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 Complex computations and massive data processing
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Overview

[img] http://blog.atmel.com/drone-leaders-form-small-uav-coalition/

[img] http://news.discovery.com/tech/robotics/intelligent-robots-overtake-humans-2100-130508.htm

[img] https://medium.com/@Engin_Bozkurt/a-general-overview-and-comparison-of-autonomous-driving-visualization-and-test-frameworks-cb182147a907



 Parallelization freedom 

– multiple runtime versions
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Overview (2)

OpenCL

Measured thread execution times 

of a lane tracking program

 Our Contribution

 Optimal algorithm

 Polynomial time complexity

 Significant schedulability improvement

~𝟔𝟎%
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Motivation

 Example – Autonomous Driving  Parallelization Options

[img] https://medium.com/@Engin_Bozkurt/a-general-overview-and-comparison-of-autonomous-driving-visualization-and-test-frameworks-cb182147a907

𝜏1: Sensor read/process

𝜏2: Lane Tracking

𝜏3: Object detection/labeling

𝜏4: Steering actuation

…

𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑧𝑒

Different multi-thread versions 

by OpenCL/OpenMP
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Our Problem

𝑡𝑖𝑚𝑒𝐸𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑡𝑎𝑏𝑙𝑒 𝑜𝑓 𝜏𝑘

𝜏𝑘(1)

𝜏𝑘(2)

𝜏𝑘(4)

… …

…

𝑒𝑘
1(1)

𝑒𝑘
1(2)

𝜏𝑘
1(1)

𝜏𝑘
1(2)

𝜏𝑘
2(2) 𝑒𝑘

2(2)

𝜏𝑘
1(4)

𝜏𝑘
2(4)

𝑒𝑘
1(4)

𝑒𝑘
2(4)

𝜏𝑘
4(4) 𝑒𝑘

4(4)

𝜏𝑘

 𝑛 sporadic tasks with parallelization freedom, 𝑚 CPU cores

 Assign optimal parallelization option to each task

to maximize schedulability
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Solution Approach

𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
O𝑝𝑡𝑖𝑜𝑛

𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒

𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
O𝑝𝑡𝑖𝑜𝑛

𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒

 Monotonic increasing property of 

both tolerance and interference

 Optimal parallelization 

option assignment

𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
O𝑝𝑡𝑖𝑜𝑛

𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒

𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
O𝑝𝑡𝑖𝑜𝑛

𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒

𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
O𝑝𝑡𝑖𝑜𝑛

𝑇𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒

𝜏1

𝜏2

𝜏3

𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑑
𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒

‘𝐵𝑎𝑟𝑒𝑙𝑦 𝑡𝑜𝑙𝑒𝑟𝑎𝑏𝑙𝑒’

𝑃𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑂𝑝𝑡𝑖𝑜𝑛

Property 1

Property 2
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Interference-Based Schedulability Analysis

𝑐𝑜𝑟𝑒 2

𝑐𝑜𝑟𝑒 1

𝑐𝑜𝑟𝑒 𝑚

…

𝐷𝑘

𝜏𝑖

𝜏𝑖

𝜏𝑖

𝐼𝜏𝑖,𝜏𝑘(𝐷𝑘)

𝐼𝜏𝑘(𝐷𝑘)

𝜏𝑘

 Execution of 

a task of interest:

 … can be interfered by

other tasks:

 Scheduling Condition†:

𝑡𝑖𝑚𝑒

𝐶𝑘

𝐼𝜏𝑘(𝐷𝑘) =
1

𝑚
෍

𝜏𝑖≠𝜏𝑘

𝐼𝜏𝑖,𝜏𝑘(𝐷𝑘) ≤ 𝐷𝑘 − 𝐶𝑘

𝑠𝑢𝑚 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑓𝑟𝑜𝑚 𝑜𝑡ℎ𝑒𝑟 𝑡𝑎𝑠𝑘𝑠

𝑡𝑎𝑠𝑘′𝑠
𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒

† M. Bertogna, M. Cirinei, and G. Lipari, “Improved schedulability analysis of edf on multiprocessor platforms,” ECRTS, 2005
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Worst-Case Workload in G-EDF

𝜏𝑖2

𝜏𝑖1

𝜏𝑘

𝐷𝑘

𝑐𝑎𝑟𝑟𝑦 − 𝑖𝑛 𝑗𝑜𝑏 𝑏𝑜𝑑𝑦 𝑗𝑜𝑏
𝑡𝑖𝑚𝑒

 Interference is bound by total workload†:
𝑎𝑙𝑖𝑔𝑛𝑒𝑑 𝑑𝑒𝑎𝑑𝑙𝑖𝑛𝑒

† M. Bertogna, M. Cirinei, and G. Lipari, “Improved schedulability analysis of edf on multiprocessor platforms,” ECRTS, 2005

1

𝑚
෍

𝜏𝑖≠𝜏𝑘

min 𝐶𝑖 , 𝐷𝑘 𝑚𝑜𝑑 𝑇𝑖 +
𝐷𝑘
𝑇𝑖

𝐶𝑖
1

𝑚
෍

𝜏𝑖≠𝜏𝑘

𝐼𝜏𝑖,𝜏𝑘(𝐷𝑘) ≤ ≤ 𝐷𝑘 − 𝐶𝑘
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Property 1

𝜏𝑘
1(1)

𝑐𝑜𝑟𝑒 2

𝑐𝑜𝑟𝑒 1

𝜏𝑘
1(2)

𝜏𝑘
2(2)

𝐷𝑘

 Monotonic increasing property of tolerance of 𝜏𝑘 .

𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒

𝐷𝑘 − 𝑒𝑘
1(1)

𝐷𝑘 − 𝑒𝑘
1(2)

Real-Time Ubiquitous Systems Lab.

𝑡𝑖𝑚𝑒

𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑜𝑡ℎ𝑒𝑟 𝑡𝑎𝑠𝑘𝑠

𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑜𝑓
𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
𝑜𝑝𝑡𝑖𝑜𝑛

𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑜𝑓 𝑟𝑜𝑜𝑚
for 𝑎𝑐𝑐𝑜𝑚𝑜𝑑𝑎𝑡𝑖𝑛𝑔
𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
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Property 2

 Monotonic increasing property of interference given by 𝜏𝑘 to  

another task 𝜏𝑖.

𝜏𝑖

𝜏𝑘
1(1)

𝜏𝑘
1(2)

𝜏𝑘
2(2)

𝐷𝑖

𝑚𝑜𝑟𝑒 𝑐𝑎𝑟𝑟𝑦 − 𝑖𝑛
𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑜 𝜏𝑖

𝑚𝑜𝑟𝑒 𝑏𝑜𝑑𝑦 𝑗𝑜𝑏
𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑡𝑜 𝜏𝑖

Real-Time Ubiquitous Systems Lab.

𝑡𝑖𝑚𝑒

𝐷𝑖
𝑇𝑘

𝑒𝑘
1(1)min(𝑒𝑘

1(1), 𝐷𝑖 𝑚𝑜𝑑 𝑇𝑖 )

𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑜𝑓
𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
𝑜𝑝𝑡𝑖𝑜𝑛

min(𝑒𝑘
1(2), 𝐷𝑖 𝑚𝑜𝑑 𝑇𝑖 )

+min(𝑒𝑘
2(2), 𝐷𝑖 𝑚𝑜𝑑 𝑇𝑖 )

𝐷𝑖
𝑇𝑘

𝑒𝑘
1 2 +

𝐷𝑖
𝑇𝑘

𝑒𝑘
2(2)
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Optimal Parallelization Option Assignment

𝜏2

𝜏3

𝜏1

𝐵𝑒𝑔𝑖𝑛 𝑓𝑟𝑜𝑚
the 𝑙𝑜𝑤𝑒𝑠𝑡 𝑜𝑝𝑡𝑖𝑜𝑛

 Initial:

 Begin from the lowest parallel option.

 For all tasks, iteratively,

1. Calculate the interference from other tasks.

2. Raise parallelization option to the ‘barely tolerable’ option.

𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑
𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑜𝑝𝑡𝑖𝑜𝑛
(𝑚𝑜𝑛𝑜𝑡𝑜𝑛𝑖𝑐𝑎𝑙𝑙𝑦 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑠 − 𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑦 1)

𝜏1(1) 𝜏1(2) 𝜏1(3) 𝜏1(4)

𝜏2(1) 𝜏2(2) 𝜏2(3) 𝜏2(4)

𝜏3(1) 𝜏3(2) 𝜏3(3) 𝜏3(4)

Real-Time Ubiquitous Systems Lab.
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𝜏2

𝜏3

𝜏1

𝜏2

𝜏3

𝜏1

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
(𝑚𝑜𝑛𝑜𝑡𝑜𝑛𝑖𝑐𝑎𝑙𝑙𝑦 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒𝑠 − 𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑦 2)

𝑆𝑒𝑙𝑒𝑐𝑡 𝑡ℎ𝑒 𝑏𝑎𝑟𝑒𝑙𝑦 𝑡𝑜𝑙𝑒𝑟𝑎𝑏𝑙𝑒 𝑜𝑝𝑡𝑖𝑜𝑛

 First iteration:

𝜏1(1) 𝜏1(2) 𝜏1(3) 𝜏1(4)

𝜏2(1) 𝜏2(2) 𝜏2(3) 𝜏2(4)

𝜏3(1) 𝜏3(2) 𝜏3(3) 𝜏3(4)

𝜏1(1) 𝜏1(2) 𝜏1(3) 𝜏1(4)

𝜏2(1) 𝜏2(2) 𝜏2(3) 𝜏2(4)

𝜏3(1) 𝜏3(2) 𝜏3(3) 𝜏3(4)

Optimal Parallelization Option Assignment (2)

Real-Time Ubiquitous Systems Lab.

𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑
𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑
𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
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Optimal Parallelization Option Assignment

𝜏2

𝜏3

𝜏1

𝜏2

𝜏3

𝜏1

 Second iteration:

𝜏1(1) 𝜏1(2) 𝜏1(3) 𝜏1(4)

𝜏2(1) 𝜏2(2) 𝜏2(3) 𝜏2(4)

𝜏3(1) 𝜏3(2) 𝜏3(3) 𝜏3(4)

𝜏1(1) 𝜏1(2) 𝜏1(3) 𝜏1(4)

𝜏2(1) 𝜏2(2) 𝜏2(3) 𝜏2(4)

𝜏3(1) 𝜏3(2) 𝜏3(3) 𝜏3(4)

Optimal Parallelization Option Assignment (3)

Real-Time Ubiquitous Systems Lab.

𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑
𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑
𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
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Optimal Parallelization Option Assignment

𝜏2

𝜏3

𝜏1

𝜏2

𝜏3

𝜏1

 Termination – schedulable:

 Termination – not schedulable:

𝜏1(1) 𝜏1(2) 𝜏1(3) 𝜏1(4)

𝜏2(1) 𝜏2(2) 𝜏2(3) 𝜏2(4)

𝜏3(1) 𝜏3(2) 𝜏3(3) 𝜏3(4)

𝜏1(1) 𝜏1(2) 𝜏1(3) 𝜏1(4)

𝜏2(1) 𝜏2(2) 𝜏2(3) 𝜏2(4)

𝜏3(1) 𝜏3(2) 𝜏3(3) 𝜏3(4)

Optimal Parallelization Option Assignment (4)

Real-Time Ubiquitous Systems Lab.

𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑
𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑
𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝐴𝑙𝑙 𝑡𝑎𝑠𝑘𝑠 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑡ℎ𝑎𝑛 𝑡ℎ𝑒𝑖𝑟 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒

𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑙𝑎𝑟𝑔𝑒𝑟 𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑡ℎ𝑎𝑛 𝑖𝑡𝑠𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒
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Simulation Results

𝑎 𝐵𝑎𝑠𝑒 𝑏 𝐻𝑖𝑔ℎ 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑜𝑣𝑒𝑟ℎ𝑒𝑎𝑑 𝑐 𝑇𝑖𝑔ℎ𝑡 𝑑𝑒𝑎𝑑𝑙𝑖𝑛𝑒

 Normalized task set schedulability vs. task set utilization (∑ ൗ𝐶𝑖 𝑇𝑖
).

 106 synthesized tasks scheduled on 𝑚 = 4 CPU cores.

Real-Time Ubiquitous Systems Lab.
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Implementation Results

𝑎 𝑆𝑖𝑛𝑔𝑙𝑒 𝑏 𝑀𝑎𝑥 𝑐 𝑅𝑎𝑛𝑑𝑜𝑚 𝑑 𝑂𝑢𝑟𝑠

 Measured response times(𝜇𝑠) of autonomous driving tasks on 4 CPU cores.

 (𝜏1: sensor, 𝜏2: lane track, 𝜏3: object detection, 𝜏4: motor).

Real-Time Ubiquitous Systems Lab.
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Conclusion

 Optimal parallelization option 

assignment for global EDF

 Polynomial time complexity

 Significant schedulability 

improvement

 Future work: Extension towards…

 Different state-of-the-art 

schedulability analyses

 Multi-segment/DAG task model



Thank You
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Youngeun Cho
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