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I Desich Methodology of an Embedded System

System Partitioning between HW and SW

» Functions — execution nodes

» Communications between functions — communication
and storage nodes

» Commonly "system-level partitioning” with (very)
abstract models
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I Desich Methodology of an Embedded System

System Partitioning between HW and SW

» Functions — execution nodes

» Communications between functions — communication
and storage nodes

» Commonly "system-level partitioning” with (very)
abstract models

Software and hardware design

» Software and hardware are designed independently

> Integration phase

2/50 5.4.2018 Paris Sorbonne Université, Institut Mines-Telecom Model-Driven Embedded System Design




Context Method Case Study Latencies Heterogeneous Extension Conclusion
oeo 0000 00000000000000 000000000000 00000000000 000

I Problem: Late Discovery of Bad Partitioning

‘ Partitioning F ---------

/N

\ Software Design |

Hardware design %

Final :
software E VHDL/Verilog ’
code S

‘ Integration Foemmmmmt

» Usually focused on one modeling aspect: difficult to iterate
between partitioning and design

» Objective: model-based approach with close interaction
between partitioning and software design
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B Rclated Work

v

Ptolemy Il (Ptolemy.org 2014)

METROPOLIS (Balarin et al. 2003)

Sesame and Daedalus (Thompson et al. 2007)
MARTE with generation for Simics (Taha et al. 2010)
MDGen (SODIUS)

B method, Event-B (Abrial 2010)

AADL (Feiler et al. 2012)
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I Software Design Method

Software Components
stucture and behavior, Deployment view i
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I Virtual Prototyping with SoCLib

» Open platform for virtual prototyping of multi-processors
System on Chip (MP-SoC)

» Started in 2006 as an ANR project with 11 research labs and
6 industrial partners: LIP6, Bull, CEA-LETI, INRIA, STMicro,

» Public domain library of SystemC models of hardware
components
» Operating systems: NetBSD, MutekH, GIET, ALMOS, ...
» Different levels of modeling and simulation
» Transaction Level (TLM)

» Transaction Level with Time (TLM-T)
» Cycle Accurate Bit Accurate (CABA)
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I Casc Study: Rover

Autonomous vehicle for disaster
relief efforts (earthquake)

» Telemetric sensors to detect obstacles and navigate terrain
autonomously

» No obstacles in proximity — decrease sampling rate
» Obstacle detected in close proximity — increase sampling rate

» Temperature and pressure sensors

» Avoid collisions — set time frame — impose maximal latency
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I Functional View

DistanceSensor
+ samplingRate : Natural;

MainControl
+ state : Natural;
+ calculateTraj : Natural;
+ calculateDistance : Natural;

MotorControl
+ calculateCommand : Natural;

TemperatureSensor
+ samplingRate : Natural;
+ sensorOn : Boolean;
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000 0000 0@000000000000 000000000000
- HE Mapping View
<<BUS>>
BusO
| |
<<CPU>> <<MEMORY>>
CPUO MemoryO

Roven:MainConUDI[:j
Rover::MotorControID
Roven:DStanceSensor[:j

Rover::TemperatureSensor DJ‘
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I CPU Configuration

Simulation | Code generation

CPU attributes

CPU name: [cPuo |
Scheduling policy: ‘Round Robin |v‘
Slice time (in microseconds): [1oo00 |
Nb of cores: 1 |
Data size (in byte): a |
Pipeline size (num. stages): B |
Task switching time (in cycle): [z0 |
Mis-Branching prediction (in %): 2 |
Cache-miss (in %): B |
Go idle time (in cycle): 10 |
Max consecutive cycles before idle (i... |10 |
EXECI execution time (in cycle): L |
EXECC execution time (in cycle): L |
Clock divider: 1 |

| E Save and Close | . Cancel |

12/50 5.4.2018 Paris Sorbonne Université, Institut Mines-Telecom Model-Driven Embedded System Design



Context Method Case Study

[e]e]e} 0000

000e000000000

[e]

Latencies Heterogeneous Extension
000000000000 00000000000

I Software Components: Block Diagram

Conclusion
[e]e]e}

<<block>>

<<block>>

~ in control(bool sensorOn)
~ out tempData(int temp)

<<block>>
MotorControl

- rightVelocity : int;
- leftVelocity : int;

by

~ in motorCommand(...)

<<block>>
DistanceSensor

CH1

~ out motorCommand(int leftVelocity, ...

- distance :

- samplingRate : int;

int;

~ out ultrasonicData(...)
~ in changeRate(int samplngate)

TemperatureSensor | | MainControl
- sensorOn = false : bool; [T state : int;
- temp : int; - sensorOn : bool;

- newRate : int;
- sampllngRate int;
-temp :

IeftVeIouty. int;
1- rightVelocity : int;
- distancelLeft : int
- distanceRight : int
- distanceFront : int;

~ out control(bool sensorOn)
~ in tempData(int temp)

~ in ultrasonicData(int distanceleft, ...

)

)
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I State Machine Diagrams

(sate<2)
sensoron=taise

rghtvelocity <1
leftelocty=speecLon

ater (2.10)

ater (151
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I State Machine Diagrams

after Y
computEFor(tmuthX) changeRate(samplingRate) |
distanceLeft = RANDOM[dmin,dmax] li
after (t1,t2)

distanceFront = RANDOM[dmin, dmax]
after (t1,£2)

distanceRight = RANDOM[dmin, dmax]
after (t1,£2)

P> [uitrasonicData(distanceLeft, distancefront, distanceRight)

Model-Driven Embedded System Design
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I State Machine Diagrams

startMotor
4

after (tmin,tmax)

r>motorCommand(leftVeIocity, rightVeIocity)l
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I State Machine Diagrams

> start 4
ﬁJ

[ sensorOn]
control(sensoron) |lafter (samplingRate,samplingRate)

y
[temp = RANDOMO[minTemp, maxTemp]j

tempData(temp)
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I Software Components: Simulation

| @ rerminate simulation and quit

Commands Simulation information
Savae trace

Status: Stopped Time: 9 Transactions: 40 Coverage: 19.8%

TSRS €] Met states | 41 Displayed blocks | €] Randomness | £1Asynch. msg |
Hja oxeetl| [ o & & Options I &1 Blocks €] variables I & Transactions

nimate UML diagrams

Command parameter: 1 [] Show AVATAR IDs on UML diagrams

[ show hidden state in sequence diagram

Pending transactions

utomatically open active state machine diagram
in Block NeighbourhoodTableManagement: Transition {lis

race in sequence diagram  # of transactions

l000)index of last transaction: [0 |

utomatically execute empty transitions

utomatically enter states

Emergen: CarP: nsor

[WaitingforEmergency]

[waitingforhewcarFosition)

[waitingForGFSinfo

[waitingForRadarinfo

4] 0
Ready...
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I Dcployment View

<<cPU>>
CPUO
Design::MotorControl D
Design::TemperatureSensor D
<<RAM>>
Design::DistanceSensor D Memory0
MalnControlin ultrasonicData [ )
Design::MainControl —_—
<<VGSB>> |
BusO ‘ MainControl/out motorCommand D
<<TTT‘;V°>> MainControl/in tempData D

Deployment Diagram

» Tasks mapped to model of target system
» Generating software elements (tasks, main program)

» Hardware elements built from the deployment information
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I Software Design View: CPU configuration

CPU attributes

CPU name: CPUO

Nb Of IRQs : ]
Nb of inst. cache ways: g
Nb of inst. cache sets: o
Nb of inst. cache words: o
Nb of data cache ways: g
Nb of data cache sets: o
Nb of data cache words: o

R

Index:

Monitored: VCl logger =

| m Save and Close | 0 Cancel |
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- HNE Capturing Performance Information

» Logging probes (“spies”) can be set on interfaces between
interconnect, CPU and memories

» SoCLib allows cycle precise logging

» Python-based scripts generate curves

. <cPU»

GPUD
P

Y

- <<RAM>>
ErE==—h Memary
MGt/ snsodata )

= <V

o |
- <o woncomam o [
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- Typical Performance Information

Partitioning Level: Global Assumptions

v

Overhead due to context switching (Cycles per Instruction)

v

Memory access latency
» Data and instruction cache miss

Bus and NoC contention

v

v

Buffer overflow/underflow
Software Design Level & Virtual Prototype
Confirm or correct assumptions made on higher level

Partitioning and Software Design Level

» Latencies: establish formal relation between levels
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I Overall Method

i Behavior i .
Functional Level hp/.\ Model Partitioning

bstract Hardware Components

\1‘ Operator2 Logical Time
i eV

Min, Max,
Average Latency

geeas

Min, Max Latency [Reachability Graph Execution trace

%F

Execution

Formal Verifica

/.\Behawor
{mlamn Model

> Latenc Time Function Software
Reconsideration ‘ Operator DeS|gn
ﬂozae"r'itf'omng E vy Virtual Prototyping R

significant T Execution Deployment Level Simulation (no HW) ¥>Estlma_ted
discrepancies in v . on Target — Latencies
correspondin

Iateans 9 Task2_1| Task2_2

Precise simulation — Precise latencies

Latency Handling through the Embedded System Design Process
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[e]e]e} 0000

I Abstraction Levels and Latencies

Models Execution env.
Upper
abstraction Mu ‘ Eu(Mu’ Hu’ mtu’ mcu)

E
level Opul Aopuz‘\ I uu,min/max/mean, opl1, opl2
Lower f C TM ) )/ R
abstraction 0 o ! ‘ EI(MI' HI’ mtl’ mCI)
level Py OP, ‘ IE'I _
,min/max/mean, opl1, opl2
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[e]e]e} 0000

I Abstraction Levels and Latencies

Models Execution env.
Modgl ~—

\
\

Upper =~ & B (M, H, mt, mc)

abstraction "\ L
level op4op | - | [F
p A pu2/ u,min/max/mean, opl1, opl2

‘ \ A
Lower f C TI\/I )/ R
abstraction ' ‘ EI(MI’ HI’ mtl’ mC|)
level Opll 0p|2 \ |E
7 I,min/max/mean, opl1, opl2
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[e]e]e} 0000

I Abstraction Levels and Latencies

Operators Models Execution env.
Upper |
abstraction| Y\ 4 M, ,, E.(M,, H, mt, mc))
E
level ‘\ Opul AOpuzJ I uu,min/max/mean, opl1, opl2
Lower Vf M )/ R
abstraction C‘ ! ‘ EI(MI’ HI’ mtl’ mC|)
level Op, 0Py | [E
7 I,min/max/mean, opl1, opl2
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I Abstraction Levels and Latencies

Execution Models Execution env.

Environment —
Upper M
abstraction u

level opul OpUZJ\

Lower (‘CTMI ] )/R E(M, H, mt, mc)

abstraction
level op, 0P, J |=

E.M, H, mt, mc)

Eu
I u,min/max/mean, opl1, opl2

I,min/max/mean, opl1, opl2
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[e]e]e} 0000

I Abstraction Levels and Latencies

Models ~ Execution env.
Mapping —
Upper
abstraction Mu ‘ E (Muﬂd mt mCu)
E
level opul Aopuz‘\ I uu mm/max(meén, opl1, opl2
. 4 4
Lower f C TM )/ R
abstraction ' ‘ EI(MI’ HI’ mtl’ mC|)
level Opll 0p|2\ |E
7 I,min/max/mean, opl1, opl2
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Context
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[e]e]e} 0000

I Abstraction Levels and Latencies

Models Execution env.
Hardware Nodes

Upper
abstraction M, E (M t, mc)
Ei \
level Opul Ppuz‘\ I uu,min/hwax/mean, opll, opl2
v
Lower f CM )/ R
abstraction ' ‘ EI(MI’ H|’ mtl’ mC|)
level Opll 0p|2\ |E
7 I,min/max/mean, opl1, opl2
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- HNE Correspondence between Latencies

> Relate operators of different abstraction levels

» Correspondence relation C(op) between operators of two
abstraction levels u (upper) and / (lower)

opuy

10) otherwise

M.t

Vop™t, noted opy,C(ops) =

Latencies can be related when op;; and op; > of M, have both a
non empty correspondence in M,
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I Refinement Relation R

Models Execution env.

Refinement Relation
| E,(M,,H,, mt, mc)

|Eu

Upper M
abstraction

level Opul Opu2/m v

u,min/max/mean, opl1, opl2

Lower (‘CTMl )/ R E(M, H, mt, mc)
abstraction N ip 1" |
level Opll Oplz \ |E

I,min/max/mean, opl1, opl2
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I Partitioning

Functional Level: Behavior

» Control Operators: loops, choices, ...
» Communication Operators: channel and events read/write

» Complexity operators

Latency = logical time between complexity operators

Mapping Level: Architecture Model

» Communication Nodes
» Storage Nodes

» Execution Nodes

Latency = physical time for latencies defined at funct. level
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I Software Design

Model transformations realizing the Refinement relation R

» Tasks can be split into subtasks
» Complexity operators replaced by sub-behavior

» Communications related to split tasks may be added

Significant discrepancies — error in one of the models

» Estimation for computation complexities for certain algorithms
may be wrong

» Inaccurate architecture modeling : cache miss, CPI, etc
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I Rover Functional and Software Model

MotorControl
+ calculateCommand : Natural;

MainControl
+ state : Natural;

DistanceSensor

+ samplingRate : Natural;
ural;
calculateDistance : Natural;

peratureSensor
+ samplingRate : Natt
+ sensorOn : Boolean:

it
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_ Mapping: Functional and Software Design Level

<<BUS>>
Bus0
1 I I
<<CPU>> <<MEMORY>>
CPUO MemoryO
Rover::MainControl D
Rover::MotorControID
Rover::DistanceSensorD|
Rover::TemperatureSensor DJI‘
<<CPU>> <<RAM>> <<TTY>>
CPUQ Memory0 TTYO
Design::MainControlDl MainControl/in tempDataD|
Design::MotorControlD| MainControl/in uItrasonicDataD|
Design::DistanceSensorD| IMainControl/out motorCommand D|
Design::TemperatureSensorD <<VGSB>>
Bus0

Paris Sorbonne Université, Institut Mines-Telecom Model-Driven Embedded System Design
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I | atencies and Checkpoints in TTool
Partitioning
Mapping Model

Functional Model

h
P channel(1) Channel Operator
—> Channel
. Transit
Algorithm Time
Complexity

Latency

Algorithm
Execution
Time

Event Operator

!

Software Design
Software Model Prototyping Model

P channel(attio.re)}

Channel Operator

Channel
Transit
Time

Algorithm
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I Bchaviour Diagrams

ance away
ity

inside loop [Depending on the distance o obstacle,
(Copter v e e e e

evt
changeRate() ‘ | ultrasonicData(1)

chl
o
bl a3 a_¥
é motorCommand(1)> [ motorC

‘ommand(1)
chl
O) motorCommand(1)

Conclusion
000

lafter (tsmin,tsmax)
computeFor (fcmin,tcmax)

startController

computeFor (t1,t2),
after ™Y

>u|trasonicData(distanceLeft, distanceFront, distanceLeft)

distanceLeft = RANDOM[dmin dmax]] \7

ater (t1,12)
distanceFront = RANDOM[dmin, dmax]

T
calculation of
motor command

afer (L8] sendMotorCommand
S
[ter (¢1,62)
I - motorCommand(leftVelocity, r\ghtVeIocity)>
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I | atency Checkpoints

inside loop [Depending on the distance o obstacle,
Caicuiate motor command and new state

Xit Toop

evt chl
changeRate() ‘ H ultrasonicData(1)
chl
1]
é @ P> [motorCommand(1)
lafter (tsmin,tsmax)
computeFor (fcmin,tcmax)
startController
computeFor (t1,t2),
y u - - -
e pi ] P ultrasonicData(distanceLeft, distanceFront, distanceLeft)
T
L calculation of
distanceLeft m;r'«l:?:gi;\y dmax] o
distanceFront = RANDOM[dmin, dmax]
afer (L8] sendMotorCommand
S
[ter (¢1,62)
gl - H motorCommand(leftVelocity, r\ghtVeIocity)>
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I L atency Annotations

(oop forever )inside loop) |De;>em1mg on the distance fo obstacle, ]
JFToop 7

® lsla(e::b]

(state==11
ol i 1
ultrasonicData1) | P ultrasonicbata(1) | P tempData(1)

(a\:ulaleDns(ancs

[state==2

writeChannel ultrasonicData|
52

calculateDistance

evt evt
[newcommand(> | newCemmandl\
ev
el newcummanun
P [motorCommand(z) f moianommand(l

molurcommand(l
[writeChannel: motorCommand]
8

after (tsmin,tsmax)
computeFor (tcmin,tcmax)

startController | 4

nlcgafa <
computeFor (t1,t2)

r>ultrasonicData(distanceLeft, distanceFront, distanceLeft)|

T
calculation of
motor command

sendMotorCommand
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I Heterogeneous Extension

Embedded hardware is increasingly heterogeneous

» Digital/analog integrated circuits, sensors, actuators

» Robotics, automotive, autonomous systems

Heterogeneous Features

» Analog/mixed signal (AMS) features

» Radio frequency (RF) features
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I Rover Revisited: Functional Model

DistanceSensor MainControl MotorControl

+ state : Natural;
+ calculateTraj : Natural;
+ calculateDistance : Natural;

A—V—V

TemperatureSensor

+ interval : Natural;

+ samplingRate : Natural;
+ sensorOn : Boolean;

= Modeling not realistic
= Requires more adapted representation
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B Partitioning Level

—<CPU>>  <<HWA>> <<HWA>> <<MEMORY>>
CPUO DistanceSensor TemperatureSensor Memory0

Rover::MainControl D
Rover: DistanceSensor D Rover::TemperatureSensor D
Rover::MotorControl D

<<BUS>>
Bus0

Hardware /Software partitioning of the rover using the Virtual
Coprocessor mechanism of SoCLib
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I Software Design Level
<<HWA>> <<HWA>>
Sensor0 Sensorl
<<RAM>>
Memory0

/
<<CPU>> <<VGSB>>
CcPUO BusO MainControl/out motorCommand D
Design::MotorControl D
MainControl/in tempData D
Design::MainControl D
<<TTY>>
Yo

Virtua

Prototype with (Hardware) Sensors
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I SystemC AMS Extensions

» Recent standard describing an extension of SystemC with
AMS and RF features (2019, 2013 v2.0)
» Modeling formalisms:
» Discrete Event DE
Timed data Flow TDF
Electrical Linear Networks ELN
Consortium includes Fraunhofer IIS, TU Vienna, EPFL, NXP,
Infineon, LIP6

vV vy

SocLib components can be reused

» Both are based on SystemC
» SystemC is a set of C++ class libraries

» SoCLib digital components are DE modules and can be
simulated together with TDF modules
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I Contribution of 2017/2018 LIP6 Project

First steps towards an integrated modeling and simulation tool
for verification and virtual prototyping of heterogeneous
embedded systems on different abstraction levels and different

models of computation (MoC)

Methodology to integrate heterogenity into T Tool
SystemC AMS clusters in SysML in TTool panel

Automated handling of synchronization issues between MoC
(L. Andrade 2015, C. BenAoun 2017)

Code generation for heterogeneous simulation

v

v

v

v
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B Rclated Work

Non SystemC based

» Ptolemy Il (Ptolemy.org 2014)
» METROPOLIS (Balarin et al. 2003)
» METRO Il (Davare et al. 2007)

SystemC based

» HetSC (Herrera et al. 2007)
» HetMoC (Zhu et al. 2010)
» ForSyDe (Niaki et al. 2012)
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I SystemC AMS Extensions

Possible schedule: {A—>B—C}

» TDF module

> time step Tm
» processing function

» TDF port
> time step Tp
> rate R
> delay D
» Consistency of time step assignment and propagation
» Tm= Tpin * Rip = Tpout * Rout
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I SystemC AMS Extensions

Ultrasonic Analog to digital
sensor converter
samplingRate
soclibin I]< ,,,,,,,,,,,,,,,,,,,, ]
sensorOut ll—— sensorin .
. . . bitStrea
ultrasonicData soclibOut [ ,,,,,,,,,,,,,,,,, -]

SystemC AMS representation of the distance sensor (overview)
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I SysteC AMS Representation

template<int NBits>
class adconverter : public sca_tdf::sca_module {

public:
typedef sc_dt::sc_int<NBits> data_type;

sca_tdf::sca_de::sca_in<double> sensorln;
sca_tdf::sca_de::sca_in<data_type> soclibln;
sca_tdf::sca_de::sca_out<data_-type> soclibOut;

converter <NBits >::adconverter(sc_core ::sc_module_name nm)
sensorln ( )., soclibln( ), soclibOut( ) {}

protected:

void set_attributes () {
sensorln.set_rate (1);
sensorln.set_delay (0);
soclibln.set_rate (1);
soclibln.set_delay (0);
soclibOut.set_rate(1);
soclibOut.set_delay (0);
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I SystemC AMS Representation (2)

void processing() {

data_type res;

int s = soclibln.read();

int step;

using namespace std;

for(step=0; step < s; step++){
double in = sensorln.read();
}

sc_dt::sc_int<NBits> res =
Iround ((in/maxVoltage)*((1<<(NBits —1))—1));

soclibOut . write(res);

}
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- HNE SystemC AMS Panel Elements for TTool

Setting TDF attributes X

[ Attributes [ Process Code
Adding Attributes
Name :
Période Tm :
9% SystemC-AMS Diagram
CIEIn
(] save and close l @ cancel

Setting TDF attributes X

Atriutes | Process Code |

Generating Cod
froid processing {

b

UNDER
‘ CONSTRUCTION

[ saveanaciose ] @ concor
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I Conclusion

» Model-driven environment for handling performance issues at
different abstraction levels

» Backtracing of performance information to higher abstraction
levels

> Integration of system-level design space exploration and
prototyping in the same toolkit

» Push-button approach to verification and simulation

» Outline of a method to integrate analog components
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I Future Work

» Design Space Exploration, with automatically suggested
modifications

» More detailed performance profiles (cache misses, processor
workload, buffer fill state etc.)
> Library of SystemC-AMS blocks

» Software parts running on (digital) general-purpose processors
under a (light) operating system with SystemC-AMS
simulation of analog and RF components
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