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Abstract. The throughput-centric design of GPUs poses challenges
when integrating them into time-sensitive applications. Nevertheless,
modern GPU architectures and software have recently evolved, making
it possible to minimize overheads and interference along the critical path
through advanced mechanisms, such as GPU graphs, while sustaining
high throughput. However, GPU vendors provide programming ecosys-
tems specific to their products, raising concerns about code portability.
Hence, there is a need for a hardware-agnostic API capable of managing
time-sensitive GPU-accelerated pipelines. In this context, we propose
integrating event-based synchronizations into the high-level OpenMP
programming model to, in combination with GPU graphs, notably reduce
interference and overheads over the critical path. This work showcases
how this combination offers significant performance improvements and
time consistency. We also enable portability across several vendor ecosys-
tems and demonstrate our work on a set of representative applications
for cyber-physical systems. According to our experiments, we measured a
maximum jitter below 20µs, representing less than 5% of time variation.

Keywords: Time-sensitive systems · GPU · High-performance
computing · OpenMP · CUDA · ROCm

1 Introduction

Advanced Cyber-Physical Systems (CPS) are required to support increasingly
complex specifications with ever tighter deadlines. Typically composed of sen-
sors, actuators, data transfer devices, and computing hardware, their elabora-
tion represents a significant challenge for many application domains in academia
and industry. An illustrative CPS example is the astronomical Adaptive Optics
(AO) system [14], in which the algorithms in charge of processing input data
from sensors require significant computing power with minimal and consistent
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response time. AO Real-Time Controllers (RTC) like the upcoming Extremely
Large Telescope (ELT) are integrating GPUs to sustain the 1.7 TB/s of required
single precision memory bandwidth with a 285 µs time budget [10].

However, the modular nature of AO RTCs necessitates a software solution
that can accommodate flexibility with even more complex computing pipelines
in heterogeneous environments. In addition, deployed solutions may remain used
for decades and maintained by researchers who are not necessarily experts in het-
erogeneous programming. Therefore, there is a strong need for an API that allows
for (1) ensuring reliability and consistent response time, (2) avoiding dependency
on specific hardware configurations, and (3) minimum learning effort.

OpenMP, a high-level directive-based programming model supporting GPU
acceleration, is an excellent candidate to address these needs. Its use allows
developers to integrate accelerator-agnostic code, greatly enhancing productivity
through portability and modularity. However, adopting such an approach usu-
ally leads to lower performance compared to native GPU APIs, and OpenMP
also lacks several critical features to enable time-sensitive GPU computations
within complex CPS. This paper addresses the previously mentioned through
the following contributions:

1. An extension to the OpenMP specification of event-based synchronizations
to support the release of host and target tasks based on events, while still
fulfilling dependencies.

2. An extension of the OpenMP taskgraph to CUDA graph framework [24] to
create CUDA graphs including the proposed event-based activation of tasks
and so make graphs more suitable for real-time applications.

3. An extension to the same framework to generate HIP graphs for AMD GPUs
and so increase the portability of the framework.

4. An evaluation of the proposed extension to OpenMP and its implementation
that analyzes the response time variability in CUDA and ROCm ecosystems.
The study uses complex pipelines coming from Adaptive Optics (AO) [11]
and Adaptive Beamforming (ABF) [6].

2 Background

This section briefly presents the components of our framework and its intended
applicability, i.e., the graph execution model, the current mechanisms in OpenMP
for event-based synchronization, and the requirements of real-time CPS.

GPU Graphs. Introduced along with CUDA 10 in 2018, the CUDA graph fea-
tures [18] allow for wrapping multiple interdependent kernels as a single exe-
cution unit, requiring only one submission onto a CUDA stream to launch all
inner kernels. AMD released a similar feature, namely HIP Graph [1], in 2021.
The graph programming paradigm reduces kernel submission overhead, a crucial
aspect for short kernels. However, the intricacies of exposing parallelism with the
stream-capturing method and the tedious and error-prone nature of the explicit
graph API render the implementation of CUDA graphs complex, especially when
the number of graph nodes (kernels) and edges (dependencies) increases.
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Host Taskgraphs. Graph-based execution has shown its benefits in reducing
offloading overheads, and this paradigm has also been introduced in modern
and portable programming languages like Kokkos [23] and SYCL [17] to enable
a record and replay mechanism that reduces the overhead of task orchestration.
OpenMP is also working towards introducing this paradigm based on a proposal
that augments the API with the taskgraph directive [25] to expose the region of
code that can be represented as a Task Dependency Graph (TDG). Furthermore,
the LLVM compilation framework already offers a prototype implementation for
this feature [8] in its upstream main branch. Finally, further proposals improve
the interoperability between OpenMP and CUDA by statically transforming the
OpenMP TDG into a CUDA graph for optimized programmability (from the
former) and performance (from the latter).

OpenMP Detachable Tasks. The OpenMP specification provides event-based
execution through the detach(event) clause, which ties the completion of
a task to the fulfillment of a given event, and the omp_fulfill_event(event)
runtime routine, which implements the fulfillment of an event. These features
are useful, for example, to allow the interoperability of OpenMP with other
languages, like CUDA, HIP and MPI. In particular, a common use case involves
an OpenMP task waiting for completion until a foreign library executes a specific
callback function (e.g., data transmission completed), as shown in Listing 1.11.

Listing 1.1. OpenMP example of event-based task synchronization
1 void ca l l ba ck ( hipStream_t stream , hipError_t status , void ∗data )
2 { omp_ful f i l l_event ( ( omp_event_t ∗) data ) ; }
3
4 void task_detach_example ( ) {
5 omp_event_t ∗hip_event ;
6 #pragma omp task detach ( hip_event ) // task A
7 {
8 do_something ( ) ;
9 hipMemcpyAsync ( dst , src , nbytes , hipMemcpyDeviceToHost , stream ) ;

10 hipStreamAddCallback ( stream , ca l lback , hip_event , 0) ;
11 }
12 #pragma omp task // task B
13 do_something_else ( ) ;
14 #pragma omp taskwait
15 }

CPS Specifications. Fig. 1 exemplifies the AO CPS used in this paper. This
use case receives an image that triggers a timer and the execution of a matrix
pre-processing computation, which in turn triggers a matrix-based computation
when it completes. AO requires a memory bandwidth of at least 1700 GB/s,
achievable only by a few top-end GPU accelerators. In addition, the pipeline
must constantly adapt to changing operational conditions through repeated re-
configurations to maintain optimal performance. Given these specifications, to
provide an agnostic solution to a wide range of similar time-sensitive CPS, this
work considers the following constraints:
1 OpenMP detachable task example extracted from https://indico.euro-fusion.org/

event/688/attachments/854/2752/OpenMP_Webinar_5_2021-05-25.pdf.

https://indico.euro-fusion.org/event/688/attachments/854/2752/OpenMP_Webinar_5_2021-05-25.pdf
https://indico.euro-fusion.org/event/688/attachments/854/2752/OpenMP_Webinar_5_2021-05-25.pdf
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– Time sensitivity: Target GPU-accelerated systems with critical time con-
straints and short deadlines.

– Productivity: Offer a straightforward approach to express intricate synchro-
nization mechanisms with mainstream tools and concepts that minimize the
development time and cost.

– Maintainability: Avoid dependency with specific hardware or ecosystem.
– Modularity/flexibility: Facilitate on-the-fly modifications on the pipeline,

like incorporating new stages or responsive system halts.

Fig. 1. Adaptive Optics (AO) pipeline.

3 Related Work

The CUDA ecosystem’s closed nature complicates predicting and certifying the
behavior of time-sensitive applications. Several studies work towards unveiling
architecture and scheduler specificities to understand GPU behavior in discrete
accelerators [16,19] and embedded platforms [2,4]. While these approaches pave
the way to real-time GPU scheduling, more is needed to support them on criti-
cal systems. Examples include persistent kernels [13,22], which can reduce GPU
latency at the cost of maintainability, and busy-wait kernels, first proposed by
F. Ferreira et al. [12] and further explored by C. Cetre et al. [5], to mitigate the
drawbacks above while maintaining latency specifications. Orthogonal to these
efforts, our work aims to exploit the graph execution paradigm available on mod-
ern GPUs to further optimize the kernel submission and scheduling overhead.

Event-based synchronization among tasks has long been supported in safety-
critical systems and embedded systems, for instance, by Ada language for the
former and TinyGALS [9] for the latter. However, these solutions become insuffi-
cient when applied on High Performance Computing applications due to different
system characteristics. Hence, there is a need to introduce a model, suitable for
HPC systems, that includes event-based synchronization mechanism.

High level programming APIs, like OpenMP, provide an interesting bedrock
to build such a mechanism because it already defines a task synchronization
method, although limited, through events.

Accordingly, we plan to extend the existing event-based model for task
launches. Furthermore, since the OpenMP’s accelerator model improves produc-
tivity at the cost of performance [15], which is crucial for real-time applications
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such as Adaptive Optics applications, we plan to couple event-based launches
with the taskgraph framework [25], to deliver a programming model that allows
to conveniently define GPU graphs synchronized with external events.

4 Event-Based Task Release with OpenMP

Contrary to the allow-completion event created by the detach clause that
affects task completion, our work introduces a new mechanism that specifies
the beginning of task execution. The proposition, along with its implementation
overview, is detailed in the following of this section.

4.1 Proposed Extension to the OpenMP API

The new clause attach(event) attached to the task and target constructs
describes a new restriction affecting task releases. More specifically, tasks defined
with the attach clause will only begin the execution of their task region once
their associated events are fulfilled. In order to fulfill such an event, we pro-
pose a new OpenMP directive, namely fulfill_event, including clauses to
define host (cpu_notify) or device (gpu_notify) synchronization. Table 1
summarizes the proposed extension with brief descriptions.

Table 1. Extensions (in bold) proposed to the OpenMP API.

Directive Associated clause Description

task attach(event) Defer the execution of the task until the
event is fulfilled

target nowait Create a target task that will initiate its
execution once the event is fulfilled

fulfill_event cpu_notify(event) Release event for host task waiting on
it

gpu_notify(event) Release event for target task waiting
on it

Syntax and Semantics. Listing 1.2 illustrates the proposal with an example
that generates four interdependent target tasks, two of which are synchronized
with events. The corresponding TDG is shown in Fig. 2. Upon the encountering
of a attach(event) clause, the implementation creates a new allow-launch
event and connects it to the beginning of the execution of the associated task
region. Furthermore, the implementation updates the original event-handle to
represent that allow-launch event. The generated task can only start executing its
associated structured block when the allow-launch event is fulfilled. The allow-
launch event is fulfilled when another thread encounters the fulfill_event
directive with either the cpu_notify or gpu_notify clauses taking the event-
handle corresponding to the allow-launch event as the argument. Once fulfilled,
the allow-launch event will be destroyed and the event-handle in the argument
will become disassociated from any event.



36 C. Cetre et al.

Listing 1.2. Event-based task release proposal.
1 // In a thread: tasks depending on events
2 int dep1 , dep2 , dep3 , event1 , event2 ;
3 void tdg_computation ( ) {
4 #pragma omp target nowait \
5 depend ( out : dep1 ) attach ( event1 )
6 { /∗ task1 ∗/ }
7 #pragma omp target nowait \
8 depend ( in : dep1 ) depend ( out : dep2 )
9 { /∗ task2 ∗/ }

10 #pragma omp target nowait \
11 depend ( out : dep3 ) attach ( event2 )
12 { /∗ task3 ∗/ }
13 #pragma omp target nowait \
14 depend ( in : dep2 , dep3 )
15 { /∗ task4 ∗/ }
16 }
17 // In a separate thread: release events
18 void no t i f y ( ) {
19 #pragma fulfill_event gpu_notify ( event1 )
20 #pragma fulfill_event gpu_notify ( event2 )
21 }

T1

T4

T2T3

E1E2

TDG based on data
dependency

event based
synchronization

data
dependency

events
converyed

from sensors

generated
tasks

Fig. 2. TDG with events.

The Choice of a Directive Instead of a Routine. The existing allow-completion
event is fulfilled through calling omp_fulfill_event, an OpenMP runtime
routine. Similarly, we could define a new routine function that fulfills an allow-
launch event. However, the possible lowering opportunities of the graph of exe-
cution (through the OpenMP taskgraph in our case) are hindered when using
runtime routines, as these have a fixed implementation in each runtime system.
Instead, a directive enables implementing lowering options depending on the tar-
geted system. The lowering phase of this work is described in Sect. 4.3, which
details the interaction of the fulfill_event construct and the gpu_notify
and cpu_notify clauses with the taskgraph framework.

Current Limitations. In the current implementation, to satisfy the tight timing
requirements of real-time applications, threads executing a task whose allow-
launch event is not fulfilled are set to spin actively in an infinite loop while
waiting (i.e., busy wait). However, this behavior can be modified to satisfy other
requirements. For instance, a blocking wait mechanism could be used to prevent
these threads from consuming CPU cycles when the implementation does not
target hard real-time use cases.

4.2 Interactions with the Taskgraph Framework

The new event allows OpenMP tasks to be conveniently synchronized with exter-
nal sensors, such as a camera. However, due to the restrictive timing require-
ments of real-time CPS, it is needed to minimize the runtime overhead, primarily
related to task management, as it typically represents the main overhead in task
programs [20,21]. The taskgraph framework [25] is a compelling method to mit-
igate such cost as it does not incur most task orchestrating operations when
replaying.
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Event with Taskgraph in OpenMP Runtime. Once the taskgraph is built for a
region, replaying such taskgraph omits the user code within the corresponding
region. Consequently, the attach(event) clause is not executed, and new
events will not be created. As a solution, we record the tasks with their associated
events, so that the fulfillment of such events still releases the corresponding tasks.

Event with Taskgraph in Foreign Runtime. GPU-accelerated real-time applica-
tions often have their device kernels tailored to the underlying GPU. The kernels
automatically generated by the LLVM compiler may not be sufficiently optimized
to fulfill the real-time requirements. Therefore, we leverage the device taskgraph
approach proposed by C. Yu et al. [24], which enables to generate CUDA graphs
through OpenMP directives using existing CUDA kernels. The device taskgraph
framework creates kernel nodes for target nowait constructs and CUDA
host nodes for task directives. By integrating allow-launch events as new
CUDA graph nodes into the graph, we can further reduce the synchronization
cost. Consequently, in this work, we solely focus on using the new event with
taskgraph in foreign runtime.

4.3 Implementation in LLVM

Based on LLVM 15, our framework implementation in the compiler includes
front-end modifications, middle-end IR transformations, and runtime support.
Following, we give an overview of the implementation in the OpenMP context
and then in a foreign context interacting with another runtime, such as CUDA.

Implementation in the OpenMP Context. The compiler front-end emits a
runtime function call, namely __kmpc_task_allow_launch_event, when
encountering a task with the attach(event) clause. The runtime function
associates the created task with the event. As a result, when the task has its
input data dependencies satisfied, it also evaluates whether its associated event is
fulfilled before executing. For the fulfill_event directive, the cpu_notify
is used to notify the OpenMP runtime while the gpu_notify clause is effective
in foreign contexts, i.e., in GPU graphs. Hence, when the taskgraph is man-
aged by the OpenMP runtime, host and target tasks are all orchestrated from
the host library. Consequently, the fulfillment of an allow-launch event
through the runtime function __kmpc_fulfill_launch_event can synchro-
nize both host and target tasks.

Implementation in Foreign Contexts. To generate a CUDA graph with event
synchronization, we are based on the implementation of taskgraphs proposed by
C. Yu et al. [24]. Figure 3 shows an overview of the complete compilation process,
including our alterations. This CUDA graph generation can be summarized to:

Step1. An analysis pass on the LLVM IR of the OpenMP program determines
the task instances and their corresponding arguments through inspecting the
task constructing runtime calls (e.g., __kmpc_omp_target_task_alloc).
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Step2.1. A transformation pass takes the analysis result and transforms, or
inserts calls to the CUDA runtime in the LLVM IR file at the right places, e.g.,
replacing host-to-device copies with cudaMemcpy calls. The figure represents
the output file as augmented LLVM file.

Step2.2. Along with the transformation pass, a CUDA file is generated from
scratch, noted in the figure as genGraph.cu. Based on the information gath-
ered in the analysis pass, the file builds the CUDA graph by calling CUDA
graph API functions (e.g., cudaGraphAddKernelNode).

Step3. Link the object files compiled from the augmented LLVM file and the
genGraph.cu files to produce the final binary.

Fig. 3. Compilation steps of the GPU graph generation.

To incorporate event-based synchronization into the genGraph.cu file, the
following additional transformations are performed:

1. Upon encountering the attach clause for the first time, two kernels exclu-
sively used for synchronization are created and inserted in the generated
CUDA file. One represents the active wait on the associated event (referred
to as BusyWaitKernel), and the other is to notify the fulfillment of it (referred
to as FulfillingKernel).

2. For each attach clause, two graph nodes are created: one containing the encap-
sulated task (referred to as TaskNode), and the other with BusyWaitKernel
(referred to as BusyWaitNode).

3. All input dependencies of TaskNode are transferred to the BusyWaitNode.
4. A dependency is created from BusyWaitNode to the TaskNode, ensuring that

the synchronization kernel finishes before the encapsulated task can start.

Additionally, the fulfill_event and the gpu_notify clause remain
independent from the taskgraph, producing the following on the LLVM IR:

1. Create or retrieve a stream for the GPU notification (it must be a different
stream from the one launching the GPU graph).

2. Insert the FulfillingKernel to such a stream so that the BusyWaitNode can
be released.
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4.4 Generation of HIP Graph

This work extends LLVM to support HIP graphs for AMD GPUs from OpenMP
to support a broader range of GPUs. Targeting AMD devices can be done effort-
lessly by the user, who just provides an additional flag at the compilation time,
namely -hip-tdg, to carry the following modifications to generate a HIP graph:

1. The augmented LLVM file in Fig. 3 is modified accordingly so that the inserted
CUDA calls (data allocation and transfers from host to device and conversely)
are transformed to HIP API calls.

2. The genGraph.cu file is translated to HIP C++ through the hipify script.
3. Similarly, the final binary is created by linking the object files compiled from

kernel code, HIP Graph C++ file, and the augmented LLVM file.

Regarding step 2, it is possible to enhance the LLVM framework to generate
HIP C++ directly, without translating it from CUDA. This approach could lead
to a more robust implementation for AMD devices and will be addressed in
future work.

5 Evaluating the Proposed OpenMP Extension

Our experiments measure the response time and time variability of real-time
CPSs. The response time includes all possible interrupts, overheads, and exter-
nal events. For each application tested, we evaluate three implementations: (1)
the Regular CUDA/HIP Graph, which relies on CUDA/HIP graphs with active
wait kernels for synchronizing computations and serves as the reference imple-
mentation because, although it requires more effort from the user, it typically
provides the best performance; (2) OpenMP CUDA/HIP Graph with GPU Sync.,
which uses GPU graphs generated from the proposed taskgraph lowering to
CUDA graphs, including the new event synchronization; and (3) OpenMP CUD-
A/HIP Graph with CPU Sync., which uses the taskgraph framework to generate
a GPU graph but leaves the synchronizations to the CPU processes, i.e., the
fulfill_event gpu_notify directive makes a CPU process to submit the
FulfillingKernel to the GPU instead of translating it to a graph node.

Table 2. Environmental setup.

OS Ubuntu 22.04
(w/o real-time
patch)

Linux kernel 5.15.0-75
CPU Intel Xeon 5220
CUDA ver. 12.0
ROCm ver. 5.6.0
NVIDIA GPU A100 80GB
AMD GPU MI100

The metrics used in the experi-
ments are: (i) the Mean Execution Time
(MET), (ii) the Maximum Measured
Execution Time (MMET), and (iii) the
Max Jitter (i.e., MMET −MET ). The
first two evaluate the response time and
the last assesses the time variability.
The measurements are obtained on a
server with the configuration shown in
Table 2. The applications are launched
on isolated CPU threads through the
isolcpus kernel boot command line.
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Two use cases are selected:

An Adaptive Optics (AO) real-time controller, which reproduces all the steps
from data acquisition to the output array [11]. As described in Fig. 1, this
application combines two computational Pipeline Units (PU): a pixel pro-
cessing unit that takes as input the raw data from wavefront sensor cameras
and processes the pixels with a series of simple arithmetic kernels before
sending the processed pixels to the second PU. The latter PU performs linear
algebra operations, particularly matrix-vector multiplications, to produce a
command as a vector sent to the deformable mirror actuators associated with
a physical component, typically a telescope.

An Adaptive Beam Forming (ABF) algorithm, used in various fields, including
wireless communications, radar/sonar systems, and medical imaging. It can
leverage the throughput provided by the GPU to improve the quality of the
received signal [3,6,7]. ABF uses weights and phases to combine signals from
multiple sensors and build spatial beams by lowering signals from other direc-
tions. Building beams require high bandwidth data acquisition, low latency,
and, lastly, high computing power to form and produce signals that would be
unusable without ABF. The implementation used in our experimentation has
one PU, which takes incoming signals as input and outputs the reconstructed
signal through a combination of several arithmetic and linear algebra kernels.

These applications are typically measured in microseconds; therefore, we
include a timer PU within the pipeline to obtain an accurate yet non-intrusive
time measurement. This timer PU submits CUDA/HIP events to the computa-
tion stream to set an iteration’s start and end points. The numbers reported in
this section result from executing one million iterations.

5.1 Adaptive Optics Application

Figure 4 shows the results obtained with the AO application using CUDA (in
Fig. 4a) and HIP (in Fig. 4b). The reference implementation with vanilla CUD-
A/HIP graphs gives the best results with a maximum jitter of 16 µs (520 µs
MET and 536µs MMET) with CUDA and 11µs (430µs MET, 441µs MMET)
with HIP. Our method, i.e., OpenMP GPU graph with event synchronization,
achieves an identical 16µs max. jitter (538µs MET and 554µs MMET) with
CUDA, and slightly higher max. jitter of 21µs (443µs MET and 464µs MMET)
with HIP, both increasing around 15µs the average execution time. Finally, the
third method using the CPU synchronization strategy showed the largest exe-
cution times and a max. jitter of 28µs (562µs MET and 590µs MMET) with
CUDA and 33µs (478µs MET and 511µs MMET) with HIP.

The CPU synchronization strategy showed the most significant response time
and lower stability. Although the maximum jitter of the third implementation is
the largest, it can still be considered by the target specification as the maximum
jitter is smaller than 10% of MET. However, this high jitter shows that even
if the involved CPU threads are thoroughly isolated, such an approach is more
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(a) Using CUDA graphs.

(b) Using HIP graphs.

Fig. 4. Occurrences of different response time of the AO application.

prone to be impacted by interrupts. Over the long term, this method is more
likely to miss the application deadline, which makes it more challenging to meet
our target specifications.

Our approach with OpenMP GPU Graphs delivered competitive mean execu-
tion times and jitters compared to the native CUDA/HIP implementation while
maintaining a simple, directive-based programming style. This method benefits
from event synchronization and GPU graphs, combining time sensitivity with
productivity and maintainability. Furthermore, real-life AO and ABF applica-
tions accommodate dozens of PUs, making writing manually CUDA/HIP graphs
challenging and invalidating the implementation with CPU synchronization as
the jitter scales with the number of synchronizations.
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5.2 Adaptive Beam Forming Application

Tables 3a and 3b present the results obtained with the ABF application. Similar
to the AO application, the native CUDA/HIP implementations showed the best
performance with the shortest MET. The proposed method, OpenMP CUD-
A/HIP graph with event synchronization, only introduces an overhead of about
10µs compared to the native implementation (a MET of 520µs vs. 515 µs for
CUDA, and 551µs vs. 540µs for HIP). Whereas with the CPU synchroniza-
tion, this overhead is 18µs for CUDA and 39µs on AMD GPUs. Again, real-life
ABF applications contain multiple computing PUs, making our solution more
valuable, as it provides a convenient way to define an efficient and consistent
execution pattern.

Table 3. Metrics for the ABF application.

Metrics (µs) MET MMET
Max
jitter

CUDA busy-wait 515 523 8
OpenMP CUDA graph

with GPU Sync. 520 525 5

OpenMP CUDA graph
with CPU Sync. 533 550 17

(a) Using CUDA graphs.

Metrics (µs) MET MMET
Max
jitter

HIP busy-wait 540 555 15
OpenMP HIP Graph

with GPU Sync. 551 564 13

OpenMP HIP Graph
with CPU Sync. 579 598 19

(b) Using HIP graphs

6 Conclusion

This paper extends the OpenMP support for event-based synchronization with
an allow-launch event through a new directive and a series of clauses detailed in
Table 1. Combining with an enhancement of an existing taskgraph implementa-
tion [24,25], we create a framework that is capable of statically generating CUDA
and HIP graphs containing synchronizing kernels out of an OpenMP code. These
extensions enable the use of OpenMP in domains nowadays requiring HPC capa-
bilities and real-time behaviour, from the presented adaptive optics and adaptive
beamforming applications, to other domains like autonomous mobility, including
automotive, railway and avionics, among others.

Although our experiments show that such graphs are particularly suitable
for real-time applications, the current framework cannot be scaled dynamically
due to the intrinsic, static nature of the taskgraph framework. In the future,
we plan to adopt a new proposal for dynamically recording GPU graphs [26]
to satisfy on-the-fly modifications required by some CPSs. Additionally, for the
CUDA ecosystem, the introduction of device-launched graphs in CUDA 12 and
conditional nodes in CUDA 12.3 could further enhance the flexibility of our work.
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