). In the next
subsection, we further show that (34) implies the condition
(23), which thus shows that (23) is a necessary optimality
condition for the simplified TERMDP (13). This argument
outlines the proof of Theorem 1, which will be detailed in
Section V-C.

B. Analysis of Algorithm 1
For the analysis of Algorithm 1, a key observation is that
it is the two-block BCD algorithm applied to (34):

T(k) ( T T(k 1))

14

(35a)
(35b)

=argmin,rcx f
gt = argmingrex f(v T(k),q ).

To prove that the backward path (26) is equivalent to the

coordinate-wise minimization (35b), we remark that the min-

imization problem (35b) can be viewed as an optimal control

problem with respect to the control actions ¢* = (q1, ..., qr).

The next lemma essentially shows that the backward path (26)

is solving (35b) by backward dynamic programming.
Lemma 3: Suppose

WP, P e x, .

k—1 k—1 k
((A )» ,(L(— 1)7q‘f’q7('+)1" ’qT))GXW

and {j;41}7_, is the sequence of probability measures gen-

erated by (" V.. q" Y gr o a) via (12). Let

(k) (k)

p(Tk), ¢+’ and g; ' be the parameters obtained by computing

(26) backward in time for ¢t = T,...,
T=TT—-1,..,

(a) The function

7. Then, for each
1, the following statements hold:

FO®, 0 gl

B S (k=1) o )y

7"'7q — 7QT7q7—+17"'ﬂqT

is convex in g > 0, and any global minimizer g

satisfies qu— qgﬁ) almost everywhere with respect to
fir (s Uz —5,).

(b) The cost-to-go function under the policy {qfk)}tT:
linear in g, :

T ® 4 ¢
Zt:T t(Mn ,qt )+ Lry1(pri1)

-y ¥ 1) log 6 (2 ul 7).

wTe;(TuT 1 eur- 1

pr (27, g

Proof: The proof is by backward induction. For the time
step 1', we have

k k) (k-1 k-1
f(Vi )7 Vg")aq( )7 7q”EF 1)aqT)
T L T—1
Y. > prlereiTer(urler,uzTy)
zreXr ol eul
T—1
ur|rr,up_,
X <log gr(urler, up )—i—p(k)(xT,ug_ )) -+ const. (36)
(k) T—1 "
vy (ur|up_,)
where k) 5% and ”d
pr, vp’,py an const.” do not depend on g¢r.

Convexity of (36) in gp is clear, as grloggr is a convex
function in gp. Moreover, minimization of (36) in terms of
gr has the same structure as the minimization problem (17)
in terms of g(u|z). Therefore, it follows from Proposition 3
that the minimizer ¢ for (36) is given by ¢7 = qéw) This
establishes (a) for the time step 7 = 7. The statement (b) for
7 = T can be directly shown by substituting the expression
of ¢{¥) given by (26¢) with t = T into (36):

{r(pr, V(Tk),q(T )+ b1 (prsr)

2.

er€Xrul_, eui_,

k _
) (urler, b L)

: <log e (up|uf )
> >

erE€XT up_, UL _,

— k
pr (e, w20V (urler, ulZ))

+ o (e, u%n)) (372)

(k)

.UT(IT’UT n)qT T_l)

(UT|xT’ Up_y

x (~log oy (er.ui =) (37b)

S Y wr(er,ufoh)log ¢ (ar,up L)
S 7

X Z () uT|xT,uT n) (37¢)

ur EUT

=1

To complete the proof, we show that if (b) holds for the
time step 7+ 1, then both (a) and (b) hold for the time step 7.
Since (b) is hypothesized for 7 + 1, using p(Tk), it is possible



to write
k k k—1 k—1 k k
f(Vt( )) V’g“)aq( )7 7Q7(— 1 )aqT7q7(—-|217"'7q§"))
Z Z Nr(ﬂfraUln)qr(urmnuiii)
T, €Xr ul

771,

1
X <1og W + o) (@, ul n)) + const. (38)
U’T n

ve (ur
(k) (k) “ »
where (., vr’, pr and “const.” do not depend on g..

Namely, (38) is convex in ¢,. Proposition 3 is applicable
once acai . . . (k)
gain to conclude that a minimizer coincides with ¢
almost everywhere with respect to . (z,, u::i) Hence, (a)
is established for the time step 7. The statement (b) for 7 can
be shown by a direct substitution. The details are similar to
(37). [

C. Proof of main results

Based on the observations so far, the main theorems in this
paper are established as follows.

Proof of Theorem 1: For a given {¢/}]_,, we define
{u}L., via (23a) and hence (23a) is automatically satisfied.
By Lemma 2, for any locally optimal solution {¢;}%_; to
(13), there exist variables {v;}~ ; satisfying (23b), such that
{vy,q; YL, is a locally optimal solution to (33). Since local
optimality implies coordinate-wise local optimality, for each
t=1,2,..,T, gf is a local minimizer of

fwiss

However Lemma 3 is applicable (with uTk) =yl for 7 =

V;:aq;"a"'7q;5k+17qtqu<—1v~~'7qik)~ (39)

1,...T, q$ ) = ¢ fort=1¢t+1,...,T and qgk g _ = ¢} for
7=1,...,t —1) to conclude that (39) is convex in ¢; > 0 and

hence

* . * * * * * *
g; € argmin f(v7, ..., v, qp, o Qa1 Qe Qp—15 oy Q1)

q+>0
Moreover, Lemma 3 (a) also implies that if the parameters
{p:,¢x}I_, are calculated by (23c)-(23d) backward in time,
then any global minimizer
5 41)

o : * * *
q; € argmin f(vy, ..., V3, @, ..

q+>0

* *
7Qt+1a qt, qtfla ..

satisfies
qo _ Vt* (ut|u§_i) exp {*Pf Lt ui—n)}
! o3 (mtvut n)

pe-almost everywhere. Hence (23e) must hold. u

Proof of Theorem 2: The fact that the sequence ¢(¥)
generated by Algorithm 1 has a limit point follows from the
fact that X is a compact set.

To show that every limit point of the sequence (v(¥), ¢(*))
generated by Algorithm 1 is a stationary point for (33), observe
that

(a) The update rule (25b) is equivalent to (35a); and

(b) The update rule (26¢) is equivalent to (35b).

The fact (a) follows from Lemma 2 and (b) follows from
Lemma 3. Therefore, Algorithm 1 is equivalent to the two-
block BCD algorithm to which Lemma 1 is applicable.

Finally, we claim that every stationary point for (33) satisfies
(23). To see this, notice that every stationary point (v7*, ¢7*)
is a coordinate-wise stationary point. Since f(vT,q7) is
coordinate-wise convex, (v1* ¢7*) is a coordinate-wise min-

imizer, i.e., (34) holds. By Lemma 2, conditions (23a) and

(23b) are necessary for (34a). By Lemma 3 (with uﬁ’“) = vl
forr =1,..,T,¢") = gt for7 = t+1,.., T and ¢"* V) = ¢
for 7 =1,...,t — 1), conditions (23c)-(23e) are necessary for
(34b). ]

VI. INTERPRETATIONS

In this section, we discuss two applications of TERMDP in
engineering and scientific contexts in which transfer entropy
plays central roles.

A. Networked Control Systems

The first application is the analysis of networked control
systems, where the sensor data is transmitted to the controller
over a rate-limited communication channel. Fig. 2 shows a
discrete-time, finite-horizon MDP setup in which a decision
policy must be realized by a joint design of encoder and
decoder, together with an appropriate codebook for discrete
noiseless channel. Most generally, assume that an encoder is a
stochastic kernel e;(w;|z?,w!~1) and a decoder is a stochastic
kernel d;(u¢|w?, u!=1). At each time step, a codeword w; is
chosen from a codebook W such that |W;| = 2%, We refer
to B = 23:1 R; as the rate of communication. The next
proposition claims that the rate of communication in Fig. 2 is
fundamentally lower bounded by the directed information.

Proposition 4: Let the encoder and the decoder be
any stochastic kernels of the form e;(w|zt, w?~!) and
di(ug|wt, u'~1). Then Rlog2 > I(XT — UT).

Proof: Note that

Rlog2= Z; Ry log?2
ZZ;lH(Wt)
>ZT H Wt\Wt_17Ut_1)
S
_Z Xt Wt Wt 1 Ut 1)
= [(XT — WT|uT-1).

HW WU ) —HW XS W Ut

The first inequality is due to the fact that entropy of a discrete
random variable cannot be greater than its log-cardinality.
Notice that a factor log 2 appears since we are using the natural
logarithm in this paper. The second inequality holds because
conditioning reduces entropy. The third inequality follows
since entropy is nonnegative. The last quantity is known as the
causally conditioned directed information [37]. The feedback
data-processing inequality [24]

IXT=-U") <1(x" > whu™)

is applicable to complete the proof. [
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Fig. 2. MDP over discrete noiseless channel.

Proposition 4 provides a fundamental performance limi-
tation of a communication system when both encoder and
decoder have full memories of the past. However, it is also
meaningful to consider restricted scenarios in which the en-
coder and decoder have limited memories. For instance:

(A) The encoder stochastic kernel is of the form e;(ws|zt_, )
and the decoder stochastic kernel is of the form
dt(ut\wt, uifn), or

(B) The encoder stochastic kernel is e;(w;|z!_, ,u'")) and
the decoder is a deterministic function u; = d;(w;). The
encoder has an access to the past control inputs u!"}
since they are predictable from the past w!”! because
the decoder is a deterministic map.

The next proposition shows that the transfer entropy of degree

(m,n) provides a tighter lower bound in these cases.

Proposition 5: Suppose that the encoder and the decoder
have structures specified by (A) or (B) above. Then

Rlog2 > I, o(XT = UT).
Proof:

By solving the TERMDP (7) with different 5 > 0, one can
draw a trade-off curve between J(XT+1 UT) and I(XT —
UT). Proposition 5 means that this trade-off curve shows a
fundamental limitation of the achievable control performance
under the given data rate.

The tightness of the lower bounds provided by Proposi-
tions 4 and 5 (i.e., whether it is possible to construct an
encoder-decoder pair such that the data rate matches its lower
bound while satisfying the desired control performance) is the
natural next question. In the LQG control setup, this question
has been studied in [38]—[41]. In these references, it is shown
that the conservativeness of the lower bound provided by
Proposition 4 is no greater than a small constant. Beyond the
LQG setting, the question is currently wide open.

See Appendix D. n

B. Maxwell’s demon

Maxwell’s demon is a physical device that can seemingly
violate the second law of thermodynamics, which turns out to
be a prototypical thought-experiment that connects statistical
physics and information theory [6]. One of the simplest
forms of Maxwell’s demon is a device called the Szilard
engine. Below, we introduce an application of TERMDP to
the analysis of the efficiency of a generalized Szilard engine
extracting work at a non-zero rate (in contrast to the common
assumption that the engine is operated infinitely slowly).

Consider a single-molecule gas trapped in a box (“engine”)
that is immersed in a thermal bath of temperature T (Fig. 3).

The state of the engine at time ¢ is represented by the position
and the velocity of the molecule, which is denoted by X; € X.
Assume that the state space is divided into finite cells so that
X is a finite set. Also, assume that the evolution of X; is
described by a discrete-time random process.

At each time step ¢ = 0,1,...,7 — 1, suppose that one of
the following three possible control actions U, can be applied:
(1) insert a weight-less barrier into the middle of the engine
box and move it to the left at a constant velocity v for a unit
time, (ii) insert a barrier into the middle of the box and move
it to the right at the velocity v for a unit time, or (iii) do
nothing. At the end of control actions, the barrier is removed
from the engine. We assume that the insertion and removal
of the barrier is frictionless and as such do not consume any
work. The sequence of operations is depicted in Fig. 3. Denote
by p(@ty1|®t, us) the transition probability from the state x;
to another state x;4; when control action u; is applied. By
Ec(X:,U;) we denote the expected work required to apply
control action u; at time ¢t when the state of the engine is
x;.* This quantity is negative if the controller is expected to
extract work from the engine. Work extraction occurs when
the gas molecule collides with the barrier and “pushes” it in
the direction of its movement.

Right before applying a control action U, suppose that
the controller makes (a possibly noisy) observation of the
engine state, and thus there is an information flow from X*
to Ut. For our discussion, there is no need to describe what
kind of sensing mechanism is involved in this step. However,
notice that if an error-free observation of the engine state
X, is performed, then the controller can choose a control
action such that Ec(X;, Uy) is always non-positive. (Consider
moving the barrier always to the opposite direction from the
position of the gas molecule.) At first glance, this seems to
imply that one can construct a device that is expected to
cyclically extract work from a single thermal bath, which is
a contradiction to the Kelvin-Planck statement of the second
law of thermodynamics.

It is now widely recognized that this paradox (Maxwell’s
demon) can be resolved by including the “memory” of the
controller into the picture. Recently, a generalized second law
is proposed by [10], in which transfer entropy plays a critical
role. Viewing the combined engine and memory system as
a Bayesian network comprised of X; and U; (see [10] for
details), and assuming that the free energy change of the
engine from ¢ = 0 to ¢t = T is zero (which is the case when the
above sequence of operations are repeated in a cyclic manner
with period T'), the generalized second law [10, equation (10)]
reads

T—1
> Ee(Xy,Uy) + kpTol (Xg = Ug 1) >0
t=0

(40)

where kp [J/K] is the Boltzmann constant. The above in-
equality shows that a positive amount of work is extractable
(i.e., the first term can be negative), but this is possible only
at the expense of the transfer entropy cost (the second term

“4Here, we do not provide a detailed model of the function c(z¢, ut). See for
instance [42] for a model of work extraction based on the Langevin equation.
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Fig. 3. Modified Szilard engine. The controller performs the following steps
in a unit time. (a) The controller makes (a possibly noisy) observation of the
state X of the engine. (b) One of the three possible control actions Uz (move
the barrier to the left or to the right, or do nothing) is applied. (c) At the end
of control action, the barrier is removed.

must be positive).> Given a fundamental law (40), a natural
question is how efficient the considered thermal engine can be
by optimally designing a control policy q(u|z!, ut=1). This
can be analyzed by minimizing the left hand side of (40),
which is precisely the TERMDP problem (7).

VII. NUMERICAL EXPERIMENT

In this section, we apply the proposed forward-backward
Arimoto-Blahut algorithm (Algorithm 1) to study how the
price of information affects the level of information-frugality,
which yields qualitatively different decision policies.

Consider a situation in which Alice, whose movements
are described by Markovian dynamics controlled by Bob,
is traveling through a maze shown in Fig. 4. Suppose that
Bob knows the geometry of the maze (including start and
goal locations), but observing Alice’s location is costly. We
model this problem as an MDP where the state X; is the cell
where Alice is located at time step ¢, and U, is a navigation
instruction given by Bob. The observation cost is characterized
by the transfer entropy. We assume five different instructions
are possible; u = N, E, S, W and R, corresponding to go
north, go east, go south, go west, and rest. The initial state is
the cell indicated by “S” in Fig. 4, and the motion of Alice is
described by a transition probability p(z;y1|xe, ue).

The transition probability is defined by the following rules.
At each cell, a transition to the indicated direction occurs
w.p. 0.8 if there is no wall in the indicated direction, while
transitions to any open directions (directions without walls)
occurs w.p. 0.05 each. With the remaining probability, Alice
stays in the same cell. If there is a wall in the indicated
direction, or v = R, then transition to each open direction
occurs w.p. 0.05, while Alice stays in the same cell with the
remaining probability.

5The consistency with the classical second law is maintained if one accepts
Landauer’s principle, which asserts that erasure of one bit of information from
any sort of memory device in an environment at temperature 7y [K] requires
at least kgTp log 2 [J] of work. See [43] for the further discussions.

At each time step t = 1,2,...,T, the state-dependent cost
is defined by c¢i(zy,ur) = 0 if 2, is already the target cell
indicated by “G” in Fig. 4, and c¢;(z¢,u;) = 1 otherwise.
The terminal cost is 0 if xpy; = G and 10000 otherwise.
We consider transfer entropy I, ,(X? — UT) to quantify
the price of information that Bob must acquire about Alice’s
location. With some nonnegative weight 3, the overall control
problem can be written as (7).

As shown in Fig. 4, there are two qualitatively different
paths from the origin to the target. The path A is shorter than
the path B, and hence Bob will try to navigate Alice along path
A when no information-theoretic cost is considered (i.e., 8 =
0). However, navigating Alice along the path A requires Bob
to have accurate information about Alice’s current location, as
this path is “risky” (there are many side roads with dead ends).
The path B is longer, but navigating through it is simpler;
rough knowledge about Alice’s location is sufficient to provide
correct instructions. Hence, it is expected that Bob would try to
navigate Alice through A when information is relatively cheap
(B is small), while he would choose B when information is
expensive (5 is large).

Fig. 6 shows the solutions to the considered problem.
Solutions are obtained by iterating Algorithm 1 sufficiently
many times in four different conditions. Each plot shows a
snapshot of the state probability distribution p;(x¢) at time
t = 25. Fig. 6 (a) is obtained under the setting that the cost
of information is high (8 = 10), the planning horizon is long
(T = 55), and the transfer entropy of degree (m,n) = (0,0)
is considered. Accordingly, a decision policy of the form
of qi(u¢|z,) is considered. It can be seen that with high
probability, the agent is navigated through the longer path.
In Fig. 6 (b), the cost of information is reduced (8 = 1)
while the other settings are kept the same. As expected, the
solution chooses the shorter path. Fig. 5 shows the time-
dependent information usage in (a) and (b); it shows that the
total information usage is greater in situation (b) than in (a).

We note that this simulation result is consistent with a
prior work [20], where similar numerical experiments were
conducted. Using Algorithm 1, we can further investigate the
nature of the problem. Fig. 6 (c) considers the same setting
as in (a) except that the planning horizon is shorter (1" = 45).
This result shows that the solution becomes qualitatively
different depending on how close the deadline is even if the
cost of information is the same. Finally, Fig. 6 (d) considers
the case where the transfer entropy has degree (m,n) = (0,1)
and the decision policy is of the form of q;(us|xs, wp—1).
Although the rest of simulation parameters are unchanged
from (a), we observe that the shorter path is chosen in this
case. This result demonstrates that the solution to (7) can be
qualitatively different depending on the considered degree of
transfer entropy costs.

VIII. SUMMARY AND FUTURE WORK

In this paper, we considered a mathematical framework of
transfer-entropy-regularized Markov Decision Process (TER-
MDP), which is motivated both in engineering (networked
control systems) and scientific (non-equilibrium thermody-
namics) contexts. We derived structural properties of the
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Fig. 6. State probability distribution p¢(z¢) at ¢ = 25.

optimal solution, and provided a necessary optimality con-
dition written as a set of coupled nonlinear equations. We
proposed an iterative numerical algorithm (forward-backward
Arimoto-Blahut algorithm) in which every limit point of the
generated sequence is guaranteed to be a stationary point of
the given TERMDP. By numerical simulation (information-
constrained maze navigation), it was demonstrated that the
proposed algorithm can be used to find an optimal solution
candidate.

The proposed algorithm has several limitations as sum-
marized in Remark 1, which must be addressed in future
work. Improvement of the convergence speed of the proposed
algorithm is also necessary for many applications. Finally, the
roles of transfer entropy in engineering and scientific applica-
tions (including networked control systems, non-equilibrium
thermodynamics and beyond) and implications of TERMDP
solutions studied in this paper need further investigation.
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APPENDIX
A. Proof of Proposition 1
Our proof is based on backward induction.

k=T: We prove (a) firstt For a given
policy qr (ug|xT uT=1), let Ar(xT ul) =
qr(ur|z?, v Hpur (@, uT=1) be the joint distribution

induced by qr. Notice that

)\T(xT,uT_l) = ,uT(xT,uT_l) 41

holds by construction. Let Ap(zr,uk ) and Ap(zr, ub—L)

n
be marginals of A7 (2, u”). Construct a new policy ¢/ as

A /\T<:CT5 ug—n)

T—l)

(42)
AT (J?T, Up_p

gr(urlor,up”y,)

if \p(z7,un"t) > 0, and as an arbitrary probability distribu-

tion on U7 if )\T(a:T,ugjb) =0. Let

Np(a®,u") £ gp(urler, up 2y )pr (2" w0 @3)
be the joint distribution induced by ¢%. Then, we have
Mr(er,up_p) = Np(er, up_y,), (44)
which can be directly verified as
Np (@, up_y,)
= Y drlurlerup T )ur( ") (450

zT—l
qunfl EZ/[T7"71

>

zT—leX’T—l
qunfl EZ/[T7H71

T—1

¢ (ur|ar, u;:}l))\T(mT7 u™1)  (45b)

= ¢r(ur|er, uf— ) Ar(wr, up )

= /\T(LCT, u%,n) (450)

where the equality (45a) holds by definition (43), (45b) by
(41), and (45c) by the construction (42). Now the Bellman
equation at k = T reads

Vi (ur (2t 1)) = r2111 JS(Ar) + JE ()



where

JE(Ar) = EA P11 (ep(Xp, Ur) + ep1(X741))
Jr (A1) = Dy (XF_p; Ur|UTZ).

To establish (a) for £k = T, it is sufficient to show that

JS(Ar) = JS(Ny) and JE(Ar) > JE(AL). The first equality
holds because of (44). To see the second inequality,

TEO\g) = Do (XE_ Up [UEZ)) (46a)
> In (X3 Ur|U7Z,) (46b)
= Iy, (XT; Ur|lUFZY) (46¢)
= Iy, (X713 Ur|ULZ))

+ Iy, (X7 Z s Ur|Xp, UFZY) - (46d)
= I, (X7 Ur|UL 7)) (46e)
= Jr(\7)- (460)

The equality (46¢) follows from (44). The second term in (46d)
is zero since Ur is independent of X%:}n given (X, UZT__}L)
by construction of M. in (43). Hence the statement (a) is
established for k = T.

The statement (b) follows immediately from the above
discussion. To establish (c), notice that due to (a), we can
assume the optimal policy of the form qT(uT\xT,ugjl)
without loss of generality. Hence, due to (b), the Bellman
equation at k = 7T can be written as

Ve(ur(@™ u™) = min {10 UrUTZ))
ar (ur |z ul L)
+ Ecp(Xp,Ur) + ECT+1(XT+1)}.
Since the last expression depends on pur(z?,uT1)

only through its marginal pr(zr,un")), we conclude
that Vr(ur(xT,uT~1)) is a function of the marginal
wr(zr, u?_n) only. This establishes (¢) for k = T.

k = t: Next, we assume (a), (b) and (c) hold for k£ = ¢+ 1.
To establish (a), (b) and (c) for k£ = ¢, notice that under the
induction hypothesis, we can assume without loss of generality
that policies for £k = t + 1,¢t + 2,...,T are of the form
qr.(ug|zg, uf~L), and that the value function at k = ¢ + 1
depends only on fu;41 (2441, u)_, ;). With a slight abuse of
notation, the latter fact is written as

Vt+1(Mt+1($t+1>Ut)) =

Thus, the Bellman equation at k¥ = ¢ can be written as
Vt (ut(l't,util)) —

X s UL + Vet (e @0 )} 4)

Vit (o1 (Tes1,0f_pyy1)).

min
qe(uelzt ut=1)

{]Ect(Xt, U,)

Now, using the similar construction to the case for £ = T, one
can show that for every q;(us|a?,u?~1), there exists a policy
of the form ¢} (u¢ |2+, ut—L) such that the value of the objective
function in the right hand side of (47) attained by ¢; is less
than or equal to the value attained by ¢;. This observation
establishes (a) for k = t. Statements (b) and (c) for £k = ¢
follows similarly.

B. Local minima of simplified TERMDP

Let ¢ = {q(u¢|ot, ul~ 1)}T | be a given policy. We say that
the joint distribution \(z7', u”') is induced by q if it is defined
as

T
Hq w2’ u (@ me—1, up—1)
t=1

with the initial time condition p(x1|xg,ug) = w(x1). As in
the proof of Proposition 1, we construct a new policy ¢ =
{d (uelae, wi =)}y from A(a™,u™) by

)‘(wt’ U’l{: n)

/ t—1
q (Ut\xt u ) =
v )‘(xtaui 11'L)

for each t = 1,2,...,T. For simplicity of the analysis, we
assume that (27, uT) satisfies the following condition:
Assumption 1: For each t = 1,2,...,T and (z;,ul"}) €
Xy x UZ}, we have A(zy,ul”)) > 0.
Although this assumption is somewhat restrictive, it is valid
when, for instance, the transition probability p(x|xi—1,ur—1)
and the policy q(u¢|r!,u'~1) assign a nonzero probability
mass to each element of X; and U, respectively. Denote by
N (zT,uT) the joint distribution induced by ¢/, i.e

N(zT ul) = “p(@e| w1, ui-1)

P(we|w_1,ui1). 48)

We write the construction of ¢’ from ¢ via the procedure
above as ¢ = m(q), where 7 Q — Q' is a map-
ping from the space Q of general policies of the form
{q(ug|zt,ut =)}, to the space Q' of simplified policies of
the form {q(us|xs, ui=1)}L_,. Notice that Q' C Q.

We first show that 7 is a continuous mapping with respect
to an appropriate metric on Q. Suppose ¢ € Q and ¢ € Q are
given policies, and let A and A be joint distributions induced
by ¢ and g, respectively. We define a metric ||§ — §|| as the ¢;
distance between X and \:

la—als >

T eXT uTeuT

AT, uT) = AT, uT)|.  (49)

Claim 1: Suppose ¢ € Q and g € Q satisfy Assumption 1.
For every € > 0, there exists 6 > 0 such that

(@) <e

Proof:  Let X and )\ be joint distributions induced by
7 =7(7) and ¢ = w(q), respectlvely NOthC that ||g—¢|| <6
means that - yr g7 AT, uT) — AzT,uT)| < 6, which
implies that

17— qll <6 = [=(a)

Ay, ut )| < & and
)‘(It’ut n)| <.

‘S‘(Ita ui—n) -
‘/_\(xta U‘]tt:'}L) -
Since (48) shows that X' (z7,u”) for each (z7,uT) € AT x
UT is a rational function of A(x;,u! ) and A(x;, ul"}), and



a rational function is continuous in the domain of strictly pos-
itive denominators, for each ¢ > 0 and (27, u”) € X7 x U7,
there exists ¢ > 0 such that ||§ — || < ¢ implies

€

N N(@T uh)| < s
Y, u") = X" ") <
which further implies
Im(q) = (@) = lg" — 7'l
= Y, Wehd") = N@E" )
zTexT uTeuT
€
< Z | XT[[UT|
zTexT uTeuT
=e.
[ ]

The next claim shows that 7 leaves an element of Q' invariant.
Claim 2: Suppose ¢ € Q' and the induced joint distribution
A satisfies Assumption 1. Then 7(q) = q.

Proof: By definition,
t
A(',u') = H (I(Uk\xk,u];z:,ll)p(kafhuk71)-
k=1
Therefore,

t
Moo uf_,) = Y T aCurlar, wp =) p(enlzr—1, uk—1)

stlext—1 k=1
wt—n—lyt—n—1

WD

wt_IEXt_l

t—1
x > I aCunlzr, uf =t p(enlzn—1, we—1)

yt—n—1 Gutfnfl k=1
(50)

(Ut|$mut plae]ze—1,up—1)

and

)\(l'tauzts }L) - Z )‘(mtaui—n)
ut €U

pt—lext—1

X Z H q(ug|zr, ub =D )p(eg|er—1, up—1).

wt—-n—leyt—n—1 k=1

p(mtkctflvutfl)

(51)
Let ¢ = 7(q). Then, from (50) and (51), we have
_ Mg, uf_,,) _
Nuglag, ul 7Ly = 22l — |y, ul L),
q' (ue|e, uy—p,) R q(uelwe, ug—y,)
Therefore, m(q) = q. n

We are now ready to prove the following proposition stating
that a local minimum for the simplified TERMDP (13) is a
local minimum for the original TERMDP (7). For a given
policy ¢ € Q, denote by

flg) = J(XTHLUT) + Bl n (X7 = UT)

the value of the TERMDP (7). By Proposition 1, it also follows
that if ¢ € Q’, then f(q) is equal to the value of the simplified
TERMDP (13), i.e.,

flg)=J(XTT U + Bl o (XT = UT).

1 €9

is a local minimizer for the

Proposition 6: Suppose ¢* = {q* (us|z;, ul=})}E

satisfies Assumption 1. If ¢*

simplified TERMDP (13), i.e.,

(a) there exists € > 0 such that f(g
q € Q with ||¢ — ¢*| <e.

Then, ¢* is a local minimizer for the original TERMDP (7),

ie.,

(b) there exists § > 0 such that f(g*)
q € Q with |l¢ — ¢*|| < ¢.

Proof: Pick a constant ¢ > 0 such that the condition (a)

holds. By continuity of 7 (Claim 1), there exists a constant

0 > 0 such that

*) < f(¢) holds for all

< f(q) holds for all

7€ 9 lg—q" | <d=|n(q) —q'l <e (52)

Here, we have used the fact that 7(¢*) = ¢* (Claim 2).
To complete the proof by contradiction, suppose the nega-
tion of the condition (b) holds:

(—b) for every § > 0, there exists ¢ € Q such that ||g—q*|| <

and f(q) < f(q").
Now, pick a policy ¢ € Q such that ||§ — ¢*|| < § and

(@) < f(q").

If we write ¢ 2 7(q) € ', it also follows from (52) that

(53)

1 —a"|l <e. (54)
By Proposition 1, (53) implies that
(@) < f@) < fa). (55)

However, (54) and (55) contradict (a). Therefore, the condition
(b) must hold. ™

C. Proof of Proposition 2

For each n’ > n,
T
T T\ _
I() n’ (X —U ) = Zt:l
= Z H(Ut|Xt7 Utt—n’)

=Zﬂﬂw¢m— UL).

In the last step, we used the fact that H(X|Y, Z) = H(X|Y)
holds when X and Z are conditionally independent given
Y. By the structure of q;(u¢|zs, ul” n) U, and (X, U7}

is conditionally independent of U}~ s, . Now,

I(X:: UH|U{Z,0)
Ut 1)

H(Uy| Xy,

To.n (XT—>UT)—

_Z U ULy —

t—n'
since entropy never increases by conditioning.

Iy n/+1(XT — UT)
H(UU/ZY 1)) =0



D. Proof of Proposition 5

For eacht =1,2,...,T, we have

= I(X{_; We, Ui|U{Zy)

= I(X] o UUZ ) + T(X[ s Wi|UE_)
> I(X)_ UUZ).

The first equality is due to the particular structure of the
decoder specified by (A) or (B). Thus

T
Do X WHU[Z) 2 T (XT = UT).

The proof of Proposition 5 is complete by noticing the
following chain of inequalities.

[1]
[2]

[3

[t}

[4]

[6]
[7]
[8]

[9

—

[10]
[11]
[12]

[13]

[14]

[15]

[16]
[17]

[18]

T
R10g2zzt_1 Rt 10g2
T
Zztle(Wt)
T
Zzt:1H(Wt‘Wt71’U§:rll)
T
>, HWUZ) - HWA X, UiZy)
= r t . t—1
7Zt:1[(Xt—m7 Wt|Ut_n).
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