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Abstract With the widespread application of multi-core technology in real-time embedded
systems, multi-core processors have become the mainstream hardware platform. To fully utilize
the powerful computational capabilities of multi-cores, comprehensive parallelization must be
implemented in real-time programs. Directed Acyclic Graph (DAG) describes the parallelism of
real-time programs which can effectively depict the fine-grained parallel characteristics of complex
tasks. Intra-task Priority Assignment can reduce the uncertainty in the runtime behavior of DAG
tasks, resulting in a smaller Worst-Case Response Time (WCRT). Existing response time
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analyses for priority-based DAG tasks focus on the upper bound of the WCRT. However, these
analyses tend to be pessimistic due to the gap between the upper bound and the exact WCRT.
This pessimism limits the computational performance of real-time embedded systems, causing
them to occupy more computational resources to ensure tasks are completed within their
deadlines. This paper focuses on response time analysis of prioritized DAG tasks and proposes an
improved method that employs Satisfiability Modulo Theories (SMT) to compute a more accurate
upper bound for DAG task response time. Although previous studies have provided exact WCRT
analysis for DAG tasks, these findings do not extend to DAGs with priorities, and existing
methods still exhibit pessimism. This paper formalizes the response time analysis of priority-
based DAG tasks into a satisfiability problem of mixed logical formulas and gets the exact
WCRT. Experimental work shows that the method proposed in this paper not only guarantees the

precision of the obtained bounds but also improves the average computational efficiency by 50%

compared to existing methods for accurately calculating the WCRT of DAG tasks.
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Background

Nowadays multi-cores are becoming mainstream
hardware platforms for embedded and real-time
systems. To fully utilize the processing capacity of
multi-cores, software should be fully parallelized,
such that an individual task is able to potentially
utilize more than one core at the same time during its
execution. Parallel tasks are commonly supported by
almost all modern parallel programming languages,
e. g.» Cilk family, OpenMP and Intel’s Thread
Building Blocks. The primitives in these languages
and libraries, such as parallel for, OMP task and
spawn/sync, result in intra-task parallelism
structures that can be well represented via Directed
Acyclic Graph (DAG) task models, which have
gained much attention in the past few years.

In the real-time community, researchers focus
on the worst-case response time (WCRT). Graham

proposes a famous WCRT bound for a DAG task G.
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Graham’s bound has been widely used in the real-
time analysis of DAG tasks. However, Graham’s
bound which is an upper bound of the WCRT may be
pessimistic in practice. To eliminate the pessimism
brought by Graham’s bound, Sun et al. have
proposed a method to get the exact WCRT of a DAG
task which aims to formulate the response time
analysis problem into an optimization problem.
However, their method doesn’t consider the priority
of the vertices in DAG.

This paper presents a response time analysis
method for DAG tasks with priorities used SMT
techniques. The method solved the maximum
response time among all possible schedules under a
certain given scheduling algorithm. Encoding the
scheduling strategies into the constrains of the
optimization problem is the main challenge of this
paper. Compared with the existing methods, the

method in this paper can not only ensure improved
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accuracy over the Graham bound, but also exhibit a scheduling, network optimization, and parallel
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