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In this research, we address the grant assignment and transmission
scheduling (GATS) problem for Internet of Things (loT) applications in multi-access edge computing
(MEC) systems. To this end, we formulate it as an integer linear program (ILP) to minimize a
weighted sum of coage of information (Col). Due to the intractability of the original GATS problem,
we transform it to an equivalent problem of the maximization of the number of the eliminated age
blocks. Then, we propose the Col-aware age block elimination (CABEL) algorithm in which information
updates are selected progressively according to their coage efficiency (CE) values and prove that
the achieved approximation factor depends on the relative service costs and uplink delays. Our
simulation results demonstrate that the proposed solution can effectively perform information
updates and utilize service budgets, thereby achieving low Col compared with the existing solutions
under various parameter settings.
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1. WFZERAG S HIOHE

(1) Transmission and scheduling are two essential design factors in multi-access edge computing (MEC)
systems and Internet of Things (IoT) applications. Existing works have been devoted to MEC systems with
clairvoyance, but they mostly neglect the mixed-clairvoyance feature in practical MEC systems.

(2) The timely delivery of IoT data plays a decisive role in various low-latency IoT applications. Despite
the existing works in [R1]-[R7] devoted to low-latency service provisioning, how to ensure the timeliness
of information updates for IoT remains unclear.

(3) To effectively quantify the mixed-clairvoyance of information updates, information freshness (or age of
information (Aol) [R8], [R9]) defined by the period of time elapsed since the generation of the most recently
updated information has been recently regarded as a promising performance metric in communication
systems. In the extant literature, although [R10]-[R17] leveraged the concept of Aol to measure the
timeliness of communication systems, the single-source settings may not well capture the practical situation
where multiple IoT devices send information updates to the same destination.

(4) Several works that perform Aol optimization while considering information correlation have been
reported in the literature. In [R18]-[R22], the authors explored the effects of the information freshness of
correlated information updates, they mostly neglect that 1) Col is determined by the maximum Aol of all
of the involved information updates, 2) the Aol of an IoT device can be influenced by other IoT devices
due to the sharing of communication resources, and 3) the information updates of an IoT device may
contribute to multiple IoT applications simultaneously.

2. MHEOHR
(1) In this research, we focus on addressing the grant assignment and transmission scheduling (GATS)
problem for IoT and formulate it as an integer linear program (ILP) to minimize a weighted sum of Col.

(2) Due to the intractability of the original GATS problem, we transform it to an equivalent problem of the
maximization of the number of the eliminated age blocks. Then, we propose the Col-aware age block
elimination (CABEL) algorithm in which information updates are selected progressively according to their
coage efficiency (CE) values and prove that the achieved approximation factor depends on the relative
service costs and uplink delays.

(3) To evaluate the performance of our proposed solution, we conduct extensive simulations to demonstrate
that the proposed solution can effectively perform information updates and utilize service budgets, thereby
achieving low Col compared with the existing solutions under various parameter settings.

3. WHEDTIE

(1) We consider a grant-based IoT system where an IoT controller manages the information updates of a set
N of IoT devices (see FIGURE 1). The IoT controller is responsible for determining the grant assignment
and transmission scheduling for the connected IoT devices and conducting IoT data analytics (e.g., inferring
factory productivity in industrial scenarios or assessing the quality of life in urban scenarios) based on the
collected information updates. The IoT data analytics is intended for aset £ of IoT applications. Whenever
the outcomes of the IoT data analytics give rise to some action changes, they will be forwarded to the
corresponding hosts of IoT applications.
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(2) The Col of an IoT application is determined by the maximum Aol of its constituent IoT devices. Clearly,
the information updates of an IoT device can be used to improve all the corresponding Col if they are
required for multiple IoT applications. For example, as depicted in FIGURE 2, we see that IoT application
[ has the constituent IoT devices n,; and n,, and hence C;(t) (the gray lines) is exactly the maximum
value of A, (t) (purple lines) and A,,(t) (orange lines) for each time slot ¢.
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(3) Mathematically, our goal is to minimize the weighted sum of Col among the IoT applications over
multiple time slots, where the grant assignment (GA) and transmission scheduling (TS) optimizers are
considered. By the fact that each information update can be scheduled only if the corresponding IoT device
has been granted, it is evident that the GA and TS optimizers in essence exhibit a causal relationship. Then,
we can formulate the GATS problem as an ILP, which has been proved to be NP-hard.

(4) Our algorithmic design principle is to conduct a sequence of information updates. Each information
update is carried out to maximize the amount of removed age blocks, and meanwhile minimize the induced
service costs as much as possible. To solve the GATS problem, we propose the Col-aware age block
elimination (CABEL) algorithm, which consists of the following five steps: 1) parameter initialization, 2)
progressive information updates, 3) CE maximization, 4) parameter updating, and 5) decision output.

4. WRFERCR

(1) To evaluate the performance of our proposed algorithm (denoted by CABEL), we consider the following

comparison schemes that perform information updates differently.

e Zero-Wait (ZW): Each IoT device performs an information update when its previous updated has been
acknowledged by the IoT controller. If multiple IoT devices are ready to send at the same time slot,
they are randomly selected one by one until the limit of the service budget is reached.

e  Round Robin (RR): IoT devices are granted one by one in a deterministic order. At each time slot,
multiple IoT devices can be granted if the service budgets are affordable.

e Aol Dependent Random Access (ADRA): Each IoT device performs an information update according
to a fixed probability if the current Aol is not less than a predefined threshold. Otherwise, the IoT
device stays silent.

(2) FIGURES 3 and 4 illustrate the profiles of the information updates completed. In FIGURE 3, we see
that IoT devices n,, n; and ny, have no information updates completed (in yellow) because they do not
belong to the IoT applications in this case, and all others continually perform information updates (in green).
Among the IoT devices with information updates, [oT devices ngy and n,, have less information updates
(in lighter green) since both devices can contribute to the Col of more than one IoT application. Since IoT
devices ny and n,, have less information updates, the number of information updates completed
becomes slightly higher than those of the other IoT devices as depicted in FIGURE 4.

(3) FIGURES 5 and 6 demonstrate how the number of IoT applications affects the Col performance. It is
observed from FIGURE 5 that the average Col increases with the number of IoT applications because the
service budgets become competitive and hence the number of information updates that can be carried out
for each IoT application is reduced. When only a few [oT applications coexist in the system, CABEL shows
similar performance to those of the other compared schemes. In addition, ZW performs better than RR and
ADRA because it performs information updates more aggressively, while CABEL outperforms all other
schemes due to its high number of information updates completed (see FIGURE 6). Note that even though
RR has comparable information updates completed and service budget utilization (due to its greediness),
its deterministic pattern inevitably leads to unwise choices of information updates.



(4) FIGUREs 7 and 8 show how the number of constituent IoT devices in each IoT application influences
the information updates. It is observed from FIGURE 7 that Col increases with increasing number of the
constituent IoT devices per IoT application. When the number of constituent loT devices increases, loT
applications require more information updates (see FIGURE 8) to keep their Col low. Due to its Col
awareness, CABEL outperforms ZW, RR and ADRA, particularly when the number of the constituent IoT
devices increases because the dependency of the constituent information updates is more pronounced.

(5) FIGURESs 9 and 10 depict how uplink delays affect the achieved Col performance. It is observed that
longer uplink delays lead to greater Col (see FIGURE 9) and lower number of the required information
updates (see FIGURE 10). This is because Col can only be updated to the level of uplink delays whenever
an information update has been received, thereby resulting in lower Col compared with ZW, RR and ADRA.
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