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Abstract

Artificial intelligence (Al) is becoming increasingly relevant in many contexts. In
embedded real-time systems, most of the previous research has focused on real-time
guarantees for Al workloads (RT-for-Al). Instead, this position paper discusses the
potential benefits and application cases of the complementary direction of using Al
to optimize real-time systems themselves (Al-for-RT). It presents a vision where Al
techniques, such as supervised and reinforcement learning, support system design
and online configuration activities that are traditionally addressed using Mixed-
Integer Linear Programming (MILP) or heuristic methods. The paper discusses
scenarios where Al can potentially outperform classical techniques—such as recur-
sive real-time analysis, systems with complex hardware/software interactions, and
dynamic resource management—highlighting the promise of Al in both design-time
and runtime real-time systems optimization. Solutions are left to future work: the
goal is to populate the “Roadmap Towards Learning-Enabled and Learning-Assisted
Real-Time Systems”, which is the target of this special issue.
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1 Introduction

Artificial intelligence (Al) is revolutionizing the world of computer systems. Embed-
ded real-time systems are not an exception: the incredible performance given by Al-
based techniques are making them both a target use case and a means for improv-
ing real-time systems. When Al applications are part of the system that needs to
respond with predictable timing constraints, they correspond to a special workload
to be modeled, analyzed, optimized, and supported by the real-time community to
satisfy timing bounds. This side of the problem, which can be called RT-for-Al, has
largely been addressed by the community since the early stages of the Al revolution.
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This paper. This paper highlights the other side of the problem: Al-for-RT,
meaning the use of Al (and machine learning in general) to address the challenges
arising in the real-time systems domain. This paper particularly emphasizes those
due to the design and optimization of real-time systems that are difficult or even
impossible to suitably optimize with standard techniques, such as Mixed-Integer
Linear Programming (MILP) formulations, and online decision-making problems.
Examples are provided.

Related work. Some work targeting Al-for-RT (and ML-for-RT) has already been
done by the community.! Vidineanu and Nasri (2020) explored the use of regres-
sion-based machine learning for the period inference in the presence of uncertainty
in the parameters. Lee et al. developed a ML framework to assign priorities under
global fixed-priority scheduling by using a pointer network as a base neural archi-
tecture (supervised learning) (Lee et al. 2021) and reinforcement learning (unsuper-
vised learning) (Lee et al. 2020). Other work (Amalou et al. 2023) targeted the esti-
mation of worst-case execution times using transformers.

2 Al-driven system design

The Problem. The problem we propose to address is the system design and configu-
ration of a system subject to timing constraints leveraging Al techniques. The prob-
lems to be solved range from the task-to-core assignment, priorities, and parameter
configurations in general to satisfy timing constraints or meeting high-level Key Per-
formance Indicators (KPI), which are more extensively discussed in the following.

To MILP, or not to MILP? The reader who is familiar with real-time systems
research may easily recognize that, in many cases, this problem has been very suc-
cessfully solved by leveraging formulations as an optimization problem, e.g., using
MILP. While it is true that whenever the problem is suitable to be formulated in a
linear manner, MILP is a great optimization solution, since it guarantees to output
the optimal solution to the encoded problem if enough time is provided, it has sev-
eral limitations. Some MILPs may have scalability issues depending on the input
space: in some cases, LP (linear programming) approaches may be devised to run
faster whenever it is possible to encode the problem without using binary variables.
Nevertheless, in many cases, even when it is possible to encode the problem as a
MILP, this comes at the expense of “linearizing” some parts, most commonly the
schedulability test, often with the price of turning a necessary and sufficient test into
a sufficient-only test. This is often the case for real-time analysis techniques when-
ever the optimization procedure also needs to account for the scalability and time
required to solve the problem. Hence, in these cases, the MILP returns an optimal
solution to an approximated problem, which is, anyway, an optimized solution to the
original problem.

The vision of Al-based real-time systems design. The challenges above are often
solved by applying far simpler heuristic algorithms (e.g., think to best-fit or worst-fit
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heuristics for the bin-packing problem) that, on the one hand, do not have to be
linearized, and they can directly adopt the original, potentially non-linear, response-
time analysis technique but without providing any guarantee of finding the optimal
solution or any optimality gap (distance from the optimal solution, typically reported
by MILP solvers). Hence, using Al techniques such as reinforcement learning
and supervised learning based on neural networks, which have proven to perform
incredibly well in many contexts, could be a great fit to optimize complex real-time
systems. The significant performance improvements achieved in other contexts
suggest that this is also a flourishing research direction that this is also a promising
research direction to improve the design of real-time systems. Furthermore, other
machine learning techniques, such as random forest, could apply very well to solve
these design problems.

A possible way of looking at the problem is shown in Fig. 1. An “Al-based design
block”, i.e., an Al-based optimizer, is linked in series to a “Traditional Verifier
Block”, providing one or more solutions. As is common in artificial intelligence,
the Al-based block could provide the best-performing solutions, e.g., the top 5.
The “Traditional Verifier Block™” implements traditional real-time analysis tech-
niques to determine the feasibility of the provided solutions according to the timing
(and possibly other non-functional) requirements. A feedback must be provided to
the Al block in case none of the provided solutions guarantees the non-functional
constraints.

3 Design problems

This section summarizes some relevant cases in which the system to be optimized is
complex, or the corresponding real-time analysis is highly unsuitable to be encoded
with traditional methods, and that could benefit from Al-based optimization.

When the real-time analysis is a recursive algorithm. Prior work targeted the
analysis of parallel tasks modeled as DAGs under partitioned scheduling, meaning
that each vertex of each DAG task can be statically assigned to a different core and
never migrate. Response-time analysis techniques under this setting (Fonseca et al.
2016; Casini et al. 2018) have been devised by leveraging analysis techniques for

Configuration Algorithm
INPUT: Al-based design block: feedback
Default System Model algorithm to derive system parameters | _
Params, Latency Goal, (Priorities, task periods, etc, task to core |
Optimization Objectives assignment)

* solutions (e.g., top 5)

Other constraints Traditional Solution Verifier Block:
(e.g., task 2 must be Check schedulability and general OUTPUT:
allocated on core 4) feasibility of user-provided constraints > Optimized and Feasible
System Model Parameters

Fig. 1 AI for the design of real-time systems
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self-suspending tasks (Chen et al. 2019). The mapping is made as follows: by con-
sidering the perspective of each specific core, vertexes of the path that executes on
the current core can be seen as execution regions of a segmented self-suspending
task; vertexes in which execution is on a different core are then suspension regions.
Each path is studied separately, applying a recursive algorithm to divide a path into
smaller subpaths to be considered for calculating the suspension time. The base case
of the recursion is when the analyzed subpath has a single node, i.e., it does not have
suspensions, and a response time can be computed and propagated back as the sus-
pension time of other subpaths. Clearly, a recursive algorithm as a real-time analy-
sis technique is a case in which a corresponding design configuration problem can
hardly be encoded as a traditional optimization problem, and Al techniques can be
of great help.

When the real-time analysis is a MILP. There are cases in which the real-time
analysis itself is formulated as an optimization problem (e.g., a MILP). Some rel-
evant examples are the case of bundled gang real-time tasks (Wasly and Pelliz-
zoni 2019; Rispo et al. 2024), weakly-hard analysis techniques under the (m,k)
model (Pazzaglia et al. 2020), and memory-CPU coscheduling problems (Casini
et al. 2020). In these cases, the optimization problems often aim at maximizing the
interference while creating a tentative schedule. The constraints encode the sched-
uling rules, i.e., how interference can be spread among different computational
activities.

When the analysis involves complex software stacks and fine-grained hardware
effects. Another relevant case is when the analysis comprises multiple scheduling
effects, middleware, e.g., ROS 2, the DDS, and scheduling delays due to the oper-
ating systems. This is likely to be relevant in any system running Autoware (Kato
et al. 2018), a popular ROS-based autonomous driving framework. For these cases,
the analysis method often relies on the resolution of complex inter-task dependen-
cies via a global search of a fixed point. Further complexity arises when the analysis
of processing workloads must be integrated with fine-grained memory-contention
analysis, which, in turn, can be formulated as MILP optimization problems (Casini
et al. 2020; Hassan and Pellizzoni 2020).

Online decision-making to optimize real-time constraints. Another, different,
configuration problem, is the online configuration of a complex distributed system
composed of multiple hierarchical orchestrators that allocate resources at runtime.
For example, at a higher level, a coarse-grained orchestrator assigns physical
resources (e.g., nodes) to other, low-level orchestrators, which have a fine-grained
control of the allocation of resources. A similar architecture is envisioned in the
NANCY European Project (2025). In this case, a time-sensitive domain (and the
corresponding orchestrator) leverages the SCHED_DEADLINE scheduler of Linux
to provide fine-grained virtualization of the processing capacity and still providing
timing isolation. A description of the reference system is reported in Abeni et al.
(2014). The time-sensitive orchestrator is in charge of mapping high-level KPI (e.g.,
“overall network service latency” <= ...) in a scheduling decision that assigns to a
certain container, encapsulated in a SCHED_DEADLINE reservation, to a certain
number of cores, with a budget and a period parameter. However, the high-level KPI
is affected by multiple factors (e.g., network latency, virtualization overheads). How
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to leverage these inputs to assign proper SCHED_DEADLINE parameters is an
exciting research direction.

4 Conclusions

This paper discussed some target problems in which Al-based optimization is likely
to be useful and effective for the design of real-time systems. It adds two problems
to the list of open problems in the “Roadmap Towards Learning-Enabled and Learn-
ing-Assisted Real-Time Systems” which is the target of this special issue: (1) the
use of Al for the design-time optimization of complex real-time systems to guar-
antee real-time constraints and (2) the use of Al in online runtime configuration
algorithms that need to guarantee high-level KPIs. Future work will target the solu-
tions to these problems. For example, an interesting first step would be to compare
whether supervised or unsupervised (e.g., reinforcement learning) is most effective
for the target purposes.
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