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SUSTAINABLE MOBILITY

I OUTLINE

® Background
® Cosimulation: context & challenges
® Realtime CaSimulation: an open problem

® Improving parallelism with th&Cosinapproach: Refine@€osimulation
® Ensuringco-simulation accuracy witHOPtreextrapolation approach
® Mapping realtime constraints for HiL

@ Future work
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SUSTAINABLE MOBILITY

BACKGROUND

® Cosimulation: Alternative to monolithic simulatioR Simulation of a complex system
using several coupled subsystems

® A subsystem is modeled using the most appropriate tool instead of using a single modeling
software

® Subsystems are modeled and run in a segregated mafyn€he equations of each model
are integrated using a solver separately

® During the execution models exchange dAtaA synchronization mechanism is used
between the models, in such a way that models update their inputs and outputs acctwding
assigned communication steps

® Easy upgrade, reuse, and exchange of models

)
}I =y

engine ' automated chassis components.
with ECU with ECU cargo door ECU (e.g. ESP)

'funétlonal mockup interface for dynamic models
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SUSTAINABLE MOBILITY

BACKGROUND

® Cosimulation: Alternative to monolithic simulatioR Simulation of a complex system
using several coupled subsystems

® A subsystem is modeled using the most appropriate tool instead of using a single modeling
software

® Subsystems are modeled and run in a segregated mafyn€he equations of each model
are integrated using a solver separately

® During the execution models exchange dAtaA synchronization mechanism is used
between the models, in such a way that models update their inputs and outputs acctwding
assigned communication steps

® Easy upgrade, reuse, and exchange of models
® Heterogeneous ODE moddés Time consumingimulation

Model 1 Model 2 Model 3 Model 4 Complex modeR, Time consuming simulation
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SUSTAINABLE MOBILITY

BACKGROUND ( CONTOD)

® A multi-core co-simulation kernel: Why

® Systemlevel simulation leads to agglomerate models which are classically disconnected,
Increasing the CPU demand at simulation time

® Simulation time becomes more and more a metric for model complexity

® Most 0D/1D simulation tools have mowore kernel while mona@ore computers are
endangered

How long will this CPU power remain unused ?
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SUSTAINABLE MOBILITY

I OUTLINE

® Background
® Cosimulation: context & challenges
® Reattime CaeSimulation: an open problem

® Improving parallelism with th&Cosinapproach: Refine@€osimulation
® Ensuring cesimulation accuracy witHOPtreextrapolation approach
® Mapping realtime constraints for HiL

@ Future work
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SUSTAINABLE MOBILITY

I REAL-TIME SIMULATION
NEEDS FOR CPS VALIDATION

MiL
Physical proces Controller
model model
S .
< l Codegeneration
Validation Controller
software
l Implementation
Real physical Controller
process hardware
- €Energies
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Physical proces Controller
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SUSTAINABLE MOBILITY
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SUSTAINABLE MOBILITY

I REAL-TIME SIMULATION
NEEDS FOR CPS VALIDATION

| : | :
Physical proces Controller
model model
l Codegeneration
I 1
Validation Controller
software
l Implementation
I 1
Real physical Controller
process hardware

Hardwarein-the-LoopC reaktime constraints
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SUSTAINABLE MOBILITY

I OUTLINE

® Background
® Cosimulation: context & challenges
® Realtime CaSimulation: an open problem

@® Improving parallelism with theRCosimapproach RefinedCaosimulation
® Ensuringco-simulation accuracy witRHOPtregxtrapolation approach
® Mapping realtime constraints for HiL

® Summary and outlook
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SUSTAINABLE MOBILITY

RCOSIM: REFINED CO-SIMULATION
DATAFLOW GRAPH OF FMUS

® Inter FMU dependencies specified by the user

FMU A FMU A

® |dentify locally if Y is dependent on U or not - au
® FMI gives relationships between each Y and U - v S
® With FMI each I/O is computed with a different FMU functi || s _ — L L

® Build refined dependency graph ) 2

@® \ertices: operations, a set of FMU functions

® updateOut updateln andupdateState
® Directed edges: precedencies between operations
® Ordinary Differential Equations (ODES)

® No algebraic loops

® Directed Acyclic Graph (DAG)

® Apply a multcore scheduling heuristic on the dataflow graph .
(P
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SUSTAINABLE MOBILITY

MUO-RCOSIM
EXTEND RCOSIM TO HANDLE MULTI-RATE CO-SIMULATION

””””””””””” [ntegration " Communication
FMU A step hy ~ step H,
' T T T T T T k : T T I T T . >
e FMUB ”””” Integration { -~ Communicaton | |
i step hg . * step Hg !
- ' i o . x >
| | G H
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SUSTAINABLE MOBILITY

MUO-RCOSIM
EXTEND RCOSIM TO HANDLE MULTI-RATE CO-SIMULATION
" EMUC  Infegrafion Communication . @ Multi-rate cosimulation
step he step Hc ! _ )
‘ \ L 3 ® Update the I/0O of each FMU according to its
¢ > communication step
) ] o ® Need for a repeatable pattern of the muhate
| MUA r”:ggf” Comnieaten - graph execution
3 — - — ! — x — > | ® Repeat each operatior= HS/H(g) times, HS=lcm
A A A (HO),HELE XE I 62
| mmuB Integration | Communicaton | ® EgH;=2xH
step hg . step Hg x
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SUSTAINABLE MOBILITY

MUO-RCOSIM
EXTEND RCOSIM TO HANDLE MULTI-RATE CO-SIMULATION
”””””””””””””””””””””””””””””” Cb’ﬁw?:’w&h;c’éﬁéh”""’”""’3 ® Multi-rate cosimulation
— L ® Update the 1/O of each FMU according to its
> communication step
# ® Need for a repeatable pattern of the multite
CO”‘STe‘;”Lff“"” | graph execution
3 — — — — x — > | ® Repeat each operatior= HS/H(g) times, HS=lcm
A A Ak (HO),H@LI I | 62
1T e us integration | Communication [T - @ E.gH;=2xH
step hg_ step Ha |

I N S

Typeof dependency Slow to Fast Fast to Slow
o) >HY)  Ho)<HO

Edge creation rule € O ¢ € 0 ¢,
(v {pheB R}  on {picfB A }

5 | O¢ "0¢
I - 1 :
o] i e 2
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MUO-RCOSIM

MULTI-RATE GRAPH TRANSFORMATI ON ( CONTOD)

Multi -Rate Graph Transformation Algorithm

1) Compute the hypestepHS=Icm (H@, HGL = X)X | 0 2
2) For each operatiop, in the graph

A Compute the repetition factor= HS/ Hgi)
3) Repeat each operatiog, r; times
4) Add edges between successiecurrences of each operation
5) Foreach edged;,0)

A IfHO) > H6) (slow to fast dependency)

Add edgesé F& i v {pRciBA IR i —
A IfHQ) < HO)) (fast to slowdependency)
Add edgesé [ ), o~ {plgfBh }, i |6 —
A IfH@E) = HO) ' '

Add edgesé FE ) between corresponding occurrences

6) Foreach FMU
A Add edges between the occurrence s of the state operation and all the input and output operations of the
next occurrence s+1
7) Stop when all operations and edges have been visited
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SUSTAINABLE MOBILITY

I MUO-RCOSIM
MULTI-CORE SCHEDULING

® Off-line heuristicapproachSimilarto SynDEXNRIA) Grandpierreet al., 1999]

® N operations, each one:

® Computation time
® Earliest and latest start and end datgsTakes into account the synchronization cost

® Objective: Minimize thenakesparmultiprocessor critical path) of the graph

® Cost function: Schedule pressure is the differebe&veen:

® Flexibility: Freedondegree of an operation: time interval inside whimhmay be executed
without increasing thanakespan

@® Penalty: Criticgbath increase by setting an operation on a processor accounting for
synchronization cost
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SUSTAINABLE MOBILITY

MUO-RCOSIM
MULTI-CORE SCHEDULI NG ( CONTOD)

Multi -core scheduling heuristic

1) For each operatioo,
A Compute Sresp.E) the earliest start (resp. end ) time, afidQesp.9 Xxhe latest start (resp. end )
time
A Compute the flexibility/E CRE-9.Q
2) SetK KS &S0 2F 2LISNY OGA2ya oAGK2dzi LINBRSOS3aazNa
3) Repeat
A For each pair (operatioa in KZ @R NB
Compute the increase (cost) of schedulemgn p,
Select foro;, the corep; which minimizes the cost of scheduling
A Find the operatioro, W|th the maximal cost on its selected core
A Allocateo, to its selected core
A Removeoi from K
AT'RR (2 K SOSNE 2LISN}IOA2Y 6K2aS LINBRSOSaazNa KI |
A Stop when all the operations have been scheduled
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SUSTAINABLE MOBILITY

TESTS

® Case study
® Spark Ignition RENAULT F4RT engine
® 6 FMUs, more than 100 operations

® Around 300 operations after applying the mtriite
transformation algorithm

® Communication steps
® Airpath/control: 100 ps
® Cylinders20 us

@ Integration step = communication step for all FMUs
@® 3 approachesre compared
® RCosimMono-rate, restricted allocations dhe operatior

® MU-RCosimMUIti-rate, restricted allocation of the
operations

® MUO-RCosimMUIti-rate, uses the acycli©Orientation
heuristic to handle mutual exclusion constraints

u
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SUSTAINABLE MOBILITY

TESTS
SPEED-UP

@ Speedup = Lm0 m we a0 <0

s 3 '
= > g0 < 5y B RCOSIM
. [ MU-RCOSIM —
® Best speedup close to 2.9 reached with 5 cores 2.5} | s Muo-rcosIM B -
(compared to monecore schedule)
2 B
® MUO-RCosinr MU-RCosinr» RCosim o
o]
S 1.5¢ _ ]
® Thankgo the mutual exclusion heuristic, an 2 B
efficientexecution order fomutual exclusive 1t
operations is defined
0.5} -
® This order tends to allow the multiore
scheduling heuristic to better adapt the potenti: 0 1 2 4 ]
: : Number of cores
parallelism to the execution platform et — ,
CARNOT ( ifP Energles
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RCOSIM APPROACH
ACCURACY: ELIMINATION OF DELAYS

® Torqueis adirect feedthrough output: e.g.,Y

® Expected delays with Standard-S€mulation GtdCosin) due to arbitrary

order execution decision betweanodels

® No delays withRCosim
® Theexecution order icompliantwith initial model

—+— Reference

100 - mm e e

—e— Std-Cosim; H=500us

SUSTAINABLE MOBILITY

Testwith variablestepsolver LSODAR

21|©

=
= ~ ~* -~ Rcosim; H=500pus
% """""""""""""""""""""" Simulationmethod StdCosim RCosim
= ol ... AR NN .
g Er(%)with H=100s 2.95 0.68
S Er(%)with H=250us 9.12 1.1
g8 Er(%)with H=500ps 1.37
<T
-80 I - €Energies
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SUSTAINABLE MOBILITY

I OUTLINE

® Background
® Cosimulation: context & challenges
® Realtime CaSimulation: an open problem

® Improving parallelism with th&Cosinapproach: Refine@€osimulation
® Ensuringco-simulation accuracy witltCHOPtreyextrapolation approach
® Mapping realtime constraints for HiL

@ Future work
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SUSTAINABLE MOBILITY

CONTEXT-BASED EXTRAPOLATION
IMPROVE AGAIN THE SIMULATION ACCURACY

® Limitation with RCosimerrors are reduced but 2210 Reference
still exist b A TN | L R At |
1.08 --'---"F\’:Cosim;H=500ps

~~~~~~~

® ReasonlInput data idheld constant during the
communicationstep

Air path Output: Pressure (Pa)
o
'Y

® Dilemma& &communication step

® & &Integration error o
® & &Speedup 5
. . Inttﬁ;;a:ion steph [.-:.l,]_ Communication step HY 1
® [dea Extrapolate input signate =it —">
® Enlarge intervals i i i
. Reduce Slmulatlon errors Initialization Exchange 1 Exchange 2
v hi2] v H[z]Y z'2
- InJ:_g_gration step na » :Comlmlunic?tion step ! :
:s! t,, thyn H Lz+1| I ! ! t,.2 >
Special case: HN=HPI=H == t, =t =tie=H = to, - t,
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SUSTAINABLE MOBILITY

I RELATED WORK

@ Difficulties
® Related work on extrapolations treated the continuous case
® Successfubr nonstiff systems / Encountered problems with stiff systems
® Complexsystems with hybrid behavior is even more difficulptedict
® Nonlinearities discontinuitiegz X

C Hardto predict the future behavior (from past observations)
® Polynomial prediction fails due to the discontinuities
® No universal prediction scheme, efficient with evergnal

® Challenges: fast, causal and reliable prediction
® Predictor computing cost << extra model computations with small communication steps
@® Accuratepredictions forany signallflocky/smooth; slow/steemnsets)

® [dea: Borrow the contexibased approach from lossless imageoders

( fP €nergies
K ouvelles

n
24 | © 2017 IFPEN DigicosmeGT OVSTR 26/04/2017 v ‘



SUSTAINABLE MOBILITY

CHOPRED: COMPUTATIONALLY HASTY ONLINE PREDICTION
CHOPoOLY: CAUSAL HOPPING OBLIVIOUS POLYNOMIALS

® P, ; . Jeast squares polynomial predictor
@ Y LINBRAOUAZY RSANBST
<Y LINBRAOUAZ2Y FTN)XYS fSy3aikK
®. Y gSAIKIGAYT FIF Ol2N

Quinputa AIYyIFET _Y NBEIFTGADBS GAYS FT2N LINBRAOU
® Weighted moment: m,,, = 324 (A = 0“0,

® \Weighted sum of integer powelz; ., = )2 (A — 1)°H

® General formula for extrapolation:

® Use of LUT fast computation - T S
Z0A Zldw (—1)"Zsp 0 - Tioa
—Zldw : —M )0
u(r)=1[1 7 - 7] 1A ~
 (—1)Z500 e e Zwre | L (-USW&A@ i
- &NAS RT ,I\]T(g{ ( ifP €nergies
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SUSTAINABLE MOBILITY

CHOPATT: CONTEXTUAL AND HIERARCHICAL ONTOLOGY OF PATTERNS

META- OR DECISIONAL CONTEXT SELECTION

@® \Worst case scenario without extrapolatio Aworst = |uo — 11
@ Best prediction pattern: Ay =

: -
min g — u® |

® Ratio: p - j'f“tt
® Threshold: 0.7 <T' < 1 (" = 90%
®If p>1 then sharp and fast variatiynSelect thedecisional

context: cliff context

| © 2017 IFPEN

CHOPatt

Decisional context selection
compute ratio p and
compare it to threshold I’

!

Keep zeroth-order
hold or extrapolate?

Extrapolate l
{ Functional context selection

compute differences
d; and compare them
to thresholds y;

!

Keep zeroth-order

PIOY Iapio-yjoiay

hold or extrapolate?
N
Extra olatel g
P &
Select degree d and frame ]
length 4 for CHOPoly &
| z
B =
Continue with
the weighting —

factor selection
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CHOPATT: CONTEXTUAL AND HIERARCHICAL ONTOLOGY OF PATTERNS

FUNCTIONAL CONTEXT SELECTION

® Differences (variations) aio = Uy — U_
® Thresholds: v, = max

Y1 — 5
ic[1-A.,...,—3]
@ Conditions: 0 if |d|=0; C;

| © 2017 IFPEN

(|u; —
if 0<|d;] <
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CHOPatt

{ Decisional context selectionl

compute ratio p and
compare it to threshold I’

and d.{=u_1—u_ I

H;‘+1|)

Keep zeroth-order
hold or extrapolate?
Yis Ci if ‘di| > Yi-

Extrapolate l

Functional context selection
compute differences
d; and compare them
to thresholds y;

!

Keep zeroth-order
hold or extrapolate?

Extrapolate l

Select degree o and frame
length 4 for CHOPoly

Continue with
the weighting
factor selection

N
o
=]
=1
=
1

=]
=
j=
o
-
=
=
f=H

g

<

=

T

=]

=

g

=

2

f="

]
DigicosmeGT OVSTR 26/04/2017 l‘

( fP €nergies
K nouvelles



SUSTAINABLE MOBILITY

CHOPATT: CONTEXTUAL AND HIERARCHICAL ONTOLOGY OF PATTERNS
FUNCTIONAL CONTEXT SELECTION —

CHOPatt

{ Decisional context selection l

compute ratio p and
compare it to threshold T’

® Differences (variations) aio =uy—u_y and d | =u | —u; ]

max (|M£'*MI'+1|)

® Thresholds: v = v, =
®Conditions: 0 if |dj|=0; C if 0<|d|<wvy; C if |d|>7,

Keep zeroth-order
hold or extrapolate?

Extrapolate l
{Funcﬂoml context selection J

compute differences
d; and compare them

to thresholds y;

neme) | # lidal [1dd [ dado[ (<)
O @) @)

[ !

l : 8
i . g
fla) 8 0,1, | | . -
., v ®-® : M ¢ ® : . Keep zeroth-order é
c(@lm) 1 0, 0, any (2,5,.) M g hold or extrapolate? =z
" o - il ! 1 ! =
m(ove) 2 0, 0, any (0, 1, ) --------- ! E-------:— ------ Eelr-n-------:- ------ R E,:‘
e 3 .,. | PY | ® Extrapolate | g
r(est) 3 0, 0, any (O, 2, ) : | Select degree 6 and frame S
- - l o : | length / for CHOPoly &
t(ake) 4 67 6, >0 (1,3,) | s’ oo® o ] g
| 1 . =
j(u m p) 5 0 .1_ 0 ; <0 (O, 1, ) Test : take ' Jump Continue with

the weighting
factor selection
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SUSTAINABLE MOBILITY

SIMULATION RESULTS WITH CHOPtrey
AUTOMATIC DETECTION OF SHARP VARIATION

® Same case study
@® 118 states/312 events
® Solver: LSODAR
® Communication step: 200us

® Conventionallst& 2d order
extrapolation

@® Fails on the engine model

® Major causes:
@® Discontinuities
® Sharp variations
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SIMULATION RESULTS WITH CHOPtrey
AUTOMATIC DETECTION OF SHARP VARIATIO

® Same case study
@® 118 states/312 events
® Solver: LSODAR
® Communication step: 200us

® Conventionallst& 2"d order T i —
extrapolation R
@® Fails on the engine model R
® Major causes:
@® Discontinuities

® Sharp variations

C Contextbasedextrapolatior?

1.4p
: : : d& Pk : : :
|08‘ ..... . ‘4' ..... it .' ..... ............

L0 RO S R . :_:;e.,;'_‘_ ______ S N NSNS SRS N

Air path Output: Pressure (Pa)

i i i i i i . .
0374 0376 0378 038 0382 0384 038 0388
time (s)
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SUSTAINABLE MOBILITY

SIMULATION RESULTS WITH CHOPtrey
AUTOMATIC DETECTION OF SHARP VARIATIO

——— Split model without extrapol
— = — Split model with extrapol
100 ------- m ........ :

Mo Split model ‘

® Same case study
@® 118 states/312 events
® Solver: LSODAR
® Communication step: 200us

® Conventionallst & 2"d order

4y}
[=]

ylinder Output:

Torque (N.m)

=

o | 7 No split model

extrapOIatlon . —— Split model without extrapol _1%]_[]2

[

IR - o= FOOREECaEa\R |+ Split model with extrapol |

@® Fails on the engine model

® Major causes:
@ Discontinuities
® Sharp variations

C Contextbasedextrapolatior?

-
-
T

: : : o Pk : : :
1.08F-- e [EETTETPIPI ey : _‘:.v..._. ............ ‘ ...... [EPTPITPS e
: : L O : : cTo : :

L0 RO S R . :_:;e.,;'_‘_ ______ R SSRUE % RO S

1171 S — L ok S S S RN S -

Context variation

. . . : . i
1.02F----- s ___\.;-_;.' | s L ey C ............ S gt
. : : : : ; i ol

Air path Output: Pressure (Pa)

P | | | LIN ﬂ i i i i i
1 g o e o AT %02 003 004 o005 006 00

i i i i i i i i
0374 0376 0378 038 0382 0384 0386 0.388
time (s)
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SUSTAINABLE MOBILITY

SIMULATION RESULTS WITH CHOPtrey
AUTOMATIC SELECTION OF THE WEIGHTING FACTOR

® No unigque best weighting factor due to
complex coupled systems

C Dynamic selection of

@® At each communication step,,.IS selected
and used for the current step

A Cumulative integration error is the lowest one

Air mass fraction of cylinder1 (Kgim’) Fuel mass fraction of cylinder1 (Kgfm3) Burned gas mass fraction of cylinder1 {Kg!m3]
- - i - i - - T T T T T T

20H ER Z0H ZoH
BB s S S S w=0
w=1/8 ................................ w=1/8
w=1/4 ................................ w=1/4
w=1/2 ................................. o w=1/2
0= SV SO UUNE S SR ) =1
w=2 .................................. © w=2
OSSP S S = dvn
1 1 1 | “ . . | | Y I I 1 1 I 1 1 1 1
0 0.5 1 1.5 2 2.5 3 35 4 4,5 5 0 0.5 1 1.5 2 2.5 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Absolute erro 10 ’ Absolute error 10° Absolute error x 10~
x
BINSTITUT - ,
il (ifPgae
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