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Two Parallel Stories

Symbolic model checking: Timed and hybrid systems:

-abstract data type region algebra specific region algebra

-termination analysis (e.g. clock regions, polyhedra)
Theory Application
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A Thermostat

A Thermostat
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xeR temperature
h e {on, off} heat
A Thermostat
States
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Flows
fy [l h=on — X'=K(H-x)
f, 1 h=off - x'=-Kx
Jumps
j1 [l h=on — h:=off
I [1 h=off — h:=on
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From a Hybrid System
to a Symbolic Transition System
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1. Discretize: from continuous to discrete
2. Lift: from states to state sets (“regions”)
3. Observe: from infinite to finititary

Step 1: Discretize

Transition System

Q set of states
= set of actions
post: Q x X — 22 successor function

Transition System

Q set of states

P set of actions

post: Q x T — 29 successor function
Thermostat

Q=R2x{on,off }
Z={f, T2 102} .
post (x,t,on, 1 = { {(x,0,0ff)} ift>L

(%] if t<L

Transition System

Q set of states

= set of actions

post: Qx X — 22 successor function
Thermostat

Q=R2x{on, off }
Z={f, B2}

post (x, t, on, j;) = {

{(x, 0, off) } if t>L
%] if t<L
infinite set if t<U
ost (X, t, on, f;) = {(x,t,on)} if t=U
post( )= { 2 if t>U

Step 2: Lift
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X
Step 2: Lift
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} } :
X
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h = off
L u t
Lifted Transition System
Q
z
post: 22 x ¥ — 2@ post(R,5) = Ug.g POSt(q,c)
X
h=on
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X
Step 2: Lift
post( post(R,f,), j,)
h=on
} } .
X
R
h = off
L u t
Lifted Transition System
Q
z
post: 2@ x ¥ — 2Q post(R,c) = Ug.g POSt(q,0)
pre: 2ax ¥ — 29 pre(R,0) = Ug.r Pre(q,o)
X
h=on
t t :
X
pre(R.f)
h = off
L u t
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X X
pre( pre(R.f), ) Step 3: Observe
h=on h=on
} t . t t :
X X
re(R,f.
pre(Rf,) 3<x<4
h = off h = off 2<x<3
1<x<2
O<x<1
L u t L u t
Observed Transition System Observed Transition System
Q Q
P P
pre, post: 2@ x ¥ — 2Q pre, post: 2@ x ¥ — 2@ A
A={aj aya; ..} set of observations a; p Q ={ay, ay a3 ...} set of observations a, u Q
Q
Thermostat
Model Checking: Model Checking:
From Finite-state to Hybrid Systems From Finite-state to Hybrid Systems
Graph Algorithms: Graph Algorithms:
-unit operation: access to a vertex (“state”) or edge (“transition”) -unit operation: access to a vertex (“state”) or edge (“transition”)
-for finite-state systems -for finite-state systems

Symbolic Algorithms:

-unit operation: pre or post on a state set ("region")
-also for infinite-state systems
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Model Checking:

From Finite-state to Hybrid Systems Symbolic Transition System
Q
z
Graph Algorithms: pre, post
—unlt_operatlon. access to a vertex (“state”) or edge (“transition”) ®={Ry Ry ..} setof regions R, < Q
-for finite-state systems

Symbolic Algorithms:

-unit operation: pre or post on a state set ("region")
-also for infinite-state systems
-two ingredients:

1. region algebra (e.g. BDDs, clock zones, polyhedra)
2. termination analysis

Symbolic Transition System Symbolic Transition System
Q
z
pre, post 1. Local computation: Region Operations
A
R ={R,,Ry, ..} set of regions R, c Q Compute pre, post, A,\,andcon regions in R.
Region algebra:
1. AcR
2. pre, post: R} x T — R computable
3. A:R2 5 R
D K2R computable
c: M2 {t,f}
Symbolic Transition System Region Algebras
1. Local computation: Region Operations If -Qis the valuationls.for a set X:Vals of typed \{ariables,
P 9 P -the effect of transitions can be expressed using Ops on Vals,
Compute pre, post, A, \, and c on regions in .

-the first-order theory FO(Vals,Ops) admits quantifier elimination,

2. Global computation: Symbolic Semi-Algorithms

Starting from the observations in A, compute new regions in
%R by applying the operations pre, post, A, \, and c .




then

Region Algebras

-Q is the valuations for a set X:Vals of typed variables,

-the effect of transitions can be expressed using Ops on Vals,
-the first-order theory FO(Vals,Ops) admits quantifier elimination,
the quantifier-free fragment ZO(Vals,Ops) is a region algebra.

This is because each pre and post operation is a quantifier elimination:

pre(R(X)) = (3X) (Trans(X,X) A R(X))
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Region Algebras

If -Q is the valuations for a set X:Vals of typed variables,
-the effect of transitions can be expressed using Ops on Vals,
-the first-order theory FO(Vals,Ops) admits quantifier elimination,
then  the quantifier-free fragment ZO(Vals,Ops) is a region algebra.

This is because each pre and post operation is a quantifier elimination:
pre(R(X)) = (3X) (Trans(X,X) A R(X))

Example: boolean systems
(Vals = B, and R = boolean expressions over X)

Example: Polyhedral Hybrid Automata

Q=BM"xR"
Invariants and guards:

boolean and linear constraints, e.g. an(Bx;+x,<7)

Flows: rectangular differential inclusions, e.g. x'; € [1,2]
Jumps: boolean and linear constraints, e.g. X i= 2%y + X +1

Example: Polyhedral Hybrid Automata

Q=B"xR"
Invariants and guards:
boolean and linear constraints, e.g. an@xy+x,<7)

Flows: rectangular differential inclusions, e.g. x'; € [1,2]
Jumps: boolean and linear constraints, e.g. Xy i= 2Xq + Xp +1

A = set of boolean valuations and integral polyhedra in R"

Example: Polyhedral Hybrid Automata

Q=Bm"xR"
Invariants and guards:

boolean and linear constraints, e.g. an(Bx;+x,<7)

Flows: rectangular differential inclusions, e.g. x'; € [1,2]
Jumps: boolean and linear constraints, e.g. Xy 1= 2%y + Xy +1

A = set of boolean valuations and integral polyhedra in R"

R = set of boolean valuations and rational polyhedra in R"

Example: Polyhedral Hybrid Automata

Q=B"xR"
Invariants and guards:
boolean and linear constraints, e.g. an@xy+x,<7)

Flows: rectangular differential inclusions, e.g. x'; € [1,2]
Jumps: boolean and linear constraints, e.g. Xp 1= 2%q + Xy +1

A = set of boolean valuations and integral polyhedra in R"
;

= set of boolean valuations and rational polyhedra in R"
= Z0(Q.<,+)
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Example: Polyhedral Hybrid Automata

FO(Q,<,+) admits quantifier elimination,
hence ZO(Q,<,+) is a region algebra.

Example: Polyhedral Hybrid Automata

FO(Q,<,+) admits quantifier elimination,
hence ZO(Q,<,+) is a region algebra.

Jump j: "X <Xy > Xp 1= 2%-1

Example: Polyhedral Hybrid Automata

FO(Q,<,+) admits quantifier elimination,
hence ZO(Q,<,+) is a region algebra.

Jumpj: "X <Xy o> Xp = 2%-1

pre(1<x; <x,<2,j)

Example: Polyhedral Hybrid Automata

FO(Q,<,+) admits quantifier elimination,
hence ZO(Q,<,+) is a region algebra.

Jumpj: WXy <Xy = Xp 1= 2%g-1

pre(1<x; <x,<2,j)
= (3 Xy Xo) (X1 SXoA X3 = Xy A Xp = 2X-1 A 1S X< X, £ 2)

Example: Polyhedral Hybrid Automata

FO(Q,<,+) admits quantifier elimination,
hence ZO(Q,<,+) is a region algebra.

Jump j: "X <Xy > Xp = 2X%g-1

pre(1<x, <x,<2,j)
= (3 X0 %) (X SXp A Xy =Xy A Xy = 2Xp-1 A LS X< X, < 2)
= X S<XAlSx<2x-1<2

Example: Polyhedral Hybrid Automata

FO(Q,<,+) admits quantifier elimination,
hence ZO(Q,<,+) is a region algebra.

Jump j: X <Xy = Xp 1= 2%-1

pre(1<x, <x,<2,j)
= (3 X1 Xp) (X SXpA Xy =Xy A Xy = 2X-1 A IS X< X5 < 2)
= X <XAl<x<2x-1<2
= X <XA1<x<3/2
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X4
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X2
pre(R.j)

X4

Example: Polyhedral Hybrid Automata

Flow f: "X <X, > Xy e[1,2;x,=1

Example: Polyhedral Hybrid Automata

Flow f: "X <X, o Xy e[1,2;x,=1

pre(1<x, <x,<2,f)

Example: Polyhedral Hybrid Automata

Flow f: 2x <X, > Xy e[1,2;x,=1
pre(1<x, <x,<2,f)
= (31<k;<2) (382 0) (1< X +k 8 S Xp+8 <2 A
(¥ 0 < &<8) (Xy+k;e < Xp+e))

Example: Polyhedral Hybrid Automata

Flow f: "X <X, - Xy e[1,2x,=1

pre(1<x, <x,<2,f)
= (31<k<2) (382 0) (1< X +k S S X8 <2 A
(V 0 <g<8) (Xy+k;e < Xo+e))
= (3620)(36<d,<28) (1< x4+d; < X,+5 <2 A

10



Example: Polyhedral Hybrid Automata

Flow f: "X <X, > Xy e[1,2;x,=1

pre(1<x,<x,<2,f)
= (31<k;<2) (362 0) (IS Xy HK, O < X+85 <2 A
(V 0 <g<8) (Xy+kqe < X +e))
= (3620)(35<d<28) (1< Xy+d; < X485 <2 A
X1 <Xy A Xqtdy < X,+8)

convex guards
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Example: Polyhedral Hybrid Automata

Flow f: TxX <X, > Xy e[1,2;x,=1

pre(1<x, <x,<2,f)
= (31<k;<2) (382> 0) (1< X +h 0 S Xp+8 <2 A
(V 0 <g<8) (Xy+kqe < Xo+e))
= (36>0)(36<d;<28) (1< Xy +d; < X,+5 < 2 A

X1 <X, A Xytdy < X,+8) “—
=(338)(9d)(0-8-d; 25 E1<x+d; SX,+5<2 A
X1 <Xy)

convex guards

Example: Polyhedral Hybrid Automata

Flow f: "X <X, > Xy e[1,2;x,=1

pre(1<x, <x,<2,f)
= (31<k<2) (3820) (IS x+k 3 <X+ <2 A
(V 0 <e<8) (X+kqe < Xp+e))
= (3620)(38<d<28) (1< X+, < X,+5 <2 A
Xy <Xy A XqH+dy < Xp+5)
=38 ©9dy)(0:8-dy 28 E1<x+d; <X +5<2 A
Xy <Xy)
= (98)(0:-8 AL X+ -2 Xy - X, [E
{8, 1-x1} - {28, X,-X,+8})

Example: Polyhedral Hybrid Automata

Flow f: "X <X, o Xy e[1,2;x,=1

pre(1<x, <x,<2,f)
= (312k$2) (3820) (IS x4+K 3 <X+ <2 A
(V 0 < &<8) (Xy+k;e < Xp+e))
= (3620)(36<d;<28) (1< Xy+d; < X,+8 <2 A
Xy <X, A Xq+dy < Xp*+8)
= (38)(9dy)(0-8-d; - 28 £ 1<x+d; <X, 485 <2 A
Xy <Xp)
= (98)(0:8 AL X453 -2 FE Xy - X, /E
{8, 1-x1} - {28, X=X, +8})
= (98)(0:- 8 1- X458 - 2 A Xy - X £ 1 - X4+23)

Example: Polyhedral Hybrid Automata

Flow f: 2x <X, > Xy e[1,2;x,=1

pre(1<x, <x,<2,f)
= (31<k;<2) (382 0) (1< X +k 8 S Xp+8 <2 A
(V 0 <&<8) (X+kqe < Xp+e))
= (3520) (36 <d;<25) (1< Xy*+d; S X,+5 < 2 A
Xy <Xy A XqH+dy < Xp+0)
=(38)(9dy)(0:8-dy 28 A1<x+d; <X #+5<2 A
X1 <Xy)
= (908) (0-8 /1 Xp#d - 2 FE Xy - Xp fE
{8, 1-X1} - {28, X=X, +3})
= (98) (081 X482 X, - Xy £ 1 %4+28) = Xy -
Xo AE {0, 1-X,, (1-X4)/2} - {2-X5}

Example: Polyhedral Hybrid Automata

Flow f: "X <X, - Xy e[1,2x,=1

pre(1<x; <x,<2,f)
= (31<k<2) (382 0) (A< X4Hk 5 < Xp+8 <2 A
(V 0 <& <8) (Xy+k;e < Xp+e))
= (3820)(38<d<28) (A< xy+d; < Xp+3<2 A
X1 <Xy A XqHdy < X,+8)
=(38)(9dy) (08 -d; - 28 E 1< X +d; SX#3<2 A
Xy <Xy)
= (98) (0-8 1 X#d - 2 FEXy - Xp AE
{8, 1-x3} - {28, X=X, +3})
= (98)(0:8 1 X482 Xy - Xp £ 1 - X4+28) = Xy -
X, A {0, 1-X5, (1-%4)/2} - {2-X5} = Xy <X <2A
2X, <x4+3

11
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X2 X2

pre(R.f)

X4 X4

app
X :e [2000,0) .
exit
X'€[30,50]
) x <100
Qraln
app raise
raise?| |I0wer? _ raise?
exit lower

7
K gate lower?

X: initialized rectangular variable

12



raise

raise?

lower

- <
K gate lower?

y: uninitialized singular variable
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app exit

raise!

controller

lower raise

app exit

N
( idle ) exit? (

Properties

Safety: v (x<10 = loc[gate] = closed )

‘ “on all trajectories, always” |

For which values of « is this true?

N raise!
controller
lower raise
t: clock
o: parameter
Properties

Safety: v (x<10 = loc[gate] = closed )
Liveness: v V< (loc[gate] = open)

‘ “on all trajectories, eventually” ‘

Properties

Safety: v (x<10 = loc[gate] = closed )
Liveness: VO V< (loc[gate] = open)

Realtime: vJz:=0.(z2=1 =
v< (loc[gate] = open A z<60))

clock variable

13



Properties

Safety: v (x<10 = loc[gate] = closed )
Liveness: v V< (loc[gate] = open)
Realtime: v(Oz:=0.(z2=1 =
v< (locgate] = open A z<60))
Nonzeno: vJz:=0.(zZ=1 = 30 (z2=1))
!

l “on some trajectory, eventually” |

01/07/2010

A Zeno System

xi Iy

x{

A Zeno System

Safety or
Collection of liveness or
polyhedral real time or

hybrid automata  nonzeno
Model Property

Model Checker
HyTech

Condition under which the
model satisfies the property,
or error trajectory

Model Checking for Safety

BM x R"

initial
states

unsafe
states

Model Checking for Safety

BM x RN

initial
states

unsafe
states

14
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Model Checking for Safety

BM x R"

initial
states

unsafe
states

Model Checking for Safety

B™ x R" unsafe
parameter
values

initial
states

Model Checking for Safety

B™ x R" unsafe
parameter
values

initial
states

This is guaranteed to terminate if all variables are initialized (e.g. clocks).

The Result

Applications of HyTech and Derivations:
polyhedral overapproximation of dynamics

-automotive engine control [Wong-Toi et al.]
-chemical plant control [Preussig et al.]
-flight control [Honeywell; Rockwell-Collins]
-air traffic control [Tomlin et al.]

-robot control [Corbett et al.]

Applications of HyTech and Derivations:
polyhedral overapproximation of dynamics

-automotive engine control [Wong-Toi et al.]
-chemical plant control [Preussig et al.]
-flight control [Honeywell; Rockwell-Collins]
-air traffic control [Tomlin et al.]

-robot control [Corbett et al.]

Successor Tools:
1. More expressive region algebras, e.g. FO(R,<,+,-) still
permits quantifier elimination [Pappas et al.]

2. Different approximations, e.g. ellipsoid regions instead
of polyhedral regions [Varaiya et al.]

15



Symbolic Transition System

Q
z
pre, post
A
R

Region algebra:

1. AcC®R
2. pre, post: R x T — R computable
3. ARz R

D R R computable

w2 {1}

01/07/2010

Model Checking for Safety

BM x R"

initial
states

Symbolic Semi-Algorithms

Starting from the observations in A, compute new
regions in R by applying the operations pre, post,
A,\,andc.

Termination?

Five Verification Questions

Five Verification Questions

V1 Reachability 3o b
Is an invariant always true? 3¢ unsafe

V2: Counting Reachability uX. (b v pre?(X))
Conjunction-free p-calculus

Is an invariant true every other step?

V1: Reachability 3O b

Is an invariant always true? 3< unsafe
Five Verification Questions

V1: Reachability 3o b
Is an invariant always true? 3< unsafe

V2: Counting Reachability puX. (b v pre?(X))
Conjunction-free p-calculus
Is an invariant true every other step?

V3: Repeated Reachability I0C b
Linear temporal logic (LTL)
Liveness (O fair A =< goal)

16



Five Verification Questions
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Five Verification Questions

V1: Reachability IO b
Is an invariant always true? 3<$ unsafe
V2: Counting Reachability pX. (b v pre(X))
Conjunction-free p-calculus
Is an invariant true every other step?
V3: Repeated Reachability 300 b
Linear temporal logic (LTL)
Liveness 3(O< fair A =< goal)
V4: Nested Reachability 3O (bAIO by AT by)
Half branching temporal logic (3CTL, VCTL)
V1: Symbolic Reachability
an3i®b

Given a,beA, is there a trajectory from a to b?

initial states unsafe states

V1: Reachability 3O b
Is an invariant always true? 3< unsafe
V2: Counting Reachability puX. (b v pre%(X))
Conjunction-free p-calculus
Is an invariant true every other step?
V3: Repeated Reachability 30C b
Linear temporal logic (LTL)
Liveness 3(O< fair A =< goal)
V4: Nested Reachability 3O (b A 3O by ATO by)
Half branching temporal logic (3CTL, VCTL)
V5: Negated Reachability vO(b—->30c)
Full branching temporal logic (CTL)
Nonzenoness v (tick — pre(3< tick))
V1: Symbolic Reachability
arnid®b

Given a,beA, is there a trajectory from a to b?

pre(b) = Ugey pre(b,a)

V1: Symbolic Reachability

ardob

Given a,beA, is there a trajectory from a to b?

b[
pre(b)
b[ pre(b
[ pre?(b)

D

V1: Symbolic Reachability

anidb

Given a,beA, is there a trajectory from a to b?

[ pre?(b)

17



V1: Symbolic Reachability

an3ob

Given a,beA, is there a trajectory from a to b?

01/07/2010

V1: Symbolic Reachability

an3idb

Given a,beA, is there a trajectory from a to b?

V2: Symbolic Counting Reachability

a A pX. (b v pred(X))

Given a,beA, is there a trajectory of even length from a to b?

D

V2: Symbolic Counting Reachability

a A pX. (b v pre(X))

Given a,beA, is there a trajectory of even length from a to b?

b[

Replace pre by pre2
in reachability.

V2: Symbolic Counting Reachability

a A pX. (b v pre?(X))

Given a,beA, is there a trajectory of even length from a to b?

D

Replace pre by pre?
in reachability.

b[ pre(t
[ pre‘(b)

V2: Symbolic Counting Reachability

a A pX. (b v pre(X))

Given a,beA, is there a trajectory of even length from a to b?

[ pre?(b)

Replace pre by pre2
in reachability.

18



V2: Symbolic Counting Reachability

a A pX. (b v pre?(X))
Given a,beA, is there a trajectory of even length from a to b?

01/07/2010

V3: Symbolic Repeated Reachability

ar3dob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

Y K

V3: Symbolic Repeated Reachability

ar3d0ob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

-

V3: Symbolic Repeated Reachability

aAr3dOob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

R; =3<Opre(b)

pre(b) [
pre?(b)

V3: Symbolic Repeated Reachability

ar3d0Oob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

Ry =3 pre(b)

V3: Symbolic Repeated Reachability

arddOob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

19



V3: Symbolic Repeated Reachability

aAr300b

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?
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V3: Symbolic Repeated Reachability

ar3dob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

V3: Symbolic Repeated Reachability

ar3d0ob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

y
|

V—é

V3: Symbolic Repeated Reachability

aAr3dOob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

\)\

f—é

V3: Symbolic Repeated Reachability

ar3d0Oob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

r—s

|
)

V4: Symbolic Nested Reachability

an3o (ba3O byaIdby)

20



V4: Symbolic Nested Reachability

an3dO (ba3ddO byaIOby)

D

01/07/2010

V4: Symbolic Nested Reachability

an3d (ba3d byaIOby)

30 b,

C O NS

V4: Symbolic Nested Reachability

an3® (ba3l bya3lby)

V4: Symbolic Nested Reachability

an3do (ba3d bya3l by

V4: Symbolic Nested Reachability

andO (baIO byAIODby)

FO (bAFO by ATOby)

V4: Symbolic Nested Reachability

an3o (ba3O byaIdby)

3O (b AFO by A IO by)

21



V4: Symbolic Nested Reachability

an3dO (ba3ddO byaIOby)

3O (b A 3O by ATO by)

01/07/2010

V5: Symbolic Negated Reachability

aAvO(b—>3Oc)

Given a,b,ceA, can every trajectory from a to b be extended to c?

V5: Symbolic Negated Reachability

aArvO(b—>3Oc)
Given a,b,ceA, can every trajectory from a to b be extended to c?

D

V5: Symbolic Negated Reachability

aAvO(b—>3Oc)
Given a,b,ceA, can every trajectory from a to b be extended to c?

’

V5: Symbolic Negated Reachability

aArvO(b—»>30c)

Given a,b,ceA, can every trajectory from a to b be extended to c?

V5: Symbolic Negated Reachability

aAvO(b—3Cc)

Given a,b,ceA, can every trajectory from a to b be extended to c?
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V5: Symbolic Negated Reachability

aAvO(b—3Oc)
Given a,b,ceA, can every trajectory from a to b be extended to c?

an-30 (ba-300)

V5: Symbolic Negated Reachability

aAvO(b—>3Oc)

Given a,b,ceA, can every trajectory from a to b be extended to c?

Five Specification Logics

L1: Reachability Logic
9:=alove|300

Five Specification Logics

L1: Reachability Logic
9:=alove|3Ce
L2: Conjunction-free p-Calculus

¢ :=a|X]|ovo|pre(o) | uX.¢
Symbolic model checking: pre, [,

Five Specification Logics

L1: Reachability Logic
9:=alove|300
L2: Conjunction-free p-Calculus

9:=a|X]|ove|pre(o) | pX.o
Symbolic model checking: pre, [, <

L3: Guarded p-Calculus (subsumes LTL, omega automata)

¢o:=a|X|ove|are]|pre(o) | uX.¢ | vX.@
Symbolic model checking: pre, [, <, Aa

Five Specification Logics

L1: Reachability Logic
9:=aleve|30e
L2: Conjunction-free p-Calculus

o:=a|X|ove | pre(e) | pX.@
Symbolic model checking: pre, [,

L3: Guarded p-Calculus (subsumes LTL, omega automata)

9 :=a|X|ovo|ang|pre(p) | pX.o | vX.@
Symbolic model checking: pre, [, <, Aa

L4: Existential pu-Calculus (subsumes 3CTL)

9:=a|X]ove|ore | pre(o) | uX.o | vX.@
Symbolic model checking: pre, [, <, A
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Five Specification Logics

L1:

L2:

L3:

L4:

L5:

Reachability Logic
9=alove|30e
Conjunction-free p-Calculus

9:=a|X]|ove|pre(e) | uX.o
Symbolic model checking: pre, [,

Guarded p-Calculus (subsumes LTL, omega automata)

¢:=a|X|ove|anre|pre(e) | uX.o | vX.@
Symbolic model checking: pre, [, <, A a

Existential u-Calculus (subsumes 3CTL)

9:=a|X|ove | ong | pre(e) | uX.o | vX.@
Symbolic model checking: pre, [, <,

p-Calculus (subsumes CTL) pre()=: pre:(¢)

9:=a|X|ove| orp | pre(e) | pre(e) | uX.o | vX.@
Symbolic model checking: pre, [, =, A, \

Five Symbolic Semi-Algorithms

Al: Symbolic backward reachability

for each acA do

Five Symbolic Semi-Algorithms

Al: Symbolic backward reachability
A2: Close A under pre

Jp=A
fori=1,2,3,..do
3= 3y [{ pre(R) | Re T}

until 3 = 3,4

Ry:=a
fori=1,2,3,..do
Ri:=R.i [pre(Ryy)
until R, = R,
A={ay, aj}

A1 computes: a,[pre(a;),
ay[ pre(a;) [ pre¥(a,
ay[ pre(ay) [ pre?(a) [ pre(@;), .
;| pre(ay),
a;[ pre(ay) [ pre*(@y),

A2 computes: pre(a,), pre(a,), pred(ay), ..
pre(ay), pre*(ay), pre(@y), ..

Five Symbolic Semi-Algorithms

A1: Symbolic backward reachability
A2: Close A under pre
A3: Close A under pre, A a

I =A
fori= 123, do

=3 [{D"E( )| Re3;}
[{RAa|Re3;, acA}

A={ay, a3}

A1 computes: a[ pre(a;)
ay[ pre(a;)

ay[ pre(a,)
)

)

Tpre¥(a,),
[p

re(a,) [ pre¥(ay), ..

ag pre(ay),
a[ pre(a,) [ pre(ay), -

A2 computes: pre(a,), pre?(a,), pre*(ay), ..
pre(ay), pre?(ay), pre’(ay), ..

A3 computes: also pre(a,)A a, etc.

01/07/2010
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Five Symbolic Semi-Algorithms

01/07/2010

Al: Symbolic backward reachability
A2: Close A under pre

A3: Close A under pre, A a

Ad: Close A under pre, A

-1 [{pre(R) [Re3;}
[{ o | RiRye3}

e
T
Py

until 3; = 3,4

Five Symbolic Semi-Algorithms

Al: Symbolic backward reachability
A2: Close A under pre

A3: Close A under pre, A a

Ad: Close A under pre, A

A5: Close A under pre, A |\

re(R) | ReJ;}
1'& R, Ry, R€3}
Ry [ Ry R}

until 3; = 3,4

Five Symbolic Semi-Algorithms

Al: Symbolic backward reachability
A2: Close A under pre

A3: Close A under pre, A a

Ad: Close A under pre, A

A5: Close A under pre, A |\

Ay terminates (1 <k<5) =
symbolic model checking of L, terminates.

E1:

E2:

Five State Equivalences

Bounded-Reach Equivalence

q=4q, iff if acA can be reached from g4 in d steps,
then a can be reached from g, in at most d steps,
and vice versa.

Distance Equivalence
q1=q, iff ifacA can be reached from g in d steps,

then a can be reached from g, in d steps,
and vice versa.

25
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pre(a)

pre?(a)

pre(a)

Five State Equivalences

E1: Bounded-Reach Equivalence
E2: Distance Equivalence
E3: Trace Equivalence

01230, iff

and vice versa.

if every finite trace from q, is afinite trace from q,.

)+ ()
3
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pre(a A pre(a))

> »
O @ ©®
» ©® ©

Five State Equivalences

E1:
E2:
E3:
E4:

Bounded-Reach Equivalence
Distance Equivalence

Trace Equivalence

Similarity (mutual simulation)

q124Q, iff if g, simulates g5,
and vice versa.

q, is simulated by q,
iff
there is a simulation relation S such that
1. 8(a1,02)
2. if S(p,q) then
a. (8a2A) (p2a iff g2a)

b. (8 p') (if p2 pre(p') then
(99 (a2 pre(q) £ S(p'.9))

01/07/2010
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O © ©
QOO © O
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=3

A5 9%

pre(pre(a) A pre(b))
2> R
R OO
OO G O

Five State Equivalences

E1:
E2:
E3:
E4:
E5:

Bounded-Reach Equivalence

Distance Equivalence

Trace Equivalence

Similarity (mutual simulation)

Bisimilarity

q:=5Q, iff if gy simulates q, via a symmetric

simulation relation (this is called
a bisimulation relation).

(2) @
OMO (2)
OO © O

28
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O, (2) OO (2)
QO & O QO G ©

Specification Logics:

L1 Reachability

L2 Conjunction-free p-calculus

L3 Guarded p-calculus / LTL / omega automata
L4 Existential p-calculus / 3CTL

L5 p-Calculus / CTL

State Equivalences:

E1 Bounded-reach equivalence
E2 Distance equivalence
E3 Trace equivalence

E4 Similarity
E5 Bisimilarity

Symbolic Semi-Algorithms:

A1l Backwards pre iteration
A2 Closure under pre
A3 Closure under pre, A a
A4 Closure under pre, A
A5 Closure under pre, A , \ ("partition refinement")
Semi ASIymt_)t(r)]hc Specification Semi Elympt%“c Specification
emi-Algorithm Logic emi-Algorithm Logic

model checks model checks

k=12345 k=12345

computes induces computes induces

g =.q, iff forall
formulas ¢ of L,
a1 ?¢iffa,? @

If E, has finite index, then
State State L, can be model checked
Equivalence Equivalence ©n finite quotient.

29



A terminates iff symbolic model checking
terminates for all formulas of L,.

li All regions definable
) Symt_)o I by formulas of L, are Specification
Semi-Algorithm generated by A,. Logic

model checks

k=12345
computes induces

qy =.q, iff forall
formulas ¢ of L,

g1 2eiffa,2 ¢

If E has finite index, then
State L, can be model checked
Equivalence on finite quotient.

01/07/2010

A, terminates iff symbolic model checking
terminates for all formulas of L,.

i All regions definable
) Syml?o Ic by formulas of L, are Specification
Semi-Algorithm generated by A,. Logic

model checks

k=1,2345

computes
qyq, iff forall
regions R computed
by A, g;eRiffq,eR

induces

Q1 =.q, iff forall
formulas ¢ of L,
g:2¢iffg,2 ¢

A terminates iff

If E¢ has finite index, then
E, has finite index. State

L, can be model checked
Equivalence on finite quotient.

Five Classes of Symbolic Transition Systems

STS1: pre’ terminates < Finite bounded-reach equiv =
3< decidable

STS2: pre closure terminates < Finite distance equiv =
conjunction-free p-calculus decidable

STS3: (pre, A a) closure terminates < Finite trace equiv =
guarded p-calculus (LTL, omega automata) decidable

STS4: (pre, A) closure terminates <> Finite similarity =
existential p-calculus (3CTL, YCTL) decidable

STS5: (pre, A, \) closure terminates <> Finite bisimilarity =
p-calculus (CTL) decidable

Five Classes of Symbolic Transition Systems

STS1: pre’ terminates < Finite bounded-reach equiv =
3¢ decidable
Well-structured transition systems of Finkel et al.

STS2: pre closure terminates < Finite distance equiv =
conjunction-free p-calculus decidable

STS3: (pre, A a) closure terminates < Finite trace equiv =
guarded p-calculus (LTL, omega automata) decidable
Initialized rectangular hybrid automata

STS4: (pre, A) closure terminates < Finite similarity =

existential p-calculus (3CTL, VCTL) decidable
2D initialized rectangular hybrid automata

STS5: (pre, A, \) closure terminates <> Finite bisimilarity =
p-calculus (CTL) decidable
Initialized singular hybrid automata

Example: Singular Hybrid Automata

Q=Bm"xR"
Invariants and guards:

integral bounds, e.g. X<7 A 1<x,52
Flows: constantslopes, e.g. Xy =1 x,=2
Jumps: integral assignments, e.g. X;:=0; X,:=5

A={x=c,c<x<ctl|l<i<n,ceN,c<cCp,}

Xz
(Crmax:Crnax)

(0,0)

X4
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Xz
(Cmax:Cnax)
3<x4<4 A X,=4
X1=3 A X,=3
1<x4<2 A 2<%,<3
(0,0) X4

01/07/2010

Example: Singular Hybrid Automata

Q=B"xR"

Invariants and guards:

integral bounds, e.g. X <7 A 1<x,52

Flows: constant slopes, e.g.
Jumps: integral assignments, e.g.

X1=1; x,=2
X;:=0; x:=5

A={x=c,c<x<c+1|1<i<n,ceN,C<Cpu}

‘ Initialized: assignment when slope changes. |

Special Case: Timed Automata

Q=B"xR"

Invariants and guards:

integral bounds, e.g. X <7 A 1<x,2

Flows: clocks, e.g. xy=1; x',=1
Jumps: integral assignments, e.g. X1 :=0; X,:=5

A={x=c,c<x<ctl|l<i<n,ceN,c<c

Always initialized.

max }

fiox'=1;%x'=1
]:1: x;:=0
joi X =0

fiox'=1;%x'=1

jii x;:=0
f joi X:=0

fiox'=1;%x'=1

jii x:=0
f jo X:=0

31
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fiox'=1%"=1 fiox'=1x%"'=1
jir xg:=0 jii x4y =0
f joi X,:=0 f jo X,:=0
7 R
h A h i2
/ pre(R,f)
fi x'=1;%x'=1 fiox'=1;%x'=1
J:WZ X;:=0 ]:1: x;:=0
f joi X,:=0 joi X =0
J A
fox'=1x%x"'=1
Jit =0 Timed Automata
f j2 X:=0
h ia
Xy Xz
(Crmax:Cmax) (Cmax:Cmax)
Clock regions:
boolean combinations of
X;-C
X=X - d
(clock difference formulas)
[Alur, Dill]
Finite bisimulation.
(0,0) % 0.0 X,

32



Timed Automata

X2
Corollary:
guards and invariants
Xq-X%p - d
are permissible.
Finite bisimulation.
(0,0)

(Crmax:Crmax)

X4

01/07/2010

Timed Automata

X2

Corollaries:

CTL model checking over

timed automata is decidable.

Finite bisimulation.

(CrmanCmax)

0,0

X4

Timed Automata

X2

Corollaries:

CTL model checking over
timed automata is decidable.

The language of a timed
automaton is (omega) regular.

Finite bisimulation.

(Crmax:Crmax)

(0,0) %
fi x'=1;%x'=2
jii x¢:=0
f joi X:=0
T R
"k
pre(Rf)

fiox'=1;%x'=2
jii =0
joi X =0
fiox'=1;%x'=2
jii x:=0

f jo X:=0

33
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fioxy'=1;%'=2 foox'=1x'=2
jii ;=0 jii ;=0
f joi X,:=0 f jo X,:=0
h o h in
pre(R'.jp)
R'
fi x'=1;%x'=2 fiox'=1;%x'=2
jii ;=0 jii =0
f joi X,:=0 f joi X =0
R"
J i i i,
pre(R"))
fox'=1x'=2
jii x;:=0 fiox'=1;%x'=1 Observation, invariant,
f j2i X:=0 jii x:=0 or guard: X1>Xo
- f joi X =0
I
J2 i
] X2 iz
(Crmax:Cmax)

Finite bisimulation.

(0,0)

X4
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fioxy'=1;%'=2 Observation, invariant, foox'=1x'=2 Observation, invariant,
jir xg:=0 or guard: X1>Xo jii x4y =0 or guard: X4>Xo
joi X,:=0 f jo X,:=0
T, »
foox'=1;%'=2 Observation, invariant, foox'=1x'=2 Observation, invariant,
jii ;=0 or guard: X1>Xy jii =0 or guard: X1>Xo
joi X,:=0 f joi X =0
» i i, °
R
pre(R,f)
fi x'=1;%x'=2 Observation, invariant, fiox'=1;%x'=2 Observation, invariant,
jii x¢:=0 or guard: X1>Xg Jio Xq = or guard: X1>Xo
joi X:=0 f jo X:=0
» i i, °
pre(R.j)
4
L2 =
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fioxy'=1;%'=2

Observation, invariant,

01/07/2010

fiox'=1x%x'=2 Observation, invariant,

jii x4y =0 or guard: X4>Xo
f jo X,:=0
Wi, *
foox'=1x'=2 Observation, invariant,
jii =0 or guard: X1>Xo
f joi X =0
4R 4

jio x=0 or guard: X1>Xo
f joi X:=0
)1 i»
foox'=1;%'=2 Observation, invariant,
j1o % =0 or guard: X1>Xy
f j2i X =0
J1 i
fi x'=1;%x'=2 Observation, invariant,
jii X:=0 or guard: X1>Xg
f o X:=0
J1 i,

Infinite bisimulation.

Undecidability of Reachability
for
Uninitialized Singular Automata

clock used for storage of counter value
auxiliary clock
zZ=1o0rz=2
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Undecidability of Reachability
for
Uninitialized Singular Automata

Doubling of Clock Value

X clock used for storage of counter value
y auxiliary clock
z zZ=1orz=2

Encoding of counter value a:
every 4 time units, x = 1/22

Doubling of Clock Value

Doubling of Clock Value

x=41z:= z=41x:=0

0
y:=0 27=2 y=41ly:=0 7z =1 y=4

Doubling of Clock Value

4
4
Doubling of Clock Value
x=41z:=0 z=41x:=0
yi=0 (z=2) y=4ly:= Z=1)_Y=4
4

2v

x=41z:= z=41x:=0

................ 2v

IN

01/07/2010
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Doubling of Clock Value

Halving of Clock Value

01/07/2010

x=41z2:=0 z=81x:=0

Halving of Clock Value

Example: Rectangular Hybrid Automata

Q=B"xR"
Invariants and guards:

integral bounds, e.g. X <7 A 1<x,52
Flows: bounded slopes, e.g. X'y e[1,2]; xp=1
Jumps: integral assignments, e.g. X;:=0; X;:=5

A={x=c,c<x<c+tl|l<i<n,ceN,C<Cpu}

‘ Initialized: assignment when slope bounds change. ‘

x=41z:= z=81x:=0
y:=0 ;Z'=1i y=4ly:= ;z:zi; y=4
4
v
vi2
4
f: x,'e[1,2]; x,'e[1,2]
J:WZ X:=0
f joi X,:=0

f: x,'e[1,2]; x,'€[1,2]

1:1: X, :=0
£ J2t Xp:=0

pre(R,f)
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fi x,'e[1,2]; x,'e[1,2] fi x,'e[1,2]; x,'e[1,2]
1:1: X;:=0 Jiﬂ Xy =0
joi X,:=0 f jo X,:=0
h i
q R'
pre(R',f)
f x'el1,2] x'e[1,2] fixq'el1,2]; x;'e[1,2]
it X4 =0 TS =0
joi X,:=0 f joi X =0
i i
[,
R" pre(R"j1)
f: x,'e[1,2]; x,'e[1,2] f: x,'e[1,2]; x,'€[1,2]
J:WZ X:=0 J:WZ X, :=0
joi X:=0 f jo X:=0
i i,
L 4
pre(R3j;)
L d =
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f: xq'e[1,2]; x,'€[1,2]

01/07/2010

. xy'e[1,2]; %,'e[1,2]
jii xg=0

]:1: X;:=0
f J2r %;:=0
Iy, /
f: x'e[1,2]; x,el1,2]
Ji %= 0
f j2t X;=0
h i

1
e

i \ll

Infinite bisimulation. ‘

\': \

f: x,'e[1,2]; x,'e[1,2]
1:1: X:=0
f j2: X =0

I3

pre(R.f)

pre(R,f)

f joi Xp:=0
i, /
f. xy'e[1,2];%'e[1,2]
Jit %= 0
f Jot X2 =0
i i
f. xy'e[1,2];%'e[1,2]
Jit %= 0
‘ joi X =0
J1 i,
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o x'e[1,2]; x,'e[1,2]
JH: X, =0
J2t X2:=0

fioxi'el1,2]; x,'e[1,2]

Jﬁ: x;:=0
J2t %2 =0
<

. x,'e[1,2]; x,'e[1,2]
J:‘: x;:=0
Izt %1 =0

froxq'e[1,2]; x,'e[1,2]
Ji‘: x;:=0
J2 %:=0

i xi'e[1,2]; x,'e[1,2]
J:13 x;:=0
o %= 0

o xq'e[1,2]; x,'e[1,2]

j13 x;:=0
Joi X:=0
[ d
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o x'e[1,2]; x,'e[1,2]

fioxi'el1,2]; x,'e[1,2]

]:1: X, =0
. J2: %:=0
)1 i»
[,
®
GI/ /'
. x,'e[1,2]; x,'e[1,2]
]:‘: x;:=0
. J2 x2:=0
h i»
>
1/ /'
i xi'e[1,2]; x,'e[1,2]
1:1: Xy :=0
; j2t X;=0
J1 i

Jﬁ: x;:=0
. J2t %2 =0
I i
<
[ 4 /
froxq'e[1,2]; x,'e[1,2]
Ji‘: x;:=0
¢ J2 %:=0
i i
[,
. Ih’/ /
o xy'e[1,2]; x,'e[1,2]
J:WZ X, :=0
£ jo X:=0
J1 i

[ ]
~ L ]

/
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(CrmaxsCrmax)

Finite simulation.

(0,0)

X4

01/07/2010

Summary

Timed and initialized singular automata:

STS5 = CTL model checking
[Alur, Dill; Alur, Courcoubetis, H, Ho]

2D initialized rectangular automata:

STS4 = VCTL model checking
[H, Kopke]

Initialized rectangular automata:

STS3 = LTL model checking
[H, Kopke, Puri, Varaiya]

Networks of timed automata:

STS1 = reachability analysis
[Abdullah, Jonsson]

Suppose a hybrid system consists of several components
(e.g., controller and plant).

V1-5: Can the components collaborate to achieve an
objective?

C1-5: Can a subset of the components (e.g., the controller)
achieve the objective no matter how the other components
(the plant) behave?

Need model that preserves components:
"players" in a concurrent game.

The Thermostat Revisited

Player 1 (plant):

The Thermostat Revisited

Payer 2 (controller);

States

h e {on, off } heat

teR timer
Flows
f “t<U > t'=1
Jumps
j1 “ h=on A t>L —» h:=off, t:=0
jo % h=off At=L - h:=on; t:=0

States
xeR temperature
Inputs
h e {on,off } heat
Flows
fy % h=on — x =K(H-X)
f, % h=off » x'=-Kx
Jumps
Concurrent Game
Q states
24,2, moves of both players
post: QxZ;x 2%, > Q transitions
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Concurrent Game

Q states
DI moves of both players
post: QxZyxZ, > Q transitions

cpre;:29x ¥, — 29

q e cprey(R,04) iff forallo,e =y,
post(q,01,0) € R

01/07/2010

Iy ={oy0'}
I, ={c50"%}

(04,02)

2y ={o4,0'1}

, cprey(R) = Ugiasy cpreq(R,o4)
I, = {020}

Zy = {04,061}

K cprey(R) = Usiaxq Cpres(R,o4)
I, = {050}

(51,02)

99
98

Concurrent Game

Q states
242 moves of both players
post: QxZ;xZ, > Q transitions

cpre,: 28x ¥, — 2Q
q € cpreg(R,o4) iff forallo,e X,
post(q,04,0,) € R
cprey: 29x ¥, — 29
q e cprey(R,0,) iff forallo, e =y,
post(q,61,65) € R

Symbolic Concurrent Game

Q states

24,2, moves of both players
cprey, cpre, controllable pre operators
A observations

R={Ry, Ry, ..} regions R, c Q

Region algebra:

1. AcC®R

2. cpre;: R x 2y - R computable
cpre,: R x £, > R computable

3. A2 9
\: Mo R computable
c: R {t,f}
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Symbolic Semi-Algorithm

Starting from the observations in A, compute new
regions in R by applying the operations cpre, cpre,,
A \,andc.

V1: Verification for Reachability

an3idb

Given a,beA, is there a trajectory from a to b?

D

V1: Verification for Reachability

an3ob

Given a,beA, is there a trajectory from a to b?

b[
pre(b)
b[ pre(b
[ pre?(b)

C1: Control for Reachability

an{(IHeb

Given a,beA, does player 1 have a strategy to
force the game from a to b?

D

C1: Control for Reachability

a1 b

Given a,beA, does player 1 have a strategy to
force the game from a to b?

b[
@ cprey(b)

C1: Control for Reachability

anr{(IHob

Given a,beA, does player 1 have a strategy to
force the game from a to b?

01/07/2010
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C1: Control for Reachability

an {1 b

Given a,beA, does player 1 have a strategy to
force the game from a to b?

(NS b

b[
cpre;(b) [
cpre,4(b)

01/07/2010

C1: Control for Reachability

an((1Hob

Given a,beA, does player 1 have a strategy to
force the game from a to b?

(Wb

C1: Control for Reachability

ar({(Inob

Given a,beA, does player 1 have a strategy to
force the game from a to b?

(NS b

cpre;(b) [
cpre,?(b)

V3: Buechi Verification

aAr3dOob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

>

V3: Buechi Verification

ar3d0Oob

Given a,beA, is there an infinite trajectory from a that visits b
infinitely often?

C3: Buechi Control

aA((1HOo b

Given a,beA, does player 1 have a strategy from a to visitb
infinitely often?

-
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C3: Buechi Control

aA(IHOob

Given a,beA, does player 1 have a strategy from a to visit b
infinitely often?

Ry = (1)< cpre;(b)

>
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C3: Buechi Control

aA((1HOo b

Given a,beA, does player 1 have a strategy from a to visit b
infinitely often?

C3: Buechi Control

an((1)OO b

Given a,beA, does player 1 have a strategy from a to visit b
infinitely often?

Ry = (1)) cprey(b)
R, = ((1))< cpre,(b ARy)

C3: Buechi Control

a0 b

Given a,beA, does player 1 have a strategy from a to visit b
infinitely often?

R; = (1)< cprey(b)
R, = (1)< cprey(b AR,)|

C3: Buechi Control

aA(1pOob

Given a,beA, does player 1 have a strategy from a to visit b
infinitely often?

q, is simulated by q,
iff
there is a simulation relation S such that
1. 8(a1,02)
2. if S(p,q) then
a. (8a2A) (p2a iff g2 a)

b. (8 p') (if p2 pre(p') then
(99 (a2 pre(q) £ S(p'.9))
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q, is alternating simulated by g, [Alur, H, Kupferman, Vardi]
iff
there is an alternating simulation relation S such that
1. 5(01,92)
2. if S(p,q) then
a. (8a2A) (p2a iff g2 a)

b. (8 p') (if p2 cpres(p') then
(99') (a2 cprey(q) £ S(p'.q)

01/07/2010

SCG1:

Five Classes of Symbolic Concurrent Games

cpre, iteration terminates =
((1))< decidable

SCG2: cpre, closure terminates =

SCG3:

SCG4:

SCG5:

conjunction-free alternating p-calculus decidable

existential alternating p-calculus (((1))ATL) decidable

alternating p-calculus (ATL) decidable

(cpre;, A a) terminates < Finite alternating 1-trace equiv =
guarded alternating p-calculus (LTL, omega games) decidable

(cpre;, A) terminates < Finite alternating 1-similarity =

(cpre;, A, \) terminates <> Finite alternating 1-bisimilarity =

Summary

Timed and initialized singular automata:

SCG5 = ATL control
[de Alfaro, H, Majumdar]

2D initialized rectangular automata:

SCG4 = {(1))ATL control
[de Alfaro, H, Majumdar]

Initialized rectangular automata:

SCG3 = LTL control
[H, Horowitz, Majumdar]

Networks of timed automata:

SCG1 = reachability control

Verification vs. Control:
Can we use the "same" algorithms?

Suppose we have an LTL formula ¢ and a symbolic
semi-algorithm A(pre) that computes 9¢.

Question: does A(cpre;) compute ((1)), that is, does
it solve the game with player-1 objective $?

Verification vs. Control:
Can we use the "same" algorithms?

Suppose we have an LTL formula ¢ and a symbolic
semi-algorithm A(pre) that computes 9¢.

Question: does A(cpre,) compute ((1))¢, that is, does
it solve the game with player-1 objective ¢?

Not necessarily!

From Verification to Control

Thm 1: If A(pre) computes 9¢ and A(pre) computes 8¢,
then A(cpre;) computes ((1))¢.
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From Verification to Control

Thm 1: If A(pre) computes 9¢ and A(pre) computes 8¢,
then A(cpre,) computes ((1))¢.

Example: Since 90 a=pX. (aC pre(X))
and 80 a=p X (aCpre(X))
also  (1)Ca=pX (aC
cpre;(X))

From Verification to Control

Thm 1: If A(pre) computes 9¢ and A(pre) computes 8¢,
then A(cpre,) computes ((1))¢.

Example: Since 90 a=uX. (aC pre(X))
and 80 a=pu X (aC pre(X))
also (1L a=pX.(aC
cpre;(X))

Thm 2: For every LTL formula ¢, we can construct a symbolic
semi-algorithm (i.e., guarded p-calculus formula) A, that satisfies
the premise of Thm 1.

[de Alfaro, H, Majumdar: LICS 2001]

Two Messages
for
Infinite-State Model Checking and Control

1. Separate local (region algebra) from global
(symbolic semi-algorithm) concerns

2. Appeal to finite abstractions in the termination
argument, not in the algorithm
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