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Motivation AC{}

X The Functional Mock-up Interface (FMI, MODELISAR project) standardizes integration of simulation models,
tools and solvers

¥ But what about distributed setups?

Simulation Simulation
Environment Environment

(e.g. engine
G G G @ ' ’ testbench)

Non-RT PC or Computing Cluster RT System

X Until now, this is done manually
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Motivation AC{}

X The Functional Mock-up Interface (FMI, MODELISAR project) standardizes integration of simulation models,
tools and solvers

¥ But what about distributed setups?

Transport protocol

Simulation Simulation
Environment Environment

(e.g. engine
ﬁ @ ﬁ G ' ‘ testbench)

Non-RT PC or Computing Cluster RT System

X Until now, this is done manually
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Motivation AC“C}

X The Functional Mock-up Interface (FMI, MODELISAR project) standardizes integration of simulation models,
tools and solvers

¥ But what about distributed setups?

Simulation Simulation
Environment Environment

Transport protocol

AR o4 o4

(e.g. engine

ﬁ ® ﬁ G ‘ ‘ Wireless Wired Interprocess testbench)

(Co-)Simulation Environment Communication Communication Communication
(e.g. BlueTooth®) (e.g. CAN) (e.g. shared mem.)
Non-RT PC or Computing Cluster Communication System RT System
X Until now, this is done manually
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Motivation AC{}

X The Functional Mock-up Interface (FMI, MODELISAR project) standardizes integration of simulation models,
tools and solvers

¥ But what about distributed setups?

m Distributed co-simulation
protocol
Transport protocol
Simulation Simulation
Environment Environment
00 00 28 R el s
Wireless Wired Interprocess testbench)
(Co-)Simulation Environment Communication Communication Communication
(e.g. BlueTooth®) (e.g. CAN) (e.g. shared mem.)
Non-RT PC or Computing Cluster Communication System RT System
X Until now, this is done manually
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History - The ACOSAR Project

¥ The ACOSAR project /Germany A
— Advanced Co-Simulation Open System Architecture 2
— Duration: 09/2015-08/2018 | T ° |
— Costs: 8,123k€ dssgﬁ(éE
— Effort: 60 PY © BOSCH
X ACOSAR focuses on integration of vl
— Real-time and real-time, and b Ty O
— Real-time and non-real-time systems
X Primary goal: Negotiate technical specification of
communication protocol intended for ™
standardization MickoNova A
. /
France
RENAULT ) MEDS
SIEMENS \ )

ACS
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The Distributed Co-Simulation Protocol AC\}

X Main design aspects
— Interoperability

— Define a communication protocol
- Goal: Pursue standardization with a recognized standardization body
— Compatibility
- Support a broad range of systems, from small microcontrollers to large test rigs
- Targets: Low overhead, low memory footprint
— Integration
- Develop methodology for application in development processes
- Master-Slave concept
— Communication
— Support multiple transport protocols
- Initially: UDP, CAN, USB, Bluetooth, and EtherCAT
— Economy
- Reduce development time
— Decrease computing cost
— Accelerate time-to-market

L J O J O J 0 22 J @ w L. J (.  _a., J _ J 0 J 0
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The Distributed Co-Simulation Protocol AC.\}

¥ Default integration methodology
¥ Relies on DCP slave description file (.dcpx)
¥ Defines provider-integrator relationship

DCP Slave Provider A DCP Integrator DCP Slave Provider B

e ——

DCP Provider DCP Provider

DCP Integrator

\

|

|

|

|

|

|

|

' |

+prouide : provide

i  /

—_T T T T T T TS . ol . I T T T T T TS
I/ DCP Slave Scenario Conflguratlon | ’/ DCP Slave \\
| Description | | Description I
| (.DCPX file) ! [ (.DCPX file) I
| __ import : | [
| ~— | |
| + -~ |
| I JF > [
| ! [ l
| ! | |
| u ! [ l
| DCP Master ' | | |
I ! [ I
| ! [ |
| / . ! | !
| configure / configure : | |
} instantiate | : :
| instantiate | I |
| —_ I e e B l
I - ! [ |
I I [ |
| : | l

/
\\ / \\ y
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The Distributed Co-Simulation Protocol Ac~\>

¥ Default integration methodology
¥ Relies on DCP slave description file (.dcpx)
¥ Defines provider-integrator relationship

DCP Slave Provider A DCP Integrator DCP Slave Provider B

e ——

DCP Provider DCP Provider

DCP Integrator

provide

—_——— T = = - —_———-

Scenario configuration

; DCP Slave ; DCPSlave
Description Description
(.DCPX file) (.DCPX file)

\
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
__ import :
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

| |
| |
| |
import - | |
L +—~ - I
JF > |
| |
| |
| |
| |
| |
| |
| |
| |
) . I l
instantiate I |
instantiate | |
— . e e B !
— | |
' :

|
| \ ]

// \\
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The Distributed Co-Simulation Protocol AC\I‘

®* DCP Slave Description
— DCP slave description accompanies DCP slave
— Specified as XSD 1.1 schema definition
— XML instance .dcpx File

X Assertions attributes
— Used to enforce specifications Operating mode
— Avoid incorrect definitions [+ UnitDefinitions [ Units

x Available transformation strips i Iypepennon 3 Types

_____________________

aSSGFtIOI’]S and generates XSD 1 O -‘u!e_ndor_ﬁmnlcrtatl?ns Vendor SpeC|f|C annOtatIOnS

schema Time resolution
e EF_@E_--{_H{;_@@%;_i_' Heartbeat definitions
[ Drivers B Transport protocol
—{ capabitityFiags Capability flags
| Variabes B Variables (inputs/outputs/parameters)
-{log M Logging definitions
[ assertions
Martin Krammer, VIF & ITEAZ 8
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The Distributed Co-Simulation Protocol ACC}SAR

ADVANCED CO-SIMULATION OPEN SYSTEM ARCHITECTURE

X Architecture Description

DCP Master/Slave

Communication
protocol

Transport
protocol
. I / ;I_/

native DCP non-native DCP

\
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The Distributed Co-Simulation Protocol AC{)SAR

ADVANCED CO-SIMULATION OPEN SYSTEM ARCHITECTURE

X Architecture Description

DCP Master/Slave

protocol

Transport
protocol
. I / ;I_/

native DCP non-native DCP

\
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The Distributed Co-Simulation Protocol AC{}SAR

ADVANCED CO-SIMULATION OPEN SYSTEM ARCHITECTURE

X Architecture Description

Communication
protocol

Standardized
mapping
Standardized Non-standardized description
mapping mapping L
Transport
protocol

native DCP non- natlve DCP
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The Distributed Co-Simulation Protocol AC\)

X Taxonomy of Protocol Data Units (PDU) P
PDU Families” 8|8
- » amiiies =g
| o
=3 glal |.|8
| o o m
= |88 .]5|3= IR 2| Bl £ 3
e AR EEEE R
s |2 é[g|le|8|s|a[s[8[8[E[4]2]|8|4[8
I CFG_set_time_res 0x20 | y y y
CFG_set_steps 0x21| y y y y
DCP Master | DCP Slave CFG_config_input ox22| y y viyly y
CFG_config_output 0x23| y y yily y
| CFG_config_clear 0x24| y y
I Configuration |CFG_set_target_network_information |0x25] y y y y
(CFG) CFG_set_source_network_information |0x26 | y y y y
| CFG_set_parameter 0x27| y y y
CFG_set_config_tunable_parameter 0x28 | y yly y y
I CFG_set_param_network_information [0x29| y y |y y
| CFG_set_logging Ox2A| y y
| g CFG_set_scope 0x2B| y y y
2 STC_register 0x01| y y y y
o
Data PDU RequeSt PDU Data PDU Response PDU Sl e STC_unregister 0x02 | y y y
| e S STC_configure 0x03 | y y y
- - ~|c PP
InputS/OUtputS Conﬁguratj'on I fnputs/Outputs Results £|8 STC_initialize 0x04 | y y y
| ﬁ State change |STC_run 0x05| y y y
Parameters Information . . B (STC)  [sTC_reinitialize 0x06 | y y y
f I N0t|f|cat|0n PDU 3 STC_do_step 0x07 | y y y y
S STC_send_outputs 0x08 | y y y
DCP Slave | DCP Slave g STC_stop 0x09 | y y y
State Machine | State Machine STC_reset 0x0A] y y y
) INF_state 0x80 | y y
Information
(INF) INF_error Ox81| y y
INF_log 0x82 | y y
RSP_ack 0xBO y |y
3 RSP_nack 0xB1 y|y
e(s;;sopn)se RSP_state_ack 0xB2 y |y y
RSP_error_ack 0xB3 y |y
RSP_log_ack 0xB4 yly
Notification (NTF) NTF_state_changed O0xEOQ y y
NTF_log OxE1 y
Data (DAT) DAT_input_output OxFO| y y
DAT_parameter OxF1]| y y
. Y . TR T U . VBT U VBRI, . (.~ B T U Y gl Y Y T T U "
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The Distributed Co-Simulation Protocol Acc}

¥ QOperating Modes

— The DCP covers three different time domains

Soft real-time (SRT) Synchronous to absolute time,
tolerant to RT violations

Hard real-time (HRT) Synchronous to absolute time,
intolerant to RT violations

Non-real-time (NRT) Independent of absolute time
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The Distributed Co-Simulation Protocol AC{}SAR

ADVANCED CO-SIMULATION OPEN SYSTEM ARCHITECTURE

exit [SIG_exit]

X DCP slave state machine for simulation control
X A typical simulation cycle

eror [SIG_error]

1. Registration r e N
2. Configuration M' S

3. Initialization by

4. Run/Compute

5. Stop

6. (Error)

Image source: DCP specification v1.0 RC 2

Sop (R0 sonl stop [STC_stop]
i o T I VT N
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The Distributed Co-Simulation Protocol AC{}SAR

ADVANCED CO-SIMULATION OPEN SYSTEM ARCHITECTURE

X DCP slave state machine for simulation control o
X A typical simulation cycle -
1. Registration - — ﬁ?”f:,;""'“‘”' <
2. Configuration M;' e e
3. Initialization R \
4. Run/Compute
5. Stop
6. (Error)
i
. [ soomeo
_ g
. J
— - B Image source: DCP specification v1.0 RC 2 ‘
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The Distributed Co-Simulation Protocol AC{}SAR

ADVANCED CO-SIMULATION OPEN SYSTEM ARCHITECTURE

X DCP slave state machine for simulation control

-

X A typical simulation cycle -

1. Registration - i —

2. Configuration ——— | oo

3. Initialization - Sl S

4. Run/Compute

5. Stop

6. (Error)
. . — J ‘
TC- Image source: DCP speCIflcatlon v1.0 RC 2
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The Distributed Co-Simulation Protocol AC{}SAR

ADVANCED CO-SIMULATION OPEN SYSTEM ARCHITECTURE

exit [SIG_exit]

X DCP slave state machine for simulation control

X A typical simulation cycle

1. Registration . — ] y
2. Configuration M' S
3. Initialization by

- o B
4. Run/Compute
5. Stop
6. (Error)

Image source: DCP specification v1.0 RC 2

Sop (R0 sonl stop [STC_stop]
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Martin Krammer, VIF 3 ITEAZ 12

;
t
:




The Distributed Co-Simulation Protocol AC{}SAR

ADVANCED CO-SIMULATION OPEN SYSTEM ARCHITECTURE

ent int itPoint
ol - exit [SIG_exit]

X DCP slave state machine for simulation control ] o0 0

X A typical simulation cycle -
1. Registration i m—re .
2. Configuration M' o 7 e
3. Initialization - :’ﬂsmm' §
4. Run/Compute
5. Stop
6. (Error)

-

- stop [SIG_stop] stop [STC_stop]
M Image source: DCP specification v1.0 RC 2
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The Distributed Co-Simulation Protocol

X DCP slave state machine for simulation control

X A typical simulation cycle
Registration
Configuration
Initialization
Run/Compute

Stop

o s wWwN e

(Error)

JeL Jo0 Jo0 S0 0 . J &L= = — S

exit [SIG_exit]

eror [SIG_error]

~ ~depSuperState- )
Normal Operation
% s 70 o
prepare [STC_prepare]
pable
=dcpState=
-depState~
COMPUTED
=
o R
SENDING_D
m
_ —
\ J
stop [SIG_stop] stop [STC_stop]
resel
[STC _reset]

-

Martin Krammer, VIF
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The Distributed Co-Simulation Protocol

X DCP slave state machine for simulation control

X A typical simulation cycle

Registration -

Configuration

Initialization

Run/Compute
Stop

o vk wbh e

(Error)

G

-

stop [SIG_stop]

reset
[STC_reset]

Image source: DCP specification v1.0 RC 2

— PPED e OPPING
JEL 5L 0L JTL e L SEE S—c—— T2 C O C 3
T s
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The Distributed Co-Simulation Protocol AC{}

X Exchange of data during simulation phase
1. Configuration must be generated by DCP master
2. Configuration must be rolled out to DCP slaves prior to simulation

X Zero run time overhead during simulation
¥ Example:

c 29 Cc 2 C 9 C DO @ e C o Cc . o Cc o Cc O Cc I C 3
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The Distributed Co-Simulation Protocol ACi}

¥ Exchange of data during simulation phase

1. Configuration must be generated by DCP master

2. Configuration must be rolled out to DCP slaves prior to simulation

X Zero run time overhead during simulation

¥ Example:

vr=1
dt = uint8

vr=1
dt = uint8

DCP slave 1
192.168.2.5

DCP slave 2
192.168.2.7

vr=2
dt = float32

vr=2
dt = float32

w LU, J L, g la U J L J L J L, f
Martin Krammer, VIF a ITEAZ 13



The Distributed Co-Simulation Protocol AC\}

¥ Exchange of data during simulation phase
1. Configuration must be generated by DCP master

2. Configuration must be rolled out to DCP slaves prior to simulation

X Zero run time overhead during simulation

¥ Example:
DCP master
192.168.2.2
] [
vr=1 vr=1
dt = uint8 dt = uint8
DCP slave 1 DCP slave 2
192.168.2.5 192.168.2.7
vr=2 vr=2
dt = float32 dt = float32
B O L O S R S R NS . | W L. L, o P S R OO B UG B U S B U SEEEN'S
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The Distributed Co-Simulation Protocol AC\)

¥ Exchange of data during simulation phase
1. Configuration must be generated by DCP master

2. Configuration must be rolled out to DCP slaves prior to simulation

X Zero run time overhead during simulation

¥ Example:
DCP master
192.168.2.2
] [
vr=1 vr=1
dt = uint8 dt = uint8
DCP slave 1 DCP slave 2
192.168.2.5 192.168.2.7
vr=2 vr=2
dt = float32 dt = float32
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The Distributed Co-Simulation Protocol

¥ Exchange of data during simulation phase

1. Configuration must be generated by DCP master

2. Configuration must be rolled out to DCP slaves prior to simulation

X Zero run time overhead during simulation

¥ Example:

DCP master
192.168.2.2
] [
vr=1 vr=1
dt = uint8 dt = uint8
DCP slave 1 DCP slave 2
192.168.2.5 192.168.2.7
vr=2 vr=2
dt = float32 dt = float32

@

CFG_config_output

type_id = 0x23,
pdu_seq_id=1,
receiver =1,
data_id =0,
pos =0,
source_vr=1

@

CFG_config_output

type_id = 0x23,
pdu_seq_id =2,
receiver=1,
data_id=0,
pos=1,
source_vr =2

ACT
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The Distributed Co-Simulation Protocol AC\;

¥ Exchange of data during simulation phase
1. Configuration must be generated by DCP master
2. Configuration must be rolled out to DCP slaves prior to simulation

X Zero run time overhead during simulation
¥ Example:

DCP master
@ 192.168.2.2 @
CFG_set_target_net
work_information
| | type_id = 0x25,
vr=1 vr=1 pdu_.seq:|d =3
. . receiver=1,
dt = uint8 dt = uint8 data_id =0,
DCP slave 1 DCP slave 2 transport_protocol
192.168.2.5 192.168.2.7 = UDP,
target_ip_address =
vr=2 vr=2 192.168.2.7,
dt = float32 dt = float32 target_port = 2048
Martin Krammer, VIF & ITEAZ 13
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The Distributed Co-Simulation Protocol AC\I‘

¥ Exchange of data during simulation phase
1. Configuration must be generated by DCP master
2. Configuration must be rolled out to DCP slaves prior to simulation

X Zero run time overhead during simulation
¥ Example:

DCP master @ @
192.168.2.2
@ CFG_config_input CFG_config_input
| @ type_id = 0x22, type_id = 0x22,
1 . T 1 pdu_seq_id=1, pdu_seq_id =2,
vr - vr -~ receiver = 2, receiver = 2,
dt = uint8 dt = uint8 data_id =0, data id=0
DCP slave 1 DCP slave 2 pos =0, pos=1,
192.168.2.5 192.168.2.7 target_vr =1, target_vr =2,
source_data_type = source_data_type =
vr=2 vr =2 uint8 float32
dt = float32 dt = float32
| | |
Martin Krammer, VIF & I TEAZS 13

m-_-‘—-_-_-_-___-___-_-_-_



"
The Distributed Co-Simulation Protocol AC\;

¥ Exchange of data during simulation phase
1. Configuration must be generated by DCP master
2. Configuration must be rolled out to DCP slaves prior to simulation

X Zero run time overhead during simulation
¥ Example:

DCP master @
192.168.2.2 ®

CFG_set_source_ne
twork_information

1 [ type_id = 0x26,
dt = uint8 dt = uint8 data_id =0,
DCP slave 1 DCP slave 2 transport_protocol
192.168.2.5 192.168.2.7 = UDP,
source_port = 2049
vr=2 vr =2
dt = float32 dt = float32

™ - - - ™) - - - - - - [ " [ - — -
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The Distributed Co-Simulation Protocol AC\;

¥ Exchange of data during simulation phase
1. Configuration must be generated by DCP master
2. Configuration must be rolled out to DCP slaves prior to simulation

X Zero run time overhead during simulation
¥ Example:

DCP master @
192.168.2.2
| type_id = OxFO,
=1 . _1 pdu_seq id=1,
vr - vr ~ data_id=0,
dt = uint8 dt = uint8 payload:
DCP slave 1 DCP slave 2 :
192.168.2.5 192.168.2.7 " uint8 | float32 |
vr=2 vr=2
dt = float32 dt = float32
Martin Krammer, VIF & ITEAZ 13
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The Distributed Co-Simulation Protocol Ac~\>

X Use case by dSPACE, RWTH Aachen, ESI-ITI

Test Bench
Automation System

Mobile Device

h Y

E

Co-Simulation Configuration and Control

r . . . - . .
I Hard Real-Time Co-Simulation Vehicle | 1 Soft Real-Time Co-Simulation :
: Engine | :
|
|

| -

Gigalink . |
: . (fiberoptic) SCALEX'O Offfce PC 1 :
| A N P . .
| Set point torque (DCP Slave 1, HRT) ||| DCP over UDP || (DCP Slave 2, SRT) || Transmission| Setup on display at final event
I dSPACE (DCP Data PDUSIl Zimucation ¢ ., @v W e

! ACOSAR ACOSAR S5
: | ':WB""‘;WMH m;@;wp&mlnrssﬁng ,f.,:onﬁ s ACOIAR
g for DCP | el -Loop Validation of a ACOSAR @ AVL
l | y - - - - - TR _-_-----CZC s Szt ot ime
: P | :— DCP over UDP [ IPTaoch e deecins e
| p : | (DCP Control PDUs) S
| Torque S ol |E | : :
| Flange S 3 : ' .
| 9 22|, | Office PC 2
Dynamo- o 8Tl |Eo- I N
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: Meas ! N HTTP
| K
|

: |
| ol
| D
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Future of DCP
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