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= Decidability
= Region Construction
= Reachability & Bisimulation Checking

= Symbolic Verification
= On-the-fly Exploration
= Zones and Difference Bounded Matrices (DBM)
= Clock Difference Diagrams (CDD)

= Verification Options
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This is a relation between e and e such that:
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THM [AD90]

Reachability is decidable
(and PSPACE-complete) for
timed automata

THM [CY90]

Time-optimal reachability is decidable
(and PSPACE-complete) for
timed automata

clock y

Successor
regions




It “mimicks” the behaviours of the clocks.
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timed automaton region graph

L(reg. aut.) = UNTIME(L(timed aut.)) l
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timed automaton large (but finite) automaton
(region automaton)

LARGE: exponential in the number of clocks and in the
constants (if encoded in binary). The number of regions is
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= Reachability © e

= Model-checking
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= Trace-inclusion
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The UPPAAL
Verification Engine
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clock y

Theorem
The number of regions is n! - 2% - [[..o{2¢; + 2).
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= Difference Bounded
Matrices (DBMs)

= Minimal Constraint
Form
[RTSS97]

* Clock Difference
Diagrams
[CAV99]




_ Bellman 1958, Dill 1989
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Search Order

Depth First
Breadth First
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Cycles:
Only symbolic states
involving loop-entry points
need to be saved on Passed list







Question:
GeR?

How to use:
GeO?
GeUu?

Declared State Space GelU = GeR
-(Ge O) = -(Ge R)
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TACASO04: An EXACT method performing
as well as Convex Hull has been
developed based on abstractions

taking max constants into account
distinguishing between clocks, locations and < & >
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Forward Symbolic Exploration

y =0, TERMINATION
T =0 not
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a: P(R3y) — P(RSg) such that W C a(W)

EW) = CW) ey — o w)

(£, W) =a (U, a(W'))

We want = to be:
- sound & complete wrt reachability
- finite
- easy to compute
- as coarse as possible




Let k be the largest constant appearing in the TA




But y>10° is not RELEVANT in |,




T =5 (:.1:514)

ki may be found as solution to
simple linear constraints!

Active Clock Reduction:
kjI - 'OO




Experiments

Constant Global Active-clock Local

BIG Method Reduction Constants

10° 0.05s/1IMB 0.05s/IMB | 0.00s/1MB

Naive Examole 107 4.78s/3MB 4.83s/3AMB | 0.00s/IMB
¢ miampre 10° 484s/13MB | 480s/13MB | 0.00s/IMB
10° stopped stopped 0.00s/IMB

10° 3.24s/3MB 3.26s/3MB | 0.01s/1MB

Two Processes 107 5981s/9MB 5978s/9MB | 0.37s/2MB
10° stopped stopped 72s/5MB

10° 0.01s/1IMB 0.01s/IMB | 0.01s/IMB

Asymmetric 10* 2.20s/3MB 2.20s/3AMB | 0.85s/2MB
Fischer 10° 333s/19MB 333s/19MB | 160s/13MB
10°  [[33307s/122MB|33238s/122MB[16330s/65MB

Bang & Olufsen | 25000 stopped 159s/243MB | 123s/204MB
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[Behrmann, Bouyer,

Lower and Upper Bounds Larsen, Pelanek 04]

1 2 1011 10° T

) k,! =10° |

Given that x<10° is an upper bound implies that

(Ivy,vy) simulates (I,v',v,)

whenever v, > v,> 10.

For reachability downward
closure wrt simulation
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IS the largest relation satisfying

it (811 1-"'1) # (Eﬂ'pyﬂ) then E]_ = fg
. 1f (fl,yl) =

(l2,v2) and (£y,11) — (£, v]), then there exists (¢4, /}) such

that (f5,v5) —— (€4, v4) and (¢, v]) < (45, V)
if (€1,11) < (f2,v2) and (£1,11) @, (¢1,v1 + 0), then there exists ¢’ such

e(a’)

that (Eg, L"‘g) —_— (fg, Lo + 5") and (El, 1 + 5) = (Eg,la"g + 5")

Proposition

If (£,1v1) < (L.v2) and if a diserete state (' is reachable from (€,14),

then it is also reachable from (€,v5).




M(x): the maximum constant k£ with x ~ k,
L(z): the maximum constant k with z{>, >}k,
U(x): the maximum constant k£ with z{<, <}k.

def
v =y v &

Vo € X :either v(z) =v'(z)or (v(x) > M(x) and v'(x) > M(z))

] either v'(x) = v(x)
V' < v &L for each clock x, { or L(z) < V'(x) < v(z)
or U(zx) < v(z)<vi(z)
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Fischer

CSMA/CD

Classical Loc. dep. Max Loc. dep. LU Convex Hull
-nl -n2 -n3 -A

Model Time States ©Mem | Time States Mem | Time States ©Mem | Time States ©Mem
b5 4,02 82,685 5 0.24 16,980 3 0.03 2,870 3 0.03 3,660 3
16 ROT.04 1480230 40 6.67 168,220 T 011 11,484 31 010 14,658 3
7 382,67 1,620,542 46 047 44,142 31 046 hE,252 5
8 211 164,528 61 2.08 208,744 12
19 8.76 508,662 191 911 754,974 39
110 37.26 2,136,980 68 | 30.13 2,676,160 143
111 16244 7,510,382 268

ch 0.55 27,174 3 0.14 10,560 3 0.02 2,027 31 0.03 1,651 3
ch 19.30 287,100 11 3.63 87,977 b 0.10 6,206 3| 0.06 4,086 3
o7 105,35 £13,924 20 0.28 18,205 a1 022 14,101 4
c8 0.08 50,058 5| 0.66 38,060 T
cd 2.00 132,623 12| 1.89 00,215 17
cl0 842 341452 20 | 548 251,758 49
cll 2413 850,265 76 | 15.66 625,225 138
cl2 68.20 2,122,286 202 | 4310 1,525,536 304
bus 102,28  6,727.443 303 | 66.54 4,620,666 284 | 6201 4,317,920 246 | 4508 3,826,742 324
philips 0.16 12,823 3 0.09 6,763 3 0.09 6,500 31 0.07 5,002 3
sched 17.01 020,726 76 | 15.09 700,917 b8 | 12.85 619,351 52 | BB 41 3,636,576 427




= DDD: Andersen et al.
= NDD: Asarin, Bozga, Kerbrat, Maler, Pnueli, Rasse.
= |[DD: Strehl, Thiele.

= No efficient algorithm for FUTURE and RESET
operation on CDD.

= No canonical form.

= An efficient, fully symbolic engine for TA is still
missing!!




Additional “secrets”

= Sharing among symbolic states
= |ocation vector / discrete values / zones

= Distributed implementation of UPPAAL
= Symmetry Reduction
= Sweep Line Method

= Guiding wrt Heuristic Value
= User-supplied / Auto-generated

= Slicing wrt “C” Code
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Open Problems

= Fully symbolic exploration of TA (both
discrete and continuous part) ?

= Canonical form for CDD’s ?

= Partial Order Reduction ?

= Compositional Backwards Reachability ?
= Bounded Model Checking for TA ?

= Exploitation of multi-core processors ?
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