Generic Forward & Backward Simulation |l
Probabilistic Simulation

lchiro Hasuo

RIMS, Kyoto University
PRESTO Promotion Program, Japan Sci. & Tech. Agency

_ N A A ) )
(e &
PN A
70 (X3 JAPAN / A
®

7 KYOTO UNIVERSITY

Friday, September 3, 2010



For Purely Probabilistic Systems...

Jonsson-Larsen

simulation for prob. sys.

[Jonsson- Larsen, LICS91]

via weight function

w\”

1

. ,occ

1

<
=0

>0

wl

—

0

{

>0 (z'Ry’)

0

(0.w.)
*

Hasuo (Kyoto, JP)

Friday, September 3, 2010



For Purely Probabilistic Systems...

Jonsson-Larsen
simulation for prob. sys.

[Jonsson-Larsen, LICS’91]

via weight function y
u\v L 500 fy’ 00c
L =0 >0

’ >0 (z'Ry’)
w: 0 {O (0.w.)

rw *

Kleisli simulation

[H., CONCUR'06]

Ff Fb ,
fwd. FX +——+—FY bwd. FX —+—FY"
ct C +d ct C $d
[ — P

I b

m

| a—

Hughes-)acobs |
simulation

[Hughes-Jacobs, TCS'04] B B

BX+—' Br-——"2,pBYy"
cT C 7 L Id
X ¢ — R P Y

A —

Hasuo (Kyoto, JP)

Friday, September 3, 2010



For Purely Probabilistic Systems...

Kleisli simulation

[H., CONCUR'06]

fwrd Ff Fb ¢
twd. FX ——+—FY bwd. FX —+—FY
¢ L Hd ¢ LT Hd
. m
2
Q
%
6& Hughes-Jacobs
Jonsson-Larsen & simulation
simulation for PI’Ob. SYs. , [Hughes-Jacobs, TCS'04] - B - By By d
[Jonsson-Larsen, LICS’91] CT E TT E Td
X < R rY
via weight function é al 72
AP L oo gf oo | R —
L <o >0 |
’ >0 (z'Ry’)
w: 0 {O (0.w.)
 e—- — Hasuo (Kyoto, JP)

Friday, September 3, 2010



For Purely Probabilistic Systems

soundness
theorem

Kleisli simulation
[H., CONCUR'06]
fwd. Fx 2l py bwd,. FX -2 py
¢t E 1d R
SDa. | — |
) peCla/IZeS’
o)
Q
%
6& Hughes-Jacobs
Jonsson-Larsen o simulation
° ° [Hughes-Jacobs, TCS’04]
simulation for prob. sys. ’ Bx BT pp BT o4
[Jonsson-Larsen, LICS'91] CT E TT E Td 1
X R Y
via weight function d L 2 j
A7 L oo gf aac } PR —
L [[=o >0
’ >0 (z'Ry’) |
w: 0 {O (o.w.) f
- el Hasuo (Kyoto, JP)

Friday, September 3, 2010



For Purely Probabilistic Systems...

soundness

theorem

Jonsson-Larsen
simulation for prob. sys.

[Jonsson-Larsen, LICS’91]

via weight function F
AP L cyf e
L [[=o >0

wl

M-

0

{

>0 (z'Ry’)

0 (o.w.) ;

Friday, September 3, 2010

® d -
coalgebraic core
Kleisli simulation
[H., CONCUR'06]
fwd. FX<—F|f—FY bwd. FX—F|b—>FY
ct C $d ct C  +d
SPec' : I
Ia/IZeS’
Hughes-Jacobs [EUaiGUEEE
simulation theorem

[Hughes-Jacobs, TCS’04]

Hasuo (Kyoto, JP)




Generic Kleisli
Simulation

® |. Hasuo. Generic forward and backward
simulations. CONCUR’06.

® Coalgebraic generalization of

® N.Lynch and FVaandrager. Forward and

backward simulations I. Untimed systems.
Inf.&Comp.95.
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Probabilistic System

® Randomized algorithms, complexity

® Pervasive in distributed/concurrent
applications

1
[% [1] ® Network protocols flipping coins
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Probabilistic System

® Randomized algorithms, complexity

® Pervasive in distributed/concurrent
applications

[1] ® Network protocols flipping coins

® N.B. Only purely probabilistic systems
in the current work

® Unlike Segala’s probabilistic

automata
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Theory of Probabilistic
Systems

® Bisimulation
® When are two systems equivalent?

® Definitions based on weight functions or
equivalence classes (these are equivalent)
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Theory of Probabilistic
Systems

® Bisimulation

® When are two systems equivalent?

® Definitions based on weight functions or
equivalence classes (these are equivalent)

® Simulation: two different views/uses

® As def. of “refinement relation” [onsson-Larsen, LICS'91]
[Baier-Katoen-Hermanns-Wolf, Inf.&Comp.05]

® As a proof method for trace inclusion
[Lynch-Vaandrager, Inf.&Comp.95] [H., CONCUR’06]
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Simulation-Based
Verification: a Scenario

specification system implementation system

S L

* small enough, obviously * bigger

satisfies a safety property P * Goal Prove P
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Simulation-Based
Verification: a Scenario

1 =P

<— tr(Z) C tr(S)
<— =

P is a safety property

(simulation from Z to &) soundness

W

Thm. (Soundness . .

; ( . ) . ® Trace incl.: arbitrary
3 simulation = trace incl.
many steps

® Simulation: stepwise
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DTMC

Definition. A discrete-time Markov chain (DTMC) is

3 (T X, 012

— where

1\( e X is a state space;
31 (@)

e ro9 € X is an watial state;

“'“N

e | : X — P(AP) is a labeling function,
[(x) = {atomic propositions true at x}

e p: X — DX is a transition function, where

DX = {prob. subdistr. over X}
={d: X = [0,1]| ) d(z) <1} .
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DTMC

Definition. A discrete-time Markov chain (DTMC) is

[1] (waO,lap)
— /( where

e X is a state space;

?
e ro9 € X is an watial state; i

e | : X — P(AP) is a labeling function,

[(x) = {atomic propositions true at x}

e p: X — DX is a transition function, where

DTMC:
“Probabilistic Kripke model”

DX = {prob. subdistr. over X}
={d: X —»[0,1] | ) d(z) <1} . |
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Jonsson-Larsen
Simulation ..

Definition. (JL-simulation) Let X = (X, xg,l,p) and Y = (Y, yo, m, q)
be DTMCs. A JL-simulation from X to Y is a relation R C X X Y which

satisfies the following.
1. xgRyo.
2. xRy implies l(x) = m(y).
3. Foreachx € X and y € Y such that x Ry, there exists a weight function

Ary : {L}+X) x ({L}+Y) — [0,1]

such that

(a) Ag,y(u,v) > 0 implies either
e u=_1,or
eu=x'€ X,v=9y" €Y and 2’ Ry’;

(b) Azy(L, L)+ Z Apy(L,y)=1- Z p(z)(z’) ;

y'eY xz’eX

(c) for each ' € X:
Doy, L)+ ) Asy(@sy') = pla)(2) ;

y' ey
(d) Apy(L, )+ DY Agy(@, L) =1- > q@®)(¥) ;
' €X y'EY

(e) for each y’ € Y:

Aoy(Ly)+ D Ay, y) =aw)(¥) -
x'eX
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Kleisli Simulation

® Uniform definition for a variety of systems

® Parameters:

non-determinism,

T branchlng type probability, weighted, ...

F transition/action type LTS, Kripke models, CFG, ...
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Kleisli Simulation

® Uniform definition for a variety of systems

® Parameters:

non-determinism,

T branchlng type probability, weighted, ...

F transition/action type LTS, Kripke models, CFG, ...

® (Generic soundness theorem:
3 simulation = trace inclusion

® Forward, backward, hybrid (fwd.-bwd, bwd.-fwd)

® |et’s start with instances...
Hasuo (Kyoto, |P)
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Kleisli Simulation for
LTS

® Coincides with the standard definition
e.g. in [Lynch-Vaandrager, Inf.&Comp.95]

Forward A relation R between states of two systems, s.t.

simulation @L)@ @a_)@

R —> R: E:R

©)

Backward @L, @_a_)@
R R

simulation 'R =

@ o~ a

—JF)
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Kleisli Simulation for
Probabilistic LTS

Discrete Time Markov Chain (DTMC) [%]/@D 1]
* “Probabilistic Kripke model” %
e |abeled states [%]\A@

Generative Probabilistic Automaton (GPA) a%/]QD b(1]

e “Probabilistic LTS” —

e Labeled transitions bﬁ‘@
2
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Kleisli Simulation for
Probabilistic LTS

Definition.
A forward simulation from (X, o, c) to (Y, yo,d) is a function

f:Y — DX

such that

f(yo)(xo) =1 (INTT)
Y f@)(=) - c(@)(a,z’) < > d(y)(a,y) - Fy') ()
rEX Y EY

foreachy € Y,a € Acand £’ € X
(AcT)
R —— DX  Subdistribution opr.

Y d(z) < 1}

:{d:X—>[O,1]
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Kleisli Simulation for
Probabilistic LTS

A forward simulation from (X, xg,c) to (Y, yo,d) is a function
f:Y — DX

such that

F(yo)(xzo) =1 (In1T)
Y W) (@) - c(@)(a,z’) < Y dy)(a,y) - F) (=)
xzeX Yy’ €y

for eac hy€Y,a€Acand 2’ € X
(ACT)

]/ N
b[l]\./bm bl
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Kleisli Simulation for
Probabilistic LTS

A forward simulation from (X, o, c) to (Y, yo,d) is a function
¢ v—px 4= delegation function”

such that

F(yo)(xzo) =1 (In1T)
Y W) (@) - c(@)(a,z’) < Y dy)(a,y) - F) (=)
xzeX Yy’ €y
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Kleisli Simulation for
Probabilistic LTS

A forward simulation from (X, o, c) to (Y, yo,d) is a function
¢ v—px 4= delegation function”

such that

F(yo)(xzo) =1 (In1T)
Y W) (@) - c(@)(a,z’) < Y dy)(a,y) - F) (=)
xzeX Yy’ €y

for eac hy€Y,a€Acand 2’ € X
_ (AcT) 1
w—»-— m
X ) Yy |

]/ \ o]
b[l]\./b[l] b[l]i
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Kleisli Simulation for
Probabilistic LTS

A forward simulation from (X, xg, c) to (Y, yo,d) is a function
fiY DX «“delegaélon function”

such that

F(yo)(xzo) =1 (In1T)
Y W) (@) - c(@)(a,z’) < Y dy)(a,y) - F) (=)
xzeX Yy’ €y

for eac hy€Y,a€Acand 2’ € X

(AcT)

——
! LY
]/ \ C—l
bm\./bm oty
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Kleisli Simulation for
Probabilistic LTS

A forward simulation from (X, g, c) to (Y, yo,d) is a function J
fiY—Dx 4= “delega%ion function”

such that

F(yo)(xzo) =1 (In1T)
Y W) (@) - c(@)(a,z’) < Y dy)(a,y) - F) (=)
xzeX Yy’ €y

for eac hy€Y,a€Acand 2’ € X

(AcT)

————

| REERF A
]/ \ 5 ali]] Cf‘y e

b[l]\./b[l] | bl <;&"B'> e ( w’)
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Kleisli Simulation for
Probabilistic LTS

Definition.
A forward simulation from (X, xg,c) to (Y, Yo, d) is a function é

f: Y —Dx 4="delegation function”

such that

f(yo)(wo) =1 (INTT)
Y f@(@) - c@)(a, @) < ) dy)(a,y) - FY) ()
zEX v EY

foreachy € Y,a € Acand '’ € X
(ActT

X i} ol
LN )
b[1]\./b[1] 1 b[1]|

o=

Hasuo (Kyoto, JP)
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How Are These
“The Same”?
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Kleisli Arrow

X —+— Y 7P-Kleisli arrow
X — PY function
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Kleisli Arrow

‘i o .
X —— Y P-Kleish arrow | A4, V' :sets

X — PY function
R S

e P:powerset opr.
* non-deterministic function

Hasuo (Kyoto, JP)
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Kleisli Arrow

Z o :
X —— Y P-Kleisli arrow | A, ¥ :sets

X — PY function * P:powerset opr.

- * non-deterministic function
W" , ‘m
r— {Y,Y'}

Hasuo (Kyoto, JP)
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Kleisli Arrow

Z o :
X —— Y P-Kleisli arrow | A, ¥ :sets

: . » P :powerset optr.
X — PY function P etopr
~— 4 * non-deterministic function
w——»

t— {y,y'} = Y)
L S
y)
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Kleisli Arrow

‘i o .
X —— Y P-Kleish arrow | A4, V' :sets

X — PY function
R S

e P:powerset opr.
* non-deterministic function
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Kleisli Arrow

7 o :
X —+— Y P-Kleisli arrow A, ¥ :sets

X — PY function § e P:powerset opr.

— } * non-deterministic function
- e

X —— Y D-Kleisli arrow o D :subdistribution opr.

DX
X — DY function ‘
— ———

={d:X—>[O,1]

Y d(z) < 1}

* probabilistic function
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Kleisli Arrow

7 o :
X —+— Y P-Kleisli arrow A, ¥ :sets

: i e P :powerset opr.
X — PY tunction ‘ P S .P |
| * non-deterministic function

PR ——— ——

X —— Y D-Kleisli arrow o D :subdistribution opr.

DX
X — DY tfunction : S
- | , =q¢d: X — [0,1] d(x) <1
[y o .
y > 2 * probabilistic function
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Kleisli Arrow

7 o .
X —+— Y P-Kleisli arrow A ¥ isets

: e P : powerset opr.
X — PY function P etopr
—— PRSI non-deterministic function
w—- :

X —— Y D-Kleisli arrow o D :subdistribution opr.

i DX

X — DY function | >

- | =q¢d: X — [0,1] d(x) <1

— { e <1}

Y3 — .
T — ;o2 * probabilistic function

Yy — 3 1

3.7 Y)

z)
\ ’
2 "y
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Kleisli Category

X ——'Y P-Kleisli arrow *
X — PY function

® Kleisli arrows form a category — — e
X —+— Y D-Kleisli arrow
¢ identity X — DY function

X 45Y YV 42 —
g f
——

® composition

X Z
P ——

Hasuo (Kyoto, JP)
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Kleisli Category

X —— Y P-Kleisli arrow
X — PY function

® Kleisli arrows form a category — — =
X —+— Y D-Kleisli arrow *
¢ identity X — DY function

F | i ‘—~
X 45Y Y 45 Z -

a®®f
—

® composition

X Z
P —
® A standard construction in category theory

. ?, D : monads. Cf. “Effect” monads in Haskell pwadler, Moggi]

e In this work: for “branching”

« non-determinism, probability, weighted, quantum, ...

Hasuo (Kyoto, JP)
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Kleisli Coalgebraic
Modeling of Systems

P(Ac X X)
An LTS cl

(w/o initial state)
X
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Kleisli Coalgebraic
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P(Ac x X) Ac X X
An LTS e ctr
X
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Kleisli Coalgebraic
Modeling of Systems

P(Ac x X) Ac X X

An LTS )
(w/o initial state) CT C$
X | X
D(Ac X X)
A GPA ot
(w/o initial state)
X
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Kleisli Coalgebraic
Modeling of Systems

P(Ac x X) Ac X X
An LTS e ctr

(w/o initial state)

D(Ac X X) Ac x X
A GPA cT C$D
X

(w/o initial state)
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Kleisli Coalgebraic
Modeling of Systems

P(Ac x X) Ac X X
An LTS e ctr

(w/o initial state)
X X A (branching) system
m as a Kleisli coalgebra

D(Ac X X) Ac x X
A GPA cT C$D
X

(w/o initial state)
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Kleisli Simulation

Definition.
A forward Kleisli simulation

i
Ac x X Ac XY )

from ct to dF
X Y
1s a Kleisli arrow
f:1Y +—X

such that ¢ ® f CE (Ac X f) ®d, that is

Ac X
Ac X X < | Ac XY
ct C Td
4 | Y
f
SRR — T————————
Hasuo (Kyoto, JP)
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Kleisli Simulation

Branching system
(LTS, GPA, ...

Definition.
A forward Kleisli simulation

Ac x X Ac XY
from ct to dF
X Y

1s a Kleisli arrow
f:1Y +—X

such that ¢ ® f CE (Ac X f) ®d, that is

Ac X
Ac X X « | Ac XY
ct C Td
4 | Y
f
VR — —— RS
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Kleisli Simulation

Branching system
(LTS, GPA, ...

Definition.
A forward Kleisli simulation

Ac x X Ac XY
from ct to dF
X Y

1s a Kleisli arrow
f:1Y +—X

such that ¢ ® f CE (Ac X f) ®d, that is

“Simulated”
(less behavior)
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Kleisli Simulation

Branching system
(LTS, GPA, ...

Definition.
A forward Kleisli simulation

Ac x X Ac XY
from ct to dF
X Y

1s a Kleisli arrow
f:1Y +—X

such that ¢ ® f CE (Ac X f) ®d, that is
“Simulating”
(more behavior)

Natural order for

PlD

“Simulated”
(less behavior)

Hasuo (Kyoto, JP)
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Kleisli Simulation

Y 4+ X Y 5 X
Y — PX, tunction Y — DX, function
R C X XY, relation

Definition.

f:1Y +—X

such that ¢ ® f CE (Ac X f) ®d, that is

Natural order for

PlD

Hasuo (Kyoto, JP)
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1s a Kleisli arrow

f:1Y +— X

such that ¢ ® f E (Ac X f) ®d, that is

Ac X f
Ac X X « | Ac XY
ct C Td
{ | Y
f
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Ac XY
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e
T 1M +x
%
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Ac X f
Ac X X « | Ac XY
ct C Td
{ | Y
f

Hasuo (Kyoto, JP)

Friday, September 3, 2010



>
e
T 1M +x
%

Hasuo (Kyoto, JP)

Friday, September 3, 2010



N )
B
8\
Q<
e
>
(@)
X
>
(@)
<+ 1M +x
<%

Hasuo (Kyoto, JP)

Friday, September 3, 2010



s

-
( y ) A
’ Ac X
1\ C$ ;
1 S
f

Hasuo (Kyoto, JP)

Friday, September 3, 2010



~
/

{(a,m’) yH.

Ac

i {ay) v Sy

\.
>

7\,
/7 N\
~
S
9
S
~
~—

%3\<
<t M x| ——
“~

Hasuo (Kyoto, JP)

Friday, September 3, 2010



~
/

C {(a,m'> v

Ac

i {ay) v Sy

\.
>

7\,
/7 N\
~
S
9
S
~
~—

%3\<
<t M x| ——
“~

Hasuo (Kyoto, JP)

Friday, September 3, 2010



~
/

/ y 2 ¢ a
C (a, 27) - <_'[ {(a,y") |y =y}
e o

fr Y \\ \_ A Jf A

/ : CX

1) ﬁ&wﬂ Ac X X « |
\\ )J C$ ;
j -

For ecachy € Y, a € Ac and =’ € X,

( 4 ) L ( y -2 Je )
a implies g
o — .’L', .’L’,
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Kleisli Simulation

Definition.
A forward Kleisli simulation

i
Ac x X Ac XY )

from ct to dF
X Y
1s a Kleisli arrow
f:1Y +—X

such that ¢ ® f CE (Ac X f) ®d, that is

Ac X
Ac X X < | Ac XY
ct C Td
4 | Y
f
SRR — T————————
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1s a Kleisli arrow

f:1Y +— X

such that ¢ ® f E (Ac X f) ®d, that is

Ac X f
Ac X X « | Ac XY
ct C Td
{ | Y
f
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Ac XY

>
e
T 1M +x
%
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Ac X f
Ac X X « | Ac XY
ct C Td
{ | Y
f
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[ (a,z') — ZPr[y s z] - Prlz 5 2]

Y
= Pr | :

>
e
T 1M +x
%
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f (a,z') +— Y PrlySy]-Prly - 2] | A
. y—a>3.] <—l([(a,y’) — Prly = y']]
\_" i ), A
- .
(a,z’) +— ZPr[y --» x] - Pr[z — 2]
. Ac X f
=Pr| o Ac X X < | Ac XY
\ ‘i s T
I 4 | Y
f
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f (a,z') — > Prly>y’]-Prly’ - 2] | A
[y i ( [(@y) = Prly 5]
\_ v ), N
- / —
(a,z’) +— ZPr[y --» x] - Pr[z — 2]
. Ac X f
=Pr| o Ac X X « | Ac XY
“ ct C td
I 4 | Y
f
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(a,2') = > Prly S y]-Prly’ - 2] |
b y—a>§|.] <—I([(a,y’) — Prly = y'] ]
\_ v ), N
- / )
(a,z’) +— ZPr[y --» x] - Pr[z — 2]

. Ac X f

=Pr| o Ac X X < | Ac XY
- J C$ C %d

I 4 | Y
f

For eachy € Y, a € Acand o’ € X,

< Pr_y&?_

a , .
| @ — ' _ i 7 -
Hasuo (Kyoto, JP)
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Kleisli Simulation for
Probabilistic LTS

Definition.
A forward simulation from (X, xg,c) to (Y, Yo, d) is a function é

f: Y —Dx 4="delegation function”

such that

f(yo)(wo) =1 (INTT)
Y f@(@) - c@)(a, @) < ) dy)(a,y) - FY) ()
zEX v EY

foreachy € Y,a € Acand '’ € X
(ActT

X i} ol
LN )
b[1]\./b[1] 1 b[1]|

o=
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Four Variations

forward
Ff
FX < | FY
N
X < | Y
f

forward-backward

F
FX%If—FU—PI‘b%FY

P N

X\ju: Ul')

backward

Fx — 50 L py
ct C Td
X : Y

backward-forward

F
FX—F”HFUHLFY

ct C el C %l
X II) > U < ch

Hasuo (Kyoto, |P)
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Four Variations

forward
Ff
FX < | FY
N
X < | Y
f

forward-backward

F
FX%If—FU—PI‘b%FY

c$ C e$ .; $d

X +— U

|
f b
Intermediate
system

backward

Fx — 50 L py
ct C Td
X : Y

backward-forward

F
FX—F”HFUHLFY

c$ C e$ .; $d

X —— J <

|
b I
Intermediate
system

Friday, September 3, 2010
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Four Variations

forward backward
rx ot oy Fx — 0 oy

N e N e

X < ch Y X II) >Y
forward-backward backward-forward

F F
FXJFU—EQFY FX—P;QFUHLFY
ct C e C 14 ct C e C 14
X < I I >Y I I
’ !

“Simulated”

“Simulating”
(more behavior)

(less behavior)

Intermediate
system

Hasuo (Kyoto, JP)
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Generic Soundness
Theorem ..

® J[race semantics:

B. We need explicit termination:

see paper.

tr(x’) =

O hm. 3 Kleisli simulation = trace inclusion
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Generic Soundness
Theorem ..

® J[race semantics:

NB. We need explicit termination:
see paper.

() — 3
@)= | 075
3

O hm. 3 Kleisli simulation = trace inclusion

® Proof uses generic trace semantics via final coalgebra

[H.-Jacobs-Sokolova, LMCS’07] F (tr (C) ) y
FX-—-—+ —-->FZ e T
. FX——FY----- FZ
c$ $ﬁnal in IC¢(D) T3 | = final
X-—-——-——4F+—-——->2Z XY = Z
tr(c)

“trace semantics
Hasuo (Kyoto, JP)

Friday, September 3, 2010



Kleisli Simulation:

Summary
FX < Flf FY
ct C Td
X < ]Ic Y
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Kleisli Simulation:
Summary

&
>

S s

AN

F orwar d A relation R between states of two systems, s.t.
a a
simulation , & . ,

©®

Soundness Existence of fwd./bwd. simulation
theorem = traceincl.

F
If FY
C 1d
| Y
f
o T =7D
\ F = Ac X _
Forward % | .. 21 Yol
simulation a[g]/ \a[g] = - . all]]
b[l]\./b[l] b[l]i

Soundness Existence of fwd./bwd. simulation
theorem @ = traceincl.

JP)
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Kleisli Simulation:
Summary

® Uniform definition for a variety of systems

F :
fwd. F X < If FY bwd. FX F;b s F'Y
ct LC Hd ctc LC Hd
¢ ——Y
X 7 Y X ;

® esp.. non-det. & probability
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Kleisli Simulation:
Summary

® Uniform definition for a variety of systems

F |
fwd. FX « If FY bwd. FX F;b s F'Y
ct LC +d ct LC +d
¢ | | >Y
7 Y X ;

® esp.. non-det. & probability

® Generic soundness theorem:
3 simulation = trace inclusion
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Kleisli Simulation:
Summary

® Uniform definition for a variety of systems

f
%
T
~

fwd. FX + FY bwd. FX —— F'Y
ct LC +d ct LC +d
¢ | | >Y
7 Y X 5
R —— ————p

® esp.. non-det. & probability

® Generic soundness theorem:
3 simulation = trace inclusion

® Has been applied to verif. of probabilistic anonymity
[H.-Kawabe-Sakurada, TCS’10]

Hasuo (Kyoto, |P)
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Characterization
Results

Friday, September 3, 2010



Characterization

® Thm. A Jonsson-Larsen simulation R is a

fwd.-bwd. Kleisli simulation, by

Ac X X ¢ | Ac X R | >Ac X Y

ct C AT C Td
R

® Cor. Soundness of JL-simulation Hasuo (Kyoto, P
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Characterization

® Thm. A Jonsson-Larsen simulation R is a

fwd.-bwd. Kleisli simulation, by

weight function
Ac X X < | At X R | »Ac X Y
c$ — A$ [ $d
\ J ? J o ’

simulation relation

® Cor. Soundness of JL-simulation Hasuo (Kyoto, P
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Characterization

® Thm. A Jonsson-Larsen simulation R is a

fwd.-bwd. Kleisli simulation, by

weight function
Ac X X < | At X R | »Ac X Y
ct C At C td
\ Jy 1: J 1o ’
simulation relation k

projectio

>

projection

® Cor. Soundness of JL-simulation Hasuo (Kyoto, P
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Characterization

® Thm. A Jonsson-Larsen simulation R is a

fwd.-bwd. Kleisli simulation, by

weight function
Ac X X < | At X R | »Ac X Y
ct C At C td
\ Jy 1: J 1o ’
simulation relation k

projectio

>

projection

® Cor. Soundness of JL-simulation Hasuo (Kyoto, P
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For Purely Probabilistic Systems...

Kleisli simulation

[H., CONCUR'06]

fwrd Ff Fb ¢
twd. FX ——+—FY bwd. FX —+—FY
¢ L Hd ¢ LT Hd
. m
2
Q
%
6& Hughes-Jacobs
Jonsson-Larsen & simulation
simulation for PI’Ob. SYs. , [Hughes-Jacobs, TCS'04] - B - By By d
[Jonsson-Larsen, LICS’91] CT E TT E Td
X < R rY
via weight function é al 72
AP L oo gf oo | R —
L <o >0 |
’ >0 (z'Ry’)
w: 0 {O (0.w.)
 e—- — Hasuo (Kyoto, JP)
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A Few Words on
Hughes-Jacobs Simulation

® |nitial success of coalgebra: I-.Iughes.- Jacobs |
: .. . . simulation
generic definition of bisimulation Hughe Jacobs TCS 04 B

B'Tl'l
BX <———BR — BY
¢f C r C Td
X < —~ R o rY

| _es—

® HJ-simulation:
modified coalgebraic bisimulation

® HJ-simulation: function-based

® Kleisli simulation: Kleisli arrow-based

® For non-det./prob. systems:
HJ is Kleisli

Hasuo (Kyoto, |P)
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Conclusions &
Future Work

® Kleisli simulation: new simulation notion for purely probabilistic
systems

® Mathematical generalization of non-deterministic notion
® Not a relation, but a “delegation” function
® Generic soundness

® Jonsson-lLarsen simulation as a special case
® Other probabilistic systems? E.g. Stochastic CFG

® Other branching! E.g. quantum channels

® Algorithmic aspects

Hasuo (Kyoto, |P)
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Conclusions &
Future Work

® Kleisli simulation: new simulation notion for purely probabilistic
systems

® Mathematical generalization of non-deterministic notion
® Not a relation, but a “delegation” function
® Generic soundness

® Jonsson-lLarsen simulation as a special case

® Other probabilistic systems? E.g. Stochastic CFG
® Other branching! E.g. quantum channels

® Algorithmic aspects |
Thank you for your attention!

Ichiro Hasuo (RIMS, K’joéo u.)
h&&p://www.lzurf,ms.ke‘vof:o-u.atg p/~ichiro
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Kleisli Simulation for
Probabilistic LTS

Definition. (GPA)
a %/]( Q b[]_] A generative probabilistic automaton (GPA) is

HQ (X, o, c)

b@@ where

e X is a state space;
e o € X is an wnitial state;

e cis a transition function ¢ : X — D(Ac X X) .

R —— ———————

N.B. without explicit termination,

for simplicity
Hasuo (Kyoto, |P)
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Kleisli Simulation for
Probabilistic LTS

Definition. (GPA)
a %/]( Q b[]_] A generative probabilistic automaton (GPA) is

HQ (X, o, c)

b@@ where

e X is a state space;
e o € X is an wnitial state;
e cis a transition function ¢ : X — D(Ac X X) .

P —
DX

p— : <
N.B. without explicit termination, {d’ X —[0,1] zw: d(z) < 1}
for simplicity
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ldentity Kleisli Arrow

® “No branching”

® Non-deterministic: singleton

X —77|X—> X  P-Kleisli arrow -
X — PX tunction

— e
® Probabilistic: pointmass/Dirac distribution
X —ZX—) X D-Kleisli arrow
X — DX function
xr— 1 '
T 2 s 0 (:c’;ém)} I

—yn o —————— Hasuo (Kyoto, JP)
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Composition of
Kleisli Arrows

I g
X —+—Y Y —+— 272

gOf
X —+— 74

Hasuo (Kyoto, |P)
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Composition of
Kleisli Arrows

I g
X —+—Y Y —+— 272

gOf
X —+— 74

that is

X 2Py v 2L pz

x 294 py

Hasuo (Kyoto, |P)
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Composition of
Kleisli Arrows

I g
X —+—Y Y —+— 27
g f
X —— 7
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Composition of
Kleisli Arrows

I g
X —+—Y Y —+— 27
g f
X —— 7

WRRe—— ——
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Composition of
Kleisli Arrows

I g ~
X —+—Y Y —— 272

g f
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