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Agenda

 Motivation
— Measurement-based Execution Time Estimation

— Program Flow Trace (PFT)

* Waypoint based Worst Case Execution Time Estimation

— Waypoint Graph
— Context Model

 Evaluation
— TACLeBench

e Conclusion
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WCET Estimation - BB Approach

Executable 4. Transfer BB
statistics to host

BB Max Max
3. Run Address First Further
Application 0x1004 8 us 0 us
1. Reconstruct 0x2000 22us  11us
CFG
0x202c 16 us 8 us
Target FPGA-based
Processor Timing Analysis 0x2034 2 us lus
v 0x2050 12 us 8 us
0x205c 2 us 1 us
0x206¢c 8 us 4 us
Basic Plock B5) oeoc eus
0x2000 ..0x2028
4 s [ 3 >J 0x101c¢ 6 us 0us
Return |«— 0x2050..0x2058 (0}(2061:..0){20}'8
v

Context Sensitive BB Statistics

2. Adapt timing
Ext analysis module
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WCET Estimation - BB Approach

BB Max Max

/\

Address First Further

5. Annotate CFG

0x1004 8 us Ous 02000 .0x2025 )4

0x2000 22 us 11 us Return |€— szochmzﬂao mczosofmzoss )-| (mzoec.nxzm)J

0x202c 16 us 8 us 0x2034 .0x2040) mm: 02068 )

0x2034 2us lus -

0x2050 12 us 8 us

0x205c¢ 2us 1lus

0x206¢ 8 us 4 us
oaore e |

Ox10ic 6us s 6. Find longest path Overall execution time estimate
Context Sensitive BB Statistics (ILP based) Our method: 191 us

Context insensitive: 258 us
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Embedded Trace Units
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ARM Cortex A

Nexus 5001 ARM Coresight
ETU type
Implementation Traditional | Branch ETMv3 ETMv4 PFT
branch history
messages | messages
Program Flow Branch Branch Instruction Branch @
Observation Level
Cycle count Yes No No Yes Yes Yes
Applicable for Yes No No Yes Yes Yes

hybrid WCET
measurement
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‘Start main
arm: :0xf0@
arm::0xf@ mov r@, #0
arm: :0xf4 mov #1
arm: :0xf8 b  ©0x104 )??main_0>
(main.L1
‘Start main.L1|
arm::0x104
arm::0x104 cmp #0xb
arm::0x108 L b1t Oxfc gP?main 1>
arm: :0xfc | End main.L1 |
arm: :0xfc adds r®, rl, ro ’
arm: :0x100 adds rl, rl, #1
‘End main|
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Basic Block Graph

Start main

arm: :0xf0@

arm: :0xf@ mov §O, #0
arm: :0xf4 mov §1, #1

arm: :0xf8 b x104 <??main_0>
(main.L1
‘Start mai .L1|
arm::0%104
arm::@x104 cmp rl, #0xb
arm::@x108 blt Oxfc <??main 1>
arm: :0xfc ‘ ghd main.L1
arm: :0xfc adds #0, rl, ro ] ’
arm: :0x100 adds @81, rl, #1
AN ) J

|
arm: :0x1
arm::0x1@c bx 1r
" End!ain |

CFG
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Basic Block Graph vs. Waypoint Graph

Start main

arm: :0xf0@
arm: :0xf@ mov §O, #0
arm: :0xf4 mov §1, #1
arm::0xf8 b

x104 <??main_0>

Start

/ Waypoint ’
~instruction

Direction arf

Waypoint

‘[‘arm::ﬂxfE
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main
::0xf0, ID 1 
b 0x104

Waypath ‘

Oxfc

x104 cmp rl, #0xb

<??main_ 1>

(main.L1
Start maig.L1
arm::0%104
arm: :
arm: :§x108 blt
arm: :0xfc
arm: :0xfc adds , rl, ro
arm: :0x100 adds @81, rl, #1

r

nd main.L1

arm: :0x1
arm::0x1@c bx 1r

End main

CFG

Maximization Equivalence

p
T Direction arn

main.L1

;Start main.L1

:0x104, ID 2

=1

| Direction ar]

—

Directfion arm::0x10c, ID 4

|

End main.L1

Waypoint

arm::0x1®c bx lr

| Directior§end, ID 5

| End main;

WPG
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WCET Estimation Using Waypoint Graphs e
Executable 4. Transfer waypoint
statistics to host
Waypath Max Max
3. Run ID First Further
Application 0 8 us 0 us
1. Reconstruct 1 22 us 11 us
Waypoint Graph
yp P 2 16 us 8 us
Target FPGA-based
Processor Timing Analysis 3 2 us 1us
v 4 12 us 8 us
5 2 uUs lus
6 8 us 4 us
Wayp()int Graph 8 6 us Ous

2. Adapt timing
analysis module

Context Sensitive Waypath
Statistics
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WCET Estimation Using Waypoint Graphs

/7 T

Waypath Max Max

ID ST 5. Annotate
& 8 us Ous Waypoint Graph
1 22 us 11 us
2 16 us 8 us
3 2 uUs 1us
4 12 us 8 us
5 2 us 1lus
6 8 us 4 us

--- 6. Find longest path _ i )
8 6 Us e (ILP based) Overall execution time estimate

Context Sensitive Waypath
Statistics
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Execution Time Estimation - Architecture

N\

WPG Generation

1. Offline Pre-processing Executable .
\ (CFG Analysis)

2- ConteXt SenSitive Real-time trace processing tool
Statistics

[ Instrumentation Trace Message processing

‘ Data Trace ‘ Runtire
verification
J

’ Ownership Trace

Loop Automata
Cluster

\ WCET
N measurement

‘ Watchpoint Trace

- Instrution
‘ Instruction .
Reconstruction

oo
=
‘B
wv
o
s
a
)
—
s
o
oo
©
v
wv)
14
=

Min, Max, Avg.
Statistics

3. Offline Post-processing Timing Report Timing Analysis
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Loop Automata Cluster

Loop Automata Cluster

\  Models one loop

,
- M Loop Loop |
Waypath ID, Automaton Automaton

Cycles

Automaton Automaton context Tracepath
=l Statistics
Loop Loop
Automaton Automaton
Loop
Loop Loop
Automaton Automaton

bounds

Loop
Statistics

>

S
S
S o
o2
:'l-‘
hw
@ 5
£ 0

7]

14

Loop Loop -
Automaton Automaton
Innermost Loop Selector

Statistics Module
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Loop Automata

Waypath ID,
Cycles |
N [ Loop Automaton

Loop

: text racepat
o Loop lteration [_°" N
s
R Waypath 05 Context ESM -l Statistics
45 E event g _8
S G ®
1(7; g 'Q_J._ é _ LOOp
£9 S Loop Iteration B8 bounds Loop
o Counter FSM B statistics

e

Statistics Module
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Loop Event Generator Ly
ID==3 -y
ID==4 s
Comparator Tree Set
16

05.07.16 TU Darmstadt | Computer Systems Group | Boris Dreyer



Evaluation Setting

* Xilinx Zynq XC72020-1CLG484C
— Dual-core ARM Cortex-A9 (666 MHz)
— 32 kilobytes of L1 cache
— 512 kilobytes of L2 cache (disabled)
— SRAM data memory

* DDRS3 instruction memory (533 MHz)

* TACLeBench benchmark collection
— Executing each benchmark ten times
— With and without L1 instruction cache enabled

* Xilinx SDK 2016.1
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Context-insensitive runtime estimation / End-to-End runtime

L1 enabled L1 disabled
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Context-Sensitive Overestimation (Ratio)

Context-sensitive runtime estimation /| End-to-End runtime (L1 enabled)
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Continuous
* We perform direct online aggregation at runtime.

Non-intrusive
* We use the hardware support of modern SoCs.

Hybrid WCET Estimation Using Waypoint Graphs
 We measure waypath execution times online.
* We estimate the overall runtime offline.
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Thank you!
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