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Theorem [AMPS98 HK99]

Reachability and safety timed games are decidable and
EXPTIME-complete. Furthermore memoryless and “region-based”
strategies are sufficient.

~ classical regions are sufficient for solving such problems

Theorem [AM99,BHPRO07,JT07]

Optimal-time reachability timed games are decidable and
EXPTIME-complete.

[AMO9] Asarin, Maler. As soon as possible: time optimal control for timed automata (HSCC'99).
[EHPROT] Brihaye, Henzinger, Prabhu, Raskin. Minimum-time reachability in timed games (ICALP'07).
[JTO7] Jurdziriski, Trivedi. Reachability-time games on timed automata (ICALP'07).
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Backwards Fixed-Point Computation

Definitions
cPred(X) = {qeQ|dqge X.q—>.07}
uPred(X) = {qeQ|3dge X.q=>,0q}
Pred(X,Y) = {qgeQ|3dt.qeX and Vs<t. g°cY‘}
n(X) = Pred,[ X U cPred(X) , uPred(XC) ] %
Pred,(X,Y) v
Theorem:
The set of winning states Is obtained as the least fixpoint
of the function: X n(X) U Goal



-S8

are symmbolic states, i.e. sets of concrete states;
g |

is the set of (concrete) goal states;
— E:{Sin-S",Sin-S’}

the (finite) set of symbolic transitions (controlla
— Waiting C E

is the list of symbolic transitions waiting to be 1|
— Passed

is the list of the passed symbolic states;
— Wim[S]|C S

is the subset of S currently known to be winnin,
— Depend[S]|C E

indicates the edges (predecessors) of S which mu

information about § is obtained.

symbolic version of on-the-fly MC algorithm

for modal mu-calculus
Liu & Smolka 98

ECD-07] Berhmann, Cougnard, David, Fleu

[CDF4-05] Cassez, David, Fleury, Larsen, Lime.
, Larsen, Lime. U

Initialization:
Passed — {So} where So = {(fo,ﬁ)}/S
Waiting — {(So. v, 8") | " = Post,(So)”" }:
Win[Sy] — So N ({Goal} x BY,);
Depend[So| — 0, B

Main:
while ((Waiting # 0) A (so € Win[So])) do
e=(S,a,8") — pop(Waiting);
if S" & Passed then
Passed — Passed U {S"};
Depend|S'] — {(S, a, S")};
Win[S'] — 5" N ({Goal} x RZ,):
Waiting — Waiting U{(S",a,S")| 8" = Post, (S")""};
if Win[S'] # 0 then Waiting — Waiting U {e};
e (* reevaluate *)"”
in" — Pred(Win[S]U Us—cﬂ" Pred.(Win[1),
Usﬁﬂﬂ Pred..(1'\ Win[l])) N S;
f (Win[S] € Win™) then
Waiting — Waiting U Depend[S]; Win[S] — Win™;
Depend[S'] «— Depend[S'] U {e};
endif

endwhile

Fy W §] Wi
Efficient on-the-fly algorithms for the analysis of timed games (CONCUR'05).

aal-Tiga: Time for playing games! (CAV'E?!.

























= Reachability properties:
= control: A[p Uq] until/
= control: A{) q < control: Al true U q ]
= Safety properties:
= control: Al pWq ] weak until
= control: A[] p & control: A[ p W false ]
= Time-optimality :
= control_t*(u,g): AlpUq]

= U is an upper-bound to prune the search
= g is the time to the goal from the current state

[CDF+05] Cassez, David, Fleury, Larsen, Lime. Efficient on-the-fly algorithms for the analysis of timed games (CONCUR05).
[ECD+07] Berhmann, Cougnard, David, Fleury, Larsen, Lime. Uppaal-Tiga: Time for playing games! [CAV'07).
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Realistic case-

study described

in several formalisms
(1994 and later).

Objective: stamp
metal plates in press.

feed belt, two-armed ...
robot, press, and
deposit belt.

deposit belt




File:

C:/Mocuments and Settings/kel/Mesktop/D
Edit View Tools ©Options Help

TOP FEB 2007/UPPA

.14/demo/prodcell-control-nondet.xm

Da ™

Editor | Simulatar | verifisr

Q& e {@ o

[ Drag out | :[ Drag out
Robotz,8 =0
Transition chooser Robotz B =0
00 40 20 30 40 ~ Robotz.Press =0
Robotz Platef0).id =0
Plate{n) Plakef1).id =1
Plate{Z).id = 2
Plate{3).id = 3
Plate{4).id = 4
L0y =0
- RobokZ.x = 0,000000
______ ) & Platel0).x = 0,000000
€ ) > Plaks( 1}, = 0,000000
Delay: 0% &reset | |Platet2hx=0,000000
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| B Take transiion " |platet4).x = 0.000000
Trace controls
| MRt || 0 'lf|| W Lost |
| 4l Frev || B Play || I Hext |
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g ™
Il | | Y | | | | |
Slow Fast
[ b Random ]
Simulation Trace
~
S &
) T—— =

i =l AXROT
1
| oata 108 se==MINROT atB 104 MINROT

E=tjue, Press=false A=t

B && IPress
leaveP 21
B=false, Press=true

taldp 1l

e; Press=false

leaveP 1!
A&E IPress
A=false, Press=true

x#=0, A=true x=0, B=falsz
Plate(0)
0=PLATES- &&
se==MINWAIT
(R s . Amving  Avallable
w==MAWAIT 7 x=0 Moy =12 w==2 TakenA Press TakenB Safe

B==PLATES-1 aa)
ST s esINWAIT

=2
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I ! ¥=0 x=0 p o mEkear
| i |
] : i
| O==0 1 opl0]? | x==2
=0 | =0 !
T - g MotReady BAD ‘
0=0 || x==0
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w==MINWAIT
mt 2T Amiving  Available
x==2 TakenA Press TakenB Safe
el
? ? ?
taken? leaver 17 tak el 27 leavel?

bl |

unday, July 15, 2010




Experimental Results

[CDF+05]
Plates Basic Basic +inc Basic +inc Basict+lose +inc || Basic+lose +inc
+pruning +pruning +topt
time | mem time mem time Mem time Mem time mem
7 win || 0.0s 1M 0.0s 1M 0.0s 1M 0.0s 1M 0.04s 1M
lose || 0.0s 1M 0.0s 1M 0.0s 1M 0.0s 1M n/a n/a
3 win || 0.5s 19M 0.0s 1M 0.0s 1M 0.1s 1M 0.27s 4M
lose || 1.1s 45N 0.1s 1M 0.0s 1M 0.2s 3M n/a n/a
4 win || 33.9s | 1395M 0.2s 8 0.1s 6 0.4s 5 1.88s 13M
lose - - 0.5s 11M 0.4s 10M 0.9s M n/a n/a
5 wWin - - 3.0s 31M 1.5s 22M 2.0s 16M 13.35s 5aM
lose - - 11.1s | 61M 5.0s 46M 7.0s 41M n/a n/a
5 wWin - - 89.1s | 179M 38.9s | 121M 12.0s 63M 220.3s | 369M
lose - - 699s | 480M 317s | 346M || 135.1s | 273M n/a n/a
7 win - - 32565 | 1183M 1181s | 786M 124s 319M 6188s | 2457M
lose - - - - 16791s | 2981M || 4075s | 2090N n/a n/a
Model c3 ch cl?2 u3 ub ul?2
Old 0.1s | 1M | 12s |63M | - - 0.2s | 3M |235s |273M| - - [BCD+O7]
New [[0.05s|3.5M|0.05s|3.5M|0.14s|55M|]0.02s(3.5M|0.04s| 3.50M |0.12s|55M

[CDF+05] Cassez, David, Fleury, Larsen, Lime. Efficient on-the-fly algorithms for the analysis of timed games (CONCUR05).
[ECD+07] Berhmann, Cougnard, David, Fleury, Larsen, Lime. Uppaal-Tiga: Time for playing games! [CAV'07).

ARTIST Design PhD School, Beijing, 2011 Kim Larsen [21]



Two Tank Example

T1

on/off
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on/off

T2 \
ARTIST Design PhD School, Beijing, 2011 Kim Larsen [22] u B a
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(80,100] L | T1
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? =
x>=4 off7 x=0

[80,100]
4 on/off x<=8

[60,70]

[30,40]

T2

[0,10]




X<=8

X>=4

.. | |
lTankl x —? && l<Tank2 X && Tankl. Cjntr011er z==6 && Tank?. xc=2 &k IDntr01 er.z==1) ||
(Tankl.x==3 && Tankl.x-Controller.z==5 && Tank2.x<=1 && Con: rcller. z==17,
take transition

cortroller.on->Control er.on { z == 1, tau, z := 0 }
when yau are in

&% Tankl.x-Controller.z==5 && Tank2.x<=1 &% Conzrcller.z== |

&% Tankl.x-Tank2.x==3 && Tank2.x-Controller.z==2 & contralier. z==1)
Tanll.x Tank2. x==3 && Tank2.x Contrallor. = 1 && Cont-ollor. z==10
Tankl. x-Tank?.x==4 & TankZ.x-Controllar.z==1 && Contrallar,7==1)
Tankl.x-Tank2.x==3 &% Tank2.x-Controller.z && Contraller.z
Tankl.=-Tank2.x—-1 & Tank2.x-Controller.z--1 & cContrallar.
Tankl.x-Tank2.x==2 && Tank2.x-Controller.z && Contraller.z
Tankl.x-Tank2.x==3 &% Tank2.x-Controller.z==1 && Contraller.z
Tankl.=-Tank2.x—-1 & Tank2.x--Controller.z && Controller.z-
Tankl.x-Tankz. && Tankz2.x-Controller.z && Contraller.z
Tankl.x-TankZ. S #% TankZ.x-Controller. z &% Contraller.
Tankl.=x-Tank?2. && Tank2.x-—Controller.
Tankl.x-Tank2. &% Tank2.x-Controller.z==1 &% Contraller.z==1)
Tankl x-Tank2.: &% Tank2. w==Controller.z && Controllar.
Tankl.x-Tankz. && Tank2.x==Controller.z && Controller.z=

nffr, = = 0}

e I
[T T T T T I T v L v T T« T S o« T o )
S353335333333333
ool o e o o
e e sy e e e

EEEREREEEEERE

take transition
cartrnllar. on-s"nntrnl” er.off
“ark2.Hu->Tank2.Hd { 1, off>,

o
N
n

Stdale: ¢ Tdankl.ou Tankz.od ConeolTer.on
when wnin are in

l<=Tank2.x && Tankl.x-Contral er.z==7 && Tank2.x<3 && Control er.z==1) ||
Tankl. x-cuntruller. && Tdnkz, x<3 &% CunLruller

Tankl. x-Controller.
Tankl.x-Controller.
Tankl.x-Controller.
Tankl.x-Contraoller.
Tankl.x-Controller.z

&& Tank2.w<3 && Controller.
&& Tankz.w«<3 &% Controller.
&& Tank2.x<3 &% Controller.
&& Tank2.x<3 &% Controller.
&& Tankz, <3 &% Controller.

tr
I'l
I'l
I'l
I'l
Il
Il

iy
A

1
x==l && Tankl.x==Contrcller.z && Tatk?. x<3 && Controller.z==17,

P B e e I e I |
Sy T TR D v D v TR TR W T)
3553533
e S o
PEERRRR e

+
w
=
o
+
by
w
=
o
i’
=
pr?
o
=i

Cortroller.on—-+Zontrol er.off { z == 1, off!, z = 0 7
~arkl.LL-sTankl.od {1, off?, x =0 %

¢ Tankl.Ld Tankz.Ld cController.of= 0
when you are in
(Ccntrolles, z==1 && Tankl.x<2 && Tank2.x<4),

take transition




= Robust and optimal
control

= Tool Chain

= Synthesis: UPPAAL
TIGA

= Verification: PHAVer
= Performance: SIMULINK

= 40% improvement of
existing solutions..

[CJL+09] Cassez, Jessen, Larsen, Raskin, Reynier. Automatic Synthesis of Robust and Optimal Controllers — An Industrial Case Study (HSCC'09).




+2.2ltres/second = R1: stay within safe

[ pump J;——""‘“ interval [4.9,25.1]
‘I‘I rccumiaton

= RZ2: minimize
Reservor average/overall oil
X volume
Machine/Consumer t=T
5 v(t)dt /T
=




Machine Rate (litre/second)

= Infinite cyclic demand
to be satisfied by our
control strategy.

= P: |atency 2 s between
state change of pump

[l L

* F: noise 0.11/s

il



v := 10.0
t:=0 Vace =0

[t<4 [t<8 I[t<10] [t < 12]
[t <20] [t<18] [t<16] [t < 14]

t =20 t=12
t:=0 m, ;=0
t =18 t=14 [true]
t=16
mr ::D mr :20-5 mr' = 1.-7
(a) The Machine (b) The Accumulator
z > 2, switch_on!
7 =9 pr:=22,z:=0
pr:=20

[true] [true]

z > 2, switch_off!
pr =0, z:=0

Undecidable problem!

(c) The Pump



= UPPAAL Tiga
offers games of perfect information

= Abstract game model such that states only
contain information about:
= Volume of oil at the beginning of cycle

= The ideal volume as predicted by the
consumption cycle

Current time within the cycle
State of the Pump (on/off)
= Discrete model




y<2'D y<4"D y<8'D y<10"D y<12°D

7T ==2"D 77T ==4'D 77T y==8"D 7T ==10"D S
: V_rate-=12 ' V _rate+=12 V_rate-=12 V_rate-=13
‘ ““““““ >‘ :““"““"‘“““‘““*‘““““‘“j"n
y<=2*D y<=4*'D  “~._ y<=8'D "~ _ y-:-m* -7 y<=12"D
e B a7 I
Noise(time-2*D)~ i ' oo ftinaanning,

Checks whether V
under noise gets

outside
[Vmin+0.1,Vmax-0.1]

Noise(1 U*Dj - -~ Noise (timg:—b*&] Noise(time-D*8) ~~ _Noise(6*D)
\ .
1

y==20"D && final_Noise()

-
-

]
|
I -
|
I
I

b, -
w L s Ta L - g SR £
\ y*-—..:u | =1 L

!bﬂﬂl Noise(int s){ "
// s is the duration of consumption (in t.u.) |[*----
return (V-s<(Vmin+1)*D | V+s>(Vmax-1)#D);}

v r ] PR - P |
W<=l1o U ~ V<=4




z>=2*D && i<N
V rate+=22, z=0,

start[i]=time
void update_val(){
Update pump? int V prnd = V;
update_pum ’? —PEE up ate _pump? e
V+=V_rate;

V_acc+=V+V_pred,

z>=2*D +

update pump?

V_rate-=22, z=0
stop[i]= time, i++ Every 1 (one)

seconds




= |, is optimal among all m-
stable intervals.



matial volume

L I'

tzme S

D=1, m=0.4: Optimal stable interval |,=[5.1,10]



Verification Using PHAVER

Bang-Bang safe and robust

Volume (litre)

HyDAC optimized
possibly unsafe under fluctuation

12.5

120

n.or

Volume (litre)
Volume (litre)

10.5F

10.0F

9.5

9.0

Tirme (second) Tirne (second)

ARTIST Design PhD School, Beijing, 2011 Kim Larsen [36] u e a



Cycle
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Strategy function tacale pump on/off

i P
— o m\\\
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Time 5]
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Time: [8]
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L= 1
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[peyue) dund j aung s
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12k -
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Lot dund * ] swmon,



Controller |Acc. volume|Mean volume|Mean volume (T1GA)
Bang-Bang I 2 B

Gua
Correctness

G RObustﬂESS
G|
G1

= with .
G2] ance
G2] tin p ]




(o o] éund [ sunien
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-
>
0p)
D)
>
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Performance Evaluation

time (s)

SIMULINK

Guaranteed

Correctness

Robustness

(21y) swnop,

Improvement

40%

Verification PHAVER




What else ? What next ?

= Timed Games w Partial Observability
= Action-based Observation: undecidable [BDMPO3]
= Finite-observation of states: decidable [CDL+07]

= Priced Timed Games:
= Acyclic, cost non-zeno: decidable [LTMMO2] [BCFLO4]
= ] clock: decidable [BLMROG6]
= >2 clocks: undecidable [BBROS5, BBMO6]
= 2 clocks: open

= Energy Games:
= Several Open Problems
= Exponential Observers

= Climate Controller in
Pig Stables [JRLD07]

= (CHESS Way [Quasimodo@ESWEEK]

[EDMPOZ] Bouyer, D'Souza, Madhusudan, Petit. Timed control with partial cbservability (CAV'03).
[CDL+-07] Cassez, David, Larsen, Lime, Raskin. Timed control with observation based and stuttering invariant strategies (ATVA'07).
[JRLDOT] Jessen, Rasmussen, Larsen, David. Guided Controller Synthesis for Climate Controller Using Uppaal Tiga (FORMATS'07).

ARTIST Design PhD School, Beijing, 2011 Kim Larsen [41] u B B



Interfaces
Compositionality




Real-Time version of Milner's Scheduler

Idle
y>e O«
rec[(i+1)%N]! .-~ S~o 0w
-7 rec[i]?
“ =0,
x‘::Dw[i]Ih“n‘ y=0 /,,f X<=D
TSo -7 y>d
x<=D rec[(i+1)%N]!
Token
recli]?

¢ w

ARTIST Design PhD School, Beijing, 2011

recli]?



Demo

C:\Documents and Settingsikg\Desktop\DESKTOP FEB 2007AUPPA. PAAL examples\Simple Leader ElectionMMilner-for-Verification.xml - UPPAAL

File Edit Yew Tools Options Help
Dald «a&ad
| Editor | Simulator | verifier |

@ ~ o

[ Drag out J’ Drag out J: Lol
(0 =0 Node{0) Node(1) Node(2) MNode(3)
Transition chooser Node(0),x = 202,996685
no 18.0 240 ,30 A Mode(0).y = 202996685
b Mode(1).x = 192.405760 =
Mode(1).y = 192,403760
Mode(2).x = 172, 180957
Mode(2).y = 172,180967 7
Mode(3).x = 144, 139037 ' N v -
Mode(3).y = 144.189037
hode(4).x = 126.111239 Node(4) Node(5) Node(6) Node(7)
Mode(4).y = 126.111239
Mode(5).x = 97.005302
ode(S).y = 97.005302
b Mode(s).x = 78.415511
< ¥ Mode(g).y = 758.415511
Delay: 17231 5| 8 Reser | [Mode(7)x= 48.408608
[ > J Mode(7).y = 48.498608
Take transition Mode(8).x = 27.174265
Node(&).y = 27174265 LI VT T
Trace controls Node(9).x = 17.291171
4 First - W Last Mode(9).y = 17.291171 :
Env.c = 174, 130219 e L
Al Prev P Flay > rext -
Speeder
[ T Y B I q
Slow Fast v
|_ Jb Random _| Gantt Chart
simulation Trace O 17 33 50 66 B3 99 ,116,132,149‘165,182,198,215,231,248‘264,280,29?,313,330,344,363,3?9,396,412,429,445,462,4?8,495,511,528,544,560‘57?,593,610,626,643,659,676,692,?09,725 -]
rode(@( 3 : -
(-, Idie, Idle, Idie, Idie, Idie, Idle, Ide, Idi = Mode 1) | T . o s
rec[0]: Starter --= Mode(D) T Node(2) | I DT SR
(-, Teken, Tdke, Tdle, 1dle, T, Tdle, Tdle, 1 :Djeg; IR Tl _-_
nde() | T 1 1
rec[{0-+13%H]; Mode(0) = Mode(1) Mads(S)| T v L I
(-, -, Token, Idks, e, Ide, Idk, Id, Idie Pode()| 0 T
rec[{1-+11%H]; Mode(1}) = Mode(2) Mode(7) | - K TR
- Token, Ide, 1k, Ide, Idl, Ide, 1 s } S & S
ode(5) | I, T | T e -
wl2]: Mode(2) --» Env
-, Idle, Idle, Idle, Idle, Idle, Ide, It
Fen e e L] Vs
£ i | bl < >|_

ARTIST Design PhD School, Beijing, 2011



Compositional Verification

\Documents and Settingstkgl\DesktopA\DESKTOP FEB 200 7AUPPAALMIPPAAL examples\Simple Leader ElectionMMilner-for-Verification.xml - UPPAAL

File Edit Yew Tools Options Help

el QA& & R@>o

Editor | Simulator | verifier

[ Drag out H Drag out : A
b0y =0 i H £
Transition chooser hode(0) . = 202,996685
00 B0 120|180 240 30 A Mode{0).y = 202, 996685
rec[{9+1)%N]: Modef9) = Node(O) Mode(1).x = 192.403760 e o “ .
w[9]: Mode(9) --= Ery Mode(1).y = 192,403760 = ~

hode(2).x = 172.180957
hode(2).y = 172.180987
Mode().x = 144,189037
hode(3).y = 144189037
hadef4).x = 126111233
hodefd).y = 126.111233
Mode(S) .« = 97.005302
hode(S).y = 97 005302
¥ |Modes).x = 78.415811
< > Mode(6).y = 78.415511
‘ = hode(7).x = 48498608 7 7 i N
Delary: 17201 5| @ Reset et 43.430605 \_ Y,
( P Take transtion | uodeta).x = 27.174265
hode(s).y = 27.174265
Trace controls hode(9).x = 17.291171
“ 715995 5| bp Mode(9).y = 17.291171 b f b ) 5
Erv.x = 174, 130219 = e ;. |
RN f < SubSpeesz | -

Env

i

Speeder =
Slow Fast v
b Random | Gantt Chart
Simulation Trace 0 17 33 50 66 53 99 116,132,149165,162,198 215,231 248,264,280 297 313,330,346, 363379 396,417 429,445 462,478 405,51 1 578544560 577,593 610,626 643,650 76,697 709,725
ode(0)| 3 F F— 3 X
(-, Idie, Idle, Idie, Idie, Idie, Idle, Idie, Idi = roded1) | JE 4
rec[0]: Starter --= Mode{0) Mode(2) v ] ' o
A,
-, Token, 1de, 1de, 1dle, 1de, 1de, 1de, 1 :DSES; 'I I X = b
alnl=l ' -
rec[(0+17%:M]: Mode(0) --= Mode(1) Made(5) x 1 . =
-, -, Taken, Idle, Ide, Idle, Idie, Ide, Idle Mode(6) . x X P
rec[f1-4+11%M]: Mode{1) --> Mode(2) Mode(7) K K X z
Mode(s) I y b 4
-, -, - Token, Idle, Idls, Idle, Idk, Ide, I -
Nads(3) X X ] b
wl2]: Mode(2) --» Env -
-, - - - Idle, Idle, Idle, Idle, Idle, Idle, I
[N BT B PO v w
> P 5
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Specification Theory

Specification Formalism

Spec: set of specifications SPF = (Tmp, Spec, sat)
where
« © :_: t et oo sat cImpxSpec

|1S|={I:Isat S}

Refinement:
S<Tiff |S|c|T|
ol of 3 e o,
° cee e ® o ...:.' ° Consistency:
) S|+ @
|1S|N|T|20

Imp: set of implementations



Operations on Specifications

= Logical Conjunction:
= Given S;and S, construct S;AS, such that
1S; AS,| = |541N]S,|

= Structural Composition:

= Given S;and S, construct S; par S, such that
| Sypar S, | = |S4] par |S,]
= < should be precongruence wrt par to allow for
compositional analysis |

= Quotienting:
= Given overall specification T and component specification S

construct the quotient specification T\S such that
Spar X< T iff X<T\S



Specifications and Implementations

Timed /O Transition Systems

. ®
o © ®
o ¢ o0 0o o0 4 * @
® -
SPECs
Timed I/O Automata
IMPs
y<=6 |

& ® g 0 4% ¢ ® tea!

e © ® L] ® &

I. ® @ ® o o o

®o0 °

Timed /O Transition Systems
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UN\\IERS‘TY

?

grant

Timed Systems Specifications =

Timed I/0 Automata

. . ?
ﬂdmlnlstratlon gran
oub? grant? z= z<=2
> z=0 ! pub?
patent! coin!,
|
pub?
z=0_ pub?
grant?

~N

patent

%

Input:
control.
(required)

Output:
uncontrol.
(allowed)

pub

/Researcher

tea

\ 4

cof

\ 4

U&T\\
-@

x>8 tea?

X<=8
49




Overall Specification

gram_i grant?

u<=
grant? u=0
u>2
grant? CAD us=20
/ L u=0 patent! 1

T o e e o e o o o

grant?
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patent
—
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Timed I/0 Transition Systems

TIOTS: Time determinism (d € R)
(St,Act,—) if s—2—>s'and s—2—>s" thens'=s""'

where —:Stx(ActuUR)xSt Tnput enabledness |
for afl s and iex. s——

and Act=2, UZ,

Determinism (a € Act U R)

if s—2>s' and s —2—>5s" then s'=s"

Output Urgency
whenever s—>—>
then s —<—simplies d =0

Independent Progress
Either vd >0. s—7—
or 3d,0.5s—%L >—2 o
ple mema’uor\




Refinements, Implementations, Consistency

An |mp|ementat'|on

ARTIST Design PhD School, Beijing, 2011
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Refinement =
Timed Alternating Simulation

Let Sand T be TIOGA.

S<T iff .

_ - v - Intuition:

LT >T' then S—— 5" with S'<T S leaves less choices than T
i S—2 35" then T—2 T with S'<T' for an implementation.
ii. 5—955 then T—4 T with S'<T'

Theorem
Definition : Whenever S<T then |S|c|T|
A
IsatS <2 I<S Theorem:

Whenever @ =|S|c|T|then S<T

Theorem
S<T =
(V@ ATCTL. Tentrd = Scntrd)



Refinement (example)

A (S)
Q-
/ﬁ \\\
//’ coln?
// :O
L7 cofl (f§>
y== y<=5

/7 N\ S o
;7 coln? "N s
7/ N\

// =0 \\
,7 cofl (f§>_tea! N
L e

y>= y<=6

ARTIST Design PhD School, Beijing, 2011

INC

coin?

x<=0

Let Sand T be TIOGA.
S<T iff

i T—" 5T then 5—" 55" with S'<T'
i 5—2 35" then T—2 5T with S'<T'

ii. 5—2 55 then T—3 > T with 5'<T"

/

_)
coin? .@ -
Ve

\
\ - “cofl

UNI /" fea!
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Refinement as a G me

ri \ 4
A O s

Timed I/O Automata

B ( ! .
TS
\\Vm *
U; ~ 0!
S P D,
H H B at) %
tJ v
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FO
Optimizgq Ref
not A < B
Iff
AXB sat control: A<> Error

—_—
refuter
I
I  n u| Ol
EE 49 I | _—— T.>
| I P, verifier
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Refinement in ECDAR

patent >

< 27777

patent! =~

\_

patent
—>

ARTIST Design PhD School, Beijing, 2011
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Consistency

© S S s O

r
r //
e coin? 4
.7 coin? , o
, x<=0 -~ coin

. 1
[ [ [
[ [ [
L Bad ,: " S i Bad
)8V<=1D \L)8y<=10
...~ Consistency: .
Does there exist I such that

I<S ?
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Consistency

Init g
@ Definitions

Err =
e {s|Vd>0—5—2 > AV0o—-5—2)}

/// d
___§:3=_4_"_81Q m(X) =

/y<=6 N, Err U

i | y=0 Pred,[ X U iPred(X) , oPred(XC) ]

' Bad | y<= Theorem

1‘)83@:10 A specificiation (state) s iIs

Inconsistent
Iff

S € uX. w(X)



(. __.J
B
coin?

Pruned Version
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Consistency

| | >
0 5 10
i i HE—— )
0 5 6 10

n(X) = Err U Pred] X U iPred(X) , oPred(X®) ]
Err={s|Vvd> 0.—-s—% 3 AVO0.—S —2 5} 59



Consistency in UPPAAL Tiga+

@ C:\Documents and Settings\kg\DesktopA\DESKTOP FEB 2007\LPPAAI \uppaal-tiga-devidemo\Partincd.xml - UPPAAL

File Edit Yiew Tools Options Help

Bas@ aaq K@

[ Drag ouk ]:

Drag ouk

Transition chooser

File Edit Wiew Insert Formak Help

EzEH &G #4 By

HMaximal Output Strategy to avoid states
without Indendent Progress:

State: { PartInc.Mid }
Then you are in (PartInec.y<=5],
take transition PartInc.Wid->PartInc.Bad { 1, tea!, 1 1}
Then wvou are in [(d<=PartlInc.y £& PartlInc.y<=6),
take transition PartlIne.Mid->PartIne.Init { v >= 4, cof!, 1 }

S5tate: { PartInc.Init )
While you are in true,
wait.

State: { PartInc.Bad }
Then you are in [(PartlInc.y<=5),
take transition PartInc.Bad->PartInc.Mid { ¥ <= 5, tea!, v := 0 }

Partinc

teal

For Help, press Fi

Command-Line

ARTIST Design PhD School, Beijing, 2011

GUI
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Consistency

e 0 5 10
7 coin?
oy
J"; y
v id i i >
c"___EC_}fI_____ coin?
yos 5 6 10
y<=6

Pruned Version

n(X) = Err U Pred] X U iPred(X) , oPred(X°) ]

- d 0
ARTIST Design PhD School, Beijing, 2011 Er'r' = { S | Vd >0—-s——> AVY0.—S —)} 61



Conjunction, SAT

A . Theorem
Q\\h| 0|’ S/\T S S
N N SAT<T
" a? ‘Q (U<S) and (U<T) = U < (SAT)
I

A
| O S IA/\IBQA,B

\
g,/\uj \h|/\Vm

\
B(? \
o a? \

LI P, \%Dm ri J tj \‘ Sl U pm
\
A\ 4 - \
B, O T AirB) O €O




Conjunction, Ex.

SAT

ARTIST Design PhD School, Beijing, 2011

y<=1 teal!
O
-..\ |
// ~ o X>=5 |
/ \\\ |
d o <!
s COoINn-:
v
7/
coﬂ// y=0,
’ x=0

x<=5 && y<=9

Clearly

Inconsistent !
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Composition, S|T

i? E ' (, \
Sl Sl . Zl 22 (l\/lachine Q- ------ ; ) (Researcher o)
i? - LE 4~ 2y T e i 2 o
s |s,—">s'|s, N
- e A &
| \"—— Z N . -,
s —2>s5 !
1 2
] ol : ' 0 € Zo _Z:' Coin? Youb!
S 1 SZ Sl ISZ
Theorem
< al 5 Sl G a? e [
1 1 2 2 1 2
! al [ ' ac Zo mzj If Al S Bl and
S S, —>S S
L) 1 2
A,< B,
) | ) ' then
S —>» S S, ——>»S
1 1 2 2 d = E‘R A1|A2 S BllBZ

' d 1 | 1
S8, —>s |,
Classical rules for

Composition of 1/O transition
Systems



—

Quotienting, T\S

I .
h
~ T
_______ ! N S C
J \I og! N |
| l / |?
| I 2 )
I r
I
| X // A| T
\\____\ / .
! Q " ox_’?_CP:J.OE
B - . i
[r— Q\\Vj ’Q
S uj \\OS| >
\_ j/ r>
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Quotienting, T\S
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Quotienting, “Application”

N

Researcher

~

<

Spec \Adm
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Compositional Refinement Checking

O
- 0D

=h
ﬂ'*

ERWEY
J

N

/

-

P(P(S €)\C; )

\

~N

.




Guarantee

A>>G

ARTIST Design PhD School, Beijing, 2011

Assume-Guarantee

Assumption

Good

Bad

ButA

ButB

= (A|G)\ A

Properties
" A>>G > G

s ASA =
A>>G > A'>>G6

G <G =
A>>G < A>>C’

70



Assume-6uarantee Reasoning

Proof Rule:
A>S>G > (Ap>>6,| A>>6,)

ARTIST Design PhD School, Beijing, 2011
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Milner's Scheduler Compositionaly

Find SS; and verify:

1. N,<SS,
2. SS,|N, <SS,
3. SS,|N, <SS,

n. SS,,IN, <SS,

n+l. SS, | Ny < SPEC

e P

ARTIST Desigr z=0




Milner's Scheduler Compositionaly

rec[(i+1)

6 rec[(i+1)%N]?
rec[1]? x=0
elid t 1N rec[1]?
e>0 8& e<=i | 4((5 D 8%
wie]l | ) »
l/ A\ x>=d* ) \\l e>0 && e<=j

Tredirneny e :



Milner's Scheduler Compositionaly

Take SS, = (A & A,)>>G

recf(i+1)1

6 rec[(i+1)%N]?
rec[1]? x=0
elid t 1N rec[1]?
e>0 8& e<=i | 4((5 D 8%
wie]l | ) »
l/ A\ x>=d* ) \\l e>0 && e<=j

ey T el )



Milner's Scheduler Compositionaly

Take SS, = (A & A,)>>G

?
eelll?l es0ag e
o |yl

—

( -

r~_rec[(i+1)%N]!

X<=i*D |
rec[1]? x>=i*d £ - »
: e>0 && e<=j
= 0 | - I
x=0, [ rec[(i+1)%N]! ~~ el

y=0

e>0 && e<=j
w[e]!
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Experiments

d=29 20 10 9 8 6 4
n=>5 0.080 0.097 0.191 0.169 0.172 0.151 0.205
monolithic ‘ 0.034 0.034 0.073 1.191 1.189 64.933 = 600
= 0.102 ildl 02 DIJ8 H2iW fHohE [ 2US
monolithic 0.040 0.043 0.095 6.786 6.791 > 600 = 600
n=23 0.225 0.349 0.516 0.515 0.540 0.600 0.582
monolithic ‘ 0.076 0.076 0.230 88.542 88.642 > 600 > 600
n—12 0.830 1.414 1.802 1.895 1.831 2.079 2.181
monolithic 0.220 0.223 0.843 =600 =600 =600 > 600
n =20 4.990 0.739 12377 11.923 12.041 12.438 12.764
monolithic ‘ 1.038 1.030 4523 =600 =600 =600 =600
n = 30 22.053 45.709 55.728 55.345 55.112 54.702 56.164
monolithic 3.791 3 ii8  1Liba2 =Gl = b0 — BI om
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Conclusion & Future Work

Complete specification theory based on Timed I/O
Automata

Analysis: refinement, consistency, compatibility
Operations: conjunction, parallel composition, quotienting

Imglemem‘ed in the tool ECDAR using the engine of
UPPAAL Tiga.

Timed Games
W Partial Observability

Non-determinism ?
Unobservable actions ?

Applications :
=  Milners Scheduler
= Leader Election Protocol
= Fischers Protocol

USE IT !l
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