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Software Science in Manufacturing Industry:
Historical Perspective & Overview

Formal methods for
(conventional) software

(e.g. model checking)

Goal:
to prove M = ¢
 “Asystem M satisfies a
req./spec./property ¢”
* Conventionally:
M is a program
@ is “bug-free”
=> bug-free proofs

=> false,
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wlit o e
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Software Science in Manufacturing Industry:
Historical Perspective & Overview

Formal methods for
(conventional) software

(e.g. model checking)

Heavy-weight
formal methods for
manufacturing

Goal: _

to prove M E ¢ Goal:

« “A system M satisfies a to prove M E ¢
req./spec./property @” * M IS a car _

« Conventionally: @ is safety/quality/...
M is a program  Butwe ne(_ed a |
@ is “bug-free” mathematical/logical
- bug-free proofs model M of a car!

0

L
_.9:00—>9

-~ ol wrge s ”"“lt’) {
s R .
i (‘response ‘s ter o)

I
» Mess o
it o age

(*respon
se's)y 'SUCCesS l) m
B

Modeling is costly
MBD usually doesn’t help...
Simulink is for numeric simulation,
not principally for logical verification

Wherrtesity),




Software Science in Manufacturing Industry:
Historical Perspective & Overview  Lshtweight

formal methods

Formal methods for Qemgmalelin = L
((:g(.)r?:gg?htelcc:i?g?l) B Bl formal meth-ods for  Formal/math./software
manufacturing description of ¢
Goal: * Feasible yet powerful
to prove M = ¢ Goal:
« “Asystem M satisfies a to prove M = ¢ Proof-based
req./spec./property ¢” ) M IS a car _ mathematical traffic laws
* Conventionally: 7 18 seEny ey . for automated driving
M is a program * Butweneeda
@ is “bug-free” mathematical/logical » For int’l safety standards,
—> bug-free proofs MeLtE] S O &) CElr a sound ecosystem,

0

NN
45078

& social acceptance

W Wy frenult))
o Wromie) ¢

'Qwse'.>, i i
error ', 'mESsage

('n
*aponse =) 'success )=
’

Modeling is costly
MBD usually doesn’t help
Simulink is for numeric simulation,
not principally for logical verification

Werrteniy),




Software Science in Manufacturing Industry:
" " . . . . Part 1
Historical Perspective & Overview  Lshtweight [pori2 ]

formal methods

Formal methods for Heavy-weisht = Manufacturing DX
f:g(.)r?:gg?htelc%?g?l) Bl formal meth-ods for * Formal/math./software
CIki e R description of ¢
Goal: o » Feasible yet powerful
to prove M = ¢ '
. “A system M satisfies a to prove M = ¢ Proof-based
req./spec./property ¢ © Misacar mathematical traffic laws
* Conventionally: P15 SR GUall e for automated driving
M is a program * Butweneeda
@ is “bug-free” mathematical/logical « For int'| safety standards,
—> bug-free proofs MeLtE] S O &) CElr a sound ecosystem,

0

NN
45078

& social acceptance

W ety fresult)) ¢
' » ’
( nwome'-)'error", 'mess age
¢ "

(*respon
se's)y 'suCCESS ') "
’

Modeling is costly
MBD usually doesn’t help
Simulink is for numeric simulation,
not principally for logical verification

“iherrtenty),




Part 1

Specification Driven Engineering:
Its Concept and Tool Support

Collaboration w/ Mitsubishi Electric, Mitsubishi Heavy Industry, TOYOTA, ...



Specification-Driven Engineering (SDE)

Design, V&V, Production, and Deployment—
Underpinned by Shared Formal Specifications

e PN e automation
e— ﬁ b G Funo|®  inter-ope rability
* communicability
* traceability
product * responsibility
— _ Benefits...
M CooFomn] within each phase
G(p— Fioz10)| * in connecting
B different phases

11




Formal Specification
Rigorous and Unambiguous Definition of
“What Is Needed”

Formal specification 1. Its meaningis |
mathematically defined.

No ambiguity, no dispute
G‘ (p % F [O,T] Q) Z}i ngfgoéf);zo (o |= L never holds)
Z }i ii Z//\{f;gzaﬂ‘t:ew[l. ?2?; !:Q@AQ vt € [0,t). 0 |= 1)
_ _ ol QI RIgs < Viel. (ot gy = 3 €[0,t).0" = ¢1)
written in a formal language
such as STL 2. Machine processable.

S Write, record, 0
(p'_F |LP Lél ° inspect, and use

re e It in software T
]



Formal Specification: Example

Spec: “What is Needed”
Model: “How Spec is Realized”

4 Mechoncs e - Mecharic xplre Wi Trine o8 )

S, Models:
G(gear=1 A rpm > 3500 R

%4 Wind Tubine
Fle G View Diply Diogam Simason Andyss Code ook Hep

= F[0,1] gear =2)

pien_t ptch_trake

() eoe]—
I Y g

“When gear is 1st and rpm is > 3500, then - - S . “\

7 (3 |5 vew comenton 2epo0Tep) _» *[0] v

tuf

1 WOO® U@
H H H ” 1
ear will be 2nd within 1 sec 5 S e
. 5 1.
30 <Wind Speed> L Yaw Controller
TestInput
Piich Confrollr |
. . | E- |
Disturban nari f1ISO 34502 [rei i o ' =
Sturbance scenarios o 4 [Reimann, Mansion et al., SAC 2024] =@~ ann o ~ ! E
E- |
Scenario; (SV, POV, L) := initSafe(SV, POV) A roadSector;(SV, POV) A disturb; (SV, POV, L), i =1,....,24 (cf. this is (1). initSafe is from §4.3) H -
Road s o e s codora Deceleration disturb; (SV, POV, L) :=_initialCondition; (SV, POV, L) A behaviourSV;(SV, L) A behaviourPOV;(POV, SV, L) ,i=1,...,24 (cf.(2) in §3) Biades Nacale
tor | e atin Cutou Acceleration Sop]
‘ tor) i roadSector (cf.§4.1) | i initialCondition; (cf§4.2) behaviour§V (cf§4.4) behaviourPOV; (cf.§4.5) -
Lanekeep | [T | EDCES | | | G 1T laneKeep(sV, L) cutn(POV, SV) {}47 H
Siia o oo | | [von it idabgr {5V, FOV) ¥, |
roadway = C 2 sameLanes(SV, POV,, POV, L) laneKeep(SV, L) leavingLane(POVy, L) 7 %
e Nos of Nos > > N(.7m3¢\’ AaheadOf (SV, POV;) U(~sameLane(SV, POVy,L))  A(laneKeep(POV;, L) | [ S
= ] 1 | AaheadOf (POV,, POV3) U(~sameLane(POV, POVy, L) -
Lanekeep | [T hes: EDOCS ser(SV, POV, -
Merge | Ines Noto | | [Noaa— | . ) ) Adanger(SV, POV2)))
Merge = 3 aheadOf (POV,SV) laneKeep( accel(POV, SV, L) U danger(SV, POV) al—
Lane change | i | B [ e AlsameLane(SV, POV, L) Udanger(SV. i G o
o2 | | s Noits: vinAdjLanes(SV, POV, L)) 2 = 5% i
74&\ r_ 1-8  mainRoad(SV, POV) 4 aheadOf (SV, POV) laneKeep(SV, L) decel(POV, SV, L) U danger(SV, POV) 1
Lane keep. 5}‘; s N‘ﬂ:ﬂﬁﬁ' A(sameLane(SV, POV, L) Udanger(SV, POV) of
3 Nozt = - VinAdiLanes(SV, POV, L)) i
Lane change = soT feavinglane(SV.L) cull(POV.SV) e T e E e Mcarone1, Simulink model of a wind turbine, CC BY-SA 3.0
- leavingLane! | cutOu L) e oftset. 0
o3 6 T leavingLane(SV, L) 1Out (POV, SV, L , , -
7 aheadOf (POV, SV) enteringLanel L) accel(POV, SV, L) U danger POV)
8 sameLane(SV,POV,L) leavingLane(SV, L) decel(POV, SV, L) ‘U danger(s)
AaheadOf (SV, POV)
9-16  mergeZone(SV,POV) | 9-16  initialCondition; 5 behaviourSV g behaviourPOV;_g
17-24  departZone(SV, POV) | 17-24  initialCondition, i-16 behaviourPOV_yq

* |Intemporal logic, state machines, etc. * In Simulink, Modelica, MapleSim, ...
* One-line (top) to ~b0 lines (bottom  Takes time and cost to build (months


https://commons.wikimedia.org/wiki/User:Mcarone1
https://commons.wikimedia.org/wiki/File:Simulink_model_of_a_wind_turbine.tif
https://creativecommons.org/licenses/by-sa/3.0/legalcode

Interoperability by Formal Specification

Communication on
Solid and Unambiguous Bases

4 A
... perhaps.
... YOU mean What do you
this? mean exactly? G(p — F[O,T]q)

... sounds
like what I'm
thinking of

| mean,
something
like ...

I | mean this. I




Using Formal Specifications

Reducing Meetings, Reworks,
Tacit/Personal Know-Hows, ...

market

| G(p - F[o,ﬂq)] @
—20
mtg hours I

Architecture
design

production

| G(p — F[O,T]Q)]

product
||fe CyC|e Acceptance

tact

—15
'ntetét mtg hours
3 times
less rework  An engineer quit but -
OK ’

Implementation

G(p — F[O,T]Q)]

15



Using Formal Specifications

Automating Daily Analysis Tasks,

Task example:
log extraction

Collab. w/

‘ MITSUBISHI
AV N ELECTRIC

Reducing Person-Hours

Where in the log
[Reimann, Mansion, does a dangerous

et al., SAC'24]

Task example:
parameter
optimization

Collab. w/

¢ miTSUBISHI

AV N\ HEAVY INDUSTRIES

passing occur?

|
gas turbine for
power plants
@Need to tune

parameter values

[Sato+, FM21]

for safety and

efficiency

log data

formal spec

I G(p — F[O,T]Q)]

system
model

a a»
.
[ ——

a a

formal spec

I G(p — F[O,T]Q)]

=Y

Y

analysis
result

3:45:23-
3:45:30,

5:12:58-
5:13:05,

9:02:32-
9:03:15,

analysis
result

p1=12.8
p2 = -6.2
p3 = 1084.2

BEFORE:

» Tens of hours of
manual inspection or
ad-hoc C-coding

AFTER: w/ our algorithm

« Automated & fast analysis
(100K events/sec.)

« User effort is mininal
(writing a logical formula,
< 10 lines)

BEFORE:

« Manual efforts by experts
(7 man-days in
[Sato+, FM’21])

AFTER: w/ our algorithm

« Automated & fast analysis
(3 hrs in [Sato+, FM’'21])
« Betteranswer 6



Using Formal Specifications

Automating Daily Analysis Tasks,
Reducing Person-Hours

market

—450
WSl person-hours
test
—300
person-hours
Un|l. L
G

E —30
person-hours

—60
person-hours

G(p — F[O,T]Q)]
Implementation

(p — F[o,:r]Q)]

17



Who Manages Formal Specifications?

Writing and Managing Formal Specs Is Not Easy

Formal specification

G(p — F[O,T]Q)W

written in a formal language
such as STL

I'm not a
mathematician...

(z) |

p:=a|-p|p1Ves|
Fro | p1Urp2



Who Manages Formal Specifications?

The Lawyer Model for Formal Specifications

G(p — F[O,T]Q)W

write, inspect,
revise, and manage

‘ specification specialist
n (= “lawyer”)
discussion, hearing,
interactive illustration

. user 1 " user 2

19



Who Manages Formal Specifications?

The Lawyer Model for Formal Specifications

... perhaps.
What do you
mean exactly?

... YOu mean
this?

| mean,

... sounds
something like what I'm
like ... thinking of

2 L

Current practice

expensive

G(p — F[O,T]Q)]

‘ specification specialist

n (= “lawyer”)

. user 1 “ user 2

The lawyer model
(our immediate goal)

admissible comm. cost
and feasible now

G(p — F[O,T]Q)]

Communication
in formal specs
(our ultimate goal)

cheap comm. cost but
learning cost is needed



Who Manages Formal Specifications?

The Lawyer Model for Formal Specifications
and Its Software Supp%jc

B SpecC \

It does cost,
but history B <dlitor
points to this
G(p — F[O,T]Q) (IDE for
] _ formal
write, inspect, - IS Specs) )
revise, and manage — —
‘ specification specialist = interactive
n (= “lawyer”) . /spec
. . : - illustrator
discussion, hearing, = IR
interactive illustration === (visual
| llustration
| of formal
specs)
21




SDE (Specification-Driven Engineering) vs MBD (Model-Based Design)

Mutually Complementary Paradigms
towards Responsible & Efficient Manufacturing

SDE

p

market
G(p — Fpo,179) | @

product
life cycle

rchitecture ntegration
esign £
Module
design G(p — F[(l,T]Q)
G(p — Fo.19)
Implementation

mechanized mechanized
V&V asks in MBD U in SDE U

If a system (model@atisfies a spe@

MBD SDE
target | design, impl, tﬁidﬂ?e
phases V&V P

life cycle
requirement system model formal spec
) (costly) (cheaper)
model D vav * V&V
: automation
= impl. _
advantage . e communica
(eliminating "
bility
rework)

* traceability
22



Part 1 (Specification-Driven Engineering)

Summary

The SDE workflow—
supported by tools from software science!

market
G(p = Fpo,m9) ﬁ

product
life cycle

G(p — F[O,T]Q)]

‘ specification specialist

n (= “lawyer”) G(p — F[O,T]Q)W

' user 1 “ user 2

A formal spec:

an unambiguous and e automation
Write, examine, correct, and agree on machine-processable « inter-operability
formal specs, description of requirements e communicability
with the help of spec specialist and contracts « traceability

* responsibility



Software Science in Manufacturing Industry:
" " . . . . Part 1
Historical Perspective & Overview  Lshtweight [pori2 ]

formal methods

Formal methods for Heavy-weisht = Manufacturing DX
f:g(.)r?:gg?htelc%?g?l) B Bl formal meth-ods for  Formal/math./software
manutacturing description of ¢
Goal: o » Feasible yet powerful
to prove M = ¢ '
. “A system M satisfies a to prove M = ¢ Proof-based
req./spec./property ¢” © Misacar mathematical traffic laws
* Conventionally: 016 SEE)/ AUElg for automated driving
M is a program * Butweneeda
@ is “bug-free” mathematical/logical « For int'| safety standards,
—> bug-free proofs MeLtE] S O &) CElr a sound ecosystem,

0

NN
45078

& social acceptance

W ety fresult)) ¢
' » ’
( nwome'-)'error", 'mess age
¢ "

(*respon
se's)y 'suCCESS ') "
’

Modeling is costly
MBD usually doesn’t help
Simulink is for numeric simulation,
not for logical verification

“iherrtenty),




Part 2

Proof-based
Mathematical Traffic Laws
for Automated Driving

Collaboration w/ Mazda, ...
Standardization efforts at IEEE SA, ...



Safe enough? @

Hasuo (NIl, Tokyo) 26



Guarantee Guarantee
by statistical data by testing and simulation

9.1 crashes
per million miles

Hasuo (NIl, Tokyo) 27



Guarantee strong enough?

Guarantee Guarantee
by statistical data by testing and simulation

9.1 crashes
per million miles

Explainability?
Hasuo (NIl, Tokyo) 28



Proof.

I We prove the first statement. The rest is shown symn
Let S C L be an arbitrary subset. We let S* be th
that is,

St == {yeL|yC s for each s €

Since S* C L is a subset of L, it has its supremum |

semilattice (L,C). We claim that | | S* is the infimumr
To prove the claim, it suffices to show the two-way

acterization in that is, we need to show

yCs foreachse S
yC s

For the downward implication in ?7,

yCs foreachse S
= yes by def. of §*
= gyC| st since | | S* is an u

For the upward implication in 7?7, we first observe

| |S*C s foreachseS.

Hasuo (NI, Tokyo) 29



Child lock [ ]

Mathematical safety proofs would
certainly be great...

But are they ever feasible? Hasuo (NII, Tokyo) 30



Responsibility-Sensitive Safety (RSS)

[Shalev-Shwartz et al., arXiv preprint, 2017]

Car 1'’s

RSS rule Car 2's
RSS rule Car3s °

RSS rule

behaviors

Car1's
control

r
Vi
n
reasoning }
about A
Car1’s =

sensors

* Full safety proofs are infeasible  Ignore the internal working of individual vehicles
« Lack of white-box models * Instead, impose “behavioral constracts” on them
» Ultimate safety claim is too far » Called RSS rules. “Mathematical traffic laws”

» Mathematical proofs assume rule compliance = feasible 31



RSS Rule, an Example

[Shalev-Shwartz et al., arXiv preprint, 2017]

 An RSS rule is a pair (A, &) of
an RSS condition A and a proper response &

RSS condition A:  (“You can still escape if A is true”)
Maintain an inter-vehicle distance at least

2 2
. ]. 2 (v'r + p amax,accel) vf
A= |0 P+ =Q@max,accel P~ T+ ) - 2
2 Qmin,brake Omax,brake "

Proper response a:  (“When you escape, use the control strategy o”)
Brake at rate a,, prake Within p seconds

Conditional safety lemma:
Any execution of o, from a state that satisfies A, is collision-free.

Hasuo (NIl, Tokyo) 32



Goal:
stop here

Lane 3
(shoulder)

Lane 2

Lane 1

Now what about this pull over
scenario?

Essential for eyes-off ADVs to

hand the control over to human drivers
Requires complex decision making
 Merge before POV1, or after?

* Accelerate to pass POV1...

=» Risk of overrun?



Our Work: Logical Formalization of RSS = More Scenarios (Coliab. w/ Mazda)

| Software science research

RSS

Responsibility-Sensitive Safety,
Shalev-Shwartz et al., 2017

« Basic methodology of logical
safety rules

- Standardization (IEEE 2846)

« Lack of formal implemantion
- appl. to complex

scenarios is hard

« QGuarantees only

collision-freedom so far

diiterontial program iogic 4L s | GA-RSS (our contribution)

(our contribution) Responsibility-Sensitive Safety
R —— [Hasuo+, IEEE T-IV, 2023]
=il Bials ow ) pod B4 ety « Guarantees goal achievement
‘ {A} dwhile (evar > 0) X = f {€var = O A €iny ~ O} : €iny ~ 0 A €yar > 0 (eg successful pu|| over)
and collision-freedom
« Global safety rules that
combine mult. maneuvers
* Necessary for real-world
complex driving scenarios

(DWH)

A logical system for deriving and
proving safety rules

Compositional rule derivation

workflow by dFHL
...................................................................................... (Our Contribution)

scenario S
subscenario § subscenario §@ subscenario § subscenario §®)
H roper
response
sponse resy

» Applies global
safety rules that
guarantee goal
achievement

* Successfully pulls

over by passing the

other vehicle or
letting it go

but does not
manage

(due to short-
sighted collision
avoiding
maneuvers)

Wants to
pull over

@ @ « "Divide and Conquer” complex @ @
other driving scenarios other
vehicle o5 vehicle

« Tool support by autom. reasoning *



What is Formalization?
Formal

Informal software-assisted proofs
pen-and-paper proofs

VvSVBrake = vSVCruise - tBrake x aBrakeMin

-aBrakeMin tBrake + vSVInit

xSVBrake = xSVCruise + Integrate[vSVCruise - t »aBrakeMin, {t, @, tBrake}]

aBrakeMin tBrake?

> + tBrake vSVInit + (-tBrake + timeLaneChg) vSVInit + xSVInit
Fig. 13: 4
replacing xSVFinal = xSVBrake
not expli VSVFinal = vSVBrake
presented

aBrakeMin tBrake?

2

+ tBrake vSVInit + (-tBrake + timeLaneChg) vSVInit + xSVInit

-aBrakeMin tBrake + vSVInit

Equal ee postcond

Brakettin tBrake? . . : .
w - tBrake vSVInit - (-tBrake + timeLaneChg) vSVInit - xSVInit + xTgt _ -aBrakeMin tBrake + vSVInit

-aBrakeMin tBrake + vSVInit 2 aBrakeMin

*  Error-prone 3 e  Symbolic proofs in our formal logical system dFHL
*  Poor traceability «  Software tool checking the validity of
each logical step of reasoning



RSS Rules as Mathematical Traffic Laws: Regulation/Standardization Body
Proof-Based Ecosystem for Safe Automated Driving

~\" )
e “I’'m safe since | respect
! thessaafeetS rﬁlees R IOR " Safety Rule Rl
y D72 Y In the same-lane same-direction driving scenario, Rs
oo « Maintain the safety distance
“I'm safe since | respect ] 1 o 1ty e v?
the Safety rU|eS R17 R27 ---” min = |V Pt §amax,accelp o 2amin,brake a 2amax,brake

from the preceding car

? “I'm safe since | respect *  When that’s hard, brake at acceleration a,., praxe
AR R the safety rules R4, Ro, ...”
m Theorem (Safety)
® o There is no collision attributed to the ego vehicle

_ as long as the safety rule R, is respected
 Decompose safety (a complex goal) into

logical safety rules (explicit, easy to check and enforce) Proof :
« “Ultimate assurance” in the form of mathematical proofs. of the W{ a0
Logical explanation by following their reasoning steps safetythm.) 0 Lo o |
dRSS4(vf, v, p) = vrp flanxﬁz ; (vr J;::;:X/))Qfgbfdx‘
» Safety rules are generic and reusable Thereore,we can nfr s fllows

. . dRSS 4 (vy, v, p—1t) <0
=> regulation, standard = social acceptance oo o=
@t amlp =) % _
e Attribution of liabilities e /
(collision =» someone must have broken the rules) : "




Usages of RSS

RSS Rules as Mathematical Traffic Laws:
Proof-Based Ecosystem for Safe Automated Driving

A proof engineer

SV (subject vehicle) POV (principal other vehicle) k h d . .
WOIrKS On eacC rFivin
Eom o = &

————————————— scenario and derives

; an RSS rule C

Want an RSS rule C ---

s.t. compliance with C
guarantees
collision-freedom

« Correctness proof for
C, at the same time

RSS rule C

£

+

Safety proof
for C

Checkable by
the public

proof-search is hard,

proof-check is easy

Attribution of liabilities

(collision standardiz

= 3 a party who did not comply) ation

Safety standards bodies,
gov t7 cee

(Show compliance before selling cars)
e.g. [EEE P2846

Safety verification
(the car complies with these rules. Thus safe)

Runtime monitoring

Car
makers,
" ADS
vendoes

(more freedom in ADS design)

(Safety rule compliant = lower risk

Risk analysis in insurance
= cheaper insurance)

insurance
companies

Hasuo (NIl, Tokyo) 37



Usages of RSS

RSS Rules as Mathematical Traffic Laws:
Proof-Based Ecosystem for Safe Automated Driving

SV (subject vehicle) POV (principal other vehicle)
G = oo =

&,

Want an RSS rule C ---

s.t. compliance with C
guarantees
collision-freedom

A proof engineer
works on each driving

scenario and derives
an RSS rule C

« Correctness proof for
C, at the same time

Attribution of liabilities

(collision standardiz
= 3 a party who did not comply) ation

bodies,
gov’t7 cee

Safety standards
(Show compliance before selling cars)
e.g. [EEE P2846

RSS rule C
- Safety verification
(the car complies with these rules. Thus safe) Car
! makers,
ADS
+ Runtime monitoring vendoes
Safety proof (more freedom in ADS design)
for C

Risk analysis in insurance

insurance
(Safety rule compliant = lower risk compant
. panies
= cheaper insurance)

Checkable by
the public

proof-search is hard, Hasuo (N”, TOKyO) 38

proof-check is easy



Safety Envelope by RSS Rules

Can Be Retrofit to Any ADV Controller
Monitor & Intervene = Runtime Safety Guarantee

RSS Rule, an Example

» Ada nced‘

[Shalev-Shwartz et al., arXiv preprint, 2017] Calrear Calfront | ' Decision
—— . { Controller Module
Yy . [\G&Q) » i (AC) 3
« An RSS rule is a pair (4, o) of " 2pied __ (DM) Plant

an RSS condition A and a proper response «

Baseline
Controller 3
(B_C) v

/ =

AN

RSS condition A:
Maintain an inter-vehicle distance at least

i = [0+ S a7 + (2 T Pomanacea)’ i

2 2@ min,brake 2amax,brake .

Proper response a:
If A'is about to be violated, brake at rate a,,;, prake Within p seconds Phan et al.. ACSD’17
*

Conditional safety lemma: . .
Any execution of &, from a state that satisfies A, is collision-free. Sim p lex architecture

» AC pursues performance and safety
« BC pursues safety (only)

escape =
Structure of an RSS rule MRM - DM (decision module) switches between them—
(minimum risk maneuver) "use BC to escape”

* RSS Condition A:
“You can still escape if A is true”

= RSS rules fit perfectly!
« AC: existing controller (optimization-based, ML, -+)
¢ Proper response a. « BC: executes a proper response

“control strategy to escape” « DM: monitors an RSS condition.
Violation foreseen = switch to BC



RSS Safety Envelopes in Action, Scenario |

AC: no safety envelope

AC+RSS:

Original RSS rule [shalev-shwartz et al., arxiv, 2017]
as a safety envelope

(“short-sighted” collision avoidance)

AC+RSSGA :

Our RSS rule [Hasuo+, IEEE T-v]

as a safety envelope

(goal achievement too with longer-term
planning)

AC is not safe (hazadous cut-in)

AC+RSS does not reach the
shoulder

AC+RSS% successfully deployed
the long term strategy of

(brake => merge behind).
Achieved both safety and the goal

l sV

I POVs

I Unsafe
RSS
Target

State of SV:

| Controller: AC

Position:

Lane: 1

y: 0.00
Velocity: 14.00

SV (AC)
SV (BC)
POVs
Unsafe
RSS
Target

State of SV:
Position:
Lane: 1
y: 0.00

Velocity: 14.00
Controller: BC

AC

E| AC tries to merge
in front of POV 1...

SV (AC)
SV (BC)
POVs
Unsafe
RSS
Target

State of SV:
Position:
Lane: 1
y: 0.00

Velocity: 14.00
Controller: AC |

I SV is trying to merge

AC+RSS

AC+RSSGA




RSS Safety Envelopes in Action, Scenatrio |I

AC: no safety envelope

AC+RSS:
Original RSS rule

[Shalev-Shwartz et al., arXiv, 2017]

as a safety envelope
(“short-sighted” collision avoidance)
AC+RSSGA :

Our RSS rule [Hasuo+, IEEE T-v]

as a safety envelope

(goal achievement too
with longer-term planning)

AC & AC+RSS safety achieve
the goal, but are slow

AC+RSSGA

under mathematical safety guarantee,
boldly accelerates and merge in front

* ... who says safe ADVs are conservative

and boring? ©

Il SV

I POVs

I Unsafe
RSS
Target

State of SV:
Position:
Lane: 1
y: 0.00
Velocity: 12.00
Controller: AC

SV slows down to
merge behind POV 1

H SV (AC)
SV (BC)

Il POVs

I Unsafe
RSS
Target

State of SV:
Position:
Lane: 1
y: 0.00
Velocity: 12.00
Controller: BC

SV slows down to
El merge behind POV 1

B SV (AC)
SV (BC)

Il POVs

Bl Unsafe
RSS
Target

State of SV:
Position:
Lane: 1
y: 0.00
Velocity: 12.00
Controller: AC

SV engages a bold
manoeuvre to
I overtake POV 1

AC+RSS

AC+RSSCA




»

Ao

~ >  DriveSGL - Our Live Demo (Under Devel.)

Tease an ADV... Can you cause an accident?

B NE S

A AN
Z A

Danger Zone

Response Zone .
BC's Control D rlves G L v2023.06.02

Safety & Goal Achievement via Logic

N | | ez

National Institute of Informatics

James Haydon, Benjamin R. Bray, Takashi Suwa, Ichiro Hasuo

Restore Saved State Copy Saved JSON

Controller
Ours (Safeguard by Our Goal-Aware RSS) v

Scenario
target position
165

g0 0

x 8 y 0 speed 25

vehicle 3 0

x 8 y 20 speed 24

vehicle 2 0

x 4 y| 35 speed 20

vehicle 1 0

X 4 y 20 speed 20

Scenarios Proper Responses Perf Stat Debug

1: Intermediate
3 lanes / 3 vehicles

Classic RSS guarantees collision avoidance, but...

Merges too closely behind another vehicle, causing a safety
No Safeguard o
violation.

Classic Merges safely, guaranteeing collision avoidance.

2: Basic Safety Prevents Goal Achievement
3 lanes / 3 vehicles

Without a safeguard, a safety violation occurs. Classic RSS operates safely, but
abandons the goal of merging.

WEEIETENGE  Causes a safety violation.

Operates safely, but overshoots the target because it cannot

safely slow down fast enough.

Operates safely, while still reaching the target.

3: Daring, Yet Safety Guaranteed
3 lanes / 4 vehicles

Goal-Aware RSS can guarantee the safety of a risky-looking control.

No Safeg Waits for all other cars to pass before attempting to merge.
Waits for all other cars to pass before attempting to merge.
“ Accelerates to merge between vehicles in the neighboring lane.




Roadmap

Incremental Accumulation of RSS Rules,

Incremental ODD Expansion of “ADVs with Proofs”
(.

~ 1 person.month for each scenario
Different rules for different traffic laws & customs

=> We need many rules

(# RSS rules) only increases. They don’t get invalidated (they are proofs!)
= common asset of the human kind

# RSS ruIesA
derived

2022 2024 2026 2028 2030 2035
hands-off eyes-on hands-off eyes-off
automated, automated,
no proofs no proofs
mileage \ \
driven hands-off eyes-off
automated,
with proofs

non-automated,
hands-on automated
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Two Possible Shapes of ADV Safety. Which is Better?

Blackbox Accountable
Safety Safety

'\

« Explainable and traceable safety cases

« Monolithic “safety claims” structured by logic
« Hard to examine, criticize, or « Supporting society’s collective and
improve endless efforts towards ADV safety

« The shape that we pursue

NII

MathTrust



Logic’s Mission in Society

Safety-Critical Systems Should Never be Blackbox
Proofs Explicate Assumptions, Contracts, ODDs, and Responsibilities

m How are you today, ChatGPT?

As a language model trained by OpenAl, | don't have the ability to experience emotions
like a human would. | am designed to assist with providing information and answering

questions to the best of my ability. Is there something specific you would like to know?

m What is the Capital of the Klingon homeworld, Qo'noS?

* Many emerging technologies are statistical and blackbox
* We shouldn’t let them operate in safety-critical domains

* (... fight against the “lawyer up” approach towards safety!)

Q?

Conventionally:
Proofs are for establishing absolute truths

New: proofs are communication media for
* explicating assumptions and contracts,
* showing who's responsible for what, and
e writing and assessing safety cases

Logiic as a social infrastructure for trust in ICT

45



Summary: Logical Manifestation of Specifications,
Requirements and Responsibilities Light-weight

formal methods

Formal methods for Heavy-weisht = Manufacturing DX
((:g.or?o\gg?htelcgi?g)al) B Bl formal meth-ods for  Formal/math./software
manutacturing description of ¢
Goal: o « Feasible yet powerful
to prove M = ¢ '
. “A system M satisfies a to prove M = ¢ Proof-based
req./spec./property ¢” © Misacar mathematical traffic laws
* Conventionally: 016 SEE)/ AUElg for automated driving
M is a program e Butwe ne(_ed a |
@ is “bug-free” mathematlcal/log'lcal * For int’| safety standards,
—> bug-free proofs MeetE Jif O & Celr a sound ecosystem,

0

ts' => false,
=> false,

& social acceptance

W ety fresult)) ¢
» (*response'ay ter o

L ]
ﬁogzooﬁ@)

,'message

('n
"’°"’°">'success').
B

Modeling is costly
MBD usually doesn’t help
Simulink is for numeric simulation, 46
not principally for logical verification




