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Abstract: Timely status updates are critical in remote control systems such as autonomous driving
and the industrial Internet of Things, where timeliness requirements are usually context dependent.
Accordingly, the Urgency of Information (Uol) has been proposed beyond the well-known Age of
Information (Aol) by further including context-aware weights which indicate whether the monitored
process is in an emergency. However, the optimal updating and scheduling strategies in terms of Uol
remain open. In this paper, we propose a Uol-optimal updating policy for timely status information
with resource constraint. We first formulate the problem in a constrained Markov decision process
and prove that the Uol-optimal policy has a threshold structure. When the context-aware weights
are known, we propose a numerical method based on linear programming. When the weights are
unknown, we further design a reinforcement learning (RL)-based scheduling policy. The simulation
reveals that the threshold of the Uol-optimal policy increases as the resource constraint tightens. In
addition, the Uol-optimal policy outperforms the Aol-optimal policy in terms of average squared
estimation error, and the proposed RL-based updating policy achieves a near-optimal performance
without the advanced knowledge of the system model.

Keywords: age of information; constrained Markov decision process; reinforcement learning; context-
awareness; timely status updates

1. Introduction

With the development of 5G and the Internet of Things (IoT), requirements for wireless
communication have shifted from merely providing communication channels to covering
the entire process of various IoT applications, e.g., autonomous vehicle [1] and virtual
reality (VR) [2], where sensing, communication, computation, and control form a closed
loop. Therefore, in addition to the communication delay;, it is necessary to consider the
information delay counted from the generation of the state information to the execution,
namely the timeliness of information. For this purpose, Age of Information (Aol) has
been proposed, which is defined as the time elapsed since the generation time of the latest
received packets [3]. Due to its concise definition and clear physical meaning, Aol has been
widely used for the design of scheduling and updating policies in remote estimation [4—6]
and wireless communication networks [7-12]. Most existing works focus on optimizing
average Aol or peak age. In [13], the authors claim that minimizing average age cannot
satisfy the requirements for ultra-reliable low-latency communication (URLLC) and study
the tail distribution of Aol. The violation probability for peak age is derived in [14] and the
stationary distribution of Aol is studied in [15].

Nevertheless, the Aol still has some limitations. First, it fails to measure the nonlinear
performance degradation caused by information staleness. In [16-19], nonlinear age penalty
functions were introduced to solve this problem. Meanwhile, the Age of Synchronization
(AoS) [20] and Age of Incorrect Information (Aoll) [21] are defined to associate information
freshness with the content of information. AoS is the time elapsed since the information at
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the receiver becomes desynchronized with the actual status of the monitored process. Aoll
is defined as the product of an increasing time penalty function and a penalty function
of the estimation error. In addition, the status of heterogeneous data sources may change
at different rates. A fast-changing process may require information with a lower age.
However, age is independent of the changing rate and thus is not proper in the cases when
heterogeneous data sources are jointly considered. To solve this problem, weighted age
was introduced in [22,23] to distinguish important monitored processes. In [24], the metric
based on information theory is proposed as a replacement of the time-based metric, Aol,
to characterize the changing rate. In [5], the authors claim that minimizing age is not
equivalent to minimizing the estimation error in a remote estimation problem and propose
an effective age to solve this problem [25].

Practical systems (e.g., V2X-communication systems) may have different requirements
for information freshness with different contexts. The context refers to all environmental
factors that affect the requirement for information freshness. Therefore, resources should
be reserved for frequent status updates in emergency to ensure safety.

However, the timeliness metrics mentioned above pay no attention to the significance
of context information. To solve this problem, Urgency of Information (Uol) has been
proposed in [26-28] to measure the influence of inaccurate information on performance
under different contexts. To be specific, Uol uses a time-variant context-aware weight w(t)
to distinguish different contexts. A higher w(t) indicates that the system is in more urgent
situations (e.g., when a vehicle is approaching an intersection or overtaking) and therefore
requires frequent updates. For example, when a vehicle passes through an intersection,
the context-aware weight increases as the distance between the vehicle and the center of
the intersection decreases. Meanwhile, the estimation error Q(f) is introduced to measure
the information inaccuracy, which is defined as the difference between the actual status
and the estimated status at the receiver. The larger the absolute value of Q(t) is, the less
accurate the estimated status is. Therefore, Uol is defined as the product of context-aware
weight and a cost function of the estimation error Q(t):

F(t) = w(t)3(Q(H))- ©)
In discrete-time systems, the estimation error Q(t) is:
=1
Q(t) = Z A(T)/ )
T=g(t)

where g(t) is the generation time of the latest status update at the receiver and A(t) is
the increment in estimation error in time slot ¢. Specifically, if the context-aware weight
is time-invariant (i.e., w(t) = 1), and A(t) = 1 as well as 6(Q(t)) = Q(#), Uol is the same
as Aol. If the context-aware weight is process-dependent, Uol can represent weighted
age. If the cost function 6(Q(t)) is nonlinear, Uol can represent the nonlinear age penalty
function. For example, when the outdated information is worthless, e.g., the information
is about sales that expire after some time [29], then the shifted unit step cost function
0(Q(t)) = u(Q(t) — 1), T > 0is recommended. For the unit step function, u(x) = 1 when
x > 0 and otherwise u(x) = 0.

In this work, we considered a single-user remote monitoring system, and the objective
was to find an updating policy minimizing the average Uol over time under the constraint
on average update frequency. To solve this problem, Refs. [27,30] proposed update-index-
based adaptive schemes with Lyapunov optimization but did not conduct a theoretical
analysis of their optimality. In addition, the constrained Markov decision process (CMDP)
formulation was only used in the simulation for a numerically solved benchmark. Based on
the existing works, in this paper, we theoretically analyzed the structure of the Uol-optimal
policy and focused on how to derive an updating policy in an unknown environment.

The main contributions of this paper are summarized as follows.
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* In contrast to [27,30], we assumed that the context-aware weight is a first-order irre-
ducible positive recurrent Markov process or independent and identically distributed
(ii.d.) over time. We formulated the updating problem as a CMDP problem and
proved the single threshold structure of the Uol-optimal policy. We then derived the
policy through LP with the threshold structure and discussed the conditions that the
monitored process needs to satisfy for the threshold structure.

*  When the distributions of the context-aware weight and the increment in estimation
error were unknown, we used model-based RL method to learn the state transitions
of the whole system and derive a near-optimal RL-based updating policy.

e  Simulations were conducted to verify the theoretical analysis of the threshold structure
and show the near-optimal performance of the RL-based updating policy. The results
indicate that: (i) the update thresholds decrease when the maximum average update
frequency becomes large; (ii) the update threshold for emergency can actually be larger
than that for ordinary states when the probability of transferring from emergency to
ordinary states tends to 1.

The rest of this paper is organized as follows. The system model and the problem
formulation are described in Section 2. In Section 3, we obtain the CMDP formulation of
the problem with the given distribution of context-aware weight and prove the threshold
structure of the Uol-optimal policy. The proposed model-based RL updating policy is
obtained in Section 4. In Section 5, the simulation results are shown and discussed while
the conclusions are drawn in Section 6.

2. System Model and Problem Formulation

In this paper, we considered a remote monitoring system, in which a fusion center
collects the status information (e.g., current location, velocity, information of surrounding)
from a vehicle of interest via a wireless channel with limited resources, as shown in Figure 1.
The whole system is considered as a discrete-time system and the status can be generated
at will. Due to the limitations on the wireless resources and energy supply, there is a
constraint on the average update frequency of the vehicle. The update decision in time slot
tis denoted by U(t) € {0,1}, where U(t) = 1 means that the vehicle decides to transmit
the current status to the center, and U(t) = 0 denotes that the vehicle decides to stay idle.

The wireless channel is assumed as a block fading channel with successful transmis-
sion probability ps. Let S(t) € {0, 1} be the state of the channel. S(t) = 0 represents that
the channel is in deep fading, and no packet can be successfully transmitted. S(f) = 1
means the packets can be successfully transmitted to the center through the channel. If the
center receives an update, then U(#)S(t) = 1 and an ACK will be sent to the vehicle.

Let x(t) and £(t) denote the current status of the monitored vehicle and the estimated
status of the vehicle at the center, and Q(t) = x(t) — £(¢) denotes the estimation error.
Similar to [26], we further assume that the time period of a packet transmission is less than
a time slot and the estimation at the center equals the latest status information received
by the center. This estimation scheme is easy to implement, theoretically tractable and
has been proven to be an optimal policy that can minimize the average squared error
of status estimation in a remote estimation system under energy constraints when the
monitored process is a Wiener process [31]. Then, the recurrence relation of the estimation
error Q(t) is:

Qt+1) = (1 - U(£)S(£))Q(t) + A(h). ®)

Equation (3) indicates that the estimation error will be the amount of variation of the
monitored process from the generation time of the latest received status to the current time.
The increment A(t) represents the variation of the monitored process. For example, when
A(t) follows a Gaussian distribution with a mean of zero and variance of ¢, represented
by N(0,0?), the monitored status follows a Wiener process. When A(t) takes values
from {0,1, —1} with a probability of {1 — 2p,w, Prw, Prw}, where 0 < pyp < %, then the
status of the monitored source will be a one-dimensional random walk. In this paper, we
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assumed that the monitored status of the vehicle is a Wiener process and A(t) isi.i.d. over
time. However, the increment in estimation error during a single slot cannot be infinite in
practical systems. Therefore, in contrast to [27,30], we assumed that increment A(t) obeys
a truncated Gaussian distribution, i.e., the probability density function (PDF) of A(t) is:

so(")
o) ol 5

fA(t)(a) = 4)

where y and ¢ are the expectation and standard deviation of increment A(t). ¢ and ® are
the PDF and the cumulative distribution function (CDF) of standard normal distribution.
We also assumed A(t) € [—Auin, Amax), Amax = Amin > 0and p = 0.

= — Status Update = =
A pd Vehicle of _-="7 R Fusion Center n

A ~~ Feedback Interest 4=~~~ A A

- e =
()

Figure 1. Remote control and monitoring model. The vehicle of interest is shown in red.

Meanwhile, the scheduling policy of information updates should also be related to the
situation and environment of the system. For example, when the system is in an emergency,
it should be very sensitive to the accuracy and the delay of the status information, thus
the status should be updated more frequently. Therefore, our objective is to find a policy
telling the vehicle whether to transmit status information or not in each slot for a minimum
average Uol over time under the constraint:

1 [r=2
min limsup —E [ ) w(t)Q(t)Z]

U(t) T T

- 5)
1 T=1
s.t.limsup — Y E[U(t)] <p,
T—o0 =0

where w(t) > 0 is the context-aware weight, which is independent with Q(t). p € (0,1] is
the maximum average update frequency. The cost function of the estimation error used
here is 6(Q(t)) = (Q(t))?, which is inspired by the squared error of status estimation.

3. Scheduling with CMDP-Based Approach

In this section, we start by formulating problem (5) into a constrained Markov decision
process (CMDP) with assumptions on the distribution of the context-aware weight. We will
prove the threshold structure of the Uol-optimal updating policy and derive the optimal
policy through a linear programming (LP) formulation.

3.1. Constrained Markov Decision Process Formulation

In the remote monitoring system, the context may be related to the distance between
adjacent vehicles/mobile devices, the unexpected maneuver of the neighboring vehicles,
etc. In [32], the authors prove that whether the distance between two mobile wireless
devices with Ornstein—Uhlenbeck mobility is less than a certain threshold follows a first-
order Markov process. When the two devices are closer, they are more interested in
each other’s status information, communication and computing resources to facilitate
cooperation, share resources, and avoid collisions. At this time, the transmission of status
information is more urgent than when the two devices are far apart. As for the unexpected
maneuver of the neighboring vehicles, it is very challenging to find a proper formulation.
Instead, we assumed that such emergencies occur independently in each slot according
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to a certain probability. Therefore, in contrast to [27,30], we assumed that the context-
aware weight w(t) is ii.d. over time or a first-order irreducible positive recurrent Markov
process and formulated the problem (5) as a CMDP problem. The irreducible positive
recurrent Markov formulation guarantees the existence of the Uol-optimal policy (see
Appendix A). In this section, we will first focus on the situation where w(t) is a first-order
Markov process:

e State space: The state of the vehicle in slot ¢, denoted by s(t) = (Q(t), w(t)), includes
the current estimation error and the context-aware weight. Then, we discretize Q(t)
with the step size Ag > 0, ie., the estimation error
Q) e Q = {0,£Ag £2Aq, -, £nAg,---}. For example, when
Q(t) € [nAg — %AQ, nAg + %AQ), its value will be taken as nAg. The smaller the
step size A, the smaller the performance degradation caused by discretization. In
addition, the value set of the context-aware weight is denoted by W. Then, the state
space S = {Q x W} is thus countable but infinite.

e Action space: At each slot, the vehicle can take two actions, namely U(t) € U = {0,1},
where U(t) = 1 denotes the vehicle deciding to transmit updates in slot t and U(t) = 0
denotes the vehicle deciding to wait.

e Probability transfer function: After taking action U at state s = (Q,w), the next
state is denoted by s’ = (Q',w’). When the vehicle decides not to transmit or the
transmission fails, the probability of the estimation error transferring from Q to Q'
is written as Pr{Q’ — Q = a} = p,. Due to the discretization of the estimation error,
the increment a € A = {0, £Aq, £2Aq, -+, +An}, where Ay = [ 5 |Ag > 0. In

addition, p, = Fa(a+ 3Ag) — Fa(a — 1Ag), where F(a) is the CDF of increment
A(t). In addition, the probability of the context-aware weight transferring from w to
w' is written as Pr{w — @'} = pr. Based on the assumption that the context-aware
weight w(t) is independent with the estimation error Q(#), then the probability of the
state transferring from s = (Q, w) to s’ = (Q', w') given action U is:

Pr{s — s'|U} = Pr{(Q,w) — (Q',w")|U}
_ {wa/PQ’—Q U =0, ©)
Pwaw (1 — pS)pQLQ + PsPQuo) ,Uu=1.

®  One-step cost: The cost caused by taking action U in state (Q, w) is

C(Q w,U) = w@?, @)
while the one-step updating penalty only depends on the chosen action:
D(Q,w,U) = U. ®)

The average cost caused under a certain policy 7 is the average Uol, which is defined
as C™ and the average updating penalty under 7 is defined as D”. We aimed to find
the Uol-optimal policy which minimizes the average cost under the resources constraint.
Therefore, problem (5) can be formulated into the following CMDP problem:

T

Z £), U(t))

Y. D(Q £),U(t))

t=1

mgn Ccr hm IE

©)

+. D" = li E
s Tglc}o T




Entropy 2021, 23, 1084

6 of 21

3.2. Threshold Structure of the Optimal Policy

We start from some basic definitions in [33] and show the properties of problem (9).

Definition 1. A stationary deterministic policy is a policy that takes the same action whenever in
a given state s = (Q, w), while a stationary randomized policy chooses to update or not in state s
with a certain probability.

Theorem 1. There exists an optimal stationary randomized policy for problem (9). The optimal
policy is a probabilistic combination of two stationary deterministic policies. The two deterministic
policies only differ on at most one state and each policy minimizes the unconstrained cost in (10)
with a different Lagrange multiplier A:

T
Z £),U(t)) +AD(Q(t), w(t), U(t))] |- (10)

/\—hm IE

Proof of Theorem 1. The proof is shown in Appendix A. O

We denote the optimal policy that minimizes the unconstrained cost in (10) with a
given A by 77* and the cost obtained under policy 77* by L7, namely LT = min, LY. Then,
there exists a differential cost function V(Q, w) that satisfies the Bellman Equation [34]:

V(Q,w)+ LF = min {C(Q, w,1) +AD(Q,w,1)

Anl
+(1=ps) Y, Pow Z paV(Q+a,0) +ps Y Powr Y, PaV(a,&),
w'eWw a=—A w'eW a=—Apn
AWI
C(Q,w,0) + Z P! Z paV(Q—}—a,a)’)}. (11)
w'eWw a=—Ap

To solve problem (5), we first prove that with a given A, the optimal stationary
deterministic policy 7t* has a threshold structure. We then introduce a discounted problem
with a discount factor « and the discounted cost starting from state (Q, w) under a certain

policy 7 is:
T
Jo(Qw) = lim Ex | ), a[C(Q(H), w(t), U(t)
t=0
FAD(Q(1), w (1), U())] 1 (Q(0) = Qw(0) = w) . (12)

Denote the minimum cost starting from state (Q, w) by V,(Q, w) = miny [, »(Q, w).
Then, we have:

AI’U
V,X(Q,w):min{C(Q,w,l)—i—)tD(Q,w,l)—i—(l—ps)tx Y Pow Y. PaVa(Q+a,w)
w'eW a=—Apn
Am
+pse Z Pww’ Z PuVa(ﬂ/W/)/C(Q,W,O)
w'eW a=—Apn
AWI
) Paw ) PaVa(Q+”'“")}' (13)
w'eW a=—An

Define A(Q,w) as the difference between the value functions by taking the two
different actions U = 0, 1, meaning that:
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Am
AMQw)=C(Quw,0)+a Y puw Y. PaVa(Q+aw)
w'eW a=—Amn
Am
—C(Qw,1) =AD(Q w,1) = ps Y, Proc Z paVa(a, o)
w'eW =—An
—(1=ps)& ) Pow Z paVa(Q+a,w')
w'eW a=—Apy
Am
=pst Y Pow Y, Pa{Va(Q+a,w') —Va(a,w')} —A. (14)
w'eW a=—An

k
18

(Q,

w) =

Define ZA’" . PaVa(Q +a,w) as a function fo(Q, w). Then we will prove that for
VIQ1] < Q2] we have fa(Q1,w) < fu(Qz,w). To this end, we first prove the following
Lemma 1.

Lemma 1. For a given discount factor « and a fixed context-aware weight w, the value function
for Q equals the value function for —Q, namely:

Va(Q w) = Va(-Q w).

Proof of Lemma 1. The Lemma is proven by induction. Define V (Q w) as the Value func-

tion obtained after the k™" iteration. Assume that for YQ, we have: vk (Q, ) = A (—Q, w).
If actlon U is taken in the k™ iteration, then the expected discounted cost is defined as

I (Q w). Therefore, V, k+1)(Q w) = miny ]a(j’?[(Q,aJ). We have:

Am
C(Q,(U,O)‘I‘“ Z pww’ Z pﬂ (Q+ﬂ(&7)
w'eW a=—Am
Am K
Pra Y pow Y, paVi)(-Q-a,w)
w'eW a=—Ap
Cx(-Qw0) 40 ¥ puw ¥ paV (04 a0) = [(-Qw). (13)
w'eW a=—Amn

Similarly, we can further prove that | D(‘kl) (Quw)= u(ckl) (—Q, w). Notice that the value
function obtained in (k + 1)™ iteration is obtained by: V(kJrl (Q,w) = miny J akL)I(Q (u)
and for any actlon U ]“u(Q, w) = k (—Q,w) Thus, V (k+1) (Q w) = kH)( Q,w).B
letting k — oo, vk (Q w) = Vo (Q, w) Hence, V,(Q,w) = Vo (—Q,w). O

Lemma 2. For a given discount factor a and a fixed context-aware weight w, function f,(Q, w) for
Q increases monotonically with the absolute value of Q, namely: for V|Q1| < |Qz|, fa(Q1, w) <

ftx(QZ/w)'

Proof of Lemma 2. Using the induction method, we first assume that for V|Q1| < |Qz|, we
have f,,gk> (Q1,w) < f,,gk) (Qa, w). Therefore:
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(k) S
IIX,O (Ql/ ) (Ql/w O +u Z Pww' Z PaVa (Ql +a, W)
w'eWw —Ap
_ 2 (k) /
=wQ7 +a Z wa’fa (Ql/w )
w'eW
C(Q2w,0) +0 Y puwfi (Q2 )
w'eW
= 18(Q2, w). (16)

Similarly, we can obtain ](Efl)(erw) < ]i{tl)(Qz,w). Meanwhile, V, ,ka (Quw) =

mmu] (Q w), then we have V,X(kH) (Qw) < V,X(kﬂ) (Q2,w), for V|Q1| < |Qaz]. Ob-
V1ously, 1f we want to use induction to complete the proof of Lemma 2, we have to prove
that: f,X(kH) (Qw) < fékH) (Q2,w), for V|Q1| < |Qz|. To simplify the proof, it is assumed
that Qp > Qg > 0. The discussion will be divided into the following three situations.

e When A, < |Q1], then |Qq + 4| < |Q2 + 4|, for Va € [— Ay, Am], we can derive that:

An
0w Z paVIE(Q1 + 0, 0)
=
ATn
< Y pVi(@raw) = 1V (Q ). (17)
a=—Anp

e When A, > |Qa, there exists an increment a’ € A’ = {ala € [~ A, —3(Q1 + Q2)},

such that |Q; + a'l > |Qy+4|,and V(k+1 (Q1+4d, ') > V(kJrl (Q2 +4',w'). Notice
that —Q; —a’ € (5(Q2 — Q1), Aw — Q1] and Qs +a € [~Ap + Qa, Am + Qa], then
P_0,— a/,QZV(kH)(—Ql - a’,w) is a term in the summation fogkﬂ)(Qz,w), namely
ZA*” A, paVa(Q + a,w). Similarly, p_o, 0, V,X(kH)(—Qz —d',w) is a term in the
summation fa (Q ,w). We further define A” = {ala = —Qy — Q, — a’}, since
~Qi-Q—a' € (~3(Qi+ Q) An— Q1 — Qo] then A N A" = &
Furthermore, the probability of the estimation error transferring from Q; to —Qy — @/,
ie, p_g,—a—Q, €quals p_g, _u_q,, the probability of the estimation error transferring
from Q; to —Q; —a’. Since —a’ € (3(Q1 + Q2), A, then |a'| > | — Q1 — Qy — a'|.
According to our assumption of the increment, we can prove that for any 2’ € A/,
Par < P—Q,-Q,—a'- Then, we can derive:

fogk+1)(Q1/w) kaFl (QZ/ )
= Z paVa(kH)(Ql +a,w)+ Z puVo((k+1)(Q1 +a,w)

ac A/

ac A"

— Y VIV (@t a,0) = Y paViE(Q 4 a,0) + M(Q1,Q2)

ac A

ac A"

= Y pafViE Q1 +a,0) = VEV(Qy +a,w)}

ac A/

+ Y o000 a V(@ + a,0) = VETV(Q1 + a,0) ) + M(Q1, Q)

ac A/

= (pa

ac A/

10,0, ) {VI(Q1 + 8,0) = VETV(Qa +a,w0)} + M(Q1,Q2) <0, (18)

where M(Q1, Q) = Loz pa( Vi (Q1 +a,0) = V(@ +40,0) ) <o
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e When|Qy| > Ay > |Q1], sincea’ € [—Au, —2(Q1 + Q2)), we only need to consider
the case when A,, > %(Ql + Qy), in this case —Q1 —a’ > %(Qz —Q1)>Q— Ay
Therefore, p_q, a0, V,,Ekﬂ) (—Q1 — d’,w) is a term in the summation f,,gkﬂ) (Q2,w).
Similarly, we can also prove thatf,,EkH)(Ql,w) < f,ﬁkﬂ) (Qz, w) when |Qa| > Ay > Q1]
According to Lemma 1, the conclusions above can be easily generalized to the cases

without the condition Q, > Q; > 0. Finally, by letting k — oo, V,,fkﬂ) (Q,w) = Vu(Q w),

therefore: f,,gkﬂ)(Q,w) — fa(Q,w). Hence: f4(Q1,w) < fa(Qz,w). O

Remark 1. Lemma 2 holds when f4(a), i.e., the PDF of increment A(t) satisfies the following
conditions:

*  fa(a) = fa(—a),u=0;

*  falap) < fa(ar),Vay > a; > 0.

Then, with Lemmas 1 and 2, we can prove the threshold structure of the optimal
stationary deterministic policy which minimizes LY in (10).

Theorem 2. For a given A, the optimal stationary deterministic policy which minimizes LY in (10)
has a threshold structure when the context-aware weight is a first-order irreducible positive recurrent
Markov process.

Proof of Theorem 2. Let s}(Q,w) denote the optimal action which minimizes the dis-
counted cost V,(Q, w) at state (Q, w). If the optimal action s (Q, w) = 1, then the vehicle
will transmit its status update to the center at state (Q, w) and A(Q, w) > 0. Thus, we have:

Anl
AMQw)=pst Y Pww Y, Pa{Va(Q+a ) —Vi(a,w)}—A>0. (19)
w'eW a=—Ap

According to Lemma 2, for any |Q’| > |Q|, A(Q’,w) can be lower bounded by

Am

AMQ w)=psat Y Pow Y, Pa{Va(Q +a,0") = Va(a,w')} —A
w'eWw a=—Ap
Anl
>psa Y Pow Y. Pa{Va(Q4a,0") = Va(a,w')} —A>0. (20)
w'eW a=—Apy

If A(Q,w) > 0, then for any states with |Q’| > |Q|, the optimal policy is to transmit
the status to the center. If A(Q,w) < 0, then for any states with |Q’| < |Q|, the optimal
action is not to transmit. In addition, the optimal policy will not be choosing to wait in all
the slots. Therefore, for each context-aware weight w, there must be a threshold 7, > 0.
For any state (Q, w) with |Q| > 1, the optimal choice is to transmit the status update. We
can then conclude that for a given weight w, the optimal policy with a discount factor «
has a threshold structure.

Let {le,txz,~ .. ,ak} denote a sequence of discount factors and wp converges to 1
when k — co. Then, the optimal deterministic policy for « = 1 will also converge to the
optimal policy with a discount factor which is less than 1 [35]. Similar derivation is also
applied in [12]. Therefore, we can prove the threshold structure of the optimal stationary
deterministic policy which minimizes LY. [

Similarly, when the context-aware weight is i.i.d. over time, we can obtain the follow-
ing theorem:

Theorem 3. For a given A, the optimal stationary deterministic policy which minimizes LY in (10)
has a threshold structure when the context-aware weight is i.i.d. over time. The thresholds are the
same for each state of the context-aware weight.
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Proof of Theorem 3. If the context-aware weight is i.i.d. over time, then we have:

Am

AMQw)=ps Y po Y, Pa{Va(Q+ad)—Vi(aw')} —A=A(Q), (21)

w'eW a=—Ap

where p,, is the probability of the value of the context-aware weight being in state w.
Therefore, in this case, the state will be reduced to one dimension and the thresholds will
be the same for all the states of the context-aware weight. [

According to Theorems 2 and 3, we proved the threshold structure of the two sta-
tionary deterministic policies that compose the Uol-optimal policy. Since the Uol-optimal
policy for problem (9) is a probabilistic combination of two deterministic policies with
threshold structures, we can finally draw the conclusion that the Uol-optimal policy also
has a threshold structure.

3.3. Numerical Solution of Optimal Strategy

Based on Theorem 2, we only need to consider the policy that chooses to update
with a probability of 1 in state (Q, w), for V|Q| > Qmax = maxy Tw. Let g, denote the
probability that the state of the vehicle is (Q, w). ¥, denotes the probability that the state
is (Q, w) and the vehicle chooses to transmit an update. Therefore, we have:

Theorem 4. When the context-aware weight is a first-order irreducible positive recurrent Markov
process, the Uol-optimal policy can be derived by solving the following LP problem:

QmaX
{(hpw VoWt =arg min Y Y wQgu, (22a)
{HQ,wr]/Qlw} weW Q=—0max
Qmax
st. Y. Y uow=1 (22b)
wWEW Q=—0max
Qmax
Y. XL vow<sp (220)
weWw Q:7Qmax
Yow < HQuw VQ,w, (22d)
0 = erw < 1’0 < VQ,w < 1/ vQ/ w, (228)

Qmax

How= Y. Y. Y0owPsPoPww
w'eW Qlimeax

Qmax

+ Z Z (,uQ/,w’ _yQ/,w’pS)pQ’prww/' (22f)
w'eW Q/:meax

Proof of Theorem 4. We first derive the average Uol C™ as a function of g, and yq -
The vehicle is in state (Q, w) and produces a cost of C(Q, w, u) = wQ? with a probability
of g - Therefore, the average Uol is:

Qmax
Y Y wQigw. (23)
wEW Q=—Qmax

As for the constraints, (22b) means that the sum of the probabilities of all the states
should be 1. To explain (22c), we note that yg , is the probability of the vehicle being
in state (Q,w) and choosing to transmit the update, then the expectation of a one-step
updating penalty for state (Q, w) in (8) is yt(y ., Therefore, the constraint on average update
frequency D' can be illustrated by
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QmﬁX
Y Y moe<e (24)
weW Q=—Qmax

Then, we introduce g, € [0,1] to represent that the probability of the vehicle
choosing to transmit updates in state (Q, w) and (22d) can be obtained by the fact that
Y0,w = HQwb0,w, While (22¢) is derived by the nature of probability.

The right-hand side of (22f) can be viewed as two terms. The first term is the sum of
transition probability from all the states to state (Q, w) when the vehicle chooses to update
and the transmission of status is successful. The second term is the sum of transition
probability from all the states to state (Q, w) when the transmission is failed or the vehicle
chooses to wait. Therefore, we can prove that the optimal solution of problem (5) equals
the solution of the LP problem. [

When w(t) is i.i.d. over time, we can also obtain the Uol-optimal policy through the
LP problem proposed in Theorem 4 and only need to use p,, as a replacement of p,,.

4. Scheduling in Unknown Contexts

To make decisions, the Uol-optimal updating policy obtained in Section 3 still needs
the distributions of the context-aware weight w(t), the increment A(f) and the successful
transmission probability, which may not be available in advance or may change over time
in most practical systems. To solve this problem, we will assume that the distribution of the
context-aware weight is not pre-determined and the vehicle has to learn it. In this section,
we use the reinforcement learning (RL) algorithm to learn the dynamic of the context and
the characteristic of the wireless channel.

To solve this problem, we turn to the model-based RL framework proposed in [36].
We only consider the cases when the Uol-optimal policy has a threshold structure. This
assumption makes the optimal policy based on the truncated state space equal the optimal
policy of the original problem.

We use the 3-tuple (s,s’, U) to formulate the proposed RL-based updating policy. The
states in the current slot and next slot are denoted by s and s/, respectively. U denotes
the action chosen in the current slot. The settings of the discretized state space and the
action space are the same as the settings proposed in Section 3.1. The smaller the step size
used in the discretization is, the closer our results are to those in continuous state space.
In addition, the selection of the step size only affects the accuracy of the update threshold.
Therefore, the performance loss caused by discretization can be reduced by choosing a
smaller step size.

We display details about the proposed RL-based updating policy in Algorithm 1. At
the beginning of episode k, we randomly decide whether to explore or exploit. I € [0, 1]
represents the trade-off between exploration and exploitation during the following episode.
A larger | means a higher frequency of exploration and vice versa. If the algorithm chooses
to explore during this episode, a random policy 77,,,,4(s) will be used, i.e., we randomly
choose to update or not in each state to find more valuable actions. If the algorithm chooses
to exploit, then we have to obtain the probability transfer functions i (s’[s, U) for each
state transmission pair. In Algorithm 1, N(s,U) and N(s,U,s’) represent the number
of occurrences of state—action pair s, U and state transition from s to s’ given action U,
respectively. Based on the assumption that the optimal policy has a threshold structure, the
policy 71(k) which can minimize the average Uol with the estimated probability transfer
functions, can be directly solved through the LP problem proposed in Theorem 4. Then,
the vehicle will use policy 7y to derive state-action pairs and the state transitions in the
following [Ly| slots. Here, L > 0 is defined to control the number of state transitions
observed in each episode. At the end of each episode, the model will be updated according
to the state—action pairs and the state transitions observed during the episode. Finally,



Entropy 2021, 23, 1084 12 of 21

after K episodes, the algorithm will output the RL-based updating policy 7t*(s), which is
derived based on fg(s'|s, U).

Algorithm 1 RL-based Updating Policy
Input: / € [0,1],L > 0,K >0
1: forepisodesk =1,2,...,Kdo
2: Set L, = LVk, € = 1/Vk, uniformly draw « € [0, 1].

3 if & < ¢ then
4 Set ﬂk(S) = nrand(s)/
5: else
6: for each state s,s’ € Sand U € U do
7 if N(s,U) > 0 then
8 Let pr(s’|s,U) = N(s,U,s")/N(s,u),
9: else
10: pr(s’ls, U) =1/]S|.
11: end if
12: end for
13: obtain policy 71x(s) by solving the estimated CMDP
14: end if
15: Randomly choose an initial state s(1).
16: forslotst =1,2,...,[Ly] —1do
17: Choose action U (t) as 7 (s(t)).
18: Observe the next state s(t + 1).
19: N(s(t),U(t),s(t+1)) = N(s(t), U(t),s(t+1))+1.
20: N(s(t),U(t)) = N(s(t),U(t)) + 1.
21: s(t) < s(t+1).
22: end for
23: end for
24: obtain policy 77*(s) by solving the estimated CMDP based on fi(s'[s, U),s,s’ € S,U €

U.
Output: output the RL-based updating policy 77*(s)

5. Simulation Results and Discussion
5.1. Simulation Setup

To facilitate the simulation, we consider the case where the context-aware weight of
the vehicle only has two different states: the 'normal’ state and "urgent’ state. The normal’
state means that the vehicle is in ordinary situations and the significance of accuracy of
status information is relatively low. We set w(f) as 1 in 'normal’ state while w(t) is set as a
constant much larger than 1, we, in ‘urgent’ state to show that the vehicle is in emergencies.
Two different distributions of the context-aware weight are taken into consideration to
conform to the assumptions about w(t) used in Section 3.1:

1. The context-aware weight w(t) has the first-order Markov property. The state tran-
sition diagram of w(t) is shown in Figure 2 and w(t) is irreducible and positive
recurrent. pj is the probability of the context-aware weight transferring from the
normal state to the urgent state, while p; is the probability of the weight transferring
from the urgent state to the normal state;

2. The context-aware weight w(t) is i.i.d. over time. The probability of the weight being
in the urgent state and the normal state are denoted by p;, and p;, respectively.

As for the increment A(t), Ayay is set to a large enough positive number to simplify
the simulations.
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Figure 2. The state transition diagram of w(#).

5.2. Numerical Results

Figure 3 shows the structure of the Uol-optimal updating policy. For the discretization
of the estimation error, the step size used is 1. It can be seen that under the two different
distributions of the context-aware weight mentioned above, the optimal updating policies
all have threshold structures. Especially when the context-aware weight is i.i.d. over
time, Figure 3b shows that thresholds for all the states of the context-aware weight are
the same, which matches well with theoretical analysis. From Figure 3¢, we can find that
the Uol-optimal policy also has threshold structure when increment A(t) obeys a uniform
distribution Unif(—3,3), which verifies Remark 1. We then simulate the Uol-optimal
policy under the contexts with more states to show the policy is generic. We consider a
three-state context-aware weight which takes value from w1 = 1, wp = 50, w3 = 100. The
state transition matrix Ps of the three-state context-aware weight is:

0.997 0.002 0.001
Py= (002 097 001 ], (25)
02 01 07

where the j-th element on the i-th row indicates the probability that the context transfers
from state w; to state w;. The numerical results (Figure 3d) show that when the context-
aware weight has more states, the Uol-optimal policy still has a threshold structure, which
verifies our theoretical results.

100

+—+—+—+—+6cco—+—+—+—+—+—+—+— »310()!!!!! < ——+—+—+—
+  update = +  update
O wait e O wait
%  update with pmbubﬂuyfw g * updulewnhrn'ohahllltyEQ_J
++4+++%x0000000000 + + + + + ¥ 11+++++00000000 %+ + + + + 1
=
= 2 =
{()W‘ ()‘.()87.. ‘ (3 5().# ().‘4723 ‘
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(@) (b)
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10 0 ° 10 10 5 0 5 10
Estimation Error 0 Estimation Error Q
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Figure 3. Threshold structure of the Uol-optimal updating policy when: (a) the context-aware weight is a first-order
Markov process, p = 0.05,p; = 0.001, p; = 0.01,ps = 0.9,0> = 1,w, = 100; (b) the context-aware weight is i.i.d. over
time, p = 0.05, p; = 0.999, p;, = 0.001, ps = 0.9, 02 = 1,w, = 100; (c) the context-aware weight is a first order Markov
process, p = 0.05,p; = 0.001,p, = 0.01,ps = 0.9,w, = 100, increment in the estimation error during one slot, i.e.,
A(t) ~ Unif(—3,3), for Vt; and (d) the context-aware weight is a three-state first-order Markov process, which takes value
from wi =1, wp = 50, w3 = 100 and evolves according to the state transition matrix P;, p = 0.05, ps = 0.9, o2 =1.
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Then, we will focus on the results obtained when the context-aware weight is a
first-order irreducible positive recurrent Markov process, as shown in Figure 2. Figure 4
shows the average Uol of the Uol-optimal policy, the Aol-optimal policy derived by CMDP,
the RL-based updating policy, and the update-index-based adaptive scheme [27]. In the
RL-based updating policy, L = 8000, ! = 1 and K = 50. All the numerical results of the
RL-based policy are averaged over 100 runs.

First of all, the Uol-optimal policy can only be obtained based on advanced information
about the system dynamics. However, the RL-based policy achieves near-optimal without
knowing the system dynamics, which indicates that Algorithm 1 learns relatively accurate
probability transfer functions from the observed state—action pairs and state transitions
during the training.

Secondly, according to Figure 4, the Aol-optimal policy yields a much higher Uol than
the three Uol-based policies, namely the Uol-optimal policy, the RL-based updating policy,
and the update-index-based adaptive scheme. On the one hand, Aol is one special case
of Uol. When the context-aware weight w(t) = 1, the increment A(t) = 1, and the cost
function 6(Q(t)) = Q(t), then Uol equals Aol. Therefore, the Aol-optimal policy ignores
the fact that different contexts have different requirements for information freshness. In
the proposed Uol-based updating policies, different contexts have different policies and
update thresholds, while the Aol-optimal updating policies for different contexts are the
same. On the other hand, Figure 5 reveals that the Aol-optimal policy leads to a much
higher estimation error, which results in worse performance in terms of Uol. The Aol-
optimal policy is an oblivious policy, which is independent of the monitored process. Since
Aol increases linearly with time, the Aol-optimal policy can only minimize the linear
performance degradation in terms of time. However, the Uol-based policies (the cost
function 5(Q(t)) = (Q(t))?) considered in this paper are process-dependent, which are
called non-oblivious policies, and can benefit from both age and process realization [37].
These policies can directly minimize the nonlinear impact exerted by information staleness
and the gap between the actual status and the estimated status.

Thirdly, our updating policies outperform the update-index-based adaptive
scheme [27] in terms of Uol. Under the adaptive scheme, the vehicle will derive an update
index as a function of the current estimation error and the context-aware weight for the next
slot. If the index is larger than the adaptive update threshold, then the vehicle is supposed
to transmit its status information to the center. If the vehicle transmits an update in slot ¢,
then the adaptive threshold will increase in the next slot; otherwise, the adaptive threshold
will decrease. The adaptive scheme will cause an overuse of the resource in ‘urgent’ states
and lead to the fact that the vehicles cannot receive resources in ‘normal’ states. However,
the Uol-optimal policy and the trained RL-updating policy are fixed schemes, which can
avoid the extremely unbalanced resource allocation between the two contexts and achieve
better performance.

Figure 6 shows the influence of the maximum average update frequency p and the
context weight for emergency, w,, on update threshold of Uol-optimal policy. In order to
obtain more accurate results, the step size used here is 0.25. The solid curves show update
thresholds for the normal state while the dashed curves show update thresholds for the
urgent state. When the constraint on update resources is strict, the update thresholds fall
faster. Furthermore, a larger w, results in a lower update threshold for the urgent state and
a higher threshold for the normal state. This phenomenon indicates that the value of w,
means the tolerance of estimation error in the emergency. When p < 0.1, the influence of
we on the update threshold for the normal state is larger than the urgent state. For the cases
where the maximum average update frequency is relatively large, w, has little effect on
update thresholds for both normal state and urgent state.

Figure 7 shows that the update thresholds also depend on the dynamic of context-
aware weight when the weight has first-order Markov property. When p, is approaching
1 — py, the gap between update thresholds for the urgent state and the normal state becomes
smaller for the context-aware weight which tends to be i.i.d. over time. When p; =1, the
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update threshold for the urgent state exceeds the threshold for the normal state. Therefore,
the update threshold for the urgent state is not necessarily lower than the update threshold
for the normal state.

26 I I ===@== Uol-optimal
s R[_-based Updating Policy
24 Update-index-based Adaptive Policy [27]
Aol-optimal
— 22 T
>
O 20 7]
1Y)
<
518 1
>
< 16 1
14 7
1 2 | T L S =, J

0.05 0.15 0.25 0.35 045 055 065 0.75 0.85 0951
update frequency p

Figure 4. Average Uol of the Uol-optimal updating policy, the RL-based updating policy, the
update-index-based adaptive scheme [27], and the Aol-optimal updating policy when p; = 0.001,
pa = 0.01,ps = 0.9,0% = 1,w, = 100.

—_
o

sl Uo]-0ptimal, ps:0.9
e A O]-Optimal, ps:0.9
Uol-optimal, ps=0. 7

e AOI-Optimal, ps:O. 7

Average Squared Estimation Error

0.05 0.15 0.25 0.35 045 055 0.65 0.75 0.85 0951
update frequency p

Figure 5. Average squared estimation error of the Uol-optimal updating policy and the Aol-optimal
updating policy when p; = 0.001, p, = 0.01,02 = 1,w, = 100.
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Figure 6. Update thresholds of the Uol-optimal updating policy with different values of w. when
p1 = 0.001,py = 0.01,ps = 09,02 = 1.
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Figure 7. Update thresholds of the Uol-optimal updating policy with different values of p, when
p1 = 0.01,ps = 0.9,0% = 1,w, = 100.

Figure 8 shows the performance of the RL-based updating policy with different values
of L. According to Algorithm 1, the number of state transitions observed in episode
k is [Lv/k]. Therefore, L denotes the number of state transitions observed during the
whole learning process. Generally speaking, a larger L reduces the randomness of the
performance and achieves a better Uol. The performance of the RL-based updating policy
depends on the accuracy of the model obtained through training, namely whether the
estimated probability transfer function of the system is accurate. A larger L means that the
algorithm can collect more data or state transitions and obtain a more accurate model.

Figure 9 shows the influence of the number of episodes, i.e., K, on the performance
of the RL-based updating policy. A larger K leads to a lower average Uol and smaller
randomness over 100 runs. On the one hand, the more episodes and the more data
the algorithm observes, the more accurate the model obtained will be and the better the
performance of the updating policy will be. On the other hand, the value of K is the number
of iterations for the policy obtained through the estimated CMDP. The policy 7 (s) used in
episode k is derived based on the state—action pairs and the state transitions observed in
the previous k — 1 episodes. Therefore, more frequent iterations of the updating policy can
obtain more valuable state—action pairs and better performance.
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Figure 8. Average Uol of the RL-based updating policy with different values of L when
p1 = 0.001, pp = 0.01,0% = 1,w, = 100.
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Figure 9. Average Uol of the RL-based updating policy with different values of K when
p1 = 0.001, pp = 0.01,0% = 1,w, = 100.

6. Conclusions

In this work, we studied how to minimize the performance degradation caused by
outdated information in terms of Uol, which is a new metric jointly considering context and
information freshness. We proved that the Uol-optimal updating policy for the considered
single-user remote monitoring system has a single threshold structure. Then, the policy
was obtained through linear programming by assuming that the state transition probability
of the system is known in advance. In unknown contexts, we further used a reinforcement
learning algorithm to learn the dynamics of the system. Simulations verified the threshold
structure of the Uol-optimal policies and showed that the update thresholds decrease as
the maximum average update frequency increases. In addition, a larger context-aware
weight in emergencies resulted in a lower update threshold for urgent states. However,
since the state transition probability also influenced the update thresholds, the update
threshold for emergencies was not necessarily higher than the update threshold for normal
states, especially when the probability of transferring from urgent states to normal states
tended towards 1. Furthermore, the numerical results showed that the proposed RL-based
updating policy achieved a near-optimal performance without advanced knowledge of the
system model.
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In fact, determining the context-aware weight in practical systems, where the models
of the context are often very complicated and difficult to obtain in advance, remains open.
As for future work, we plan to use deep RL algorithms to learn the models of the context
variation. We believe that Uol can provide a new performance metric for information
timeliness measurement in the future V2X scenario. In addition, we believe the proposed
Uol metric and the context-aware scheduling policy can shed some light on low-latency
and ultra-reliable wireless communication in the future 5G/6G systems.
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Abbreviations

The following abbreviations are used in this manuscript:

Aol Age of Information

Aoll Age of Incorrect Information

AoS Age of Synchronization

CDF Cumulative Distribution Function

CMDP  Constrained Markov Decision Process
CoUD  Cost of Update Delay

iid. Independent and Identically Distributed

IoT Internet of Things

LP Linear Programming

PDF Probability Density Function

RL Reinforcement Learning

Uol Urgency of Information

URLLC  Ultra-Reliable Low-Latency Communication
VR Virtual Reality

V2Xx Vehicle to Everything

Appendix A. Proof of Theorem 1

Given a state s = (Q,w) € S and a nonempty subset of the state space, G C S,
let R(s,G) denote the class of policies 8 such that the probability P?(s(t) € G for some
t > 1]s(0) = s) = 1 and the expected time m; g (0) of the first passage from s to G under
policy 6 is finite. Then, let R*(s, G) denote the class of policies 6 such that the expected
average Uol ¢, () and the expected transmission cost ds i () of the first passage from s to
G are finite and 6 € R (s, G). To prove Theorem 1, we then introduce Assumptions A1-A5
in [33]:

Assumption Al. For all b > 0, the set G(b) = {s|there exists an action U such that
C(s,U)+ D(s,U) < b} is finite.

Assumption A2. There exists a stationary deterministic policy 7t that induces a Markov chain
with the following properties: the state space consists of a single (nonempty) positive recurrent class
R™ and a set T™ of transient states such that T € R*(s,R™), for any s € T™, and both the average
UoI C™ and the average transmission cost D™ on R™ are finite.
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Assumption A3. Given any two states s,s' € Sand s # s', there exists a policy 7t (a function of
sand s') such that T € R*(s,{s'}).

Assumption A4. If a stationary deterministic policy has at least one positive recurrent state, then
it has a single positive recurrent class, and this class contains the state (Q, w) with Q = 0.

Assumption A5. There exists a policy 7t such that the average Uol C™ < oo and average trans-
mission cost D™ < p.

Furthermore, the problem (9) has the following property:

Lemma A1l. Assumptions A1-A5 hold for problem (9).

Proof of Lemma Al. First of all, we focus on the cases where the context-aware weight is
assumed as a first-order irreducible positive recurrent Markov process:

Assumption Al: In this problem, C(s, U) is the Uol at state s, namely C(Q, w, U) =
w@Q?. D(s,U) is 1if the vehicle chooses to transmit its status and D(s, U) is 0 otherwise,
namely D(Q, w, U) = U. Therefore, Assumption A1 holds, for any b > 0, the number
of states (Q, w) with wQ? < b is finite.

Assumption A2: Due to the current high-level wireless communication technology, we
reasonably assumed that the successful transmission probability ps is relatively close
to 1. Based on the assumptions mentioned above, the Markov chain of context-aware
weight obviously satisfies Assumption A2. Define the probability of the context-aware
weight transferring from w to ' in k steps for the first time as P,, .. Then, we
consider the policy 7(Q,w) = 1 for all (Q,w) € S, namely this policy chooses to
transmit in all the states.

Since the evolution of the context-aware weight is independent with the evolution
of the estimation error and the updating policy. Therefore, we first focused on the
estimation error, which can be formulated as a one-dimensional irreducible Markov
chain with state space Q = {0, +Aq, +2Aq, -+, £nAg, - - }. We denote the set of
states which can transfer to state Q in a single step by Zg. The probability of the
estimation error transferring from state Q to state Q' at the k-th step without an arrival
to state Q = 0 is defined as P, ;. Obviously, Yyecq Py oy < (1- ps)k. Then,
the probability of the first passage from state Q(Q # 0) to 0 taking k + 1 steps is
Yo¢z, P/Q,Q’,kps +Xoez, Pé/Q,,k(ps + (1= ps)po—g) < (11— ps), where Po—( is the
probability that the increment in estimation error is —Q’. Therefore, the expected time
of the first passage from Q(Q # 0) to 0 is finite.

For state Q = 0, the estimation error will stay in this state in the next step with a
probability of ps + po—o and will first return to state Q = 0 in the second transition
with a probability smaller than (1 — ps — po—o). Then, starting from state Q = 0, the
estimation error will first return to state Q = 0 in the k + 1-th (k > 2) step will be
smaller than (1 — ps — po_o)(1 — ps)¥~1. Therefore, we can prove that state Q = 0is a
positive recurrent state, and R7, = {Q = 0} is a positive recurrent class of the induced
Markov chain of the estimation error. Furthermore, for any states in ’]I‘g = Q\Rg, the
expected time of the first passage from the state in T7) to state Q = 0 under 7 is finite
and the probability of the states in T¢) not getting to state Q = 0 in k steps is smaller
than (1 — ps)k.

Define the probability of state Q transferring to state Q' in k steps for the first time
as Py o k- Then, the probability of state (Q, w) transferring to state (Q’, w’) in k steps
for the first time is Py x Py e k- Since Y271 Po o xk < coand Y17 Py, (v xk < 0, then
Yl Po,q kP k < oo. Therefore, the set of states R™ = {(Q, w)|Q € Rf, w € W}
is a positive recurrent class. Similarly, we can prove that T" = S\R” satisfies
Assumption A2. Finally, D™ =1 < oo, C™ = E[w]ioz < oo,
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e Assumption A3: Define Pg min = mingy po—qr, Pomax = maxgy po—¢r- Consider the
policy 7'(Q, w) = 0 for all states (Q,w) € S, notably that this policy chooses not to
transmit in any states. Similarly, we first focus on the Markov chain of estimation error.
Starting from state Q, the probability of transferring to state Q' in k + 1-th (k > 2)
steps for the first time is smaller than (1 — po/_ ) Po/ max (1 — PQ//min)k’l. Then, the
expected time of the first passage from state Q to state Q' under policy 7’ is finite.
Similarly, since the Markov chain of context-aware weight is irreducible positive
recurrent and independent with the updating policy, we can therefore prove that the
expected time of the first passage from state (Q, w) to state (Q’,w’) under policy 7’
is finite.

e Assumption A4: For the Markov chain of the estimation error, any state will return to
state Q = 0 if a successful transmission occurs. For the policy without transmission,
namely 77 (Q, w) = 0, state Q = 0 still exists in only one positive recurrent class. For
each positive recurrent class containing state Q = 0, we can prove that there is only
one positive recurrent class. Since the Markov chain of the context-aware weight is
irreducible positive recurrent, we can similarly prove Assumption A4 .

*  Assumption A5: The policy 71, that updates the status with a probability of p — ¢
satisfies Assumption A5. Here, ¢ is a small positive number. Under this policy,

D”:p—5<pandC”:E[w]ﬁ02<oo.

Similarly, we can prove that Assumptions A1-A5 also holds for problem (9) when the
context-aware weight is i.i.d. over time. O

Since Assumptions A1-A5 hold for problem (9), then according to Theorem 2.5 in [33],
there exists an optimal stationary randomized policy for problem (9). Meanwhile, the
optimal policy is a probabilistic combination of two stationary deterministic policies which
only differ on at most one state.

Furthermore, according to Lemma 3.9 in [33], the two stationary deterministic policies
each optimize the unconstrained cost in (10) with a different A.
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