IEEE INTERNET OF THINGS JOURNAL, VOL. 8, NO. 19, OCTOBER 1, 2021

14543

Minimizing Aol in a 5G-Based IoT Network
Under Varying Channel Conditions

Chengzhang Li
Shaoran Li
Brian A. Jalaian, Member, IEEE, Y. Thomas Hou

Jeffrey H. Reed

Abstract—The Age of Information (Aol) is a key metric to
measure the freshness of information for IoT applications. Most
of the existing analytical models for Aol are overly idealistic and
do not capture state-of-the-art transmission technologies such as
5G as well as channel dynamics in both frequency and time
domains. In this article, we present Kronos, a real-time 5G-
compliant scheduler that minimizes Aol for IoT data collection.
Kronos is designed to cope with highly dynamic channel condi-
tions. Its main function is to perform RB allocation and to select
the modulation and coding scheme for each source node based on
channel conditions, with the objective of minimizing long-term
Aol. To meet the stringent real-time requirement for 5G, we
develop a GPU-based implementation of Kronos on commercial
off-the-shelf Nvidia GPUs. Through extensive experimentation,
we show that Kronos can find near-optimal solutions under sub-
millisecond time scale. To the best of our knowledge, this is the
first real-time Aol scheduler that is 5G compliant.

Index Terms—5G, Age of Information (Aol), IoT, scheduling,
varying channel conditions.

I. INTRODUCTION

ITH the proliferation of IoT and its capability of

massive information gathering and sharing through
edge/cloud computing, users are no longer satisfied with
merely obtaining the information they desire, but rather, care
more about how fresh the information is when it is consumed.
To address this need, the concept of “Age of Information”
(Aol) was conceived in [1] and [2] and has since gained accep-
tance in the research community. Aol is associated with the
latest (freshest) sample at a particular location (e.g., source,
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edge, or cloud) and is define as the elapsed time since its
“birth” (generation). In contrast to network delay (either end-
to-end or per link), Aol is an application-layer performance
metric.

There has been active research on designing scheduling
algorithms to minimize Aol (see [3]). However, existing
research on Aol has been largely limited to information-
theoretic exploration. Most notably, few existing efforts on
Aol modeling and analysis have considered the character-
istics or capabilities of state-of-the-art transmission tech-
nologies such as 5G NR [4]. A bulk of existing research
has been predicated on extremely simple toy models (see
related work Section II), which can hardly be applied to
real-world systems. Furthermore, there has been limited
research on Aol scheduling that addresses the impact of
varying channel conditions, such as joint dynamics in both
time and frequency. But in reality, channel condition can
change rapidly (e.g., for each transmission time interval (TTI)
in 5G) and must be taken into consideration in real-time
scheduling.

In this article, we focus on the design of the 5G-compliant
Aol scheduler and address the impact of both time and
frequency-varying channel conditions. Our edge base sta-
tion (BS) for an IoT network is designed to conform with
state-of-the-art 5G cellular standard [4], which is supported
by major carriers (e.g., AT&T [5] and Verizon [6]) for
IoT deployment. Furthermore, our scheduler is designed to
cope with highly varying channel conditions (e.g., time-
selective fading and frequency-selective fading), which is a
major challenge in the real-world environment. Finally, we
want to ensure that our Aol scheduler can strictly meet
the stringent timing requirement (i.e., submillisecond running
time for computing scheduling solution) as specified in the
5G standard.

There are a number of technical challenges in this research.
First, in a 5G setting, the Aol scheduling problem entails the
allocation of resource blocks (RBs) and selection of modu-
lation and coding scheme (MCS) for each source node in
each TTI based on the channel conditions. This presents a
much larger search space for an optimal solution than any
of those problems considered to date in the Aol research
literature. Second, the stringent timing requirement for real-
world 5G systems (i.e., submillisecond time scale) sets a hard
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performance benchmark against any design of Aol sched-
ulers. As we shall see, it is extremely challenging to find
a near-optimal solution for a problem of such size and
complexity in a submillisecond time scale.

This article addresses the above technical challenges with
the following contributions.

1) This article studies Aol scheduling in a 5G set-
ting with considerations of varying channel conditions.
Specifically, the uplink transmission resource is divided
as grids of RBs that span both time and frequency
domains with different channel conditions. The schedul-
ing problem under 5G entails the RB allocation to each
source node and the selection of MCS for each source
node based on the channel condition on each RB, with
the goal of minimizing long-term average Aol.

2) Since the channel condition for the future is unknown,
we purse to design an online Aol scheduling algo-
rithm. For the performance benchmark, we propose a
novel computational procedure to find an asymptotic
lower bound for the objective value. Specifically, we first
relax the original Aol minimization problem to a data
rate minimization problem. Then, we employ a gradient
scheduling algorithm to find an asymptotic lower bound
for the latter problem. The gradient scheduling mini-
mizes an empirical data rate for each TTI, which can be
formulated into an integer quadratic programming (IQP)
problem and solved by the CPLEX solver.

3) For our Aol scheduling problem, we present Kronos, an
online algorithm that conforms to 5G transmission stan-
dard and can cope with varying channel conditions. The
essence of Kronos is to iteratively select a source node
for RB allocation until all RBs in a TTI are allocated.
We propose a novel metric that takes into consideration
of Aol outage and the channel conditions for the source
node. Based on this metric, we can identify the next
source node for RB allocation and determine its MCS.

4) To ensure that Kronos can meet the stringent timing
requirement in 5G, we propose to employ commercial
off-the-shelf (COTS) GPUs to speed up Kronos’ run-
ning time through parallel computation. Specifically, we
exploit the massive number of GPU processing cores
to compute and compare the scheduling metric for all
possible combinations of source nodes and MCSs. For
proof of concept, we implement Kronos on an Nvidia
Tesla V100 GPU using the CUDA programming model.
Through extensive performance evaluation, we find that
Kronos can achieve near-optimal performance (when
compared to our lower bound) in a submillisecond time
scale.

The remainder of this article is organized as follows. In
Section II, we review the related work on Aol scheduling. In
Section III, we describe a 5G-based IoT network that we focus
in this article. In Section IV, we formally state the 5G Aol
scheduling problem and introduce its real-time requirement.
In Section V, we present a novel computational procedure to
find an asymptotic lower bound for the objective function.
In Section VI, we present Kronos, a 5G-compliant real-time
scheduler that minimizes Aol. In Section VII, we perform
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extensive experiments to study the performance of Kronos.
Section VIII concludes this article.

II. RELATED WORK

There has been a flourish of research on Aol in recent
years [3]. The main line of research is to design schedulers
that minimize Aol (e.g., [7]-[19]). Another line of research
focuses on the modeling, analysis, and optimization of Aol
(e.g., [20]-[26]). There are also some other branches on Aol
research, e.g., the game theory for Aol (e.g., [27]-[29]), chan-
nel coding for Aol (e.g., [30]-[32]), and Aol applications
(e.g., [33], [34]), to name a few. Since this article is on sched-
uler design to minimize Aol, we will limit our literature review
in this area.

The authors in [7]-[10] considered the same transmission
model in Fig. 1, where information sources share a common
channel. A simplifying assumption in these works is that only
one packet from at most one source can be transmitted to
the BS in one time slot. Specifically, Hsu et al. [7] assumed a
Bernoulli packet arrival model for the sources. Kadota ez al. [8]
considered an unreliable channel where there is a fixed packet
loss probability for each transmission. Zhong et al. [9] studied
a new metric called Age of Synchronization (AoS) along with
Aol. Lietal. [10] studied scheduling under a given Aol deadline.

Extensions beyond the simple transmission model
in [7]-[10] have also been explored in recent works. For
example, Bedewy et al. [11] and Sun et al. [12] extended
the one packet by only one source model to a multichannel
system, where multiple sources can send packets to the BS
through multiple independent channels. Li et al. [13] explored
a more general problem with considerations of sampling
periods, sample size, and link capacity. The authors in [14]—
[17] considered a multilink ad hoc network where multiple
information sources send information updates to multiple
destinations. Finally, Bedewy et al. [18] and Talak et al. [19]
considered a multihop network environment, where the
sources update information to their destinations through relay
nodes. Although these efforts have made important contribu-
tion to the theoretical foundation on Aol scheduling research,
they fall short on addressing Aol scheduling problems in the
real-world system, such as 5G.

There have been some works on exploring the impact of
time-varying channel conditions on Aol. The authors in [8],
[14]- [16] considered a 2-state time-varying channel model,
where each packet can be either received successfully or lost
with a fixed probability depending on the channel condition.
Lu et al. [17] assumed that the channel coherence time could
last an entire frame (consisting of a large number of time slots)
and the maximum number of packets that can be delivered
in a frame is time-varying (frame-varying). Tang et al. [25],
[26] considered a multistate time-varying channel and the link
capacity is modeled with multiple levels on each time slot.
Although these efforts have explored different models for time-
varying channel conditions, they are still considered overly
simplified. For example, none of them has considered under-
lying physical-layer transmission technologies such as 5G,
where channel-dependent 2-D frequency-time RBs are used
for resource scheduling.
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Fig. 1. System model: a set of source nodes collects information and sends
it to a BS.

III. 5G-BASED IOT ARCHITECTURE

Consider a 5G-based IoT network, where a set A/ of source
nodes collect information and forward it to a BS (see Fig. 1).
Each source node periodically takes a sample of information
from its environment. Denote 7; as the sampling period (in
unit of time slots) at source node i. Due to the heterogeneity
of IoT applications, the sampling periods are generally differ-
ent among different source nodes. For source node i, denote
L; as the sample size (in unit of bits), which is the amount of
information carried in a sample. Again, due to the heterogene-
ity of IoT devices, sample sizes are generally different among
different source nodes.

Once a sample is produced at a source node i, it is stored
in a local memory, which is of finite size. Due to the lim-
ited channel bandwidth, not every sample from each source
node will be transmitted to the BS. When a source node
starts a new transmission, it always selects the freshest sam-
ple (i.e., the most recently generated sample) for transmission.
This is to ensure the cellular BS can receive the freshest
information. As a result, only a fraction of samples generated
at each source node will be transmitted while the rest will be
eventually discarded at the source nodes (due to limited node
memory). Once a source starts to transmit a sample, it may
take multiple consecutive time slots (if necessary) to complete
the transmission. In this case, any newly generated sam-
ple afterward cannot preempt an ongoing transmission of an
older sample.

Since the uplink transmission from IoT source nodes to the
BS conforms to the 5G standard [4], transmission resource is
organized into grids of RBs that span both time and frequency
domains. In the time domain, time is equally slotted into TTTs,
while in the frequency domain, the bandwidth is equally slot-
ted among a large number of subcarriers, with 12 subcarriers
over a TTI being called an RB. That is, for each TTI, there
is a large number of RBs that can be allocated to the source
nodes for uplink transmission.

Due to varying channel conditions in time (across differ-
ent TTIs, i.e., time-selective fading) and frequency (across
different RBs, i.e., frequency-selective fading), channel feed-
back from each source node is necessary for the optimal
scheduling of RBs at the BS. Given such channel varia-
tion over time and frequency, it is desirable to perform
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TABLE I
NOTATION
Symbol Definition
As(t) Aol of the most recent sample at source node 7 at TTI ¢
AB(¢) Aol of the sample from source node ¢ at the BS at TTI ¢
AB Long term average of AB(t)
AB Weighted sum of all A?’s
B A set of RBs available for scheduling at the 5G BS
cm Modulation and coding rate under MCS level m
r?’m(t) Achievable data rate by RB b w.r.t. source node ¢ under
MCS m at TTI ¢
L; Sample size at source node ¢
M A set of MCS levels that a source node can use
N A set of source nodes in the 5G-based IoT network
a4 (t) The highest MCS level that source node 4’s channel can
support on RB b at TTI ¢
R;(t) Amount of information transmitted by source node 7 in TTI
t across all RBs allocated to it
T; Sampling period at source node 7 (in unit of TTIs)
U,?(t) Generation time of the most recent sample from source node
7 at the BS at TTI ¢
Us(t) Generation time of the most recent sample at source node %
at TTI ¢
w; An assigned weight for source node 7 at the BS
TABLE II
ABBREVIATIONS

Abbreviation
Aol Age of Information

AUS Almost Uniform Scheduler
BS Base Station

Meaning

BTT Begin-To-Transmit

COTS Commercial Off-The-Shelf

1QpP Integer Quadratic Programming
MCS Modulation and Coding Scheme

RB Resource Block
TTI Transmission Time Interval

scheduling for each TTI, the smallest time resolution for 5G
transmission.

At the BS, the collected information can be either processed
and stored locally (edge computing) and/or be forwarded to
a cloud, where the information can be further processed and
accessed broadly by users from any location. Since many time-
sensitive [oT applications need to access the latest sampled
information from each source, it is desirable to maintain the
freshest sample (from each source) at the edge BS. So, it is
necessary to design a specialized scheduler to minimize Aol
for the maintained samples at the BS. This is the problem we
are going to study in this article.

IV. MODELING AND PROBLEM STATEMENT

Table I lists key notations in this article and Table II lists the
abbreviations. When there is no ambiguity, we use the term
“TTI” and “time slot” interchangeably throughout this article.
Also, wherever appropriate, we use the term “at TTI #” to refer
to “at the beginning of TTI #’ and use the term “in TTI ¢’
to refer to the underlying action is completed “at the end of
TTI 7.
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A. Aol Notation

Recall that for each source node i, it takes a sample every
T; time slots. Denote U;(¢) as the generation time of the most
recent sample at source node i. Clearly, Uf (t) < t. Then, the
Aol of the most recent sample at source node i at TT ¢, denoted
as Aj (1), is defined as

A1) =1 UL @), (1)

Since sampling at source node i has a period T;, function Aj(?)
exhibits a zigzag shape with slope 1 and period 7;. Clearly,
we have 0 < AJ(r) <T; — 1.

On the other hand, the sample maintained at the BS may be
older than the sample just produced at the source node. Denote
UlB (t) as the generation time of the most recently received
sample from source node i at the BS. Then, the Aol for source
i at the BS at time slot ¢, denoted as Af (1), is defined as

AB@y =1 —UB@). (2)

Function A? (r) also exhibits a zigzag shape with slope 1, and
we have A?(t) > A3 (D).

It is instructive to make a connection between A? (1) (Aol
at edge BS) and A{(¥) (Aol at a source node). At source
node i, for the kth sample that is successfully transmitted
to the BS (excluding those that are not transmitted), denote
its beginning transmission TTI as b;(k) and ending transmis-
sion TTI as ¢;(k). By the definition of Uj(f), the generation
time of this kth sample is U} (b;(k)). After the last unit of
data of this sample is completely sent to the BS in TTI ¢;(k),
in the next TTI (e;(k) + 1), UlB(t) is updated and we have
UB(ei(k) + 1) = US(bi(k)). By the definitions of A%(#) and
A3 (1), it can be shown that Aol evolution at the BS follows
the following expression:

B _ | A Bik) + ei(k) — bi(k) + 1, if 1 = ei(k)
A+ 1) = {Af(t) +1, otherwise.
3)

The long-term average of A?(t) for source node i at the BS
is defined as

T
- 1
B_ {im - B
Al = lim — XI:A,. (). 4)
=
The BS assigns a weight for each source i, which is denoted
by w;. Then, the weighted sum of the long-term average of
A? (t) over all source nodes i € N, denoted as AB . is

AB=""w;-Af. 5)
ieN

Our objective is to minimize AZ.

B. Uplink Transmission

As shown in Fig. 1, the set of IoT source nodes (users) N
shares an uplink channel to transmit to the BS. Denote 5 as the
set of RBs in one TTI for uplink transmission. The scheduler
at the BS must allocate this set 5 of RBs to a subset of source
nodes at each TTI to minimize A5.
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Denote xf () as a binary variable indicating whether RB
b € B is allocated to source node i at TTI ¢, i.e.,

b 0 = 1, if RB b is allocated to node i at TTI ¢
iY77 10, otherwise.

We assume that each RB can only be allocated to at most one
source node.! We have

Y X <1 (beB). (6)
ieN

Besides RB allocation, for each TTI, the scheduler also
needs to choose an MCS for each source node [4]. The MCS
of each source node determines the modulation and coding
rate—how much information (in unit of bits) is modulated
and coded in each RB for this source node. The higher the
MCS, the higher the modulation and coding rate. On the other
hand, the maximum amount of information that can be suc-
cessfully transmitted by an RB also depends on the channel
condition. If the channel condition for this RB is poor and the
source uses a high MCS, information carried in the RB can-
not be successfully received and decoded by BS. Therefore,
the achievable data rate by an RB b € B depends on both the
MCS used by the source node as well as the channel condition
for this RB.

Under 5G, there are 29 levels of MCSs for transmission [4].
Denote M as the set of these available MCSs (i.e., M =
{1,2,...,29}), where we have m = 1 corresponding to the
lowest MCS and m = 29 corresponding to the highest MCS.
Denote qf-’(t) as the maximum MCS level that source node i’s
channel can support on RB b at TTI . We have

0 < q2(r) < IM|.

In practice, qﬁ’ (#) is determined by the channel quality indica-
tor (CQI) report carried in the feedback from source node i at
TTI (—1). Denote ¢ as the modulation and coding rate under
MCS level m, which can be found in [4, Table 5.1.3.1-1].
Denote rf-”m(t) as the achievable data rate by RB b with respect
to source node i under MCS m. If m < qf? (1), the transmission
is successful and the achievable data rate is ¢”. Otherwise, i.e.,
m > qf-’ (1), the transmission is unsuccessful and the achievable
data rate is 0. We have

b.m " ifm < qb(t)

) = {O, otherwisé. )

Note that although each RB can only be allocated to at most

one source node in a TTI, a source node may be allocated with
multiple RBs. For a source node allocated with multiple RBs,
it must choose and use one MCS m € M for all its allocated
RBs [4]. Denote y/"(f) as a binary variable indicating whether
MCS m € M is chosen by source node i at TTI ¢, i.e.,

) = 1, if MCS m is chosen for source i at TTI ¢

Yi'D' =10, otherwise.

We have
YW1 eN). ®)
meM

IThe case of multiuser MIMO where an RB can be allocated to multiple
sources is much more complex and will be explored in future work.
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Fig. 2. Example illustrating the tradeoff between MCS selection and the

number of RBs that can contribute to the total data rate.

Denote R;(f) as the amount of information transmitted by
source node i in TTI ¢ across all RBs allocated to it. We have

Rty =Y Y oy or") GeN). (9
beB meM

Based on (7) and (8), there is a clear tradeoff between the
choice of m and the number of RBs allocated to source node
i that can contribute to R;(¢), due to the differences in channel
conditions on each RB allocated to the same source node. That
is, the higher the MCS m is chosen, the fewer the number
of RBs can help contribute to R;(¢). In Fig. 2, we use an
example to illustrate this tradeoff. For a source node, suppose it
is allocated with four RBs. Suppose under the current channel
conditions on the four RBs, the maximum allowed MCS on
the four RBs are 2, 4, 3, and 4, respectively. If we choose
MCS 4 for transmission, then only RBs 2 and 4 can contribute
to R;(#), each with an MCS level 4. If we choose MCS 3
for transmission, then RBs 2-4 can contribute to R;(¢), with
each contributing to R;(f) with MCS level 3. Clearly, choosing
a higher MCS level may not translate to the total aggregate
(effective) data rate among the RBs. From this example, we
can see that judicious choice of MCS is necessary to balance
the achievable bit rates from each RB and the number of RBs
that can actually contribute to achievable bit rates.

C. Problem Statement and Technical Challenges

In this article, we want to design a real-time 5G-compliant
scheduler to minimize A® at the BS. The scheduling algorithms
entails to allocate |B| RBs to || source nodes in each TTI,
and to choose an MCS for each user. That is, to determine the
decision variables x!(#) and y*(¢) for each TTI ¢ so that AB is
minimized.

There are a number of challenges associated with this
problem. First, the search space of the scheduling problem
is enormous. Within each TTI, the BS needs to allocate |B]|
RBs (e.g., 100) among |N/| source nodes (e.g., 100), and
assign each source node an optimal MCS (among 29 pos-
sible levels). The solution space consists of IBI‘N . IMllN !
possibilities. None of the existing Aol research (see [3]) have
studied problems of such size and complexity.

Second, the scheduling algorithm that we need should be an
online algorithm. This is because the scheduler can only make
a scheduling decision for the next TTI based on most recent
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channel feedback information. It does not have any knowledge
of channel conditions for the future. Since we are minimizing
a long-term average Aol, it is not possible for a schedule to
make an optimal decision without knowledge of the future.
Therefore, one can at best design a near-optimal scheduler.
Finally, the timing requirement to run our scheduler is very
stringent. Under 5G [4], our scheduler must find its scheduling
decision within a TTI, which is in a submillisecond time scale.
To date, none of the existing Aol research has considered such
a real-time requirement in the design of a scheduling solution.

V. PERFORMANCE BOUND

In this section, we develop a lower bound for the objective
AB. This lower bound (if tight) can be used as a benchmark
to measure the performance of a scheduling algorithm that we
will design later in Section VI.

Denote R; as the long-term average data rate for source node

ielN,ie,

T
1
Ri= lim - ZIR,-(t). (10)
=

In Section V-A, we develop a lower bound for A® (applica-
ble to all scheduling algorithms) assuming that R;’s are given a
priori. In Section V-B, we remove this assumption (i.e., knowl-
edge of R;’s) and present a novel computational procedure to
find a lower bound for A5,

A. Lower Bound for Known R;’s

For given R;’s, there may exist different scheduling algo-
rithms. Among these different scheduling algorithms, how do
we find a scheduling algorithm that offers the minimum AZ?
This is the question we want to answer in this section.

Note that in (5), AZ is a weighted sum of all A? ’s. A lower
bound of A® under the given R;’s can be found by the following
relaxation. If we can find a lower bound for each A? (for
i € N) under the given R; that is independent of the other
Af’s or R;’s (for j # i), then we can multiple each with its
corresponding weight and sum them up. This sum of weighted
lower bound is clearly a lower bound of A5,

Following this idea, we now show how to find a lower bound
for A? under a given R; that is independent of other R; (for
J # i). For ease of exposition, denote p; as the fraction (in
percentage) of successfully transmitted samples over all gen-
erated samples in the long term. Clearly, p; < 1. With p;, we
can rewrite R; as

7 iLi

T;
Note that R; is proportional to p; via a constant factor.
Therefore, minimizing A? under a given R; is equivalent to
minimizing A? under a given p;.

Since we want to find a lower bound of A? under a given
pi, let us artificially move ahead the update time for A? (1) as
follows. Instead of updating A? (1) at the end of TTI ¢;(k), let
us move the update time to the end of TTI b;(k). Although
this is infeasible in reality, it serves our purpose of finding
a lower bound. Clearly, A? at the BS under such a fictitious

(11)

i =
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updating mechanism is smaller than that when the update is
made at the end of TTI e;(k) (since the update is performed
earlier than it should be). Therefore, we will use A? obtained
under such a fictitious update mechanism as a lower bound.

Ideally, to minimize this new lower bound of A? under a
given p;, we would like to have each of those samples be trans-
mitted immediately after they are generated. Clearly, such a
hypothesized (ideal) scheduler would offer a new lower bound
for ;\f under a given p;.

Denote TlBTT(k) as the “begin-to-transmit” (BTT) interval
for the kth and (k + 1)th sample at source node i. That is,
TZ-BTT(k) is the interval between the starting (beginning) time
of transmitting the kth sample and the starting time of trans-
mitting the (k + 1)th sample at source node i. Based on this
definition, we have

TP (k) = bitk + 1) — bi(k). (12)

Then, under a hypothesized scheduler, T IBTT(k) is an integral
multiple of the sampling period 7;. Clearly, such a hypothe-
sized scheduler is not unique and many (each with different
behavior of TlBTT(k)’s) may offer the same p;. Among this
group of hypothesized schedulers, we want to identify a
scheduler that minimizes AZ.

More formally, we define almost uniform scheduler (AUS)
as a hypothesized scheduler with

T8 (k) = either ;T; or (h; + T; for k > 0

v=[;]

and [-] is the floor function. Then, we have the follow-
ing lemma for the scheduler that minimize /_X? among the
hypothesized schedulers.

Lemma 1: AUS minimizes A? among all hypothesized
schedulers with

where h; is defined as

13)

T 1
A=)+ 5

2
(e P

Lemma 1 says that the hypothesized scheduler that employs
almost uniform BTT intervals (or exactly uniform in the case
when 1/p; is an integer) minimizes A? . This result is very
intuitive. It can be shown (as in the proof below) that for any
other scheduler with a larger variance in BTT intervals, one
can always find a scheduler with a smaller variance in BTT
intervals that reduces A5

Proof: To prove Lemma 1, we need to prove: 1) AUS is
the hypothesized scheduler that minimizes A? and 2) under
AUS, AB is given in (14).

We first prove AUS is the hypothesized scheduler that min-
imizes A?. Our proof is based on contradiction. Assume that
AUS is not the hypothesized scheduler that minimizes A%.
Then, denote 7* (which is not AUS) as the hypothesized
scheduler that minimizes A? . Recall the length of any BTT

(14)

where
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interval under a hypothesized scheduler is an integral multiple
of T;. Therefore, we can find two BTT intervals under 7*
with length n17; and ny7; such that ny > ny + 2, with n
and ny being integers. We can change the lengths of the two
BTT intervals to (n; — 1)7; and (ny 4+ 1)7;, and get a new
hypothesized scheduler mg. Clearly, 7o and 7* has the same
pi. However, the average Aol within the two BTT intervals in
T* s

_(mT)* + (mT)* + (m + m)T;

2(ny +n2)T;

while the average Aol within the two BTT intervals in g is

a = (= DT)? + (2 + DT + (1 + m)T,
°7 2(m1 +n)T,; '

A* (16)

a7)

We have

(n1 —ny — DT;
_— >

A* — Ag = 0 (18)

ny +np
which means 7y has a smaller Af than what 7* has. This
contradicts to that 7* is the hypothesized scheduler that
minimizes f_\? .

Now, we have proved that AUS is the hypothesized sched-
uler that minimizes A? . We want to find ;\f under AUS. Recall
p; is the fraction of all generated samples that are successfully
transmitted. So, the average of all BTT intervals at the BS is
T;/pi. Clearly, the length of the BTT interval for source node
i under AUS is either h;T; or (h; + 1)T;. Denote a as the per-
centage of those BTT intervals with length %;T;, then (1 —a) is
the percentage of those BTT intervals with length (h; + 1)7T;.
When the time interval [0, T) is large, i.e., T — 00, the frac-
tion of successfully transmitted samples approaches p;, and the
occurrence rates (the number of occurrences over the number
of TTIs) of those two types of BTT intervals are p;a/T; and
pi(1 —a)/T;, respectively. We have

T2 T+ T 252 (i + DT,

li =1 19
TLH;O T (19
which gives us
1
hia + (hi + 1)(1 — a) =;- (20)
1
We have
1
a=h+1——. 21
Pi
Based on a, we can calculate Af under AUS
5 a- /’liTiU;‘hiTi) +(1—a)- (h;+1)Ti(12+(hi+1)Ti)
! ah;T; + (1 —a)(h; + 1)T;
T; ) 1
= 32+ 1= (W +hi)pi) + 5
= Do + 2
2t g
This completes our proof. |

Combinigg (5), (11), and (14), we have the following lower
bound for AZ as a function of R;:

o3 (TR 4 1
= (31(5) +3)

ieN

(22)
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In the next section, we will remove the assumption of the
prior knowledge of R;.

B. Finding Lower Bound of AB

Based on (22), a lower bound for A? can be found by
minimizing the RHS of (22), i.e.,

OPT-LB: min E w(§f<@> + 1)
' TN\ 27\ L 2
ieN
s.t. Constraints (6), (7), (8), (9), (10)

where the optimization variables are xf’ (®)’s and y!'()’s. In

the rest of this section, we show how to solve OPT-LB. We

emphasize that the optimal solution to OPT-LB only serves as

a lower bound of A8 , while its own Aol performance is not of

our concern (and is likely much higher than this lower bound).
For the ease of exposition, we define

T; (RT;: 1
Ji(Ri) = m(;’f(i—lf) + 5). (23)
Then, the objective of OPT-LB becomes
min > Ji(Rj). (24)

ieN
We will design an optimal scheduling algorithm to OPT-LB
and obtain a lower bound for A5.

OPT-LB is a scheduling problem to minimize a function of
R;. Similar problems have appeared in the information theory
community (see [35] and [36]), where it has been shown that
a gradient scheduling algorithm can achieve the same optimal
objective value asymptotically (when the number of TTIs goes
to infinity). Specifically, in a gradient scheduling algorithm,
we define an empirical data rate R{(¢) for each TTI ¢ and it is
updated as a moving average as follows:

Ri(t+1) = (1= PR (1) + BRi(1) (25)

where § is a small positive constant (e.g., 0.01) and R;(?) is
the instant data rate at TTI . It can be easily shown that under
the moving average updating algorithm in (25), when 8 — 0

lim R¢(r) = R;. (26)
11— 00

That is, R{(r) asymptotically approaches R; when t — oo.
In practice, ¢ does not need to be very large to achieve this

approximation.
Based on (26), OPT-LB becomes

OPT-1: min lim " Ji(R{(1))
ieN
s.t. Constraints (6), (7), (8), (9), (25)

where the optimization variables are )Hl’ (®)’s and y!'(1)’s.

The idea of the gradient scheduling algorithm is to
minimize ) ;o Ji(R{(r + 1)) at every t. It has been
shown that by performing such a minimization for
every TTI, lim; o ) ;cnr Ji(RY(2)) is also minimized when
B — 0 [35], [36].
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We now show how to minimize ) ;. s Ji(R§ (t+1)) at TTI .
When g — 0, using (25), we have

D TR+ D) =Y Ji((1 = BRE() + BRi1))
ieN ieN
= D TR + B(Rit) — RS (D))
ieN
dJi(R)
=D JRW) + 3 = A
ieN ieN i
x B(Ri(1) = R{ (1))
where the last equality follows from the definition of derivative
of J;(-). Since R{(r) can be computed at TTI ¢, J(R{(¢)) and
[(dJ;(R))/dR]| R:R;(,)Rf(t) can also be computed. Therefore, to
minimize ) ;s Ji(RS(t+ 1)) at TTI ¢, we only need to solve
the following problem:

27)

dJi(R)

R;(t
dR |R=R¢(r) i@

OPT-2: min Z
ic

s.t. Constraints (6), (7), (8), (9), (28)

where the derivative of J;(-) is computed as

RT;
dJi(R) _wiT; df<L_,-) )
dR |rR=r¢ty 2 dR IR=R(r)

_ WiTi2 L; 2 L; 73
T2 LR?(r)TiJ +LRf(r)TiJ -9

To ensure f(-) is continuously differentiable at every point, we
need to define how to perform derivative at certain points. Note
that f(-) is a piecewise linear function. When L;/ (R (1)T;) is
exactly an integer, the function f(RT;/L;) is continuous but
not differentiable at R = R{(f) (i.e., the left derivative does
not equal to the right derivative). For these points, we use the
right derivative as the derivative at R = R{(¢), as shown in the
RHS of (28).

Since each term in the RHS of (28) is either a constant or a
known value at TTI ¢, let us denote the RHS of (28) as W;(t).
Using (9), OPT-3 can be written as

OPT-t: min ZZ Z W,-(t)rﬁ”’”(t))é’(t)y?(t)

ieN beBmeM
s.t. Constraints (6), (7), (8)

where the optimization variables are xf’(t)’s and y?*(¢)’s. The
minimization problem OPT-¢ is an IQP, which can be solved
by a commercial solver such as CPLEX [37].

Based on OPT-t, we propose a procedure to solve OPT-
LB and use it as a lower bound for AZ, as shown in Fig. 3.
Although in theory, it requires 8 — 0 and T — oo for the
procedure to converge asymptotically; in practice, we can get
an excellent approximation even for a small 7. We use the
following example to illustrate this point.

Example 1: Consider a sizable IoT-network  with
IN]=100. Suppose that we have ten types of source
nodes as specified in Table III, we assume that our 100 nodes
consist of all ten types, with ten nodes in each type. More
details on our experimental setup and parameter settings are
given in Section VII-A. We assume a Rayleigh fading channel
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An Approximate Solution to OPT-LB
Input: 3, T
1: Initialization: R$(0) = 0 for each i € .
2: for t =1,2,--- T do
3. Solve OPT-t and get the optimal solution z?(¢)’s and
yrL)'s.
4 Use z%(t)’s and y"(t)’s to perform scheduling at TTI
t and get the instant data rate R;(¢).
Use (25) to update RS(t).
end for
Let R; = R¢(t) for each i € N.

Substitute R;’s into the objective function of OPT-LB
and use this value as a lower bound for AB.

® W

Fig. 3. Procedure to find a lower bound for AB.

L
0 200 400 600 800 1000
t(TTI)

Fig. 4. Convergence time of our proposed approximate solution to OPT-LB
when 8 = 0.01.

with no frequency nor time correlation. For 8 = 0.01, we
run the approximate solution for 1000 TTIs. The relationship
between Y ;s Ji(R{ (1)) (which is used as the lower bound
for AB) and TTI ¢ is shown in Fig. 4. When ¢ = 500, we
have ZieNJ,-(Rf(t)) = 4.48 while for + = 1000, we have
Zie N Ji(R¢(t)) = 4.44. Given the negligible difference
between the two, we can choose ¢ = 500 as our terminating
time.

It turns out for all of our experiments in Section VII-A,
t = 500 is sufficient for our procedure (in Fig. 3) to terminate
and obtain an excellent approximate solution.

Note that although the scheduler in Fig. 3 can find an
approximate objective value of OPT-LB and use it as a lower
bound for A5, its own Aol performance is much higher than
this lower bound. This is because under this scheduler, the RBs
allocated to a particular source node tend to be uniformly dis-
tributed across all TTIs (e.g., under a random channel with
small coherence time), thus leading to large Aol. On the other
hand, an obviously better scheduler would allocate RBs to a
source node right after a new sample is generated and use
as few TTIs as possible. We use the following example to
illustrate this point.

Example 2: Following the same network settings as in
Example 1, Fig. 5 shows the Aol performance of the sched-
uler in Fig. 3 across 1000 TTIs. Also shown in the same figure
are the lower bound that we developed and Aol performance
of Kronos (the scheduler that we will design in the next sec-
tion). As we can see, the Aol performance of the scheduler
in Fig. 3 is much worse (larger) than Kronos, which confirms
our argument that it cannot be directly used as a scheduler to
minimize Aol.
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/Scheduler in Figure 3

/ Lower Bound / Kronos

0 200 400 600 800 1000

Fig. 5.
bound.

Aol performance of the scheduler in Fig. 3, Kronos, and the lower

VI. KRONOS: REAL-TIME SCHEDULER

The goal of this section is twofold. First, we want to design
a scheduler that minimizes A5. Second, we want to ensure the
scheduler can meet the stringent timing requirement in 5G.

We present Kronos,> a 5G-compliant real time Aol sched-
uler that offers near-optimal performance. We organize this
section as follows. In Section VI-A, we present the basic
design ideas of Kronos. In Section VI-B, we elaborate the
details of a key step of Kronos. In Section VI-C, we present
a GPU-based implementation for Kronos that can meet the
stringent timing requirement in 5G.

A. Basic Idea

The design of Kronos is based on the following key ideas.

1) For the objective function in (5), it is obvious that we
need to minimize A? from each source node i € N. For
A? , its value at the BS is not reduced until a new sample
is received by the BS in its entirety. That is, a partially
transmitted sample will not reduce (update) A? at the
BS. Based on this observation, we should minimize the
number of partially (incomplete) transmission of sam-
ples at the end of each TTI. As an extreme, we can limit
the number of samples that are partially (incompletely)
transmitted at the end of a TTI to at most one. This
can be done by devoting all the remaining RBs to one
sample, rather than spreading out to multiple samples.

2) Following the last idea, at the beginning of a new (the
next) TTI, we will inherit at most one partially (incom-
plete) transmission of a sample from the previous TTL
Recall that we cannot preempt a sample once it starts
transmission, even if there is a newly generated sam-
ple from the same source node. Furthermore, for our
IoT applications, a sample size is relatively small. So,
the remaining portion of the partially transmitted sam-
ple is not large (in most cases) and it makes sense to
complete its transmission before starting to transmit any
other samples.

3) After we complete the transmission of the remaining
(incomplete) sample (carried from the last TTI), we need
to decide which sample to transmit next in the current
TTI. To do this, we need a metric to compare among the
samples from different source nodes and decide which
subset of samples that we will allocate the remaining
RBs. Clearly, this metric should consist of the weight
and the “outage” (difference between Aol at the BS

2Kronos is the god of time in Greek mythology.
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and the source, i.c., A?(t) — A} (1)) for each source node
i € N In our previous work [13], in the absence of con-
sidering channel conditions, we use the metric w,-Al-z(t)
for scheduling, where A;(¥) is defined as

Ai(t) = AP (1) — AL (D). (29)
It was shown in [13] that a scheduler based on this met-
ric can offer near-optimal performance (under simplified
channel conditions). Therefore, it would be wise to have
Kronos to inherit this basic trait before we add additional
features to cope with varying channel conditions.

4) To incorporate channel conditions into the scheduling
decision metric, we must consider the impact of the
MCS setting on RBs. As shown in the example in Fig. 2,
the higher the MCS m is chosen, the fewer number of
RBs (with a higher rate) can be used for transmission.
Intuitively, we prefer to use as few RBs as possible
to transmit a sample. Therefore, the scheduling metric
should also include the number of RBs required to trans-
mit a sample, i.e., the more RBs required, the lower the
priority (or smaller the metric) associated with a source
node. We will elaborate the details of how to incorpo-
rating channel conditions into the scheduling metric in
the next section.

5) Once we have a scheduling metric (see next section), we
can compare samples and perform scheduling, i.e., RB
allocation. Clearly, RB allocation is an iterative process,
where in each iteration, we will consider how to allo-
cate a subset of RBs among the remaining unallocated
RBs to a sample in the remaining unscheduled samples.
Eventually (after a number of iterations), all RBs are
allocated and the algorithm terminates.

B. Algorithm Details: Design of Scheduling Metric

We devote this section to the discussion of how channel
conditions are incorporated into the scheduling metric, which
is at the heart of our design. Recall that the choice of MCS
value m at a source node will set the corresponding coding
rate ¢, which will, in turn, determine two parameters.

1) The set of RBs in the remaining un-allocated RBs that

can contribute at this bit rate ¢”. We denote the number
in this set as n" (7).

2) The number of RBs that is needed to transmit a sample

for source node i, which we denote as s7".

That is
>

un-allocated b

n(r) = a7 = m] (30)

where qf’ (1) (see Section IV) is the maximum MCS that can
be used for RB b and source node i for transmission (which
is determined by the channel condition on RB b), and “[-]” is

the notation for the Iverson bracket, returning 1 if the inside
statement is true and O otherwise [38]. We have

L.
7=[2]

where “[-]” is the ceiling function.

3D
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Clearly, the scheduling metric for a sample is dependent on
m and is a function of #"(¢) and s}", in addition to wiAZ() (as
discussed in the last section). As a start, denote V;"(¢) as the
scheduling metric under MCS m with the following general
form:

V() = g(w,»A,?(r), (o), s;”) (32)
where “g” denotes a function of w;A%(r), n'(t), and s7".

For each sample from source node i € A, we have the
pair (n}'(¢), s{") under each m € M. If nf"(¢) > s, it means
that this sample can possibly be transmitted in its entirety in
this TTL. Otherwise (i.e., n}'(t) < s7"), this sample can only
be partially transmitted even if we allocate all the remaining
RBs to it. Now, we have a dilemma: shall we transmit a partial
sample (while holding back one or more other samples that can
otherwise be transmitted in their entirety) or shall we transmit
one or more complete samples first?

Since our goal is to minimize (5), based on the
shortest-job-first principle from queuing theory [39], we
should first schedule one or more samples that can be
fully transmitted. Therefore, we purposely design the func-
tion g(wiAiz(t), n'(t),s") > 0 when nf"(r) > s and
g(w,-Aiz(t), ni' (1), s7") < 0 when n}*(t) < s7". Under such defi-
nition, the priority for a sample that can be fully transmitted
within this TTI is always higher than that for a sample that
can only be transmitted partially. After RBs have been allo-
cated to those samples that can be fully transmitted, we move
on to consider how to allocate the remaining RBs to those
samples that cannot be fully transmitted (i.e., samples with
V() < 0). Recall that in each TTI, we only schedule at
most one partially transmitted sample. So, when V() < 0
for all remaining source nodes i and MCS m, we will choose
one with the largest value of V!"(z) < 0 for transmission.

Based on the above discussion, we show how to design
function g(w,-Aiz(t), n'(1), si') as follows.

1) When n*(r) > s/, sample i can be fully transmitted

with un-allocated RBs under MCS m in this TTL In
this case, the fewer RBs required for transmission (i.e.,
s7"), the higher the priority it should have. Therefore, we
define function g as

1

g(widF 0. 0. 5 = win}0) - =

. (33)

L
2) When n}'(t) < s, sample i cannot be fully trans-
mitted under MCS m. In this case, the greater the
fraction of the sample that can be transmitted (i.e.,
n'(t)/si"), the higher the priority it should have. Based
on this idea, the function g should be proportional to
the term n}'(f)/s!". On the other hand, as discussed
earlier, g(wiAl-z(t),n;”(t), s7") should be negative when
n'(t) < s?'. To ensure this is the case, we can add a
negative offset constant and define function g as

m

g(wa? 0. . ) = wade - " ¢

i

(34)

where C is a large (offset) constant that can ensure
g(nl'(®),si") < 0 for all i and m when n'(r) < s/
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Kronos:
At TTI ¢:

1: If there is a partially transmitted sample carried from
the last TTI, allocate minimum number of RBs (based
on channel conditions) to complete its transmission.

2: Compute n[*(t) by (30). Then compute V;"(t) by (35)
for all ¢ € A/ that have not been scheduled at ¢ and for
all m e M.

3: Choose i* and m* with the largest V;7 (t) among all
Vim(t)s.

4 if V7 (t) > 0 then

5:  Allocates RBs to source ¢* (using MCS m*) to
complete its transmission. Goto Step 2.

6: else

Allocate all remaining RBs to source ¢* (using MCS
m*).
8: end if

Fig. 6. Pseudocode for Kronos.

For example, we can set C = ) ;s wiAl.z(t) or C =
max;e A w,-Alz(t).
Combining (32)-(34), the scheduling metric V"(f) is
given as

wiAZ(1)
T
1
wiAZ(Dn" (1)
n

Si

if nf'(¢) > s
VI = (35)

— C, otherwise.

Based on the previous discussions, a pseudocode for Kronos
is given in Fig. 6.

We now discuss the complexity of Kronos. To allocate RBs
to complete the transmission of the incomplete sample from
the last TTI, the time complexity is O(|B||M]|). After that,
if Kronos is implemented sequentially (e.g., in a CPU), then
in each iteration, Kronos needs to compute |[A|| M| different
VI"(1)’s, which has a time complexity O(IN[|M]|B]). After
that, Kronos selects i* and m* with the largest Vi’f* (1), which
has a time complexity O(JN||M]). Then, Kronos allocates
RBs to the selected source node i*, which has a time complex-
ity of O(|B|). Therefore, the time complexity for each iteration
is O(N|IMIIB)) + O(NIM]) + O(B)) = O(NI||IM]IB]).
Since there are at most |N| iterations in each TTI, the time
complexity for scheduling new samples is O(|N 12| M]|B)).
Thus, the total time complexity in each TTI is O(|B||M]) +
O(NPIM|IB)) = O(N I M||B)).

In one of our experiments in Section VII, we find that for
a typical 5G-based IoT network with |[N| = 100, |B] = 100
and, | M| = 29, the average running time for Kronos is about
~10 ms, which cannot meet the 5G timing requirement (sub-
millisecond time scale). To address this real-time problem in
5G, we will incorporate parallel computation to speed up its
running timing. This will be discussed in the next section.

C. Running Time Speedup: GPU-Based Implementation

Motivation and Basic Idea: We observe that in each iteration
of Kronos, the computation of V!"(¢)’s for each i and m
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i Host (CPU, Memory)

Output:
Scheduling solution

X0,y (©)

Input:
Aols: AF (), AS(t);
Channel conditions: qf’ (t)

Step 1: Is there a partially
transmitted sample from
the last TTI?

Step 2: Allocate minimum number of RBs (based on
channel conditions) to complete its transmission.
Update x? (t), y/(t)

Step 3: Transfer A (t), A§ (), qf’ (®), xi‘7 (t), y™(t) to GPU | | Step 9: Transfer xib (£), y™(t) to CPU

GPUl """""" |

Step 4: Use all CUDA cores to compute V™ (t)’s for
all i’s that have not been scheduled based on

xP (), ()

Step 7: Allocate RBs to
source i* (using MCS m*) to
complete its transmission.
Update x?(t), " ()

Step 5: Use one SM to choose i* and m* with the
largest Vi’!" (t) among all V™ (t)’s by parallel
reduction

Step 6: V,.’."‘(t) >07?

Step 8: Allocate all remaining RBs to source i*
(using MCS m*).
Update x? (£), y™(8)

Fig. 7. Flowchart for a GPU-based implementation of Kronos.

is independent from each other. This motivates us to com-
pute them in parallel rather than in sequence. We propose to
employ a COTS GPU to compute V;"(f)’s in parallel. Today’s
COTS GPUs consist of a large number (1000 s) of processing
cores and are highly optimized for massive parallel computa-
tions. However, unlike a CPU core, each GPU core processor
has very limited computational capability and is designed to
handle very simple computations (and thus has a low cost).

To best utilize a GPU’s capability, it is utmost important to
ensure that each subproblem handled by a GPU core process-
ing is of extremely low complexity and requires a very few
iterations to find a solution. Specifically, to calculate VI"(z)’s
for all i’s and m’s in an iteration, we can decompose this
problem into ||| M| independent subproblems, each of which
is to calculate V}"(f) under a specific value of i and m. Recall
that the computational complexity of this subproblem is only
O(|B]), which can be done very quickly by GPU cores.

Implementation Details: In our implementation, we employ
an NVIDIA Tesla V100 GPU and the CUDA programming
platform. This GPU consists of 80 streaming multiproces-
sors (SMs), with each SM consisting of 64 small processing
cores (CUDA cores), i.e., 5120 cores in total. These cores are
capable of performing concurrent computation tasks involving
arithmetic and logic operations.

Fig. 7 shows the flowchart of our GPU-based implementa-
tion of Kronos. Note that steps 1 and 2 are still performed in
CPU because GPU cannot help much in these steps.

After step 2, we transfer the Aol information (i.e., A? ()’s
and A?(¢)’s), the channel conditions information (i.e., qﬁ’(t)’s),
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and the scheduling variables (i.e., xf-’ (1)’s and y{'(z)’s) from
CPU memory to GPU. This is shown as step 3 in Fig. 7. In our
CUDA implementation, to save time, we use the asynchronous
mode for this data transfer.

In GPU, we need to perform the following steps.

1) In step 4, we compute V!"(7) for all i € A that have not
been scheduled at ¢ and for all m € M. In this step, we
can use all CUDA cores to compute V"(¢)’s in paral-
lel. Under CUDA, the subtasks to compute V/"()’s are
handled by a grid of thread blocks, each with a certain
number of threads. We limit each SM to handle at most
one thread block to avoid sequential execution of thread
blocks on the same SM.

2) In step 5, we choose i* and m* based on the largest
Vi’f* (). This involves a comparison of |[A||M]| values.
We can use parallel reduction [40] to reduce complex-
ity. For example, when |N'|| M| is a power of 2, we can
construct an elimination tournament, where only half of
VI™(1)’s survive after each round. After log,(JN||M])
rounds, the champion (with the largest Vi’f* (t) among
all IN[|M] V"(1)’s) will be found. This parallel reduc-
tion technique helps reduce the time complexity to
log, (IN||M]). When |[N||M]| is not a power of 2, we
can add some dummy elements at the beginning to
increase the number of elements to a power of 2 and then
apply parallel reduction. Note that parallel reduction is
done in the same (one) SM in our implementation.

3) Steps 68 follow the design of Kronos, which have been
discussed in detail in the previous section.

Finally, in step 9, we transfer the scheduling solutions for
xf’ (1)’s and y"'(¢)’s from GPU back to CPU memory. Again,
we use the asynchronous mode in CUDA.

Complexity Analysis: We now examine the computational
complexity of our GPU-based implementation. As discussed
in Section VI-B, the time complexity for steps 1 and 2 is
O(|B]|M]). Note that these two steps are executed in CPU as
they do not involve any parallelism. Time (latency) for data
transfer (i.e., steps 3 and 9) between CPU memory and GPU
mainly depends on hardware.

The time complexity for step 4, i.e., computing V"(¥)’s,
is O(|B]). The time complexity for step 5, i.e., choosing the
largest V/"(r) (with parallel reduction), is O(log(|IN[|M])).
The time complexity of step 7, i.e., RB allocation, is O(|B]).
Therefore, the time complexity of each iteration of steps 4—7
is O(|B|) + O(log(|N]|M])). Recall that there are at most
|\ iterations, so the time complexity in GPU before step 8
is O(|B||N|) +O(IN|-1og(IN||M])). As the last step, the time
complexity of step 8 is O(|B|). Then, the total computation
complexity in each TTI is

O(IBIIM]) + O(BIIN]) + O(IN] - log(IN]|M])) + O(1B))
= O(IB] - (N +IM]) + O(N]| - (log N + log [M])).

We emphasize that the above O(-) analysis is only of theo-
retical interest. What we are really interested in is the actual
“wall clock” computational time of our Kronos implemen-
tation. In Section VII, we use experiments to show that for
a typical 5G IoT network with || = 100, |B] = 100,
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TABLE III
WEIGHTS AND SAMPLING PARAMETERS FOR DIFFERENT
TYPES OF SOURCE NODES

Type | w; | L; (bits) | T, (TTIs)
I 3 5400 2
2 2 7200 5
3 10 6300 3
7 6 6200 6
5 5 7600 I
6 2 8200 1
7 9 6000 7
8 I 7100 5
9 7 9600 6
10 3 3400 3

and (M| = 29, the average running time for GPU-based
implementation of Kronos is about ~0.3 ms, which meets
5G requirement (e.g., numerology O and 1). This timing
performance is more than an order of magnitude faster than
that when GPU is not used.

VII. PERFORMANCE EVALUATION

The objective of this section is twofold. First, we will exam-
ine the timing performance of Kronos and see if it can meet
the real-time requirement under 5G. Second, we will evaluate
Kronos in terms of its ability to achieve our objective function.
The primary benchmark for this purpose is the lower bound
that we developed in Section V.

A. Experiment Setup and Parameter Settings

Our GPU implementation is done on an NVIDIA DGX sta-
tion with an Intel Xeon E5-2698 v4 CPU (2.20 GHz, 256-GB
memory) and an NVIDIA Tesla V100 GPU (32-GB memory).
Data communication between CPU and GPU goes through a
PCIe 3.0 X16 slot with default configuration. We use CUDA
10.2 to program Kronos in our GPU.

For the source nodes, we assume that there are ten different
types, each with different weight, sample size, and sampling
period, as shown in Table III.

We will consider different channel fading models, e.g., the
Rayleigh fading and Rician fading with different time and
frequency correlations. The specific channel fading model will
be given in each experiment. Under each fading model, the
average channel condition for each source node depends on
its physical location. In this article, to help the readers repro-
duce the same results, we artificially assign an average channel
condition for each type of source nodes. In particular, we set
the MCS levels corresponding to the average channel condi-
tions of types 1-10 source nodes in Table III to 26, 28, 24,
23, 20, 22, 25, 18, 24, and 21, respectively. For each MCS
m, we get the corresponding modulation and coding rate ¢
from [4, Table 5.1.3.1-1].

We assume the uplink transmission consists of 100 RBs, i.e.,
|B] = 100. In each network setting, we run Kronos over 500
TTIs and then calculate the average Aol AZ. For initialization,
A3(0) for each i is set to a random number.

To compute the lower bound (used for benchmark), we use
IBM ILOG CPLEX Optimizer (version 12.10.0).
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B. Results

Varying Numbers of Source Nodes: We first evaluate Kronos
under channels with different number of source nodes. We
consider the Rayleigh fading channel with no frequency or
time correlation. We consider || = 50, 80, 100 source nodes
(equally distributed in each source type in Table III). For ease
of presentation, we normalize the weight of each source node
with respect to Y ;o wi.

Fig. 8 shows the evolution of A® under Kronos across 500
TTIs for different |N|’s. In terms of the objective value, both
Kronos’ implementations (with and without GPU) offer the
same values. Also shown in each subfigure is the lower bound
by the procedure in Fig. 3. Clearly, we see Kronos can achieve
near-optimal performance. In particular, when |[N| = 50, 80
and 100, the objectives of Kronos are 8.0%, 19.2%, and 20.8%
within their respective lower bounds. Since the optimal objec-
tive values lie between Kronos and the lower bound, the gap
between Kronos and the optimal is even closer.

Fig. 9 shows the running time for Kronos in each TTI with
and without GPU implementation. As a benchmark, we also
show the 5G timing requirement for numerology 0 (1 ms) in
each subfigure. We can see under all K, the running time of
Kronos falls below 1 ms when it is implemented with GPU.
When it is implemented only with CPU, it is about ~10 ms.
In particular, when K = 0, 2, and 10, the average running
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times of Kronos (with GPU implementation) are 263, 277, and
279 us, respectively.

Varying Channel Propagation: We now evaluate Kronos
under channels with different LOS signal strength. We con-
sider the Rician fading channel with no frequency or time
correlation. We consider 100 source nodes (ten from each
type in Table III). The weight of each source node is also
normalized.

Fig. 10 shows the evolution of A® under Kronos across 500
TTIs for different Rician factor K. Also shown in each subfig-
ure is the lower bound by the procedure in Fig. 3. Clearly, we
see Kronos can achieve near-optimal performance. In particu-
lar, when the Rician factor K = 0 (i.e., the Rayleigh fading),
2, and 10, the objectives of Kronos are 20.8%, 15.0%, and
7.7% within their respective lower bounds.

Fig. 11 shows the running time for Kronos in each TTI
with and without GPU implementation. As a benchmark,
we also show the 5G timing requirement for numerol-
ogy 0 (I ms) in each subfigure. We can see under all
K, the running time of Kronos falls below 1 ms when
it is implemented with GPU. When it is implemented
only with CPU, it is about ~10 ms. In particular, when
K = 0, 2, and 10, the average running times of Kronos
(with GPU implementation) are 275, 278, and 260 us,
respectively.
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Varying Frequency Correlation: We now evaluate Kronos
under channels with different frequency correlations. We
assume the Rayleigh fading channels with no time correlation,
and the coherence bandwidth is B, i.e., the channel conditions
on adjacent B, RBs are identical for each source node. We
consider 100 source nodes (ten from each type in Table III).
The weight of each source node is also normalized.

Fig. 12 shows the evolution of A® under Kronos across 500
TTIs for different coherence bandwidth B.. Also shown in
each subfigure is the lower bound by the procedure in Fig. 3.
Clearly, we see Kronos can achieve near-optimal performance.
In particular, when B, = 1 (i.e., no frequency correlation),
4, and 10, the objectives of Kronos are, respectively, 20.8%,
17.7%, and 15.8% within their respective lower bounds.

Fig. 13 shows the running time for Kronos in each TTI with
and without GPU implementation. As a benchmark, we also
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show the 5G timing requirement for numerology 0 (1 ms) in
each subfigure. We can see under all coherence bandwidth B,
the running time of Kronos falls below 1 ms when it is imple-
mented with GPU. When it is implemented only with CPU, it
is about ~10 ms. In particular, when B, = 1, 4, and 10, the
average running times of Kronos (with GPU implementation)
are, respectively, 275, 270, and 234 us.

Varying Time Correlation: Finally, we evaluate Kronos
under channels with different time correlation. We consider
the Rayleigh fading channels with no frequency correlation,
and the coherence bandwidth is T, i.e., the channel conditions
on adjacent 7, TTIs are identical for each source node. We
consider 100 source nodes (ten from each type in Table III).
The weight of each source node is also normalized.

Fig. 14 shows the evolution of A® under Kronos across
500 TTIs for different coherence bandwidth 7.. Also shown
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Fig. 3. Clearly, we see Kronos can achieve the near-optimal
performance. In particular, when T, 1 (i.e., no time
correlation), 2, and 5, the objectives of Kronos are, respec-
tively, 20.8%, 20.6%, and 21.0% within their respective lower
bounds.

Fig. 15 shows the running time for Kronos in each TTI with
and without GPU implementation. As a benchmark, we also
show the 5G timing requirement for numerology 0 (1 ms) in
each subfigure. We can see under all coherence bandwidth T,
the running time of Kronos falls below 1 ms when it is imple-
mented with GPU. When it is implemented only with CPU,
it is about ~10 ms. In particular, when 7, = 1, 2, and 5, the
average running times of Kronos (with GPU implementation)
are, respectively, 275, 271, and 280 us.

Summary of Results: In summary, under all network settings
(e.g., varying number of source nodes, channel propagation,
time, or frequency correlation), we find that the objective value
achievement by our GPU-based implementation of Kronos is
no more than 21% of the lower bounds. Since the optimal
value of the objective (i.e., AB) lies between Kronos and the
lower bound, the gap between Kronos and the optimal value
is even closer. Furthermore, under all network settings, the
average running time of Kronos (with GPU implementation)
is under 0.3 ms, which meets the 5G timing requirement (e.g.,
numerology 0 and 1).

VIII. CONCLUSION

This article presented Kronos—the first successful design of
a 5G-compliant real-time Aol scheduler. Kronos is capable of
performing RB allocation and MCS selection for each source
node based on channel conditions within each TTI (in sub-
millisecond time scale). To cope with the enormous search
space for the optimal solution and the unknown nature of
channel conditions, we developed a novel computation proce-
dure to find an asymptotic lower bound for the objective as a
performance benchmark. We further developed a novel metric,
which is used by Kronos to select a source node, allocate RBs,
and determine MCS in each iteration. To meet the stringent
timing requirement in 5G, we proposed to implement Kronos
on COTS GPU by exploiting its massive parallel comput-
ing capability. For demonstration, we implemented Kronos on
an NVIDIA Tesla V100 GPU. Through extensive simulation
experiments, we showed that Kronos can find a near-optimal
Aol scheduling solution while complying the 5G standard and
its stringent timing requirement.
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