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Abstract  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 parallelized.
Recently much work has been done on real-time scheduling of parallel tasks modeled as directed
acyclic graphs (DAG), motivated by the parallel task structures supported by popular parallel
programming frameworks such as OpenMP. The DAG-based task models in existing real-time
scheduling research cannot fully capture critical features of parallel programs, e.g., if-else
conditional structure. Recently, the conditional DAG models are proposed to formulate the real-
time systems composed by parallel workload and conditional components. Existing DAG-based
task models in real-time scheduling research assume special structures recursively composed by
single-source-single-sink parallel and conditional components. With this special assumption,
polynomial-time response time analysis method is developed. However, realistic OpenMP task
systems in general have more flexible structures that do not comply with this assumption. This
paper studies general OpenMP task systems with general branching structures, and develops a

polynomial-time dynamic programming algorithm to efficiently calculate response time bounds for
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OpenMP task systems. First, this paper outlines OpenMP program semantics, and model the
behaviors of general OpenMP task systems with general branching structures, including task
models, execution models and scheduling models. Second, this paper deeply analyzes the related
method in the existing work. By constructing a counterexample, we find that the existing method
cannot accurately calculate the response time boundary of the task graphs, and there is a certain
pessimism. The specific reason is that although the existing method considers OpenMP task
graphs with multi-source-multi-sink conditional branching structures, it cannot correctly analyze
some situations, e. g. , the parameters associated with the two branches in the conditional branching
structure are quite different. Third, for the analysis problem of response time on multi-source- multi-sink
con-DAG graphs, based on dynamic programming theory, this paper proposes an accurate solution
method of polynomial time. The main idea of this method is as follows. The DAG graph is
traversed topologically in reverse order, then the parameters associated with the predecessor
nodes are calculated by using the calculation results of the successor nodes, and finally the response
time bound of the DAG graph is calculated based on the values of the associated variables of the
source node. Compared with the existing algorithm, the algorithm in this paper introduces more
node-associated variables and considers more node types. In the experiment part, we implement
the algorithm of existing work and the algorithm in this paper. The response time bounds of the
two algorithms are evaluated by randomly generated DAGs. Experimental work shows that
compared to the traditional method, our method can effectively improve the accuracy of the response
time bound. Under average conditions, the accuracy of the response time bound can be increased
by 3%. It is very important for real-time system to improve the accuracy of response time bound
effectively. In real-time systems, the response time directly affects the schedulability of systems.
For real-time systems whose schedulability is in critical state, the accuracy of response time is

increased by 1%, which is likely to greatly increase the schedulability of systems.
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1 #pragma omp task({

2 codell;

3 #pragma omp task{code21;}
4 if(exp)

5 #pragma omp taskwait;

6 codel?;

7 #pragma omp task{code31;}
8 else

9 codel3;

10 #pragma omp taskwait;

11 codel4;

12 }
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HIt, gral (o) =L+L—1/m).
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A 55 W&l v S BRI A A 5 1 AR CAn L 5 o) A
e 7 R ] T AT A5 3T o 7 N [ A SO UL A
T TR TR A ) A SCRE S A Z 7 fOK
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gray (vt =c(v)+ gra,(v)) 19
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len” (v}) =c(vi) +len” (v)) (30)
grap(vi) =c(vi) +gra,(v)) 31D
gra,(vi) =c(v?) (32)
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Horpr o) Fl o AR S ol IS JE 4k . A,
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vol V' (ol ) Fl o [ I 7E |t wol V (o) Y MU KA. i)
WL AEE 9 H, vol (v]) =3, vol® (v3) =4, I, oF
B B AS H vol P (vi) =1+4+4=5.
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Hodr ol Bl o A 5 o AN JE 4k S 4,
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FBEARH [en® (v7) =1+3=4.
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ool Ao SR T AR o BN IS AR L 534
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K10 4 T 04D ~ (46) 1 i B dn & 10 Brp
N IANE AT S oA & — A T4 1 ol Fl— A Dhos
KA TG oy L5 A, o T4 05 o B T o
) FAESS «,. DAG EIH BT A 15 ST I ] 3 58 1.
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of AT B[] E max {Zen” (o7 ) Len® (o)) ). H:
H ol 2 o IR ZEY R o T A ol T RTEAE S5 <,
VR 5. 5 Ak smax {len” (0] ) 4 Llen® (0] ) } KR FE )



1 PIECREE A 5 LA OpenMP AT 55 P& ) Wi 17 A 1] 53 2177

() IR AR B Len” (o))l o) [ RIRAB Bt Len” (0] ) o
B KRR Ban . #E K] 10 Holen® (v)) =4, len” (0] ) =
LI o) B ORERAS 5 Len® (vf) =1+44=5.

KA B SR ol R 7 gray (v)) F T
ol BPATEF [N E max {1y Ty s Iy . o, max {1
Lo Dy R e T o T P U K. 2 o) 2 o)
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v W ORIR AL & gra., (o). AN 7ER 10 .1 =4+
Um.To=1+4/m, Ty =1+4/m. A, v 1) 2B AE
' grap,(v)=11+4+1/m=5+1/m.

KUDBE SO o IR gra, () T
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Q| FRRTE Q) F Qo TP U R AL 2715 A o) o) i
BVEAT 55 <, IR AL 19 5 o 02 o) IS 4k 8L 28
Q. (=1, 215 LF/RWMT 00 F T o W RERA
%vol”(v\,w)/m m b ol RBAE T gra, (v)) 0, %
T o W R AE 1 gra, (o)) M E o) 1 O HKAS &
gra, (o). B ER 10 .0 =4+1/m.Q, =1+
4/m. W of ) RERAS i gra, (v)) =1+4+1/m=
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v B RIKAL i gra., (ol Ho o J& o 95 46755 A
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v BRI AR i gra, (of) . Hr, o) J2& o) B 5 4k97 A
Bilan . 7E K 10 o) 1 KRB AR 5 gra, (o)) =4/m.

QAR ol IR 55 o, HA G4k W-15 8 o) (o
ARSI A 11 s, W LR ik i A 45

vol" (v}) =c(v}) +vol”(v]) 47
len® (v;) =c(v}) +max{len” (v]),len” (v])} (48)
grap(vi) =c(v)) +max{I,gra,(v] )} (49)
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I :voll)(v;” )/m~+len”(v)),
gra,(vi) =c(v}) (50)
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A AT I TR 3458 1.
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Bl A7)~ (52) f i B 7 151
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model for characterizing OpenMP programs. However,
DAGs cannot accurately describe OpenMP programs because
OpenMP programs are not only parallel, but also include
conditional branches (such as if-else statement). Therefore,
research on the conditional DAG (con-DAG) task graph is
still open.

Existing DAG task models assume well-nested structures
recursively composed by single-source-single-sink parallel

and conditional components. However, con-DAGs in general

do not comply with this assumption, and existing work
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cannot fully describe and analyze the behaviors of realistic
OpenMP programs. Therefore, this paper will model and
analyze the behaviors of OpenMP task systems with general
branching structures.

This paper aims to analyze the response time of OpenMP
programs with conditional branch structure. A naive solution
is calculating the response time by enumerating all possible
execution flows in the con-DAGs, but it has exponential time
complexity. Therefore, existing works develop polynomial-
time dynamic programming algorithms to calculate response
time bounds of con-DAGs. However, these methods assume
structures recursively composed by single-source-single-sink
parallel and conditional components, so they cannot analyze
general OpenMP task systems that do not comply with this
assumption. This paper studies general OpenMP task systems,

and proposes an algorithm for calculating the response time

of con-DAG task graph with * multi-source-multi-sink ”
conditional structures. Compared with existing methods,
The algorithm in this paper not only can accurately calculate
the response time bounds of con-DAG tasks, but also has
polynomial time complexity.
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