Response Time Bounds for Sporadic Arbitrary-Deadline
Tasks under Global Fixed-Priority Scheduling on
Multiprocessors
Wen-Hung Kevin Huang and Jian-Jia Chen
Department of Computer Science
TU Dortmund, Germany

06.11.2015

06.11.2015

0 / 19

Introduction
Real-time systems
Avionics systems
Automotive systems

Multiprocessor systems
Higher computing power
Lower power consumption
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System and Task Model
A sporadic task τi is characterized by
Ci : the worst-case execution time (WCET) of task τi
Ti : the minimum inter-arrival time of task τi
Di : the relative deadline

n arbitrary-deadline tasks
m identical processors
Global fixed-priority preemptive scheduling
Intra-task parallelism is forbidden

06.11.2015

2 / 19

System and Task Model
A sporadic task τi is characterized by
Ci : the worst-case execution time (WCET) of task τi
Ti : the minimum inter-arrival time of task τi
Di : the relative deadline

n arbitrary-deadline tasks
m identical processors
Global fixed-priority preemptive scheduling
Intra-task parallelism is forbidden

Can the set of tasks be feasibly scheduled
on multiprocessors?
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Difficulty in Analyzing Multiprocessor Scheduling
No critical instant1
τ1 = (1 , 2 , 2 )

τ1

τ2 = (1 , 3 , 3 )

τ2

τ3 = (5 , 6 , 6 )

τ3
0 1 2 3 4 5 6

0 1 2 3 4 5 6

All possible combinations of arrival times and execution sequence
tractably solved with very small integer periods

1

Sanjoy Baruah; Techniques for Multiprocessor Global Schedulability Analysis; RTSS07.
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State of the Art
Guan et al. New response time bounds for fixed priority
multiprocessor scheduling, RTSS09
Sun et al. Improving the Response Time Analysis of Global
Fixed-Priority Multiprocessor Scheduling, RTCSA14.
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Contributions
Proposed a revisited schedulability test for arbitrary-deadline
multiprocessor systems
First polynomial-time test for arbitrary-deadline fixed-priority
multiprocessor systems
The proposed polynomial-time test is highly effective in terms of
schedulability
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Busy Window Extension (Uniprocessors)
Analyzing task τk
θa is the beginning of a busy interval
θ0 is the latest instant at which the processor is idled or executing
lower-priority jobs than τk

θa

θa + Bk,h
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Analyzing task τk
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some proc. idled
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Interferring on Multiprocrssors
All processors must be busily executing higher-priority jobs whenever
task τk is not executing
higher-priority jobs
τk ’s exeuction
Bk,h
θ0

θ0 + Bk,h
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All processors must be busily executing higher-priority jobs whenever
task τk is not executing
higher-priority jobs
τk ’s exeuction
Bk,h
θ0

θ0 + Bk,h

Ω(Bk,h ): the total work executing over [θ0 , θ0 + Bk,h ] where τk is not
executed
The maximum h-incomplete length Rk,h is upper bounded by the smallest
Bk,h satisfying
Ω(Bk,h ) ≤ m × (Bk,h − hCk )
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Worst-Case Response Time of τk
The worst-case response time RTk of task τk is at most:
∗
RTk ≤ RTk∗ = maxh∈{1,...,H} {Rk,h
− (h − 1)Tk }
k)
∗ is the minimum t
+ hCk ≤ hTk }, and Rk,h
where H = min{h ≥ 1| Ω(hT
m
satisfying
Ω(t) ≤ m × (t − hCk )
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Computing Ω(Bk,h )
Lemma
There are at most (m − 1) tasks having carry-in jobs in the interval
[θ0 , θ0 + Bk,h ]

some proc. idled

θ0
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Computing Ω(Bk,h )
Lemma
There are at most (m − 1) tasks having carry-in jobs in the interval
[θ0 , θ0 + Bk,h ]
Categorize workload from higher-priority tasks into
Ii1 (Bk,h ) without carry-in jobs
Ii2 (Bk,h ) with carry-in jobs

Ω(Bk,h ) =

X

Ii1 (Bk,h )

τi ∈hp(k)

+

X


Ii2 (Bk,h ) − Ii1 (Bk,h )

the (m − 1) largest τi ∈ hp(k)
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Workload Function
Definition
For any interval length t, the workload function Wi (t) of a sporadic task
τi bounds the maximum cumulative execution requirement by jobs of τi
that are released and may execute within any interval of length t.



t
Wi (t) =
Ci + min(t mod Ti , Ci )
Ti
τi
3 Ci
2 Ci
Ci

Ci

Ti
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t
Wi (t) =
Ci + min(t mod Ti , Ci ) ≥ Ii1 (t)
Ti
τi
3 Ci
2 Ci
Ci

Ci
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Flawed Anaylsis in Current State of the Art
Lemma (Guan et al.2 )
For each task τi , the carry-in is at most Ci − 1

The number of carry-in jobs of an arbitrary-deadline task may be
more than one3 .

2

Guan et al. New response time bounds for fixed priority multiprocessor scheduling; RTSS09.

3

Sun et al. Improving the Response Time Analysis of Global Fixed-Priority Multiprocessor Scheduling; RTCSA14.
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The number of carry-in jobs of an arbitrary-deadline task may be
more than one3 .

/Problematic for arbitrary-deadline tasks
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Revisited Carry-in Task Workload Ii2 (Bk,h )
Consider the earliest job having absolute deadline larger than θ0 ,
released at yi
Greedily count the cumulative execution time over [yi , θ0 + Bk,h ]

τi

yi
θ0

θ0 + Bk,h
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XRevisited schedulability test for
arbitrary-deadline multiprocessor systems
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Upper-Bound Busy Period
Approximate the point-wise functions Ii1 (t) and Ii2 (t)
Wi (i) ≤ tUi + Ci (1 − Ui )

τi
3 Ci
2 Ci
Ci

Ci

Ti

2 Ti
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Upper-Bound Busy Period
Approximate the point-wise functions Ii1 (t) and Ii2 (t)
Wi (i) ≤ tUi + Ci (1 − Ui )

τi
3 Ci
2 Ci
Ci

Ci

Ti
†
Rk,h ≤ Rk,h

2 Ti
P
hmCk + ZΣ + τi ∈hp(k) Ci (1 − Ui )
P
=
m − τi ∈hp(k) Ui
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Linear-Time Upper Bound Test
For any integer h ≥ 1,
†
†
RTk,1
≥ RTk,h
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Linear-Time Upper Bound Test
For any integer h ≥ 1,
†
†
RTk,1
≥ RTk,h

, if mUk +

P

τi ∈hp(k) Ui

<m
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Linear-Time Upper Bound Test
The worst-case response time RTk of task τk is at most
 up
P
Rk
if mUk + τi ∈hp(k) Ui < m,
†
RTk ≤ RTk =
∞
otherwise.
where Rkup =

P
mCk +ZΣ + τ ∈hp(k) Ci (1−Ui )
P i
m− τ ∈hp(k) Ui

and ZΣ denotes the sum of the

i

(m − 1) largest Di Ui ’s among the tasks in hp(k).
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XFirst polynomial-time test for
arbitrary-deadline fixed-priority
multiprocessors
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Experimental Results - Task Synthesis
Utilization generation by UUniFast-Discard

4

Logarithmic distribution of periods p = 1, 2, 3 (1-10ms) (1-100ms)
(1-1000ms)
Cardinality: 5 times of the number of processors
Deadline-monotonic (DM) scheduling

4

Davis et al. Efficient exact schedulability tests for fixed-priority real-time systems. ITC 2008
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Experimental Results - Constrained-Deadline
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5

Bertogna et. al New schedulability tests for real-time task sets scheduled by deadline monotonic on multiprocessors. PDS06

6

T. P. Baker. An analysis of fixed-priority schedulability on a multiprocessor. RTS06

7

Baruah et. al. Improved multiprocessor global schedulability analysis, RTS10
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Experimental Results - Arbitrary-Deadline
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XTDA and LTUB outperform the others
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Conclusion
Proposed a revisited schedulability test for arbitrary-deadline
multiprocessor systems
First polynomial-time test for arbitrary-deadline fixed-priority
multiprocessor systems
The proposed polynomial-time test is highly effective in terms of
schedulability
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Thanks for your attention
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Enumeration and Exact Test
Enumerate all possible release sequences
drop all of the sequences accumulatively dominated by the others

Time complexity O((W1 × W2 × ... × Wn−1 ) × Dim ) where Wi is all
the resulting release sequences of task τi within [0, Dim )
computationally intractable
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