





The role of performance modeling
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Platform HW complexity
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Platform component types

 Another example: Philips Nexperia™ platform
(Source: Th. Claasen, DAC 2000)

OS + API + custom SW |

™ - = ™
MIPS TriMedia I
MIPS CPU TriMedia CPU
— | programmable
“ core TM-core -. I processors
- - |
- .. |  memories |

DEVICE I/P BLOCK DEVICE I/P BLOCK
DEVICE I/P BLOCK ¢ DEVICE I/P BLOCK l weakly

programmable
CO-processors

configurable
| IP components

DEVICE I/P BLOCK < » DEVICE I/P BLOCK

| communication
| components
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Platform architectures are heterogeneous

« different processing element types

— processors, weakly programmable coprocessors, IP
components

o different interconnection networks and communication
protocols

o different memory types

o different scheduling and synchronization strategies

b
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Managing HW platform complexity

 development of APIs to hide complexity from application
programmer and improve portability

e specialized RTOS to control resource sharing and
Interfaces

= complex multi-level HW/SW architecture
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Software architecture example

P€E,
mem

application
| application

——==14----API
D rlvate Do
prlvate L

| private |

software

shared

architecture

hardware
periphery

ce,
layered software architecture with API
— SW is heterogeneous

Chin Bus
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Platform verification

 correct implementation of specified function N\ general

e HW/SW co-simulation (CVE, CoWare, > design
CoCentric, VCC), verification J problem

e correct target architecture parameters A
* processor and communication performance challenge to
 adherence to timing requirements > heterogeneous
¢ no memory over/underflow platform design
* no run-time dependent dead-locks J
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Complex run-time interdependencies

* run-time dependencies of independent components via
communication

* influence on timing and power

O R. Ernst, TU Braunschweig
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Interdependency example

« complex heterogeneous systems
« complex non-functional interdependencies

° complex system corner cases

long execution time
= low bus load

short execution time

= high bus load “
O~

NN |
NN |
NN |
NN |
NN |
\AAAAS v
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MPSoC platform verification - state of the art

e current approach: Target architecture co-simulation

combines functional and performance validation

reuse component validation pattern for system integration and
function test

reuse application benchmarks for target architecture function
validation

visualization of system execution

extensive simulation run times to include many test cases

0 R. Ernst, TU Braunschweig 13



Co-simulation limitations

* identification of system performance corner cases
— different from component performance corner cases

— target architecture behavior unknown to the application
function developer (cp. functional HW test)

— test case definition and selection ?

 analysis of target architecture
— confusing variety of run-time interdependencies
— data dependent “transient” run-time effects

— mixed in co-simulation
= limited support of design space exploration
= debugging challenge

* inclusion of incomplete application specifications

— additional performance models required

0 R. Ernst, TU Braunschweig
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Target architecture analysis

e given

— an application and its environment modeled by a set of
communicating processes

— a heterogeneous HW/SW target architecture

— an implementation of the processes on the architecture

e model and analyze

— the target architecture information flow

— system timing g A
g v

O R. Ernst, TU Braunschweig
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Timing parameters

e architecture component timing

e sSubsystem timing

e system timing

n-o

‘ environment
model

0 R. Ernst, TU Braunschweig 17






Processing elements

e processing elements

— fully programmable components (processors)
RISC VLW

— weakly programmable coprocessors
components with selectable, predefined control sequences,
possibly with chaining (FP coprocessor, graphics processor, DMA,

2 multi-channel image
module coprocessor

— hard coded function components

CAN bus
interface coprocessor

0 R. Ernst, TU Braunschweig 19



Processing element timing

e processing element timing and communication determined by

e execution path e function implementation
— control data dependent — component architecture
— Input data dependent — software architecture

—) — compiler or synthesis

0 R. Ernst, TU Braunschweig 20



Processing element timing - 2

e process timing can be evaluated by

— simulation/performance monitoring, e.g. using break points
e stimuli, e.g. from component design
« data dependent execution - upper and lower timing bounds

— simulation challenges
e coverage?

e cache and context switch overhead due to run-time scheduling
with process preemptions

* influence of run-time scheduling depending on external event
timing
— formal analysis of individual process timing
e Serious progress in recent years

= process timing can be approximated or just estimated
(cp. VCC processor models)
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Formal execution path timing analysis

e execution path timing

else {
send(..);
receive (...);

tpe(F’ pei) = ztpe(bw pej) Le(b;)

b.

i basic block (Li/Malik)

or program segment (Ye/Ernst)

t,e(D;,pe;) execution time of b,
on processing element pe,

c(b;) execution frequency of b,
path dependent

worst/best case timing bounds
solved e.g. as ILP problem with flow
analysis (e.g. Li/Malik, Wolf/Ye/Ernst, ...)

O R. Ernst, TU Braunschweig
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Implementation influence in t,.(b;)

t,e(D;, pe,) determined by
— processing element architecture
— compiler / HW synthesis

— API software
* t,(b;, pe)analysis can use
— instruction execution table

: requires compiler code analysis
— abstract execution model

— local b, simulation

0 R. Ernst, TU Braunschweig 23



Process communication

e execution path communication

else {
send(..);

>

receive (...); €—T—

s(F)=>_s(b;) Ce(b;)
|

r(F)=> r(b;) &(by)
|

s(b;) sent datain b,

r(b,) received datain b,

worst/best case communication
analysis solved e.g. as ILP problem
(Wolf/Ernst)

O R. Ernst, TU Braunschweig
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Formal interconnect analysis

« word transfer
teom (S(X),C€j) = S(X) Heom (S(D),CE)
o packet transfer (simplified: fixed length pl)

o
ple.

teom (S(X), CE;) =

send(..) !

—»| receive(..)

mCom (S( plcej )’ Cej)

;

O R. Ernst, TU Braunschweig
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Memories

SRAM

— equal access time

— no control overhead

FLASH, ROM, EPROM, EEPROM

— asymmetric read and write Flash
RAM

— similar to SRAM otherwise

DDRAM, RDRAM, SDRAM, SRAM, ...
— multiple banks

— burst access (packets)

Cache

— various control mechanisms

— burst access to background (cache lines)

O R. Ernst, TU Braunschweig
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Memory models

* SRAMtiming here included in t,
— program memory access as instruction fetch time

— data memory acCess as tload/store

 SDRAM with cache

tpi Included in t .

(cm,): miss time of cache memory cm,

tcmiss
temiss (CM; ) = teom (CMy,CeY ) + 1, (M)

(cm;, ce,): communication time for cache line
transfer over ce,

tcom

t,, (Mj) : memory access time for m,

O R. Ernst, TU Braunschweig
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Cache miss overhead

e cache miss overhead

— data cache cmy

tdcache (F ,CMy ) = tcmiss (Cmd ) DZ Cdmiss (bi )

b; LF
— program cache cm,

tpcache (F , Cmp) = tcmiss (Cmp) DZ Cpmiss (bi )
b, LF

Cymiss(D)): nUMber data cache misses in b,

Comiss(D)): nUMber program cache misses in b,

miss analysis uses data flow analysis, abstract
interpretation, ...

0 R. Ernst, TU Braunschweig 30






Image filter example

image header

data
Glter aIgorithD

Image filter process

— receives packet with header and image data
— performs address match verification

— filters picture data

— forwards filtered picture data to pe,

execution contexts (picture size): not considered, large picture,
small picture

execution contexts (address): not considered, address miss,
address match

0 R. Ernst, TU Braunschweig 32



Image filter results

Receive Data [kB] Address not Address Address

Send Data [kB] considered MIss match

Size not Rec [ 6.2,25.0] [ 6.2,25.0] [ 6.2,25.0]

considered Snd | 0,24.4] [ 0, O] [ 5.9,24.4]

Large Picture Rec [ 25.0, 25.0] [ 25.0, 25.0] [ 25.0, 25.0]
Snd [ 0,244] [ 0, O] [24.4 ,24.4]

Small Picture Rec [ 6.2, 6.2] [ 6.2, 6.2] [ 6.2, 6.2]
Snd [ 0, 59] [ O, 0] [ 5.9, 5.9]

Tight send and receive data rate intervals [min, max]
of the filter process (results: SYMTA)

O R. Ernst, TU Braunschweig
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Image filter intervals

Timing [ms] Address not Address Address
considered miss match

Size not [ 5,681] [ 6,40] [ 38,681]

considered

Large Picture [ 19,572 ] [ 20, 39 ] [ 265,572 ]

Small Picture [ 5, 67] | 6,13] [ 38, 64]

Timing intervals [min, max]
for StrongARM architecture incl. caches (results: SYMTA)
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Subsystem & component summary

e analysis of individual process timing as a first step
— used as a basis for activation and resource sharing model

— approach borrowed from RTOS

e Include local memories and local communication

0 R. Ernst, TU Braunschweig
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3 Process execution modeling

e component data required for execution modeling

process execution time t , (F, pe)
communication load r, s

communication timing t_ ., (s, ce,)

com

process activation function
example: SPI - System Property Intervals

e environment model

O R. Ernst, TU Braunschweig
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Component parameter model

o« example: SPI - System Property Intervals

— coordination language for process system modeling

abstracts from detailed functionality

captures essential properties for component data timing,
communication, and activation

properties represented as intervals
coordination uses process modes and virtual elements

originally used to combine models of computation

0 R. Ernst, TU Braunschweig 38



SPI - Parameters SP:

latp, latp,

kuc

Clnlt’

latency time intervals lat, , lat, , latc

. rocess mode
data rate intervals s, I P

dependent
activation functions Ap , Ap,
data intervals on
communication channels d;;;, d.
process execution modes consider www.SPI-project.org

execution context

0 R. Ernst, TU Braunschweig 39



Timing parameters - environment

e architecture component timing

— activation -> environment model

‘ environment
model

0 R. Ernst, TU Braunschweig 40



Environment model

e periodic events

1:el 1:e2 te3
‘ tp >$ tp 3 ecocooe te|+1_te| —tp

t.; typically timer released
e periodic events with jitter

1:el 1:e2 te3 J
S LI A St S P I
e events with minimum inter arrival times
— burst events, packets, sporadic events, etc.
t t o0 000 t t + >
‘ ‘ ¢e3¢ ‘ ien en+1 tei+n+1 te —tln'[
[ : | tei +1 tei 2 Ui

]

2
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4 Software architecture

PE,
mem

application
| application
rlvate -- ﬁ
prlvate us
| private k==

software

shared

architecture

hardware
periphery

layered software architecture with API

Chin Bus

ce,
consider function call hierarchy

O R. Ernst, TU Braunschweig
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Timing parameters - SW architecture

e architecture component timing

process execution timing

communication timing

activation -> environment model
timing includes all HW & SW

components for process
execution

include software
architecture

- O

‘ environment
- model
core timer

timer

Bus-

O R. Ernst, TU Braunschweig
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Application example

(O )—O—()—O—C) -

- -
lc)

(c)
3 Y
| apuicauan aruplicativn |- + O
//Q‘J
Release
-> Airbag
reaction time of airbag after crash ?
ﬁmk U t“é“ U tcsens + tdetc + tfbus + tctrI + tcact U tt U TEH\L
iInclude SW architecture in process model
 resolve APIs, drivers, OS calls, memory accesses, etc.
* include multi-hop communication
0 R. Ernst, TU Braunschweig 46



Timing refinement

™ @ S @ S @ S —"‘A-

\ \
(c) 'S

| appicaunan arplication |+ + ()

A

i i . N Release

Reaction time of airbag after crash ?

tcrash + tsens + tcsens + td(—:tc + tfbus + tctrI + tcact + tact + tairbag

A\ J — — — — — A\ J/
Y - - - - - Y
physical delay tcom tAPI tdrv tAPI tdrv physical delay
tlgy F tprocess + teom v tprocess + teom
+ Tapy + Ly + Tap

t... =f(code, core, cache, mem, etc.)
t.,m = f (@amount of data, width, speed, etc.)
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5 Modeling shared resources

e resource sharing requires

— resource arbitration - scheduling
« static or dynamic order of processes
e preemptive (interrupt) or non-preemptive
(,run to completion®)
— context switching
* 0N pe: process context switch
e 0On ce: packet or connection setup overhead
* in memory: similar to ce

— context switching time t_, can be determined at design time

— resource arbitration effects are run-time dependent

O R. Ernst, TU Braunschweig
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Timing parameters - resource sharing

e subsystem timing

— resource sharing
e process scheduling
e communication scheduling

o-

‘ environment
model

0 R. Ernst, TU Braunschweig 49



Scheduling strategies

e static execution order

 time driven scheduling
— fixed

— dynamic
e priority driven scheduling
— static priority assignment
— dynamic priority assignment

o efficiency depends on environment model (periodic, jitter,
burst)

0 R. Ernst, TU Braunschweig
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Static execution order scheduling

Pl PZ P5 Pl PZ P5 H
Pe1 | | £ a
I ]
I
I
B
I
ce, I I!!I ll!l
: A
I
I
I
I tcsw
t Cel
pe,;

t,: scheduling

period

Pe,

architecture example

O R. Ernst, TU Braunschweig
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Static execution order scheduling - 2

execution time: sum of process times + t.qy + tcom
best suited if timing and control are input data independent

supports
— interleaved resource utilization

— buffer size optimization

— compiler optimization across processes I P,

— process context exploitation merged processes

application example:
— DSP

0 R. Ernst, TU Braunschweig



Static execution order scheduling - 3

« different event timing models
— periodic input events — periodic output events with jitter

— sporadic events - sporadic output events

« static order problems
— dynamic environments: jitter, bursts
— deadline requirements

— processes/communication with context dependent timing

0 R. Ernst, TU Braunschweig
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Time driven scheduling

time division multiple access (TDMA)

— periodic assignment of fixed time slots
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TDMA

o predictable and independent performance down scaling
allows to merge individual solutions

1:pe(l:)w pei)_tcsw
tpeTDMA(Pi’ pe;) = " [ﬂpTDMA +tpe(Pi’ pei)mOdtpi
Pi

 time slot size adaptable to different service levels
e supports all input event timing models
e generates output jitter as a result of execution times

» problems
— utilization

— extended deadlines

0 R. Ernst, TU Braunschweig
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TDMA scheduling example
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Dynamic time driven scheduling

example: Round Robin scheduling

— cyclic process execution

— resource released when task is finished or not activated
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Round Robin scheduling

 no idle times - higher efficiency than TDMA

e guaranteed minimum resource assignment per process

— appropriate e.g. for soft deadlines (“best effort”) and QoS
requirements

e supports all input event timing models
e creates output jitter and possibly output bursts

 problems
— process execution interdependency
— timing analysis more difficult than TDMA

0 R. Ernst, TU Braunschweig 58



Priority driven scheduling

o Static priority assignment

— model 1

 multi rate periodic input events with jitter and deadlines at
end of period

— typical scheduling approach: Rate-monotonic scheduling
(RMS, priority decreases with period)

— optimal solution for single processors (Liu, Layland)
— model 2
* like model 1 but with process dependencies
— solution for multiprocessors based on RMS: Yen, Wolf
— model 3

* like model 1 but arbitrary deadlines
— timing analysis solution by Lehoczky
— iterative algorithm for priority assignment (Audsley)
— analysis for jitter and bursts (single processor) by Tindell

0 R. Ernst, TU Braunschweig
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Model 3 - arbitrary deadlines

e scheduling with arbitrary deadlines - may create output bursts
for periodic input events

busy period

I B ]
priority |
Static priority scheduling with arbitrary deadlines
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Burst generation

P, jitter ¥

S A S
- hhde” dmnbobbbb’  ooh

VVVYY
v e —— —
priority burst burst
¢ input events { output events

Output bursts in static priority scheduling with arbitrary deadlines
and periodic input events
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Dynamic priority assignment

e priority assignment at run time
o optimal priority assignment: Earliest Deadline First (EDF)
« EDF adapts to input event timing

e problem:
— requires run-time scheduler task —» overhead
— requires deadline determination (e.g. Ziegenbein, ICCAD 2000)

— difficult to analyze - active research topic (e.g. load models)
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Resource sharing - summary

* individual component and process data required

 formal analysis for numerous scheduling strategies, event
models and constraints available
(even for manual calculation)

e results can be used to calculate
— communication and processor load
— timing, e.g. response times, output event models
— memory requirements

— power consumption

0 R. Ernst, TU Braunschweig 63



6 Architecture and global analysis

e system timing

— timing of coupled
subsystems

schedule schedule

‘ environment
model

0 R. Ernst, TU Braunschweig 64



Multiple Scheduling Strategies

static priority
FCFS scheduling scheduling _’

g

static execution
order scheduling

proprietary earliest deadline
(abstract info) first scheduling

L
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Corresponding Analysis Techniques

Liu/Layland 1973

Buttazzo 1993

=Y MEM

Kopetz 1993

Lee/Messerschmidt

1989

»
ol
A
- )
|
R
-

from IP vendor { Sha 1994
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Integration ??7?

Liu/Layland 1973

Buttazzo 1993

(\..

Kopgtz 1993

O—

~

Lee/Messerschmidt
1989

P

from IP vendor Sha 1994

—g )
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Subsystem coupling

 independently scheduled subsystems are coupled by data
flow

CH— W CH—
) - W —T® »

scheduling scheduling
SB1 SB 2

= subsystems coupled by event streams

= coupling corresponds to event propagation
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Analysis scope extension

 coherent analysis (, holistic* approach)

« example: Tindell 94, Pop/Eles (DATE 2000):
TDMA + static priority

static priority
process scheduling

static priority

gueueing
T: Transmitter
process
TTP bus TTP bus
] queue interface interface

TTP bus (TDMA)

 problem: large number of combinations possible!
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Event model generalization

« Example: Network processor design (Thiele et al.)

‘ Parse

 packet processing characteristics

dynamic load

interleaved flows of packets

=

Search

flow-specific task chains

event bursts

variable data sizes

=

Modify

=

Schedule

O R. Ernst, TU Braunschweig
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Network process generalized event model

« Arrival/service curves (L. Thiele)

12 L arrival 12 | service

a‘(4)

N B OO 0

scheduling
SB 1

@ upper bound number of packets in any interval of length 4
(O number of packets in time interval [0,4]

@ Ilower bound number of packets in any interval of length 4

0 R. Ernst, TU Braunschweig 12



Load analysis with interval event model

 Load analyis: Addition propagation of computation and
load intervals - min/max algebra (time dependent)

e e.g. buffer size: difference between input load and
processed events HW and SW resources

resource bounds ARMY OHW'CWI” DSP
Input stream bounds CE

Flow RT Reve messseita| fixed

Flow RT Send massas we| prority

v
Flow NRT Encrypt messss -4
Flow NRT Decrypt m=sssssss

ol GPS
Flow NRT IP Forward MAS3m s

\
source: L. Thiele, ETH Zurich remaining resources processed packet streams
0 R. Ernst, TU Braunschweig 73
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Event model adaptation

e Jidea:

— leverage on the many efficient scheduling strategies available
for different domains

— utilize their corresponding analysis techniques
— adapt their event models for combination

— combine local results to global analysis

Wy

n 0
SB 1 [ [5}
= o
= o —>
E S
c c
Qv &
() : : g
scheduling =4 ;:_;'_ scheduling
SB1 § = SB 2
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Event model adaptation - 2

e adaptation for compatible input and output event models

— simple mathematical transformation to adapt analysis
Event Model InterFace (EMIF)

— no added function, no run-time effect

e adaptation for non-compatible input and output event models
— Insert Event Adaptation Function (EAF) to transform models

— EAF describes interface buffer function
= shows that buffer is required to couple subsystems
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Event Model Interface Classification

periodic

| T=T, t=T, b=1 - T5e- TN T=T, J=0]

periodic with burst periodic with jitter

b, I O

_I_ N\ >< -1 >< = ><

R T, LJ L) LJ
Jrj_rlh Vv IR A

-t

—P-|0ssless EMIF - = p|ossy EMIF
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Existing EMIFs and EAFs
—P | 0ssless EMIF

= = p| ossy EMIF

------- » EAF buffer
required ..«

2

.
. \ V4 .
. ~

., ~
. ~
*e - R
* Sporadic -

0.. “’

0,.. o

.
....ll samun®

0 R. Ernst, TU Braunschweig 77



Identification of complex interdependencies

S sporadic --=
ot () |
I | ' I
| : ; I
W A
{oLTX o )
0SSy
:CPU1: :CPUZ:
- periodic
R e G it o~ )
| |
RO =T, e )
| | : I
| : : I
| | : I
:CPUs: :CPU4:
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Timing and communication model - 2

e statistical or ,typical® timing and communication load
— summarizes context dependent timing and communication
variations

e typical or average communication load and time can
simply be accumulated

* replaces discrete simulation by statistical analysis

— challenges:
e (buffer) memory overflow not fully covered
« communication link overload not fully covered
 critical deadlines not covered
= not safe

0 R. Ernst, TU Braunschweig
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Worst-case-timing-only problems

e bus load calculation

= minimum execution time defines
maximum bus load

 multiprocessor scheduling anomaly

o fast process blocks critical process

= only interval models for communication and time are safe

0 R. Ernst, TU Braunschweig 82



7 Conclusions

« MPSoC platforms show complex run-time behavior due to
optimized resource sharing

 Iimplementation creates dependencies which are not reflected
in the system function

* influence on timing and memory usage may compromize
correct system behavior

 simulation for performance analysis is increasingly inadequate

« proposed systematic approach to MPSoC platform analysis
exploiting knowledge from RTOS

 reviewed different techniques to investigate subsystem
compositions

e techniques can also be used for estimation

0 R. Ernst, TU Braunschweig 83









