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Tool Overview

Specification
formalSpec: formalizing natural language
Modelingand Simulation
SCADE-hybrid
SpaceEx
Controller Synthesis
DMPC-HS: MPC for hybrid systems
ScenarioMPC: MPC for stochastic systems
Code Generation
SCADE code generator
Verification
CORA/SPOT: nonlinear systems
SpaceEx: piecewise linear systems
Conformance Testing
ConfTest
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Objectives

Goal: Safe planning & control

Approach:Integrate formal methods in design & operation

Formal specification

Formal model & conformance
ensure conformance with reality

Formal verification

offline: elementary plans & motion primitives
online: short & long-term plans
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Use Case: Autonomous Driving

formal specification
traffic rules
collision avoidance
long-term planning
route planning, high-level maneuvers

performance optimization using stochastic models

short-term planning
low-level maneuvers: lane changes, merging, obstacle avoidance
performance optimization
fail-safe planning
to indefinitely safe state (standstill, safely follow)
tracking control
realize current plan on vehicle
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Formal Specification and Verification

requirements formal high-level
engineering modeling

|

formalization with
pattern templates

J formalSpec

monitor automata

A

4

SpaceEx Model Editor

hybrid
automata

formal verification
offline / online

CORA, SpaceEx
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Formal Specification: formalSpec

formalize specifications for a given model

input: natural language edits to template,
SX model
output: monitorautomaton

developed by GE, contributionsfrom UGA

I 15f
File Edit Help |
1

Number Name

« After t>=0, it is always
290 o Tt s —
the case that once alaelalelz]s

x>=0.5 becomes satisfied CEea
it holds for less than B T
0.5 time units.

* Globally, it is always

the case that y<ymax

holds.

SpaceEx model file:

SpaceEx system:

| Create separate "sy.

pattern template monitor automaton
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Formal Specification: Use Case
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Conformance and Code Generation

plant and controller

modeling

A

y

code generation

Consistency

\ 4

conformance <—— plant and controller

identjfy/\mefk

B| ..
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violation triggers
failsafe
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Conformance and Code Generation

plant and controller :
code generation

modeling
SCADE
SpaceEx
SCADE hybrid
Consistency
conformance <—— plant and controller

iden%ch

violation triggers
failsafe
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Conformance: ConfTest

Identification
identify abstract model that is trace and/or reachset conformant

input: deterministic model, reference data (e.g., measured traces)
output: conformant non-deterministic model

Checking
check if non-deterministic abstract model is conformant
input: non-deterministic model, reference data (e.g., measured traces)
output: conformant: yes/no

Test case generation
produce test cases for conformance testing
input: parametric input set, abstract model, reference system
output: test cases

developed by Bosch, contributions from DLR & TUM
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Conformance: ConfTest
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Simulation: SCADE Hybrid

Extension of SCADE to ODEs with well-defined semantics
industrial environment dedicated to high-integrity applications development
control-oriented input formalism

used in various domains: A&D, automotive, rail transport, industry, ...
input: deterministic model (SpaceEx, Simulink — Stafeflow)
output: closed-loop simulation
developed by Esterel
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Simulation: Use Case

SpaceEx model sx2sh

@ = ™ = =)
NS

SpaceEx Verification
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Code Generation: SCADE

*  Codegeneration, certified ISO 26262, DO-178C, EN 50128, ...
* input: controller model in SCADE hybrid
*  output: certified C code

/% information used for corresponding FMI attribute x/
#define KCG_GUID "8daf@5a3-247a-1le5-aal5-2beff3ac55df"
#define MODEL_IDENTIFIER simple_ball

* developed by Esterel e e e

#define STEP_FUN simple_ball

#define RESET_FUN simple_ball_reset
#define INIT_FUN simple_ball_init
#define CONT_FUN simple_ball_cont
#define HORIZON_FUN simple_ball_horizon

/% context and output structure */
#define SCADE_OUT_CTX outC_simple_ball
#define SCADE_IN_CTX inC_simple_ball

/% number of continuous states */
#define NB_CSTATE 2

/% number of zero-crossings */
#define NB_ZC 1

ST e e
BE T @ N R e T L
«©

typedef struct {
size_t offset;
} var_info;

S CADE co d e extern const var_info var_infos[];

/% Information about a continuous state x/
eyl typedef struct {

generator s evviciro

#1f NB_CSTATE > @
extern const cstate_info cstate_infos[NB_CSTATE];
#endif

oot eolt1_toca b+ 10 ond < Tt <o 221 do 1et

e —_—

IpEr—

/* Information about a zero-crossing */
e typedef enum { UP, DOWN, CROSS } zero_dir;

:E fypedet struct £
Timcar ErE size_t offset;

p—
e — : zero_dir dir;
Swind 5——— Crintpnt } zero_info;

POV G (P

#if NB_ZC > @
extern const zero_info zero_infos[NB_ZCl;
#endif

SCADE hybrid model certified C code
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Use Case: Cruise Controller

This project has received funding from the European Union’s Horizon 2020
research and innovation programme under grant agreement No 643921,

TOOLS INTEGRATION

UnCoVerCPS toolchain
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Offline Verification: SpaceEx

modelingand verification of hybrid systems

input: network of hybrid automata
monitorautomata (formalSpec)

output: approximation of reachable states
property satisfied/unknown

developed by UGA, TUM (zonotopes)
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Use Case: Merging Maneuver

=

Q“

(b) Maneuver has begun

(c) Maneuver - in progress (d) Maneuver finished
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Use Case: Optimal Merging (Polimi)

HORIZON 2020

Scenario 1: vo(O) = vdeslz

Scenario 2: vo(O) = 1'1*"«5/2
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‘UnCoVer‘
Offline Verification: Use Case CPS
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Safe Planning Architecture

performance
requirements

o

safety requirements ——

formalSpec

B| ..
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optimal planning

DMPC-HS

y

V

|

fail-safe planning

CORA

online prediction, verification,
conformance checking

CORA, SpaceEx

ConfTest
safe plan

tracking controller

cps-vo.org/group/UnCoVerCPS
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Long/Short-Term Planning: DMPC-HS

synthesize optimal trajectory over finite time horizon

input: nondet. model (ConfTest)
initial and target states

output: optimal input/state sequences
developed by U. Kassel
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UnCoVer

Long/Short-Term Planning: Use Case

2/ » home » ku » Documents » ku » unikassel phd » Deliverable » Tool chain Matlab »

r ® J Editor - /h N kassel pi Tool chain lab d rio.m ®x
Sze  [Type |DateMo.. v | : [ road scenario.m x| testim x| wp2m x| plotHAm x| ym x| y gm x| createHAm x| + | Value |
2k8 Script  01/30/2019... 148 % plot V2 ) 1x1 struct
149 W= 0.3491
4KB  Script 0130/2019.. 150-  figure(1) 1x301 double
151 1x1 struct
1KB  Function 01/30/2019... 152 - P2_imtial=Pl_imtial; 22827
sk8 smpc ovzslzow... 153 5 3 3 g %2 So00e
- 154 - hl=plot(P2_imtial(l,:),P2 1nmit1al(2,:)+2.5,'b’, 'Linewrdth',2); 80.6859
7@ zefie ouzsols.. 155 ) o
7K8  Function 01/25/2019 Sy orid on 3
PR e ™ 157-  hold on 1
ode change 1
! KB LOG File 01/25/2019... :: ek diaal
1xk8 LOG File 01/25/2019... 160 1x1 struct
1KB  LOGFile 01/25/2019... 1 30
1KB  LOGFile 012572019.. 1¢ el Lo
1KB  LOGFile 01/25/2019... 163 %% Output of the program: if feasible solution exists, output the trajectory, otherwise, feedback the infeasibility B 1x1 Lne
1KB  LOGFile 01/25/2019... 164 o 2
1KB  LOGFile 01/25/2019... 16S - [xseqopt,modeseql=trajectoryplanning(Ts, H, veloc, acc, dis,angle,C,D); 1x301 double
1KB LOG File 01/25/2019... 166 1x301 double
2kB thm ovzsmm... 167 1x31 double
tra 168 % If no feasible solution exists (-2.4000.2.4000
2KB Fu\ﬂlon 01/25{2019... 169
ters OLR 170 - 1f size(xseqopt,1)==1 Figures - Figure 1 x
18 S 0124/2019... 172 View ,,,.n Debug Desktop Window Help
1x8 Fu':-on o124p2019... 172~ disp(*No feasible trajectory for V1 to over} Ele Edt - Tools - o - = BX
173 ; DSde kR 09RL-(G|08 =D snss0
1KB St ON2372019.. :;; g Siee —4: [ Figure1
%0 Function 02212019, et
7‘8 S‘"“ 01[17[2019“. 178 “ plot the trajectory of V1 —
‘ state: contain... lig ~
1 '@ 5"" 01/1712019--- 180 -  figure(1) s
vk and set 18 - plot(xseqopt(1,:),xseqopt(2,:),'b*'); =
1 lca s<np( om7rzo19... 12 E
n when scal 183 - grid on >
l KB S<lvt 01/16/2019... 184 - hold on
A I~ o e
v tate B
1 KB Fu-t(m ouurzom... Command Window 1
s: p.47, tab >> figure(1)
SKB Fu\cbon 07[11[2018..‘ x (meter)
1 con onstrant neq hl=plot(Pl_imitial(l,:)-dis.rlt ,P1_imtial(2,:)+2|
Folder OW/17/2019...
Folder 0116/2019.. 9rid on

hold on
>> % Output of the program: 1f feasible solution exists, output the trajectory, otherwise, feedback the infeasibility

[xseqopt,modeseq)=trajectoryplanning(Ts, H, veloc, acc, dis,angle,C,D);
>> for 1=1:H¢l
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wocweoses

UnCoVer

Offline Synthesis & Verification: CORA CPS
*  Pre-computationof motion primitives by optimizing over reachable sets
°  input: non-deterministic model (ConfTest),
parameterrange
°  output: maneuver automaton

* developed by TUM

0 10 20 0 10 20 0 10 20

x1 x1 x1
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‘UnCoVer.
Offline Verification: CORA CPS

Jx >> compute_motion_primitive({car_model,primitive_parameter);
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Online Verification: CORA

Verify whether a planned trajectory can be safely executed

input: maneuver automaton (CORA offline),
reference trajectory (DMPC-HS)

output: safe yes/no
developed by TUM
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Online Verification: Use Case

*  Online: Matching of reference trajectories to ensure drivability and safety

. - <—obstac|e

50 60 70 80 90 100 110
X [m]

ego vehicle occupancy reachable set

6 . N ]
E 4 |
> 0 =
50 60 70 80 90 100 110
X [m]
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ScenarioMPC

Account for stochasticuncertainty in optimal constrained control design

input: model of the system (linear, PWA, feedbacklinearizable)
constraintsand control performance index
uncertainty realizations from data or extractions

output: controller
probabilisticguarantees on performance

developed by PoliMi, extended to a smart grid distributed set-up
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‘ UnCoVerl

Optimal energy management of a district (PS

Building cooling district set-up:

= 10 buildings, 24 hours time horizon

= achiller per building: 5 large, 2 middle, 3 small
= ashared cooling network

-ealizations of
‘he cooling load
n a building

Cooling energy [MJ]

Goal:

each building sets the exchange with the

cooling net so as to o s & ® e s s & =

= satisfy its cooling load

* minimize the electrical energy consumption
of its chiller over all realizations except a set
of probability <0.025

The shared net capacity couples decisions

Optimal exchange with the cooling net of all 10 buildings
= buildings with large chillers charge the net
=  buildings with small chillers draw energy from the net

15

4000

ss00 | probabilistic ol |
3000 |- performance
e guarantees 2 s i
5 2000 | S
(&) % f 2 r 4
1500 - c% o i
1000 % fr——
500 - S 5| |
" L e—— e —
00 500 1000 1500 ?
Daily energy consumption [MJ] -10 = _
energy consumption histogram is below
the red solution except for a fraction 0.9% -15 i ! ! ! 7
(0] 3 6 9 12 15 18 21 24
Time [h]
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Aircraft motion control

Tracking a reference trajectory via ScenarioMPC with wind compensation

Red = reference trajectory

Planned trajectory with target windows o .
% . Blue = actualtrajectory
R : ors = finite horizon solutions

Wind speed component x:
Red = actual wind
Blue = wind realizations from recursively

1 1 1 1 1 1 1Fi
1200 1400 1600 1800 2000 Identlfled AR Processes

wy [Km/h)

_100 1 1 1 1 i
0 200 400 600 800 1000
Time [s]
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Conclusions

Comprehensive toolchain for safe model-based design and operation

Specification

Modeling and Simulation

Controller Synthesis

Code Generation

Verification

Conformance Testing
offline application

traditional MBD
on-the-flyapplication

novel contribution of this project
success in concrete case studies

automatic driving

human-robot-collaboration
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formalSpec
SCADE-hybrid
SpaceEx
DMPC-HS
ScenarioMPC
CORA
COnfTest
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