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Age-Optimal Scheduling for Heterogeneous Traffic
With Timely Throughput Constraints
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and Zhisheng Niu

Abstract— We consider a base station supporting two types of
traffics, i.e., status update traffic and timely throughput traffic.
The goal is to improve the information freshness of status
update traffic while satisfying timely throughput constraints. Age
of Information (Aol) is adopted as a metric for information
freshness. We first propose an age-aware policy that makes
scheduling decisions based on the current value of Aol directly.
Given timely throughput constraint, an upper bound of the
weighted average Aol under this policy is provided. To evaluate
policy performance, it is important to obtain the minimum
weighted average Aol achievable given timely throughput con-
straint. A low complexity method is proposed to estimate a lower
bound of this value. Furthermore, inspired by the estimation
procedure, we design an age-oblivious policy that does not rely
on the current Aol to make scheduling decisions. Surprisingly,
simulation results show that the weighted average Aol of the
age-oblivious policy is comparable to that of the age-aware policy,
and both are close to the lower bound.

Index Terms—Age of information, timely
real-time communications, wireless networks.

throughput,

I. INTRODUCTION

URRENT communication networks have been designed
to maximize throughput. However, with the advent of 5G
technologies, more and more efforts have been devoted to
developing low latency communication technologies for a
wide range of time-sensitive applications [1]. Typical examples
include autonomous driving, remote surgery, industrial Internet
of Things, where fresh status information plays a critical role.
In view of this, Age of Information (Aol) has been pro-
posed in [2] to characterize the information freshness. For a
source-destination pair, let g(t) be the generation time of the
newest packet received by the destination at time ¢, the Aol

at time ¢ is defined as,

Aol(t) =t — g(t).
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This definition implies that a packet containing fresher infor-
mation can bring in more Aol reduction. Therefore, once
such a packet is received, packets with older information are
rendered useless. This property especially caters to machine
type communication where status update traffic dominates.
The control decisions of machines only rely on the freshest
information available,! which matches the definition of Aol
perfectly. Therefore, it is appropriate to adopt Aol as a
metric for status update traffic. However, the definition of Aol
suggests that Aol is a process level metric instead of a packet
level metric like per-packet delay. The process level means that
Aol represents how fresh our knowledge is about the status of
a process in the sender. When there is no such process, Aol
is unsuitable. For example, in vehicular network, it is hard to
define a process for applications like emergency alerts, e.g.,
punctured tire, crashing cars. Traffic like this should be treated
at the packet level, and each packet should be delivered within
strict deadline, which we call timely throughput traffic.

In this work, we consider scheduling problem in wire-
less network which supports status update traffic and timely
throughput traffic simultaneously. Aol is adopted as the metric
for the freshness of status update traffic. Our goal is to design
scheduling policies to minimize the weighted average Aol
subject to timely throughput constraint under time-varying
unreliable channel. A key problem is how to allocate commu-
nication resources to different traffics under distinct channel
conditions. The high dimension nature of this problem makes
standard approaches like dynamic programming impractical.

As a starting point, we first propose an age-aware scheduling
policy based on the Lyapunov optimization method, prove
that this policy satisfies the timely throughput constraints, and
provide an upper bound of the weighted average Aol under
this policy. To evaluate the performance of this policy, we need
to compare it with the minimum achievable average Aol,
which requires prohibitive computation to obtain. Therefore,
we try to compute a lower bound of the minimum average Aol
as a substitute, which can be obtained by solving a convex
optimization problem. However, since the channel’s condition
is time-varying, the constraint set of this convex problem is
complex. Thus, it is challenging to solve it directly. Based
on stochastic approximation, we propose a low complexity
method to estimate the optimal value of the convex problem

'Note that we focus on making the real-time decision here. If the goal is
to collect data to train a regression model, for example, the assumption that
old packets are useless needs to be modified.
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online. Furthermore, inspired by this method, we develop an
age-oblivious scheduling policy that uses the throughput of
status update traffic instead of the current Aol value to make
scheduling decisions. It is interesting to find that the perfor-
mance of this policy is comparable to that of the age-aware
scheduling policy, and both are close to the lower bound.

A. Related Work

Since its introduction, Aol has been receiving growing
attention for its potential in time-sensitive applications. With
various arrival distributions, service distributions, and queue-
ing disciplines, Aol performance is analyzed by utilizing queue
theory [3]-[5]. Joint sampling and scheduling problems are
studied in [6], [7]. The coding scheme to achieve low Aol is
studied in [8].

In this work, we are particularly interested in the schedul-
ing problems for Aol optimization in multiuser scenarios.
For centralized scheduling, Kadota et al. [9] consider the
scheduling problem with deterministic arrivals and develop
four scheduling policies. Hsu et al. [10] extend the model
to allow stochastic arrivals and designs a scheduling policy
for zero-buffer scenario based on Whittle’s index. It is fur-
ther improved in [11] to allow arbitrary buffer management
schemes. A recent work proves that Whittle’s index based
scheduling is asymptotically optimal as the number of users
grows to infinity [12]. Tang et al. [13] use layered decompo-
sition method to design scheduling policy under transmission
energy constraints.

In a distributed environment, the Aol minimization problem
becomes more challenging due to the lack of a central con-
troller. In [14], the authors study the distributed access problem
where the users always have new packets to transmit. They
consider the scheme where each user accesses the network
with a certain probability, and express the average Aol as a
function of the access probability. Jiang er al. [15] show that
a special round-robin policy with one buffer is asymptotically
optimal as the number of users goes to infinity when the
channel is reliable. In [16], the authors derive closed-form time
average Aol with periodic arrivals and unreliable channels, for
round-robin policy and ALOHA random access respectively.
For CSMA, in [17], a closed-form average Aol is obtained
when the users generate packet at will, and a tight upper
bound is obtained when the arrival is stochastic. Furthermore,
a contention-based random access scheme with near-optimal
performance is proposed in [11]

Timely throughput is first proposed in [18] and is defined as
the throughput of packets that are successfully delivered before
their deadlines. Two scheduling policies proposed in [18] are
shown to satisfy any feasible timely throughput constraint.
In [19], this model is generalized to allow unreliable channels
and simultaneous arrivals. Extensions include fair resource
allocation [20], scheduling with arbitrary arrival pattern and
heterogeneous delay constraint [21], etc.

The most relevant to our work are [22]-[25]. In [22], [23],
there is only one kind of traffic. In [22], the authors consider
the problem of scheduling real-time traffic to minimize the
weighted average Aol and satisfy timely throughput constraint
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Fig. 1. System Model: A base station supporting status update traffic and
timely throughput traffic.

of the same traffic. In [23], the authors study the scheduling
problem in a network where many users transmit packets to
a base station. Their objective is to minimize the average Aol
and satisfy the throughput constraint of each user. In [24], [25],
the authors consider heterogeneous traffics. In [24], the authors
investigate a scenario where one high priority Aol-oriented
user competes with N throughput-oriented users. The Aol
performance of ALOHA protocol is analyzed. In [25], there
are only two users, one is Aol-oriented and the other is delay-
oriented. Network calculus is applied to study the trade-off
between the delay violation probability and Aol.

The rest of this paper is organized as follows. In Section II,
we describe the system model, characterize the achievable
region of timely throughput, and present the optimization prob-
lem. In Section III, we design an age-aware scheduling policy
based on the Lyapunov optimization method. In Section IV,
the problem of computing an Aol lower bound is modeled
as a convex optimization problem and we design an iterative
method for it. In Section V, we provide an age-oblivious
scheduling policy and design an online method to estimate
the Aol lower bound. Section VI presents simulation results
and discussions. Finally, Section VII concludes the work.

II. SYSTEM MODEL

We consider a base station (BS) supporting two kinds of
traffics: status update traffic and timely throughput traffic,
as illustrated in Fig. 1. The set of users generating status
traffic is denoted by N, and its number is [N| = N. M
represents the set of users generating timely throughput traffic,
and |[M| = M.

Time is slotted and 7' consecutive slots are grouped into
a frame. In each time slot, the BS can schedule one user to
transmit packet. We assume that the scheduled user transmits
at most one packet in a slot, either status update traffic
or timely throughput traffic. The transmission decision in
the t-th slot of the (k + 1)-th frame is D(KT +t) =
(Di(KT +t)|i € MUN), where D;(kT +t) € {0,1}, and
D;(kT +t) =1 if user ¢ is scheduled.
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Fig. 2. Aol evolution of user n. The length of a frame is 3 time slots.

We assume the channel is time-varying and discretize the
channel state into a finite set C. We also assume that the
length of a frame is shorter than the coherence time, and thus
the channel state remains constant within a frame. Because
of the uncertain nature of wireless channel, the transmission
may fail. We model this event by Bernoulli random variables:
when the channel state is ¢ € C, the transmission success
probability for user i is p;(c). If user ¢ is scheduled and
the transmission succeeds, user ¢ will receive an ACK at
the end of the slot. Transmission result is denoted by vector
U (kT +t) £ (Ui(kT +t)|i € MUN), where U; (kT +1) €
{0,1}. U;(kT +t) = 1 if the user ¢’s transmission succeeds.

For users generating status update traffic, we assume that
they can sample the underlying process and generate new sta-
tus packets once scheduled, which is called active source [26].
Age of Information (Aol) is adopted to measure the freshness
of the status packet. Like [9], [22], we assume that the unit
of Aol is frame instead of time slot, as illustrated in Fig. 2.
Let h, (k) be the Aol of user n € N at the beginning of the
(k + 1)-th frame. If user n updates in the current frame, h,,
decreases to 1 at the beginning of the next frame. Otherwise
h,, increases by one, i.e.,

T—1
h(k +1) = hy (k) <1 1 (Z Un (kT +t) > o)) +1,
t=0
(1
where I(z) is an indicator function. Let H (k) = (h,(k)|n €

N) be the Aol vector in the (k + 1)-th frame.

As for users generating timely throughput traffic, we assume
that traffic arrivals happen at the beginning of a frame as
in [18].2 The arrival vector in the (k + 1)-th frame is a(k) £
(am(k)m € M), where an,(k) is the number of arriving
packets for user m. We assume that a,, (k) has finite support
and Ela,, (k)] = A,. By the end of each frame, packets that
have not been delivered will expire and be dropped. Since
the channel is unreliable and the communication resource is
limited, it is unavoidable to drop some packets. The maximum
allowable drop rate of user m is denoted by &,,,. The number
of delivered packets for user m € M in the (k + 1)-th frame

2Timely throughput scheduling with general arrival pattern is very challeng-
ing. We start from this modest model to gain some insights.
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is dp, (k), ie.,

dpm (k) = min <z_: U (KT + 1), am(k')> . (2)

t=0
The timely throughput of user m is

utmfhmmf— [Zd ] (3)

In this work, we assume that the channel state ¢(k) and
arrival vector a(k) are ii.d between frames. Note that the
analysis in this paper can be extended to the case where both
c(k) and a(k) are Markovian.

A. Achievable Region

Let u £ (pg.m|m € M) be the timely throughput vector.
We first characterize the achievable region of pt.

Definition 1 (Achievable Region): Timely throughput vec-
tor p is achievable if there exists a scheduling policy 7 € II
whose timely throughput vector wp(w) is no less than g on
each component. The achievable region A is the set of all
achievable p.

The policy set II consists of all policies under which the
BS schedules at most one user in a time slot. A special kind is
the stationary randomized policy (SR policy). By stationary,
we mean that this kind of policies are invariant among frames.
A stationary randomized policy 7 € II°% C II maps arrival
vector a and channel state ¢ to a sequence of conditional
probability distributions,

™ (a,c) - {P(D(t) |G,C, U(O)a (t - 1))}7 4)

where ¢ € {0,---,7 — 1}. We omit the counter k for frame
because of the stationary property. Note that a SR policy makes
decision sequentially, which means that the decision in the ¢-
th time slot relies on the transmission results of the previous
t — 1 slots.

Since the problem of scheduling timely throughput users
subject to constraints can be naturally modeled as a Con-
strained Markov Decision Problem (CMDP), the timely
throughput vector p that is achieved by policy 7 can also
be achieved by a stationary randomized policy 7’ [27]. Thus,
all timely throughput vectors in the achievable region A can be
achieved by stationary randomized policies. On the other hand,
based on the definition of A, all vectors achieved by stationary
randomized policies belong to A. Therefore, an equivalent
definition of the achievable region can be obtained.

Lemma 1: A timely throughput vector g € A if and only
if there exists 7 € IT°% such that

Ht,m < ZP(G’)P(C)EW(“:C)

T-1
[mm < Un(t )
=0

A direct result is that A is a convex, compact set.
Compactness is obvious from (5). To see convexity, consider
Wy, o € A, which can be achieved by 71 and 2 respectively.
Since the channel state c(k) and arrival vector a(k) are

a, c] .0
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i.i.d between frames, we can randomly select among 7; and
mo at the beginning of each frame. Therefore all convex
combinations of p; and p, can be achieved.

B. Problem Formulation

We now introduce the optimization problem formally:

Aol Minimization with Timely Throughput Constraint

K-1
. . 1
k=0 neN
St m () > A (1 — &), Vm € M. 6)

wy, is a predefined weight of user n’s Aol, and fi; ., (7) is
the timely throughput of user m with policy 7. £, represents
the strictness of timely throughput constraint. Without loss of
generality, we assume that A\, (1 — &,,) > 0. Let 79! be one
of the optimal policies for this problem, and the minimum
weighted average Aol is J(mOP).

Whereas this problem can be cast as a CMDP, the pro-
hibitive computation cost of standard iterative method urges
us to find low complexity scheduling policies that still enjoy
a good performance.

III. AGE-AWARE POLICY

In this section, we first present a low complexity scheduling
policy to problem (6). Then, we prove that this policy satisfies
all timely throughput constraints in the interior of the achiev-
able region A. An upper bound of the weighted average Aol
under this policy is provided in the end.

Let @, be the virtual queue for user m € M. @Q,, updates
as

Qm(k +1) = max(Qm (k) + Am (1 — &m) — dm(k),0), (7)

where A, (1—&,,,) is the average number of packets user m has
to deliver in a frame to meet the timely throughput constraint,
and d,, (k) is the number of packets user m has delivered in
the (k+1)-th frame. Thus, the virtual queue can be regarded as
the difference between the required timely throughput and the
actual timely throughput. If the virtual queue is strongly stable,
the timely throughput constraint is satisfied [28, Chapter 4],
ie.,

=
lim sup FE [Z Qm(k')]
k=0

K—oo

< 00 = Ht,m > )\m(l - fm) (8)

Therefore, the long-term average constraint is turned into a
queue stability requirement.

The policy Age-Aware Policy (AAP) is presented in Alg.1
where V' is an adjustable parameter. In each time slot, AAP
first finds the user with the largest Vw,h,(k)p,(c) value
among the status update users that have not delivered yet,
and the one with the largest p,,(c)@,, (k) value among the
timely throughput users that have nonempty buffer. The next
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Algorithm 1 Age-Aware Policy (AAP)

Require: Parameter V.

I: hp(=1)=0,Yn e N; Qun(—1)=0,Vm € M; k= —1.
2: while 1 do

3 k+—k+1

4 hpk) —hy(k—1)+1,VneN
5 Qm(k) — Qum(k—1)+ X (1 = &), Vme M
6: for each slot in the k-th frame do
7: n* < arg max wnhn(k)pn(c)
neN
8: m* «— argmax P, (c)Qm(k)

meM, am(k)>0
o: if m* = NULL then

10: Schedule user n*

11: if Transmission succeeds then
12: B (k) <0

13: end if

14: else if Vw,,«hp=(k)pp«(¢) > pm=(¢)Qm» (k) then
15: Schedule user n*

16: if Transmission succeeds then

17: B+ (k) <0

18: end if

19: else

20: Schedule user m*

21: if Transmission succeeds then

22: Qm+(k) — max(Qn~(k) — 1,0), am=(k) «—
Qo * (]f) —1

23: end if

24: end if

25:  end for
26: end while

step is to compare these two values and schedule the user who
has the largest weighted Aol or virtual queue. Based on the
transmission result, we update the Aol or virtual queue as in
Alg.1.3 Since this policy makes use of the current Aol value,
we call it age-aware. Although in this work we assume that
the BS schedules one user to transmit in each time slot, this is
not a restrictive assumption. If there are k£ subchannels, we can
modify Alg.1 by scheduling users with the top k largest values.

When V' is large, AAP is more sensitive to the change in age
value, and when V' is small, AAP is more inclined to service
timely throughput traffic. Nevertheless, the scheduling priority
increases with Aol even when V' is small. By adjusting V,
we can change the distribution of Aol as the simulation results
show. Intuitively, such property can prevent Aol and virtual
queue from diverging to infinity, and thus (8) is satisfied.
To prove this statement we first introduce Lyapunov function
L(k) as

L(k)% > Qnk). ©

meM

Lyapunov function L(k) has the following property. For ease
of presentation, let Q(k) £ (Qu(k)|m € M).

3For ease of presentation, in this part, Aol drops to 0 once the user
has delivered in the current frame. But we still calculate Aol by frame,
as mentioned in Section II.
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Theorem 1: If there exists € > 0 such that the timely

throughput vector (A, (1 — &) (14 2€)lme M) € A,
the Aol and virtual queue under AAP satisfy
L(k+1) = L(k) + V Y wahn(k +1)| Q(K), H(k)]
neN
< B—l—Van(hn(k;)—l—l - — an n
neN neN
—€ Z /\m(l - gm)Qm(k); (10)
meM
where
2 minE ¢
W nnélff e [ ”(C)(1+26)] ’
Z Ao (1= &m)® + T
mEM
Proof: See Appendix A. [ |

Based on Theorem 1, we have the following corollary,
Corollary 1: If there exists € > 0 such that the timely
throughput vector {A,,(1 — &y,)(1 + 2¢)} € A, then the
AAP satisfies the timely throughput constraints {\,,(1—&,,)}
in problem (6).
Proof: Taking expectation on both sides of (10) with
respect to Q(k), H (k) yields

L(k+1) = L(k) + V Y wphn(k+1)
neN
<B+VE | Y wn(hn(k)+1) ——lE > wnha( 1
neN neN
—eB | Y An(1- fm)Qm(k)] : (11)
meM

Summing over 0 to K — 1 and taking the average, we obtain

1 \%
—E@M%an+§EEZMMMM—mmﬂ
neN
<B+Van— Zzwnn ‘|
neN k=0 neN
. K—1
- E [Z > Am(l—fm)Qm(k)]. (12)
k=0 meM
Let KX — oo, we have
1 K—1
1 _E )\771 m m k
imsup 7 LZO —&m)Qm (k)
B+V n
BV nenn s
€
and thus
K—1
lim su —E m( < 4o0. 14
msup 7 [Z Qm( (14)

Therefore, the timely throughput constraint {\,,(1 — &,,,)} is
satisfied. [ |
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Remark 1: With similar computation, we have that the
weighted average Aol with AAP satisfies

Y S

k=0 neN

lim sup
K—oo

B Zne/\/’ Wn
< WV + W .

Combining (15) with (13), we find that the upper bound
of average virtual length is O(V) while the upper bound
of average Aol is O(1/V'). This implies a trade-off relation
between Aol and the timely-throughput. In the simulation part,
we observe that increasing V' can decrease the weighted aver-
age Aol while the timely throughput constraint is still satisfied.
However, the convergence speed of timely throughput gets
slower as V' increases.

5)

IV. LOWER BOUND ANALYSIS

In Section III, we develop a scheduling policy that satisfies
the timely throughput constraints. However, the upper bound
of the weighted average Aol under this policy (15) is not
tight. Comparing the average Aol performance of AAP with
the minimum weighted average Aol J(7P') will help in
evaluating this policy. But computing J(7°P) directly is
difficult due to the curse of dimensionality. So we try to find a
lower bound for J(7OP!) as a substitute. In this section, we first
model the problem of computing a lower bound as a convex
optimization problem, and then provide a closed-form lower
bound expression when the channel state set satisfies |C| = 1.
For the general case, an iterative method is introduced to solve
this problem.

First, we use u,, (k) to indicate whether user n has updated
in the (k + 1)-th frame or not. w,,(k) is defined as

un (k) £ min (i Up(kT + ), 1) :

t=0

(16)

The average update frequency of user n in the first /' frames
is defined as

1
yn(K) £ —E

% A7)

z_: un(k)l .

k=0

For any policy m, it is proved in [9] the weighted average
Aol in the first K frames is lower bounded as

Zann 1>EZ Wn__ . Zenen

k=0 neN ~ 2 neN yn’ﬂ'(K) 2

(18)

Since the Aol optimization problem (6) is a CMDP, there
exists an optimal policy that is stationary randomized policy.
Therefore, we can also focus on stationary randomized policy
when considering the lower bound (18). If = € II°%, the limit
lim g o0 yn(K) exists, which is denoted by 14, (7). Then,
for w € TI°%, taking limit K — oo in (18) yields,

Ene./\f Wn
2N

1 w
J(m) > 5 -+
2N neN /‘l’a;n(ﬂ-)

19)
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With slight abuse of notations, we also use p to represent
(Bt ms fra,n|m € M,n € N). The extended achievable region
Ap is defined similar to that in Definition 1. If p,,, is a
component of a pu € Ag, there exists a policy 7 € II°% such

that
fam <Y _ Pla)P(c)
a,c ] (20)

T-1
Er(ac) [min (Z Un(t), 1) a,c
t=0

With these preparations, we present the problem of com-
puting Aol lower bound with respect to timely throughput
constraints. The optimal value is denoted by J|g.

Computing Aol Lower Bound with Timely Throughput

Constraint
. 1 Wn 27 eN Wn
min Jrp(r) = — 4 = ,
TeMsh ™ 2N neN fa,n(T) 2N
S't'/lt,m( ) =z m( fm) VYm € M. 21)

Because Ag also equals the set {u(7)|7 € TIST} as shown
in Lemma 1, problem (21) is equivalent to the following
convex optimization problem,

Wn

min P(u) =

[.LEA v ’
E
neN a,n

S.L b, m > /\m(l - §m)7 Vm € M; (22)

2nen @n
2N

where in (21) is omitted since it is fixed.

A. Special Case: |C| =1

When |C| = 1, the channel condition distribution is time-
invariant. In this case, we provide a closed-form expression of
the lower bound.

Theorem 2: When |C| = 1, let p; be the transmission
success probability for user ¢, the minimum weighted average
Aol J(7OPY) is lower bounded by

1
2N (T g e <;;sm>)

n EN pn

Proof:  To satisfy the timely throughput constraint,
the average number of slots used to service users in M in each
frame is larger than the following term with probability 1,

Aml_ m
5 Anll=6)

meM Pm

J(,R_Opl) >

_a

ne/\/

(23)

(24)

Therefore, Sao1, the average number of slots in each frame
used to service users in N, satisfies,

)\n 1- m
Saol ST — Z Am(1 = &m) w.p.1.
meM Pm

(25)
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On the other hand, we have

SAOI - Z Ma -

neN Pn

(26)

Combining these two terms leads to
Wn >\ ( Wn,
> (o y o)y
< meM pﬂ’] ne

neN Ha,n N Ha,n
x Y Fan s ( “”) wp.l. (27)
nen Pn nen V Pn

The last step is based on Cauchy-Schwartz inequality. Dividing
both sides by (T — EmeM M), we obtain (23) based

Pm

on (19). |

B. General Case: |C| > 1

In this part, we study how to compute the weighted aver-
age Aol lower bound when the channel condition distribu-
tion is time-varying. The starting point is the optimization
problem (22), and we use dual decomposition to develop an
iterative method. A similar approach is adopted in [20], but it
mainly focuses on the case with reliable channels.

We first modify the problem in (22) by introducing an
auxiliary variable * = {z,|n € N}: the problem in (22)
is equivalent to

min_ Pz,p) =Yy <,
REAE,T fyyts Tn
’ 28
s.t. Ht,m > )\m,(l - fm), VYm € M, ( )

ngngﬂa,na VneN.

Let /6 = (5t,m; 5a,n|m S M; n e N) Where 5t,m and ﬁa,n
are Lagrangian multipliers. The Lagrangian of this problem is

W,
L(wall'aﬂ) Z — + Zﬁan n_ﬂa,n)
neN Tn neN
+ Y Brm AL = &) = pem) . (29)
meM
and the dual problem is
max _min L(x, u, B). (30)

B20 2>0,pueAp

Because (28) is a convex optimization problem and satisfies
Slater’s condition, strong duality holds and the duality gap is
zero [29]. Thus, there exist x*, u*, 3% such that,

P(a*, 1) = L(z*, u*, ).

Given 3, the dual problem can be decomposed into the two
following subproblems,

€19

. Wn,
P3.1 min > (—n + @wxn) ; (32)
neN
and
P3.2 max Z Ba nta,n + Z Bt mMt,m- (33)

He meM

Authorized licensed use limited to: Tsinghua University. Downloaded on October 08,2021 at 00:53:01 UTC from IEEE Xplore. Restrictions apply.



SUN et al.: AGE-OPTIMAL SCHEDULING FOR HETEROGENEOUS TRAFFIC

The optimal solution to the P1 is

w
Ty = " VneN, (34)
ﬁa,n
where we allow the denominator 3, ,, to be 0, and in this case
ﬁw*’: = +o00.

Because this problem is convex, we can use subgradient
iteration to obtain the optimal solution. It is obvious that the
optimal z;, for the primal problem (28) cannot be infinity
because x, < ji4.n, and Ag is compact. Thus, we set an upper
bound X for z,, in the iteration procedure. Let o be the step
size. In the k-th iteration,  and p are updated as follows,

2y (k) = min ( %‘:szy Y) , VneN, (35)
N(k) = argmax <Z Ba n Ma,n + Z Bt,m(k)/-lt,m) 5
HeAE  \pen meM
(36)
and the Lagrangian multipliers are updated as follows,
Bt,m(k +1) = max(Be,m (k) + & (An (1 = &n)
- /jft,m(k)) aO)v (37)
Ban(k+1) = max(Ba,n(k) + a (z,(k)
- :ua,n(k)) 70)- (38)

As k — oo, the iteration converges to the optimal
x*, u*, 3", and the problem in (22) is solved. However, we hit
a snag when trying to compute (k) in (36) because the set
Ap is complex in the general case. Recalling (4),(5), and
(20), we can see that Ag is determined by a group of linear
inequalities, and the number of variables grows exponentially
with M, N, T, which makes it difficult to solve (36). In the
next section, we provide an online algorithm to estimate the
optimal value of problem (22), whose core idea is to do
step (36) by stochastic approximation.

V. AGE OBLIVIOUS POLICY

In this section, we first provide a scheduling policy called
Age-Oblivious Policy (AOP), inspired by the iteration proce-
dure (35)-(38). This policy tries to minimize the term in (21)
instead of the weighted average Aol directly as in (6), and
this is where the term oblivious comes from. It is interest-
ing to find that AOP can achieve a good weighted average
Aol performance, as shown in the simulation. Furthermore,
we modify this policy to estimate the optimal value in (22)
online and thus avoid solving step (36). The estimation error
is also obtained.

AOP is presented in Alg.2. The core variables in this policy
update are,

Bt,m(k) = max(ﬁt m (k 1) + a( (1 - gm)
—dp ( 1))a0)7 (39)
Ban(k) = max(Ben(k —1)+ a(z,(k—1)

—dp(k—
. Wn <
—mm( Ban(®)’ X).

(40)

T (k) 41)
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Algorithm 2 Age-Oblivious Policy (AOP)

Require: Parameter o, X.

i: Ban(=1) =1, 2,(=1) =0, hy(=1) =0,Yn € N.
2 Bm(—1)=1LVme M; k= —

3: while 1 do

4 k—k+1

5: an(k)<—1, Yne N

6 Ban(k) — Banlk—1)+az,(k—1),VneN

7: Bt,m,(k) — ﬁfm(k — 1) + OéAm(l — fm), VYm € M
8: for each slot in the k-th frame do

0: X*, 1 — arg max Bx,i(k)pi(c)

(x,2)e{t, M}U{a,N},ai(k)>0
10: if i* = NULL then

11: Pass

12: else

13: Schedule user i*

14: if Transmission succeeds then

15: By = (k) «— max(fy= i« (k) — a,0), a;«(k) «—
Qg% (k) —1

16: if i* € \V then

17: hi« (k) <0

18: end if

19: end if

20: end if

21:  end for

22: xp(k) <—min<,/%, X), Vn e N

23: end while

Recalling that d,,(k) is the number of delivered timely
throughput packets for user m in the (k + 1)-th frame, and
un (k) is the update indicator for user n in the (k + 1)-th
frame, we can interpret 3, ,, (k) and [, , (k) as virtual queues.
The evolution of 3;,,(k) is the same as (7) except for the
parameter «. As for virtual queue [, (k), its arrival is
2, (k) and departure is u, (k). One difference is that x,,(k)
is adjustable as shown in (41).

We first prove that this policy satisfies the timely throughput
constraint.

Theorem 3: AOP satisfies all timely throughput constraints
{Am (1l = &)} in the interior of A.

Proof: Because [ (k) can be interpreted as a virtual
queue for timely throughput, we can prove this theorem by
showing that

1
lim Sup — Z Z E Bt m < +00. (42)
K—o0 k=0 meM
See detail in Appendix B. [ ]

Line 9 in Alg.2 is in fact a kind of stochastic approximation
[30], during which we solve (36) on every sample path
of transmission result {U(0),--- ,U(T — 1)}. Since AOP
resembles iteration steps (35)-(38), it is natural to ask: can we
modify Alg.2 to solve problem (21)? The following theorem
shows that we can get a good estimation of the optimal value
J'g in problem (21), i.e., the lower bound of minimum Aol.
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Theorem 4: If  the timely throughput constraints
{Am(1 = &)} are in the interior of A, we have
K n
lim sup Z “n Lnen
K=o pen 2NE {Zk 0 xn(k)} 2N
aB
Son T Jip,  (43)
where
A_<Z A2, (1= &)+ NX +T2> 44)
meM
Proof: See Appendix B. [ ]

Therefore, the following expression serves as a good esti-
mation of the optimal value in (21),

K
lim sup “n + Lnew iy (45)
Koo (SR 2NE [ Y45 (k)| 2N
And the gap is at most
aB o 9 9
— = — 1-— RN S
2N 4N Z A1 = &n)* + AN + 4 (46)

meM

VI. SIMULATION RESULTS

In the simulation part, we are interested in the following
issues: 1) the accuracy of the online lower bound estimation
method; 2) the performance of AAP and AOP; 3) the influence
of parameter V; 4) the influence of parameter «. If not
mentioned specifically, the simulation horizon is 3 x 106
frames, and the length of a frame is 5 time-slots. Each data
point is obtained by averaging 10 simulation results. For
simplicity, we call the users in set A age user and the users
in set M timely user. We use the sample mean of (45), called
Lower Boundaop, to estimate the lower bound J;';. X equals
1 in the simulation.

A. Special Case: |C| =1

In this case, the channel condition distribution is fixed, and
thus we can obtain the closed-form expression of lower bound
based on (23). The number of age users is 20. Half of the
users are assigned with weight 0.8 and the channel reliability
is 0.8. For the other half, their weight is 1 and the channel
reliability is 0.5. The number of timely users is 10. The arrival
process follows Bernoulli distribution. Half of the users have
arrival rate 0.4 and their channel reliability is 0.8. For the rest,
the arrival rate is 0.3 and channel reliability is 0.6. All timely
users have the same maximum allowable drop rate &.

In Fig. 3, we investigate the accuracy of the online estima-
tion method. Drop rate £ is 0.25. As « becomes larger, we can
see that Lower Boundaop is very close to the Lower Bound
given by (23). When o < 0.1, the estimation Lower Boundop
is smaller than the theoretical lower bound, this is mainly
because AOP has not converged yet, as we will see in Fig. 9.
This result further justifies using Lower Boundaop as a sub-
stitute for the theoretical lower bound in (21).

In Fig. 4, we compare the weighted average Aol of AAP
and AOP. In this simulation, « = 1 and V' = 1. Drop rate ¢
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Fig. 4. AAP and AOP’s performance with respect to varying drop rate in

the special case.

starts at 0.21, which is very close to the boundary of the
achievable region. The gap between the weighted average Aol
of AAP and that of AOP are very narrow even when the &
is small, i.e., when the timely throughput constraint is strict.
Their distance to the lower bound shrinks when the constraint
becomes less strict. Besides, the curve of Lower Boundaop
overlaps the curve of the theoretical lower bound in the whole
drop rate region, which corroborates our findings in Fig. 3.

B. General Case: |C| > 1

For this case, we assume that the channel has two states,
and each happens with probability 0.5. There are two types of
age users, each consists of 10 users. Type-1 age users’ weight
is 0.8 and type-2 age users’ weight is 1. Timely users are also
divided into two types, each has 5 users. The arrival process
follows Bernoulli distribution. The arrival rate is 0.4 for type-1,
and 0.3 for type-2. When the channel is in state 1, the channel
reliability is 0.9 for the type-1 user, and 0.4 for the type-2 user,
either age user or timely user. When the channel is in state 2,
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Fig. 5. AAP and AOP’s performance with respect to varying drop rate in

general case. The estimation error aB/2N is from 0.56 to 0.57.

. AAP
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Fig. 6. Influence of V' on the average Aol of AAP.

the channel reliability is 0.5 for type-1 age user and is 0.7 for
type-2 age user. For the timely user, both types have channel
reliability 0.7.

In Fig. 5, we compare the weighted average Aol of AAP and
AOP like that in Fig. 4. In this simulation, « = 1 and V' = 1.
We evaluate performance by comparing it to Lower Boundop.
In this case, the estimation error aB/N is just about 0.56.
Both policies’ distance to Lower Boundaop decreases as the
drop rate ¢ increases and the gap is relatively small.

A problem with AAP is that this policy may service timely
throughput traffic excessively when V' is small, and thus
degrade the weighted average Aol performance, as shown
in Fig. 6 and Fig. 7. The drop rate requirement ¢ is 0.3.
In Fig. 6, we study the influence of parameter V' on the
resulting average Aol. In Fig. 7, we take type-1 timely user as
a sample to study the influence of V' on the convergence rate of
timely throughput. The Y-axis is the finite horizon average of
timely throughput. As we can see in Fig. 6, increasing V' leads
to smaller average Aol, which is consistent with the upper
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bound in (15). Furthermore, when V = 0.01, the average
Aol is larger than Lower Boundsop by more than 40%. And
in Fig. 7, when V' = 0.01, the p; ,,, = 0.315 packets per frame,
larger than requirement 0.28 packets per frame by 12.5%.
This phenomenon may stem from the residual in the virtual
queue. In (7), the queue length reduction is integer while the
increment is a real number, and thus the virtual queue length
might be less than one (residual). Since AAP makes decisions
by comparing the virtual queue length and Aol multiplied by
V', the timely user may receive excessive service when V' is
small.

In Fig. 8 and Fig. 9, we study the influence of o on the
average Aol and the convergence rate of timely throughput
of AOP. In this case, we find changing « has almost no
influence on the average Aol. As for the timely throughput,
we also take type-1 timely user as a sample. When « increases,
the convergence rate speeds up, but AOP does not exhibit
excessive service behavior like AAP. In contrast to that in
AAP, these findings suggest that we can use large step size «
without worrying about impairing the average Aol.
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Fig. 10. Distribution of peak Aol under AAP.

For status update traffic, besides the average Aol, we are
also interested in the peak Aol, which is defined as the Aol
just before an update happens. We investigate the influence
of V' and o on the distribution of peak Aol of Type-1 age
user. The drop rate requirement is 0.35 in this simulation.
In Fig. 10, we find that the variance of peak Aol decreases
when V increases. This may be explained that increasing V'
is equivalent to increasing the policy decision’s sensitivity to
Aol: when V is large, once a user’s Aol is larger than a
threshold, the decision in a foreseeable future is to schedule
this user until the Aol drops. The larger V' is, the quicker to
schedule. In contrast, we find that tuning « has little influence
on the peak Aol distribution as shown in Fig. 11.

In summary, simulation results show that: 1) the online
estimation method yields result very close to the theoretical
lower bound; 2) when V' is small, the timely throughput under
AAP converges faster at the price of a worse weighted average
Aol; 3) the advantage of AOP over AAP is that AOP does not
show excessive service behavior like AAP; 4) AAP can have
better peak Aol performance than AOP.
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VII. CONCLUSION

In this work, we studied the problem of minimizing
weighted average Aol subject to timely throughput constraints.
Two scheduling policies were proposed: the age-aware policy
makes decision based on current Aol, while the age-oblivious
policy does not. While both policies satisfy all timely through-
put constraints in the achievable region, their gap to the
minimum weighted average Aol is unknown. Because of this,
we developed an online method to estimate a lower bound
of the minimum average Aol based on dual decomposition.
Simulation results show that the average Aol performance of
the age-oblivious policy is comparable to that of the age-aware
policy, and both are close to the lower bound. However,
in terms of peak Aol, the age-aware policy’s performance is
adjustable by tuning the policy parameter, while age-oblivious
policy cannot. It must be noted that in this work, we assumed
that there is a BS having complete knowledge of all channel
states and packet arrivals information. The assumption of
such a central controller may be impractical in real system
when the number of users is large. In future work, we will
consider the distributed access protocol when there is no
central controller. Since the virtual queues of age-oblivious
policy change smoothly,* it is possible to design distributed
access based on the queue length like Q-CSMA [31]. Also,
a more general timely throughput model should be explored.

APPENDIX A
PROOF FOR THEOREM 1
Let F(k) = {Q(k), H(k),a(k),c(k)}. Taking expectation
under AAP, we consider drift A(k), which is defined as
A(k) £ E[L(k + 1) — L(k)|F(k)]. (47)

2

Since max(x,0) < we have

x~,
an(k + 1) - an(k) < 2 Qm(k) (/\m(l - gm) - dm(k))
+ ()‘m(l - fm) - dm(k))2 )
4one difficulty with design Aol-optimal distributed access protocol is that

the change of Aol is not smooth, e.g., jump to O once updated if the source
is active.
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and thus the drift can be expanded into the following expres-
sion,

A(k) < %]E Y QL= &) = dm (k) If(k)l

meM
+ Z Qm 1_§m)_ [ m( )l}—( )])
meM )
- Z 221 +5E > dm(k;)Q]
mEM LmeM
+ Z Qm gm)_ [ m( )l}—( )])
meM
. M 2
< 3 A1 —&n)?+S (Z dm(k')> ]
meM meM
+ > Qu(k) A (1 = &m) — Eldm (k)| F(k)])
mEM
5 Z )‘m + T2
mEM
+ Z Qm 1 - gm) - [dm(k”f(k)]) :
meM
(48)
Let
pal Z AL (1=&m)?+ T2 (49)
mEM
Replacing d,, (k) by its definition in (2) yields
B)< B+ Y An(l=6n)Qm(k) = D Qulk
meM meM
T—1
x [min (Z Um(kT+t),am> }'(k)]. (50)
t=0
The conditional expectation of weighted Age is defined as
P(k) 2 E| ) wphn(k+1) ]—"(k)]
LneN
= wahn(k)+ > wn— > wnhn(k)E
neN neN neN
T /T—1
x |1 (Z Un(kT +1) > o) ‘]—"(k)] NI
L \t=0

Adding A(k) and V P(k), we obtain

A(k)+VPE) < B+ Y An(l=&n)Qm(k)
meM

+V > walh - Y Qu(kE
i neN meM

x| min <Z Un (KT + 1), a) ’ F (k)]
L t=0

VY wahn(k)E
_nEN

x |1 <Z Un(kT +1) > o) ]—"(k)] .
- (52)
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Because {\, (1 — &n)(1 + 2¢)} € A, there exists a policy
7; € II5F whose timely throughput (7 ) is exactly { A, (1—
&m)(1+42€)}. To proceed, we define a pure Aol policy 7o that
randomly schedules a user in A with equal probability in each
time slot. Then, let 7 be a probabilistic mixture of 7, and 7o,

1+e€ €

= 53

T2 142 >3)
which means, at the beginning of each frame, we choose to use
policy m; with probability fj;ﬁ and policy 7o with probability
T er. Since A is convex, we obtain pu(w) {Am(1
&m)(1 + €)}. Furthermore, each user in A is scheduled
with probability m in each time slot under policy .
Therefore,

I (Tz_l Up (kT +1) > o)

T

€
(1+2¢)N’

(54

Note that the Alg.1 decides to minimize the sum of the

last two terms on the RHS of (52) on every sample path of

the transmission result {U(0),--- ,U (T —1)}, and thus Alg.1
minimizes the expectation as well. Hence, with Alg.1, we have

A(k) + VP(k)
< B+ Z )\m 1_§m Qm —l—Van

t=0

f(k)] > pp(c)

meM neN
-y Qm(k)Ew[ <Z kT—f—t,am)‘}' ]
meM t=0
T—1
VY walin(k)Eq |1 < W(KT + ) > 0) Fk ]
neN =0
< B+ Z )\m §m Qm( +V Z Wn, hn(k + 1
meM neN
€
-V Z wnh n pn T A
= (1 +2¢)N
- Z Qm Nt m 7T a, C) (55)
meM

where

Mt,m(’rr; aa C) é ETK‘

T-1
min <Z Up (KT + 1), am> ‘}"(k)] :

t=0
(56)
Taking expectation w.r.t. @ and ¢ on both sides of (55) leads
to
Lk+1) = L(E) + V ) wphn(k+1)| Q(K), H(k)]
neN
< B‘f'z)\ml_mem —l—Van
meM neN
Z wTL YL Z QTU 71’1 Em)(l + 6)
neN meM
wv
:B—i—Van(hn(k)-i-l)—— wnha (k)
neN neN
—€ > Qulk)An(1 = &), (57)
meM
where W £ min, cpr Ec[pn(c)m] |
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APPENDIX B
PROOF FOR THEOREM 3 AND 4

We first state the following lemma.
Lemma 2: Let p* be the optimal solution to problem (22).
For any € > 0, there exists u® € Ag such that

D D DL ORI
nen Han ek Han
:u‘:,m > m(]- - gm) + €, Ym € Ma (59)
where §(¢) is positive and lim._.o d(¢) = 0.
Proof: Let
Al é {N € AE|Nt,m Z )\m(l - gm); vm S M}; (60)
Ay 2 {p € Aplprm > Am(1 = &m) + €, Ym e M}, (61)
Then we have
pu* = argmin Wn_ (62)
REABNAL  TER, Ha,n
Let
. Wn,
p = argmin Z , (63)
HEAEﬁAz neN Ma,n

then condition (59) is satisfied. Because Ay C A1, condition
(58) is also met. Finally, since the optimization target is a
continuous function on A g, we conclude that lim._,q d(e) = 0.
|

Based on Lemma 2, there exists a policy 7 € IT°% such

that
w.
L < 3 (e, (64)
neN Ha,n (77) neN Ma n
[t (T) > An(L = &) + 6, Yme M. (65)

To proceed, we define the quadratic Lyapunov function

S Bty Y Bk, 66
ne/\/ meM
and the drift’ is
A(k) = E[L(k + 1) — L(k)|B(k)]
< %E > Al =&m) — dm(k))® 6(@]
meM
" %E [ > (wnlk) — un(k))® ﬁ(k)]
neN
-I-OLZ >\m fm 5tm +OéZ£L’n 5an
mem neN
—aE Z ﬂa,n(k‘)u
neN
+zmmm>wﬂ (©7)
meM

SIn this section, if not mention specifically, expectation is taken under
scheduling policy AOP.
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Similar to (48), we have

A(k) < o’ B+a Z )\m(l _gm)ﬂt,m(k)
meM
+a Y @ (k)Ban
neN
—aFE lz Bam (k) un (k)
neN
+ > Brm(k)dm (k) ﬁ(k')] : (68)
meM

where,

1 —2
2 2 2 2
B2 < > X (&) +NX 4T ) (69)
meM
Since Alg.2 minimizes the last term in the RHS of (68),
using policy 7 in the k-th frame yields

Ak) <o® Bta Y An(l—&n)Bm(k)
meM
+a Z mn Ba n
neN
-« Z Ha, n Ba n ) —Q Z Mt,m(ﬂ')ﬁt,m(k)
neN meM
— 2B Y Bunlh)
meM
W,
w0 3 (0 25)
Wn
_a%(ﬂan ﬁan( ) Ma,n(ﬂ')>
Wn, Wn,
+a7§(uan @ —xn(k)). (70)
Because
xn(k;):min( ﬂ“?k), 7), vneN, (D)
we have ’
Wn,
“Z@”@” )
neN
(ua B () + —2 ) . (72)
Therefore
A(k) < o’B — e Z Bi.m (k)
meM
Wn,
o Z <Man xn(k)> 73

Taking expectation on both 51des, summing over 0 to K —1,
taking the average, and letting K — oo, similar to the proof
of Corollary 1, we obtain

thUP—ZZE»Btm <§ P+
€

K—o00 k=0 meM 74)

< 400,

which proves Theorem 3.
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Summing over 0 to K — 1 in (73) taking the average,
we obtain

%E [L(K) = L(0)] < o® B+ a(P*+6(e))

(a)
< a? B+a(P*+6( )

—a )

nen E

[zk - mk)}’ )

where (a) is based on Jensen’s Inequality and that % is convex
when z > 0.
Let K — oo, we have
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