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Problem Solved?

Reinhard Wilhelm et al.:
The Worst-case Execution Time Problem

— Overview of Methods and Survey of Tools

CONCLUSIONS

,, L he problem of determining upper bounds on execution
times for single tasks and for quite complex processor
architectures has been solved. Several commercial WCET
tools are available and have experienced very positive
feedback from extensive industrial use.

ACM Transactions on Embedded Computing Systems, Vol. 7, No. 3, April 2008.
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Well, almost...

= Unpredictable delays due to interference on multi-
cores

= Unpredictable hardware (e.g. random replacement
nolicies for caches)

= Undocumented hardware
= Very pessimistic results!
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Measurements?

Karsten Schmidt et al.:
Non-Intrusive Tracing at First Instruction

“In the selected use case, a simple regression test, first a
function trace for a longer time span, and then later on an
instruction trace for a dedicated time span were generated.
This approach (instead of tracing everything across a long
time span) is necessary due to the limited bandwidth to
components outside of the microcontroller.”

SAE Technical Paper 2015-01-0176
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Catching the Worst Case
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Catching the Worst Case

Trace
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Measurements?

Karsten Schmidt et al.:
Non-Intrusive Tracing at First Instruction

“T'he art of tracing lies in the selection of the proper
abstraction level and time in order to perform safe
regression tests or identify potential issues as fast as
possible. Especially when working under high time pressure
with high costs related to the tests, or when working under
extreme conditions, [...], efficiency in tracing is crucial.”

SAE Technical Paper 2015-01-0176
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O
State of The Art: Embedded Trace

embedded trace based emulation system

Target Emulator

MPSoC Time stamps
© - (e0)

CPUs |8 Instructions
T O 2
. 2 trace data >%: Data read E-)

e & Data written

Offline analysis Time stamps
Instructions ‘;
Data read S

Bandwith (average): Data written

ARM Cortex-R4, 500 MHz, IT 0,3.. 4'B|t/ Instru.ctlon (non-cycle accurate) Time stamps
5 .. 8 Bit / Instruction (cycle accurate) i . _
ARM Cortex-R4, 500 MHz, zgIT 8 Bit / Instruction (data trace) nstructions 2
ARM Cortex A9, 1 GHz, IT W Mittelwert (Gbps) ™ Spitzenwert (Gbps) 2t [GEE =

MPSoC, 4 CPUs, 1 GHz Data written

ARM Cortex A9, 1 GHz, zgIT Cycle accurate instruction + data trace Time stamps
4x ARM-Cortex A9, 1 GHz, IT 4 x 14 Bit x 1 GHz => approx. 28 Gbit/s Instructions o
( + timestamps) =
4 x ARM-Cortex A9, 1 GHz, zg] T Data read S

| . ‘ ‘ . ‘ ‘ ( + bus master trace) = :
0 5 0 15 20 25 30| (+ peak bandwidth) ata written
MPSoC (4 CPUs)
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~ Trace Recording and Offline Processing
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Trace tool Host

Trace data
processing
(offline)

BRAAA

Hard disc

——Results—>»

Drawbacks:

- Not all trace messages go through the SoC's trace port due to limited bandwidth
- Processing bandwidth of host trace port is smaller than trace port bandwidth

- Huge latency for the detection of MPSoC internal states
- Restricted to on-chip trigger logic
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| o
Solution: Online Analysis of Trace Data

- Trace bandwidth < processing bandwidth HLL

propositions

- ds latency for detection of MPSoC internal states { }
- Parallel processing / parallel oberservations

compiler
CoreSight / Nexus Real-time processing trace tool S
via parallel, Aurora, PCle lanes ;% Event brocessin
up to 20 Gbit/s Instrumentation Trace E P &

SoC
ﬁ@ @ @ o Data Trace Custom
C
= programmable
‘ Per CcpPUO %’Q (3 23 8 Configurable processor
2 -
2 . generic event
‘ Per CPU1 H@ Q Q z Ownership Trace processing
© structures Custom
‘ Mem CPU2 H@ @ @ g programmable
Watchpoint Trace FPGA fabric
vem T ou @3 Q) @)

Instrution \

Instruction .
>/l Reconstruction j/

£ 62 &2
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Workflow

SoC

Control Flow
Reconstruction

Measurement
Configurator

Pre-Processing (3.1)

FPGA

Trace
Extraction (3.2)

Embedded
Trace Unit

Continuous
Aggregation (3.3)

N : 0

BB Statistics

Path Analysis

Trace Data

Traceable
System States
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Trace Point Events
(ID + Cycle Count +
Pre-Processed data
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Workflow .

Measurement

Configurator

Pre-Processing (3.
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o
Measurement Configurator .

void £ (..)
Entry
Call
Return |«— (DxZﬂﬁc..ﬂxZﬂ?B)J
Exit Exit
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Events

(address, tag, level, distinctor, call, entry, exit, return)

Events are generated for each basic block.
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(address, tag, , , call, , exit, )

The address of the basic block's first instruction.
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( , tag, , , call, , exit, )

A custom field used to efficiently address
statistic records in memory
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( , tag, level, , call, , exit, )

The loop nesting level of the basic block.
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Events

( , , , distinctor, , , , )

A field to distinguish two loops with the same nesting
level that lie directly after another.
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( , tag, , , call, , exit, )

Is another routine called in the basic block?
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Is a routine entered with this basic block?
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( , tag, , , call, , exit, )

Is a routine exited with this basic block?
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( 4 4 4 4 4 4 4 return)

Did a return from a called routine happen?
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®
Measurement Configurator .

Enter 7, Call g
(0x1004,1,0,0,1,1,0,0)

wvoid £ (..)
Entry
Call
Return |«l— 0x2050..0%2058 )-| (DxZﬂﬁc..ﬂxZﬂ?ﬂ)J
4
mﬂ]ﬁn.m)
Exit Exit
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Measurement Configurator

wvoid £ (..)

Entry

==

call

.\

Enter g, Enter L1

(Ox2000, 2, 1,0, 0, 1,0, 0)

e

Exit

clAb Int ACC MmiC
s n accelerate your microcontroller design

Return |l—

Exit
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®
Measurement Configurator .

Enter L2
(0x202c, 3,2,0,0,0,0,0)

wvoid £ (..)
Entry
Call
Return |«l— O0x2050..0x2058 )-| (DxZﬂﬁc..ﬂxZﬂ?B)J
4
e (e {h(.'.!lJEr..an)EE)
} while (.); Exit =
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®
Measurement Configurator .

Leave L2, Enter L3
(0x2050, 5, 2, 1, 0,0, 0, 0)

void £ (..)
Entry
Call
vy
Return |«— 0x2050..0%2058 (Dxl’ﬂﬁc..ﬂﬂﬂ?ﬂ
Y
e (e {h(.'.!lJEr..an)EE)
} while {.); Exit -

TECHNISCHE
UNIVERSITAT
DARMSTADT

UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
UND PROGRAMMIERSPRACHEN

€l Absint ACCEMIC

accelerate your microcontroller design




.\

Measurement Configurator

wvoid £ (..)

Entry

==

call

Leave g
(0x207¢, 8,0,0,0,0, 1, 0)

e

Exit

clAb Int ACC MmiC
s n accelerate your microcontroller design

Return |l—

Exit
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Y
Workflow .

FPGA

Continuous
Aggregation (3.3)

Measurement
Module
Loop Module
Statistics

Trace Point Events
(ID + Cycle Count +
Pre-Processed data
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Event Stream

(0x1004, 1, 0, 0, 1, 1, 0, 0) @ t+0
(0x2000, 2, 1, 0, 0, 1, 0, 0) @ t+8
(0x202c, 3, 2, 0, 0, 0, 0, 0) @ t+30
(0x2034, 4, 2, 0, 0, 0, 0, 0) @ t+46
(0x202¢c, 3, 2, 0, 0, 0, 0, 0) @ t+48
(0x2034, 4, 2, 0, 0, 0, 0, 0) @ t+56
(0x202c, 3, 2, 0, 0, 0, 0, 0) @ t+57
(0x2050, 5, 2, 1, 0, 0, 0, 0) @ t+59
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Event Stream

(0x1004, 1, 0, 0, 1, 1, 0, 0) @ t+0

(Ox2000, 2, 1, O, O, 1, 0, 0) @ t+8 Execution Time
(0x202¢c, 3, 2, 0, 0, 0, 0, 0) @ t+30 of BB @ 0x1004
(0x2034, 4 2, 0, 0, 0, 0, 0) @ t+46 8 cycles
(0x202c, 3, 2, 0, 0, 0, 0, 0) @ t+48

(0x2034, 4, 2, 0, 0, 0, 0, 0) @ t+56

(0x202c, 3, 2, 0, 0, 0, 0, 0) @ t+57

(0x2050, 5, 2, 1, 0, 0, 0, 0) @ t+59
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(0x1004, 1, 0, 0, 1, 1, O,
(0x2000, 2, 1, 0, 0, 1, O,
(0x202¢c, 3, 2, 0, 0, 0, O,
(0x2034, 4, 2, 0, 0, 0, O,
(0x202¢c, 3, 2, 0, 0, 0, O,
(0x2034, 4, 2, 0, 0, 0, O,
(0x202¢c, 3, 2, 0, 0, 0, O,
(0x2050, 5, 2, 1, 0, 0, O,

€X AbsInt AcCEmiC ¢
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0)
0)
0)
0)
0)
0)
0)
0)

Event Stream

@ t+0

@ t+8

@ t+30
@ t+46
@ t+48
@ t+56
@ t+57
@ t+59

Execution Time
of BB @ 0x2034
2 cycles
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(0x1004, 1, 0, 0, 1, 1, O,
(0x2000, 2, 1, 0, 0, 1, O,
(0x202¢c, 3, 2, 0, 0, 0, O,
(0x2034, 4, 2, 0, 0, 0, O,
(0x202¢c, 3, 2, 0, 0, 0, O,
(0x2034, 4, 2, 0, 0, 0, O,
(0x202¢c, 3, 2, 0, 0, 0, O,
(0x2050, 5, 2, 1, 0, 0, O,
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0)
0)
0)
0)
0)
0)
0)
0)

Event Stream

@ t+0

@ t+8

@ t+30
@ t+46
@ t+48
@ t+56
@ t+57
@ t+59

Execution Time
of BB @ 0x2034
1 cycle

‘g UNIVERSITAT ZU LUBECK
o~ INSTITUT FUR SOFTWARETECHNIK
UND PROGRAMMIERSPRACHEN



Event Stream

(0x1004, 1, 0, 0, 1, 1, O,
(0x2000, 2, 1, 0, 0, 1, O,
(0x202c, 3, 2, 0, 0, 0, O,
(0x2034, 4, 2, 0, 0, 0, O,
(0x202c, 3, 2, 0, 0, 0, O,
(0x2034, 4, 2, 0, 0, 0, O,
(0x202c, 3, 2, 0, 0, 0, O,
(0x2050, 5, 2, 1, 0, 0, O,

0)
0)
0)
0)
0)
0)
0)
0)

Pure maximisation gives 2 cycles.
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@ t+0

@ t+8

@ t+30
@ t+46
@ t+48
@ t+56
@ t+57
@ t+59

Execution Time
of BB @ 0x2034
1 cycle
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= Event Stream

(0x1004, 1, 0, 0, 1, 1, O,
(0x2000, 2, 1, 0, 0, 1, O,
(0x202c, 3, 2, 0, 0, 0, O,
(0x2034, 4, 2, 0, 0, 0, O,
(0x202c, 3, 2, 0, 0, 0, O,
(0x2034, 4, 2, 0, 0, 0, O,
(0x202c, 3, 2, 0, 0, 0, O,
(0x2050, 5, 2, 1, 0, 0, O,

0)
0)
0)
0)
0)
0)
0)
0)

Pure maximisation gives 2 cycles.
We want to take typical cache behaviour into account!
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@ t+0

@ t+8

@ t+30
@ t+46
@ t+48
@ t+56
@ t+57
@ t+59

Execution Time
of BB @ 0x2034
1 cycle
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(0x1004, 1, 0, 0, 1, 1, O,
(0x2000, 2, 1, 0, 0, 1, O,
(0x202c, 3, 2, 0, 0, 0, O,
(0x2034, 4, 2, 0, 0, 0, O,
(0x202c, 3, 2, 0, 0, 0, O,
(0x2034, 4, 2, 0, 0, 0, O,
(0x202c, 3, 2, 0, 0, 0, O,
(0x2050, 5, 2, 1, 0, 0, O,

0)
0)
0)
0)
0)
0)
0)
0)

Pure maximisation gives 2 cycles.
ldea: Distinguish between first and all other loop iterations.
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= Event Stream

@ t+0

@ t+8

@ t+30
@ t+46
@ t+48
@ t+56
@ t+57
@ t+59

Execution Time
of BB @ 0x2034
1 cycle
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Loop Iteration State Machine

= A state is a data structure that keeps track of the
call stack, the loop nesting level and whether we
are in the first or in a later iteration of a loop.

= Calling a routine / returning from a routine
changes the state.

= Entering / leaving a loop changes the state.
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States

valid id index

The pointer to the active row.

RST
< oy Tq

-
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States

valid id index

Is the row valid?

RST
< oy Tq

S
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States

valid id index

— 1 1 0

~

The id identifies a loop or a routine.
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@
States

valid id index

0

AN

The index discriminates between first and further iterations.
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State Transformations

valid id index

(Ox1004, 1, 0, O, 1, 1, 0, 0) Routine Call,
(0x2000, 2, 1, 0, 0, 1, 0, 0) Increased Loop Nesting Level
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State Transformations

valid id index valid id index

(Ox1004, 1, 0, O, 1, 1, 0, 0) Routine Call,
(0x2000, 2, 1, 0, 0, 1, 0, 0) Increased Loop Nesting Level
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| State Transformations

valid id index

(Ox2000, 2, 1, 0, 0, 1, 0, 0) Entering a loop
(0x202c, 3, 2, 0, 0, 0, 0, 0)
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State Transformations

valid id index valid id index
- 1 3 0
— 1 2 0 1 2 0
1 1 0 1 1 0

(Ox2000, 2, 1, 0, 0, 1, 0, 0) Entering a loop
(0x202c, 3, 2, 0, 0, 0, 0, 0)
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State Transformations

valid id index

- 1 3 0
1 2 0
1 1 0

(0x2034, 4, 2, 0, 0, O, 0O, 0) Recursively entering a loop
(0x202¢c, 3, 2, 0, 0, 0, 0, 0)
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State Transformations

valid id index valid id index
- 1 3 0 - 1 3 1
1 2 0 1 2 0
1 1 0 1 1 0

(0x2034, 4, 2, 0, 0, O, 0O, 0) Recursively entering a loop
(0x202¢c, 3, 2, 0, 0, 0, 0, 0)

4 TECHNISCHE ,4 =
UNIVERSITAT % iy
P DARMSTADT *==7
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State Transformations

valid id index

- 1 3 1
1 2 0
1 1 0

(0x202c, 3, 2, 0, 0, 0, 0, 0)

Entering a different loop
(0x2050, 5, 2, 1, 0, 0, 0, 0)

€X AbsInt AcCEmiC ¢

accelerate your microcontroller design
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~ State Transformations

valid id index valid id  index
1 3 1 1 5 0
1 2 0 1 2 0
1 1 0 1 1 0
(0x202¢c, 3, 0, 0, 0, 0, 0 Entering a different loop

(0x2050, 5, 2, 1, 0, 0, 0, 0)

4 TECHNISCHE ,4 =
UNIVERSITAT % iy
P DARMSTADT *==7

UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
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€l Absint ACCEMIC

accelerate your microcontroller design



State Transformations

valid id index
- 1 5 1
1 2 0

(0x2050, 5, 2, 1, 0, 0, 0, 0) Leaving a loop
(0x206c, 7, 1, 0, 0, 0, 0, 0)
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valid

id

index

valid

~ State Transformations

id

index

1

1

1

0

(0x2050,
(0x206¢,

S,
/)

1,

0, 0, 0, 0)
0, 0, 0, 0, 0)
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Leaving a loop

4 TECHNISCHE ,4 =
=\ UNIVERSITAT 2Ty =
P DARMSTADT *==7

UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
UND PROGRAMMIERSPRACHEN




valid id index

(Ox206¢c, 7, 1, 0, 0, 0, 0, 0) Leaving a loop
(0x207¢c, 8, 0, 0, 0, 0, 1, 0)
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State Transformations

valid id index valid id index

(Ox206¢c, 7, 1, 0, 0, 0, 0, 0) Leaving a loop
(0x207¢c, 8, 0, 0, 0, 0, 1, 0)

€X AbsInt AcCEmiC ¢
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| State Transformations

valid id index

(0x207¢c, 8, 0, O, 0, O, 1, 0) Leaving a routine
(0x101ic, 9, 0, 0, 0, O, 1, 1)

UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
UND PROGRAMMIERSPRACHEN
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State Transformations

valid id index valid id index

(0x207¢c, 8, 0, O, 0, O, 1, 0) Leaving a routine
(0x101ic, 9, 0, 0, 0, O, 1, 1)

€X AbsInt AcCEmiC ¢

accelerate your microcontroller design
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= Example

first  further

valid id index

O 00O N o 1 A W N
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first  further

valid id index

O 00O N o 1 A W N

G T A T VA A

7 a4 a4 4

(0x1004, 1, 0, 0, 1, 1, 0, 0) @ t+0

TECHNISCH
UNIVERSITA
DARMSTAD

/] UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
UND PROGRAMMIERSPRACHEN
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= Example

first  further
8

valid id index

O 00O N o 1 A W N

(0x1004, 1, 0, 0, 1, 1, 0, 0) @ t+0
(0x2000, 2, 1, 0, 0, 1, 0, 0) @ t+8

® TECHNISCHE :
cc- n+c UNIVERSITAT 7/ © UNIVERSITAT ZU LUBECK
Absint ACCeh DARMSTADT NSTTUT FOR oeTuAReTECHNI
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= Example

first  further

1| 8
2 22
3
valid id index 4
-1 1 3 0 >
1 0 °
7
8
1 1 0 9

(0x2000, 2, 1, 0, 0, 1, 0, 0) @ t+8
(0x202c, 3, 2, 0, 0, 0, 0, 0) @ t+30

TECHNISCHE
UNIVERSITAT
DARMSTADT

] UNIVERSITAT ZU LUBECK
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UND PROGRAMMIERSPRACHEN
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first  further

22
16

valid id index

—
w
o
© 0 N OO 1 A W N =

(0x202¢c, 3, 2, 0, 0, 0, 0, 0) @ t+30
(0x2034, 4, 2, 0, 0, 0, 0, 0) @ t+46
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first  further

22
16

valid id index

—
W
—
O© 00 N oo u1 A W N =

(0x2034, 4, 2, 0, 0, 0, 0, 0) @ t+46
(0x202c, 3, 2, 0, 0, 0, 0, 0) @ t+48
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first  further

22
16 8

valid id index

—
W
—
O© 00 N oo u1 A W N =

(0x202¢c, 3, 2, 0, 0, 0, 0, 0) @ t+48
(0x2034, 4, 2, 0, 0, 0, 0, 0) @ t+56

UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
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first  further

22
16 8

valid id index

—
W
—
O© 00 N oo u1 A W N =

(0x2034, 4, 2, 0, 0, 0, 0, 0) @ t+56
(0x202¢c, 3, 2, 0, 0, 0, 0, 0) @ t+57
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first  further

22
16 8

valid id index

—
Ul
o
© 0 N OO 1 A W N =

(0x202¢c, 3, 2, 0, 0, 0, 0, 0) @ t+57
(0x2050, 5, 2, 1, 0, 0, 0, 0) @ t+59
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first  further
8
22
16 8
2
12

valid id index
- 1 5 0
1 2 0

O 00O N o 1 A W N

(0x2050, 5, 2, 1, O, O, O, 0) @t+59
(0x205¢, 6, 2, 1, 0, 0, 0, 0) @t+71

UNIVERSITAT ZU LUBECK
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first  further

1| 8
2| 22
3| 16 8
valid id index 41 2
N 1 5 1 5 12
1 | 2 | o g
7
8
1 1 0 9

(0x205¢c, 6, 2, 1, 0, 0, 0, 0) @ t+71
(0x2050, 5, 2, 1, 0, 0, 0, 0) @ t+73
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first  further

1| 8
21 22
3| 16 8
valid id  index 4 2
N 1 5 1 5 12 6
1 | 2| o g —
7
8
1 1 0 9

(0x2050, 5, 2, 1, 0, 0, 0, 0) @ t+73
(0x205¢c, 6, 2, 1, 0, 0, 0, 0) @ t+79

UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
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first  further

1 8
2 22
3 16 8
valid id index 41 2 1
N 1 5 1 5 12 6
1 5 0 6 2 1
7
8
1 1 0 9

(0x205¢c, 6, 2, 1, 0, 0, 0, 0) @ t+79
(0x2050, 5, 2, 1, 0, 0, 0, 0) @ t+80
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first  further

1 8
2| 22
3| 16 8
valid id  index 4 2 1
5| 12 6
I ) 5 0 6| 2 1
7
8
1 1 0 9

(0x2050, 5, 2, 1, 0, 0, 0, 0) @ t+80
(0x206c, 7, 1, 0, 0, 0, 0, 0) @ t+83
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first  further

1| 8
2| 22
3| 16 8
valid id index 41 2 1
50 12 6
6 1
7
8
9

(Ox206c, 7, 1, 0, 0, 0, 0, 0) ©@t+83
(Ox2000, 2, 1, O, 0, 1, 0, 0) @t+91
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first  further

1| 8

2| 22 11
3| 16 8
valid id index 41 2 1
N 1 3 0 5 12 6
1 | 2 | 1 ° !

7

8

1 1 0 9

(0x2000, 2, 1, O, O, 1, 0, 0) @t+91
(0x202¢c, 3, 2, 0, 0, 0, 0, 0) @t+102
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first  further

1| 8

2| 22 11
3| 16 8
valid id index 41 2 1
N 1 3 0 5 12 6
1 | 2 | 1 ° !

7

8

1 1 0 9

(0x202¢, 3, 2, 0, O, O, 0, 0) @t+102
(0x2034, 4, 2, 0, 0, 0, 0, 0) @t+110
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INSTITUT FUR SOFTWARETECHNIK
UND PROGRAMMIERSPRACHEN

€l Absint ACCEMIC

accelerate your microcontroller design



first  further

1| 8

2| 22 11
3| 16 8
valid id index 41 2 1
N 1 3 1 5 12 6
1 | 2 | 1 ° !

7

8

1 1 0 9

(0x2034, 4, 2, 0, 0, 0, 0, 0) @ t+110
(0x202c, 3, 2, 0, 0, 0, 0, 0) @ t+112
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first  further

1| 8

2| 22 11
3| 16 8
valid id index 41 2 1
N 1 3 1 5 12 6
1 | 2 | 1 ° !

7

8

1 1 0 9

(0x202¢c, 3, 2, 0, 0, 0, 0, 0) @ t+112
(0x2034, 4, 2, 0, 0, 0, 0, 0) @ t+119
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first  further

1| 8

2| 22 11
3| 16 8
valid id  index 4 2 1
N 1 3 1 5 12 6
1 | 2 | 1 ° !

7

8

1 1 0 9

(0x2034, 4, 2, 0, 0, 0, 0, 0) @ t+119
(0x202c, 3, 2, 0, 0, 0, 0, 0) @ t+120
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first  further

1| 8

2| 22 11
3| 16 8
valid id index 41 2 1
N 1 5 0 5 12 6
1 | 2 | 1 ° !

7

8

1 1 0 9

(0x202¢, 3, 2, 0, O, O, O, 0) @t+120
(0x2050, 5, 2, 1, 0, 0, 0, 0) @t+122

S UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
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first  further

1| 8

2| 22 11
3| 16 8
valid id index 41 2 1
N 1 5 0 5 12 6
1 | 2 | 1 ° !

7

8

1 1 0 9

(0x2050, 5, 2, 1, O, O, O, 0) @t+122
(0x205¢c, 6, 2, 1, 0, 0, 0, 0) @t+126

UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
UND PROGRAMMIERSPRACHEN
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first  further

1| 8

2| 22 11
3| 16 8
valid id index 41 2 1
N 1 5 1 5 12 6
1 | 2 | 1 ° !

7

8

1 1 0 9

(0x205¢c, 6, 2, 1, 0, 0, 0, 0) @ t+126
(0x2050, 5, 2, 1, 0, 0, 0, 0) @ t+127

UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
UND PROGRAMMIERSPRACHEN
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first  further

1| 8

2| 22 11
3| 16 8
valid id index 41 2 1
N 1 5 1 5 12 8
1 | 2 | 1 ° !

7

8

1 1 0 9

(0x2050, 5, 2, 1, O, O, O, 0) @t+127
(0x205¢c, 6, 2, 1, 0, 0, 0, 0) @t+135

UNIVERSITAT ZU LUBECK
INSTITUT FUR SOFTWARETECHNIK
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first  further

1| 8

2| 22 11
3| 16 8
valid id index 41 2 1
N 1 5 1 5 12 8
1 | 2 | 1 ° !

7

8

1 1 0 9

(0x205¢c, 6, 2, 1, 0, 0, 0, 0) @ t+135
(0x2050, 5, 2, 1, 0, 0, 0, 0) @ t+136
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first  further

1| 8

2| 22 11

3| 16 8
valid id index 41 2 1

50 12 8

6 1

7

8

9

(0x2050, 5, 2, 1, 0, 0, 0, 0) @ t+136
(0x206c, 7, 1, 0, 0, 0, 0, 0) @ t+139
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first  further

1| 8
2| 22 11
3| 16 8
valid id index 41 2 1
50 12 8
6 1
7 4
- 1 8 0 8
1 1 0 9

(0x206c, 7, 1, 0, 0, 0, 0, 0) @ t+139
(0x207c, 8, 0, 0, 0, 0, 1, 0) @ t+143
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first  further

1| 8

2| 22 11
3| 16 8
valid id index 41 2 1
50 12 8
6 1
7 4

8

- 1 1 0 9

(0x207c, 8, 0, 0, 0, 0, 1, 0) @ t+143
(0x101c, 9, 0, 0, 0, 0, 1, 1) @ t+149
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= Example

first  further

1| 8
2| 22 11
3| 16 8
valid id index 41 2 1
50 12 8
6| 2 1
7| 8 4
8| 6
- 9| 6

(0x10lc, 9, 0, 0, 0, 0, 1, 1) @ t+149
2 2 2 2 2 2 2 1) @t+155
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Example

\

first  further
Entry 1 8
v 2 22 11
(Dxlﬂm..ﬂxlﬂlﬂ) —P  Entry 3 16 8
call (szﬂm ..uxznzsy 4 2 1
v )J v : | v >J 50 12 8
Return |«— Ox202c..0x2030 0x2050..0x2058 (D}{ZUEC..U}{ZU?S
v v 6 1
Cﬂx]ﬂ]x: ..Dx]ﬂZD) 0x2034 ..ﬂﬂﬂdc) u:zns.c..-:}xmraa) 7 4
Exit 8
9

Overall execution time estimate:
= Our method: 191 cycles

= Context insensitive: 258 cycles
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///’—\\. e
FPGA Implementation .

= We are currently building a prototype based on a
Xilinx Virtex 7 FPGA (xc7v585t) and RLDRAM.

= Most complicated part is the connection to the
SoC's trace interface (i.e. event generation).

\qiﬁsslr‘q
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“Resource Usage on FPGA

Loop Iteration State Machine (~ 180 MHz)
= 3 BRAMs
= 470 Registers
= 398 LUTs
Statistics Module (~ 130 MHz)
= 7 BRAMs
= 481 Registers
= 406 LUTs
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Conclusion
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The CONIRAS Approach

Precise

= We account for typical (instruction) cache behaviour.
Continuous

= We perform direct online aggretation at runtime.
Non-intrusive

= We use the hardware support of modern SocCs.

Measurement-Based Execution Time Estimation

4 TECHNISCHE = 7_‘ "
-j 5 DARMSTADT s’:,‘_‘_ -
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~ The CONIRAS Approach

Reduced pessimism
Improved observability

Scalability

U

Statistics instead of piles of data
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