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T (Data) Terms M, N

o o A Assertions 0,0
Psi-calculi (e omm -
Channel ~ Object  Pattern Test (aka guard)

M N.P Output
M(Ax)N.P Input
case o1 : Py || --- || on : P, Case
(va)P Restriction
P|Q Parallel
P Replication
(W) Assertion




Instance parameters

~

= — Equivariance: p-(X[z:=T) =@ -X)|(p-z):=(p- T )}
X[LI? i= T] Freshness: if #C n(X) and a#X|[% :=T| then a#T
Alpha-equivalence: if p C 1 ( r) and (p-2)#X then

T)=(p-X)[(p-2) :=T]

Channel Symmetry: WVEFM < N — VEN M
Channel Transitivity: VM <~ N N WEN < L
— UM< L

Composition: U~ — U’ ~¥eu”
Identity: Rl ~ W
Associativity: (TRU)RUY" ~ I(W'w")

Commutativity: UQU' ~ U'ew
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All the rules

VMoK VM« K v > P &, p \Ifl—goz
IN T — out — — CASE .~
U > MOg)N.p EN0=N, prg.— v>MNP 2N p U > case5: P % P

Toe¥ > P MUAN, pr o goou > Q EY @ UeUpeUo b M < K _
Com a#Q

Ve PlQ — (va)(P'|Q)

oV > P = P P = P
PAR bn(a)#Q SCOPE b#a, ¥
U > PlQ % P|Q U > (vb)P %5 (ub)P’
v p MEON pr e G U PP % P
OPEN ——— REP
U > (vbh)p MEEHN, pr bEn(N) V1P 2 P

+ freshness conditions in Par and Com
+ symmetric variants
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Correctness

How can we prove beyond doubt that we have
made no mistake similar to applied pi and CC-pi?
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Correctness

How can we prove beyond doubt that we have
made no mistake similar to applied pi and CC-pi?

l.e., prove that if P and Q have the same
transitions then so do PIR and QIR?
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Correctness

How can we prove beyond doubt that we have
made no mistake similar to applied pi and CC-pi?

l.e., prove that if P and Q have the same
transitions then so do PIR and QIR?

...and that it satisfies the scoping laws, eg
scope extension, that (va)P | Q and (va)(P|Q)
have the same transitions if a#:()
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Strategy

Define an intuitive equivalence
from the semantics

Prove that it is a congruence

Prove that it is satisfies universal
laws like scope extension

ie exactly the same strategy as in the pi-calculus
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Different instances may
have different laws!

if © then 7. P if © then 7.if © then P
only has a transition in an environment ¥
such that U ¢

leadto p if o then . P

The environment used to satisfy ¢
Will it always do this!?
Can it change to make  false!




The environment is any agent, and this can evolve!

Eg: Q= (¥)|7.(¥)
F(Q)=1¥
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The environment is any agent, and this can evolve!

Eg: Q= (¥)|7.(¥)
F(Q)=1¥

Q can evolve to O’ with F(Q') = YV’
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The environment is any agent, and this can evolve!

Eg: Q= (¥)|7.(¥)
F(Q)=1¥

Q can evolve to O’ with F(Q') = YV’

Q| if o then 7. P Q) | if © then 7.if © then P
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The environment is any agent, and this can evolve!
Eg: Q= (¥)|7.(¥)
F(Q)=V

Q can evolve to O’ with F(Q') = YV’

Q| if o then 7. P Q) | if © then 7.if © then P

evolve to

(W | () | P (W) | () | if ¢ then P
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(W | () | P (W) | () | if ¢ then P
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(W | () | P (W) | () | if ¢ then P

Do these behave similarly? We know that T + ¢
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(W | () | P (W) | () | if ¢ then P

Do these behave similarly? We know that T + ¢

Do we then also know that v@U’' o ?

If so the agents behave the same
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(W | () | P (W) | () | if ¢ then P

Do these behave similarly? We know that T + ¢

Do we then also know that v@U’' o ?

If so the agents behave the same

If not they are different since only the left can act as P
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(W | () | P (W) | () | if ¢ then P

Do these behave similarly? We know that T + ¢

Do we then also know that v@U’' o ?

If so the agents behave the same

If not they are different since only the left can act as P

The crucial question is if the psi-calculus satisfies

Uk =>UU' Fop mohotonicity
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The only thing we know for sure
about any psi-calculus:

~

= — Equivariance: p-(X[z:=T) =@ -X)|(p-z):=(p- T )}
X[LI? i= T] Freshness: if #C n(X) and a#X|[% :=T| then a#T
Alpha-equivalence: if p C 1 ( r) and (p-2)#X then

T)=(p-X)[(p-2) :=T]

Channel Symmetry: WVEFM < N — VEN M
Channel Transitivity: VM <~ N N WEN < L
— UM< L

Composition: U~ — U’ ~¥eu”
Identity: Rl ~ W
Associativity: (TRU)RUY" ~ I(W'w")

Commutativity: UQU' ~ U'ew
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It turns out this does not imply monotonicity!

So there are psi-calculi where this does not hold
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It turns out this does not imply monotonicity!

So there are psi-calculi where this does not hold

Good: this means we can have psi-calculi
describing concurrent constraints with retracts!
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It turns out this does not imply monotonicity!

So there are psi-calculi where this does not hold

Good: this means we can have psi-calculi
describing concurrent constraints with retracts!

Bad: this means that some natural looking laws
are not valid in these calculi

torsdag 22 augusti 13



if pthen 7.P . if ¢ then 7.if ¢ then P
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if pthen 7.P . if ¢ then 7.if ¢ then P

This law is only valid if assertion
composition is monotonic
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if pthen 7.P . if ¢ then 7.if ¢ then P

This law is only valid if assertion
composition is monotonic

In fact this is expected: if the
environment can evolve to retract
facts the law should not be valid!
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Universal laws

Universal laws are those valid in all psi-calculi
We should at least expect something like

P ~ P|O
PI(QIR) ~ (P|Q)|R
PIQ ~ Q|P
(ra)0 ~ O
CPlra)Q ~ (a)(P|Q)  ifa#P
M N.(va)P ~ (va)M N.P if a#tM, N
M(A\x)N.(va)P ~ (va)M(Mx)(N).P ifa#M,N
case  : (va)P ~ (va)case 3 : P if a#tp
(va)(vb)P ~ (vb)(va)P
P ~ P|IP




Universal laws

Universal laws are those valid in all psi-calculi

If any of thee fail something is wrong with our definitions!

P ~ P|O
PI(QIR) ~ (P|Q)|R
PIQ ~ Q|P
(ra)0 ~ O
CPlra)Q ~ (a)(P|Q)  ifa#P
M N.(va)P ~ (va)M N.P if a#tM, N
M(A\x)N.(va)P ~ (va)M(Mx)(N).P ifa#M,N
case  : (va)P ~ (va)case 3 : P if a#tp
(va)(vb)P ~ (vb)(va)P
P ~ P|IP




Universal laws

We also want compositionality

le the equivalence is a congruence
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Bisimulation

First attempt, can we as in the pi-calculus
define bisimulation only in terms of
transitions!?

The binary relation R is a bisimulation if

1. R is symmetric

2. P R( implies that Va.bn(a)#Q.
P = P’ implies Q — Q' and P' RQ’
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The binary relation R is a bistmulation if

1. R 1s symmetric

2. P R implies that Va.bn(a)#Q.
P = P’ implies Q — Q' and P' RQ’
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The binary relation R is a bistmulation if

1. R 1s symmetric

2. P R implies that Va.bn(a)#Q.
P = P’ implies Q — Q' and P' RQ’

Bad News:

This is clearly inadequate since also the
frames of P and O must be related
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The binary relation R is a bistmulation if

1. R 1s symmetric

2. P R implies that Va.bn(a)#Q.
P = P’ implies Q — Q' and P' RQ’

Bad News:

This is clearly inadequate since also the
frames of P and O must be related

This would equate all agents of form (V)
since these have no transitions!
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Bad News:

This is clearly inadequate since also the
frames of P and O must be related

This would equate all agents of form (V)
since these have no transitions!
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Remedy(?) Also take account of the frames

The binary relation R is a bisimulation it

1. R is symmetric

2. P R( implies that Va.bn(a)#Q.
P = P’ implies Q — @’ and P' RQ’
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Remedy(?) Also take account of the frames

The binary relation R is a bisimulation it

1. R is symmetric

2. P R( implies that Va.bn(a)#Q.
P = P’ implies Q — @’ and P' RQ’
3. F(P)~F(Q)

”Can be alpha-converted to
each other”

F=¢ | means F:a(VN)\I’
b7
[ l?s
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The binary relation R is a bisimulation if

1. R is symmetric

2. P R implies that Va.bn(a)#Q.
P =5 P’ implies Q — Q' and P' RQ’

3. F(P)~F(Q)
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The binary relation R is a bisimulation if

1. R is symmetric

2. P R implies that Va.bn(a)#Q.
P =5 P’ implies Q — Q' and P' RQ’

3. F(P)~F(Q)

Bad News:

This is not even well formed.
Transitions depend on environment.
Must require this for all possible environments!?
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Bad News:

This is not even well formed.
Transitions depend on environment.
Must require this for all possible environments!?
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The binary relation R is a bistmulation it

1. R 1s symmetric

2. PRQ implies that Va, U.bn(a)#Q, V.
U P = P implies U Q — Q' and P' RQ’

3. F(P)~F(Q)
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The binary relation R is a bisimulation it

1. R 1s symmetric

2. PRQ implies that Va, U.bn(a)#Q, V.
U P = P implies U Q — Q' and P' RQ’
3. F(P)~F(Q)

Actually this is a bit too strong: requires
derivatives to bisimulate for all environments
even though some may not be reachable!
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The binary relation R is a bisimulation it

1. R 1s symmetric

2. PRQ implies that Va, U.bn(a)#Q, V.
U P = P implies U Q — Q' and P' RQ’
3. F(P)~F(Q)

Actually this is a bit too strong: requires
derivatives to bisimulate for all environments
even though some may not be reachable!

if o then 7. P /2, if ¢ then 7.if ¢ then P
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The binary relation R is a bisimulation it

1. R 1s symmetric

2. PRQ implies that Va, U.bn(a)#Q, V.
U P = P implies U Q — Q' and P' RQ’
3. F(P)~F(Q)

Actually this is a bit too strong: requires
derivatives to bisimulate for all environments
even though some may not be reachable!

if o then 7. P /2, if ¢ then 7.if ¢ then P

This will not hold in any psi-calculus
Not even in monotonic ones!
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Better: A bisimulation is a ternary relation,
relating an assertion and two agents.

R(V, P,Q) means that P and Q are bisimilar
if the environment of both is ¥
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Better: A bisimulation is a ternary relation,
relating an assertion and two agents.

R(V, P,Q) means that P and Q are bisimilar
if the environment of both is ¥

R is a bistmulation if R(V, P, () implies
1. R(¥,Q, P)

2. Va.bn(a)#Q, V.
U > P =5 P implies ¥ >Q — Q' and R(¥, P, Q")

3. U F(P)~ ¥ F(Q)
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Better: A bisimulation is a ternary relation,
relating an assertion and two agents.

R(V, P,Q) means that P and Q are bisimilar
if the environment of both is ¥

R is a bistmulation if R(V, P, () implies
1. R(¥,Q, P)

2. Va.bn(a)#Q, V.
U > P =5 P implies ¥ >Q — Q' and R(¥, P, Q")

3. U F(P)~ ¥ F(Q)

P ~ (@ if for some bisimulation R it holds VV.R(W¥, P, Q)
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R is a bistmulation if R(V, P, () implies
1. R(¥,Q, P)

2. Va.bn(a)#Q, V.
U > P =5 P implies ¥ >Q — Q' and R(¥, P, Q')

3. U F(P)~ ¥ F(Q)
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R is a bistmulation if R(V, P, () implies
1. R(V,Q, P)
2. Va.bn(a)#Q, V.
U > P =5 P implies ¥ >Q — Q' and R(¥, P, Q')
3. Y F(P)~V¥ ® F(Q)

We are almost there, but not quite!

This definition will not satisfy compositionality!

P=p330+p30+73.if © then 5.0
Q=p330+730

T=1.(V|

U= o
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P=p3.6.0+ 3.0+ 3.if ¢ then 5.0

Q — 560 T 50 R is a bisimulation if R(V, P, Q) implies
I'=r (|\IJD 1. R(V,Q, P)
W= V2 2. Va.bn(a)#Q, V.

U>P -2 P implies U > Q - Q" and R(¥, P, Q")
3. YR F(P)~ V¥ ® F(Q)
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P=p3.6.0+ 3.0+ 3.if ¢ then 5.0

Q — 650 T 50 R is a bisimulation if R(V, P, Q) implies
I'=r (|\IJD 1. R(V,Q, P)
W= V2 2. Va.bn(a)#Q, V.

U>P -2 P implies U > Q - Q" and R(¥, P, Q")
3. YR F(P)~ V¥ ® F(Q)

(Q7P7 Q)7 (17P7 Q)7
(W7/B°O7/B°O)7 (17/B°O7/B°O)7
(1,0,0), (1,0,0),

(U, if ¢ then 5.0, 5.0),

(1, if v then 5.0, 0)}
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P=p3.6.0+ 3.0+ 3.if ¢ then 5.0

Q — 650 T 50 R is a bisimulation if R(V, P, Q) implies
I'=r (|\IJD 1. R(V,Q, P)
W= V2 2. Va.bn(a)#Q, V.

U>P -2 P implies U > Q - Q" and R(¥, P, Q")
3. YR F(P)~ V¥ ® F(Q)

(Q7P7 Q)7 (17P7 Q)7
(W7/B°O7/B°O)7 (17/B°O7/B°O)7
(1,0,0), (1,0,0),

(U, if ¢ then 5.0, 5.0),

(1, if v then 5.0, 0)}

Proves P ~ O
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P=73.8.04+ 5.0+ 5.1if © then (5.0
QQ=330+730
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P=73.8.04+ 5.0+ 5.1if © then (5.0

Q=p.80+75.0
T=71.(V)
W=

16T | P 25 T|if o then 8.0 =5 (¥) | if ¢ then 3.0
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P=73.8.04+ 5.0+ 5.1if © then (5.0

Q=p.80+75.0
T=71.(V)
W=

1>T\PHT|ifgpthen6.0%(\\If|)\ifgpthenﬁ.o
1T Q2777
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P=73.8.04+ 5.0+ 5.1if © then (5.0

Q=p.80+75.0
T=71.(V)
W=

16T | P 25 T|if o then 8.0 =5 (¥) | if ¢ then 3.0
1>T|Q&T|‘??

1>T\Q T|6.0
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P=73.8.04+ 5.0+ 5.1if © then (5.0

Q=p.80+75.0
T=71.(V)
W=

16T | P 25 T|if o then 8.0 =5 (¥) | if ¢ then 3.0
1>T|Q&T|‘??

1>T\Q T|6.0
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P=73.8.04+ 5.0+ 5.1if © then (5.0

Q=p.80+75.0
T=71.(V)
W=

16T | P 25 T|if o then 8.0 =5 (¥) | if ¢ then 3.0
1T |Q 25T |27

17T |Q 25T |8.0
No, since T' | if ¢ then .0 has no action (3
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P=73.8.04+ 5.0+ 5.1if © then (5.0

Q=p.80+75.0
T=71.(V)
W=

16T | P 25 T|if o then 8.0 =5 (¥) | if ¢ then 3.0
1T |Q 25T |27

17T |Q 25T |8.0
No, since T' | if ¢ then .0 has no action (3

1>T\Q T|0
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P=73.8.04+ 5.0+ 5.1if © then (5.0

Q=p3.8.0+73.0
T=71.(V)
W=

16T | P 25 T|if o then 8.0 =5 (¥) | if ¢ then 3.0
1T |Q 25T |27

17T |Q 25T |8.0
No, since T' | if ¢ then .0 has no action (3
1>T\Q&T|O

No, since T' | 0 has no action (3
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P=73.8.04+ 5.0+ 5.1if © then (5.0

Q=p3.8.0+73.0
T=71.(V)
W=

16T | P 25 T|if o then 8.0 =5 (¥) | if ¢ then 3.0
1T |Q 25T |27

17T |Q 25T |8.0
No, since T' | if ¢ then .0 has no action (3

1>T\Q&T|O

No, since T' | 0 has no action (3

Ergo, P~ Q butnot P|T ~Q | T
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Bisimulation graphically

In the environment ¥, P and () behave similarly.
If P’ changes to P’ then () can mimic this to @’
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Bisimulation graphically

In the environment ¥, P and () behave similarly.

If P’ changes to P’ then () can mimic this to @’
If the environment changes they should still be bisimilar!

P/
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Bisimulation graphically

In the environment ¥, P and () behave similarly.

If P’ changes to P’ then () can mimic this to @’
If the environment changes they should still be bisimilar!

P/
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Bisimulation graphically

In the environment ¥, P and () behave similarly.

If P’ changes to P’ then () can mimic this to @’
If the environment changes they should still be bisimilar!

P/

Q /4
The only way an agent in the environmnent

can change the environmental assertion is to
add more assertions to it!
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Bisimulation graphically

In the environment ¥, P and () behave similarly.

If P’ changes to P’ then () can mimic this to @’
If the environment changes they should still be bisimilar!

The only way an agent in the environmnent
can change the environmental assertion is to
add more assertions to it!
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R is a bistmulation if R(V, P, () implies
1. R(¥,Q, P)

2. Va.bn(a)#Q, V.
U > P =5 P implies ¥ >Q — Q' and R(¥, P, Q')

3. U F(P)~ ¥ F(Q)
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R is a bisimulation if R(V, P, () implies
1. R(¥,Q, P)

2. Va.bn(a)#Q, V.
U > P =5 P implies ¥ >Q — Q' and R(¥, P, Q')

3. U F(P)~ Ve F(Q)
4. VU, R(YQV, P,Q)
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R is a bisimulation if R(V, P, () implies
1. R(V,Q, P)
2. Va.bn(a)#Q, V.
U > P -5 P implies ¥ >Q — Q' and R(¥, P, Q’)
3. Y@ F(P)~ V¥R F(Q)

4. VU, R(YQV, P,Q)
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R is a bistimulation if R(¥, P, () implies
1. R(V,Q, P)
2. Va.bn(a)#Q, V.
U > P -5 P implies ¥ >Q — Q' and R(¥, P, Q’)
3. YR F(P)~V¥ ® F(Q)

4. VU, R(YQV, P,Q)

~ is the largest bisimulation.

P ~ () If for all sequences of substitutions o, Po ~ Qo
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Alternative definition

A binary relation R is a context bisimulation if R(P, Q) implies
1. R(Q, P)

2. Va.bn(a)#Q
1>P = P implies 1>Q — Q' and R(P’,Q’)

3. F(P)~ F(Q)
4. V. R((Y) | P, (¥Y) | Q)




Comparison

R(P,Q) R(¥, P, Q)




Comparison

R(P, Q)

PSP —= Q3@
ANR(FP, Q")

RV, P,Q)

U>P S P = Q=@
AR(Y, P, Q)




Comparison

R(P, Q)

PSP —= Q3@
ANR(FP, Q")

RV, P,Q)

U>P S P = Q=@
AR, P,Q")

U F(P)~=¥eFQ)




Comparison

R(P,Q) R(¥, P, Q)

PLSP — Q% VPSP = Q5Q
AR(P,Q) AR(Y, P, Q")

F(P) ~ F(Q) U F(P)~=¥eFQ)

VO R((E) [P, (W) ]Q) VIR @V, P Q)




Comparison

R(P,Q) R(¥, P, Q)

PLSP — Q% VPSP = Q5Q
ANR(P, Q") ARV, P, Q")

F(P) ~ F(Q) U F(P)~=¥eFQ)

VO R((E) [P, (W) ]Q) VIR @V, P Q)

R(P,Q) iff VU.R(V,P Q)




Comparison

R(P,Q) R(¥, P, Q)

PSP — Q5@ UpoPS5 P — Q5Q
ANR(P, Q") ARV, P, Q")

F(P) ~ F(Q) U F(P)~=¥eFQ)

VO R((E) [P, (W) ]Q) VIR @V, P Q)

Manual proof: 1-2 hours, 70 lines
Isabelle proof: 1 day, 450 lines

R(P,Q) iff VU.R(V,P, Q)




Results

Standard Semantics

Symbolic Semantics
Compositionality

Strong and Weak Bisimulation
Barbed Congruence

Algebraic Laws
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Results

* Standard Semantics «—— Definition of behaviour

* Symbolic Semantics

* Compositionality

* Strong and Weak Bisimulation
* Barbed Congruence

* Algebraic Laws
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Results

* Standard Semantics «—— Definition of behaviour

* Symbolic Semantics«——More ”computable”

* Compositionality
* Strong and Weak Bisimulation
* Barbed Congruence

* Algebraic Laws
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Results

Standard Semantics «—— Definition of behaviour

Symbolic Semantics«—More ’

‘computable”

Compositionality «
Strong and Weak Bisimulatior
Barbed Congruence

Algebraic Laws

If P and Q behave
the same,

then PIR and QIR
behave the same
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Efficient
proof
method

A 4

Results

Standard Semantics «—— Definition of behaviour

Symbolic Semantics+—

More "computable”

Compositionality «

If P and Q behave

Strong and Weak Bisimulatior|the same,

Barbed Congruence

Algebraic Laws

then PIR and QIR
behave the same
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Efficient

proof Results

method

v Standard Semantics «—— Definition of behaviour

* Symbolic Semantics+——

More "computable”

* Compositionality <

If P and Q behave

* Strong and Weak Bisimulatiorjthe same,

* Barbed Congruence
/ * Algebraic Laws

Intuitive
equivalence

then PIR and QIR
behave the same
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Efficient

proof Results

method

v Standard Semantics «—— Definition of behaviour

* Symbolic Semantics«——More ”computable”

* Compositionality < If P and Q behave

* Strong and Weak Bisimulatiorthe same,
then PIR and QIR

* Barbed Congruence SelevE dhe carre
/ * Algebraic Laws
P|(QIR) ~ (P|Q)|R

Intuitive
equivalence
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Efficient

method

Intuitive
equivalence

v Staadard Semantlcs —

proof Results

Definition of behaviour

If P and Q behave
the same,

then PIR and QIR
behave the same

Barbed Congruenc
/ * Algebraic Laws

P(Q|R)

~ (PIQ)|R
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Correctness: the holy grail

29
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Theory Development
in 2 Theorem Prover

Benefit |: Certainty (no false assertions)
Benefit 2: Good proof structure (clarity of arguments)
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Theory Development
in 2 Theorem Prover

Benefit |: Certainty (no false assertions)
Benefit 2: Good proof structure (clarity of arguments)

Benefit 3: Flexibility (easy to change details)
Benefit 4: Generality (easy to keep track of assumptions)

50
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Flexibility

* Theory development
is like programming:
It almost never starts from
scratch.You continually
add, improve, amend,
adjust...

bl
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Flexibility |

* Theory development
is like programming:

4 ~lonmct novine c4arts from

Please change nyally

this one e =t
aGIUSt... PN | A N 3 phArA

bl
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* Programming: Every amendment
needs a program recompilation.

* Theory development: Every
amendment needs a re-check of all
proofs. A huge error source.

* Mechanised proofs means we
have a proof repository and can
quickly assess ramifications of
changes.

52
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Generality

"hmm, some need grease,

some need oil,
| better give both to all...
e e The lemmas in a

theory are like
cogwheels, each
with a little twisty
set of assumptions

...otherwise | would have to remember
who needs what.”

2

torsdag 22 augusti 13



Generality

"hmm, some need-grease, Weakening

some need eil; Idempotence
| better give both to all...
C B ST A The lemmas in a

theory are like
cogwheels, each
with a little twisty
set of assumptions

...otherwise | would have to remember
who needs what.”

2
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A binary relation R on agents is an MJbisim if R(P,Q) implies

F(P)=F(Q) (static equiv)
R(Q,P)

a [
2.
!3. Forall Psi. R{Psi}IP, {Psi}lQ) E
4. Forall a s.t. bn(a)#Q. P-a->P' => Q-a->Q'and R(P',Q))

1
(here transitions without assertion means bottom assertion)

Conjecture 1.

a) Psi I> P -a-> P'implies {Psi}IP -a->{Psi}IP".

b) {Psi}IP -a-> T implies exists P'. T = {Psi}IP' and Psi |> P -a-> P'

Proof: For a: by the PAR rule and F({Psi})=Psi. For b: case analysis on deirivation of {Psi}lP-a->T, and here only PAR can be used. Details are left as an exercise for the reader :)

Conjecture 2.

i{Psi}I{Psi'} ~ {Psi+Psi'}

IProof: Directly from definitions. Obvious :)

Conjecture 3. If R is an MJbisim up to ~ and R(P,Q) then there is an MJbisim R' such that R'(P,Q)
Proof: By intimidation :)

Lemma 1

|If R is an MJbisim then R* =def {(Psi, P,Q): R{Psi}|P, {Psi}lQ)} is a bisimulation up to ~

\Proof. We need to check 4 conditions. Assume R*(Psi,P.Q). Then R({Psi}IP, {Psi}|Q).

1. Psi + F(P) = Psi + F(Q). Follows from F({Psi}IP) = F{Psi}lQ).

2. R*(Psi,Q,P). Follows from R({Psi}lQ, {Psi}IP).

3. All Psi' . R*(Psi+Psi', P, Q). Follows from All Psi' . R({Psi'}{Psi}|P, {Psi}{Psi}lQ), and Conjecture 2. Note that here we probably need associativity.

‘4. Psi I> P-a-> P'implies exists Q'. Psi I> Q-a-> Q' and R(Psi,P',Q"). So assume Psi I> P-a-> P'. Then by Conjecture 1a {Psi}IP -a-> {Psi}IP'. By Condition 4 on MJbisim and R{Psi}IP, {
{Psi}lQ -a-> T with R({Psi}lP', T). Conjecture 1b then gives that there exists a Q' such that T = {Psi}IQ' and {Psi} I> Q -a-> Q'". Also R({Psi}IP'{Psi}lQ') by definition implies R*(PsI,P',Q’), a
'‘QED

|

Lemma 2.

If R* is a bisimulation then R = def {({Psi}IP, {Psi}lQ): R*(Psi,P,Q)} is an MJbisim up to ~.

Proof. We need to check 4 conditions. Assume R(T,U). By definition there are Psi,P,Q s.t. T={Psi}IP, U={Psi}lQ, R*(Psi,P,Q).

1. F(T)=F (V). Follows from R*(Psi,P,Q) and thus Psi+F(P) = Psi+F(Q).

2. R(U,T). Follows from R*(Psi,Q,P) and definitions.

3. Forall Psi' . R{PsiMT, {PsilU). Follows from Forall Psi' . R*(Psi'+Psi,P,Q), Definitions and Conjecture 2.

4. T -a>T implies exists U'. U -a-> U' and R(T',U"): So assume T -a-> T'. Then by T={Psi}|P and Conjecture 1b we get P' such that Psi I> P -a-> P'. By R*(Psi,P,Q) we get Psi [> Q -a-> ¢
R*(Psi,P',Q'"). By conjecture 1a we get {Psi}lQ -a-> {Psi}lQ". So choose U' = {Psi}lQ'. We thus have U -a-> U', and by R*(Psi,P',Q') and definition also R(T',U").

QED

Corollary

'P ~ Q iff there exists an MJbisim R such that R(P,Q)

Proof.

'=>: Suppose P ~ Q. Then there is a bisimulation R* such that R*(bot,P,Q). Define R as in Lemma 2, using this R*. It follows that R is an MJbisim and R(OIP, 0IQ), and therefore R U {(P
.MJ-bisimulation up to ~. By Conjecture 3 there is than an MJbisim as required. !

<=: Suppose R is an MJ-bisimulation up to ~ and R(P,Q). Then R(0IP, 0IQ). By Conjecture 3 there is an MJbisim R' such that R'(0IP,01Q). So by Lemma 1 there is a bisimulation (up to
R*(bot,P,Q), which implies P~Q.

I
- R = — R — ——— - —— —— ——— R — Fo— - S
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A binary relation R on agents is an MJbisim if R(P,Q) implies

F(P)=F(Q) (static equiv)
R(Q,P)

1. ~
2. I ’

13. Forall Psi. R{Psi}lP, {Psi}lQ)

4. Forall as.t. bn(a)#Q. P-a->P' => Q-a->Q'and R(P',Q)) Exal I I P I e fro I I l S I

(here transitions without assertion means bottom assertion)

Conjecture 1. E

a) Psi |> P -a-> P' implies {Psi}IP -a-> {Psi}|P". / nt ’
b) {Psi}IP -a-> T implies exists P'. T = {Psi}IP' and Psi |> P -a-> P' /l"

Proof: For a: by the PAR rule and F({Psi})=Psi. For b: case analysis on deirivation of {Psi}|P-a->T, and here u‘" can be usec@eta' re left as arrmgcise for the reader :)

Conjecture 2. PO lh a ,7
{Psil{Psi"y ~ {Psi+Psi’} U a

Proof: Directly from definitions. Obvious :) e . / |
° a P I

‘Conjecture 3. If R is an MJbisim up to ~ and R(P,Q) then there is an MJbisim R' such that R'(P,Q) ” /,7 / a OOf'
Q |

Proof: By intimidation :) S ,‘Cb .

Lemma 1 C te / V ;
\If R is an MdJbisim then R* =def {(Psi, P,Q): R{Psi}IP, {Psi}lQ)} is a bisimulation up to ~ W X t e
\Proof. We need to check 4 conditions. Assume R*(Psi,P.Q). Then R({Psi}IP, {Psi}lQ). Olﬂ -
1. Psi + F(P) = Psi + F(Q). Follows from F({Psi}IP) = F{Psi}lQ). (

2. R*(Psi,Q,P). Follows from R({Psi}lQ, {Psi}I|P).

13. All Psi' . R*(Psi+Psi', P, Q). Follows from All Psi' . R({Psi'}{Psi}|P, {Psi'}{Psi}lQ), and Conjecture 2. Note that here we probggeed associativity.

‘4. Psi I> P-a-> P'implies exists Q'. Psi I> Q-a-> Q' and R(Psi,P',Q"). So assume Psi I> P-a-> P'. Then by Conjecture 1a {Psi}IP -a->"®RgglP'. By Condition 4 on MJbisim and R{FEi}IP, {
{Psi}lQ -a-> T with R({Psi}IP',T). Conjecture 1b then gives that there exists a Q' such that T = {Psi}lQ' and {Psi} I> Q -a-> Q'. Also R({Psi}IP¥RgIQ") by definition implies R*(Psif',Q"), a
'‘QED

|

ILemma 2.

If R* is a bisimulation then R = def {({Psi}IP, {Psi}lQ): R*(Psi,P,Q)} is an MJbisim up to ~.

‘Proof. We need to check 4 conditions. Assume R(T,U). By definition there are Psi,P,Q s.t. T={Psi}|P, U={Psi}IQ, R*(Psi,P,Q).

1. F(T)=F(U). Follows from R*(Psi,P,Q) and thus Psi+F(P) = Psi+F(Q).

2. R(U,T). Follows from R*(Psi,Q,P) and definitions.

§3. Forall Psi' . R{Psi'}IT, {Psi'{lU). Follows from Forall Psi' . R*(Psi'+Psi,P,Q), Definitions and Conjecture 2.

4. T -a>T implies exists U'. U -a-> U' and R(T',U"): So assume T -a-> T'. Then by T={Psi}|P and Conjecture 1b we get P' such that Psi I> P -a-> P'. By R*(Psi,P,Q) we get Psi [> Q -a-> ¢
R*(Psi,P',Q"). By conjecture 1a we get {Psi}lQ -a-> {Psi}lQ". So choose U' = {Psi}lQ'". We thus have U -a-> U', and by R*(Psi,P',Q") and definition also R(T",U").

QED

Corollary

'P ~ Q iff there exists an MJbisim R such that R(P,Q)

Proof.

'=>: Suppose P ~ Q. Then there is a bisimulation R* such that R*(bot,P,Q). Define R as in Lemma 2, using this R*. It follows that R is an MJbisim and R(OIP, 0IQ), and therefore R U {(P
.MJ-bisimulation up to ~. By Conjecture 3 there is than an MJbisim as required. !

<=: Suppose R is an MJ-bisimulation up to ~ and R(P,Q). Then R(0IP, 0IQ). By Conjecture 3 there is an MJbisim R' such that R'(0IP,01Q). So by Lemma 1 there is a bisimulation (up to
R*(bot,P,Q), which implies P~Q.
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'-A binary relation R on agents is an MJbisim if R(P,Q) implies

1. F(P)=F(Q) (static equiv)

2. R(Q,P)

3. Forall Psi. R{Psi}IP, {Psi}|Q)

'4. Forall a s.t. bn(a)#Q. P -a->P' = Q-a->Q' and R(P',Q))
(here transitions without assertion means bottom assertion)

Conjecture 1.

‘a) Psil> P -a-> P'implies {Psi}IP -a->{Psi}IP".

b) {Psi}|P -a-> T implies exists P'. T = {Psi}IP' and Psi I> P -a-> P'

Proof: For a: by the PAR rule and F({Psi})=Psi. For b: case analysis on deirivation of {Psi}|P

Conjecture 2.
{Psi}{Psi'} ~ {Psi+Psi'}
Proof: Directly from definitions. Obvious :)

fConjecture 3. If R is an MJbisim up to ~ and R(P,Q) then there is an MJbisim R' such that R
Proof: By intimidation :)

Lemma 1 |
If R is an MJbisim then R* =def {(Psi, P,Q): R{Psi}|P, {Psi}lQ)} is a bisimulation up to ~
Proof, We need to check 4 conditions. Assume R*(Psi,P.Q). Then R({Psi}IP, {Psi}lQ). .
1. Psi + F(P) = Psi + F(Q). Follows from FEPsi}IP) = F{Psi}lQ).
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lemma bisimContextBisimPar:
fixes ¥ :: 'b
and ‘P oz “('a, 'b, 'e) psi"
and Q: :: "{('a, 'b, 'c} psi"

assumes "¥Y & P ~ Q"

shows "{¥3 || P ~p £¥3 || Q"

proof -
let ?X = "{({¥2 || B, €¥2 || Q) | ¥ PO ¥ > P~ 0}"
from assms have " ({¥Y% || B, &¥% || 0) & ?X" by blast
thus ?thesis
proof {coinduct rule: contextBisimWeakCoinduct)
case({cStatEq P Q)
thus ?case by(auto dest: bisinE)
next .
case(cSnn P O)
have "equt X" by{force dest: bisimClosed simp add: eqvt_def)
hence "equt({(7, P, Q) | P Q. (B, Q) = ?X})"
by(auto simp add: equt def permBottom)
thus 7case using cSim by(blast dest: bisimE intro: contextSimAssertionId)
next
case(cExt ¥ PsiP PsiQ)_
from ' (PsiP, Psi() £ 7% obtain ¥' P Q where "¥' > P ~ Q" and A: "PsiP = {¥'% || P
Bnd B: "Psif = {¥'% || 0" by auto
from ¥' & P~ 0 have "¥' @ ¥ & P ~ (" by(rule bisimE)
hence "V @ W' > P ~ 0" by(metis statEqBisim Commutativity)
hence "W & ¥Y'% || 2 ~» &¥' % || 0" by(rule tac bisimParPresauxSym) auto
with A B show ?case by blast
next
case(cSym P Q)
thus 7case by(blast dest: bisimE)
ged
qed
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lemma bisimContextBisimPar:
fixes ¥ :: 'b
and P =z “"('a, 'b, '‘c) psi"
and 0Q: :: “"('a; 'hb, 'c} psi"

assumes "W O P ~ Q"

shows "{¥3 || P~ &3 || Q"
proof -
let ?X = "{(&¥Y || P, €¥> || Q) | PO ¥ PO}
from assms have "({¥% || P, §¥% || 1) € 7X* by blast
thus ?thesis
proof (coinduct rule: contextBisimWeakCoinduct)
case(cStatEq P Q)
thus 7case by(auto dest: bisimE)
next
case{cSim P Q) | |
have "equt 73" by(force dest: bisimClosed simp add: eqvt_def)
hence "equt{({(7, P, Q) | P O, (B, Q) = ?X})"
by (auto simp add: eqvt_def permBottom) |
thus ?case using cSim by(blast dest: bisimE intro: contextSimAssertionId)
next
case(cExt ¥ PsiP PsiQ)
from * (PsiP, Psi) £ 7% obtain ¥' P Q where "¥' > P ~ Q" and A: "PsiP = &¥'% || P
Bnd B: "Psi0 = {¥'% || 0" by auto
from ¥' & P ~ 0 have "¥' @ ¥ & P ~ (" by(rule bisimE)
hence "V @ W' & P ~ 0" by(metis statEqBisim Commutatiwvity)
hence "W & ¥Y'% || 2 ~» &¥' % || 0" by(rule tac bisimParPresauxSym) auto
with A B show ?case by blast
next 4
case(cSym P Q)
thus 7case by(blast dest: bisimE)
ged
qed
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! S - Lemma 2.
= |f R*is a bisimulation then R = Qef {({Psi}IP, {Psi}|Q): R*(@is an
MdJbisim up to ~.

Proof. We need to check 4 conditions. Assume R(T,U). By definition there

Different syntax ate PP s:. T=(PSi)P U=(PSi}Q, R (Psi,P.)
Same structure =

—— et i iy
}

(P) = Psi+F(Q).

R*(PS| +Psi, P ,Q), Deflnltlons and Conjecture 2.
4. T -a>T implies exists U'. U -a-> U'and R(T',U"): So assume T -a-> T'.

= A_i — — Then by T={Psi}|P and Conjecture 1b we get P' such that Psi I> P -a-> P".
R e entextDlaiabas; By R*(Psi,P,Q) we get Psi I> Q -a-> Q' and R*(Psi,P',Q"). By conjecture 1a
.:j;ui. P i “('a, 'b, 'c) psit we get {Psi}lQ -a-> {Psi}lQ". So choose U' = {Psi}lQ". We thus have U -a->
Bk s ean i U', and by R*(Psi,P',Q') and definition also R(T',U").
assumes "W O P ~ QED
}_u_nnt‘ - . |
let ?X = F3 || B, £¥3 | ¢ ¥ PO ¥ > :
from assms h« ) T — iy blast

thus ?thesis
proof {coinduct rule: contextBisimWeakCoinduct)
case(cStatEq P Q) }
thus 7case by(auto dest: bisimE) t
nextc
case(cSim P Q)
have "equt 7X hy(force dest blslmclosed 31mp add: eqvt_def)
hence x (v
by (auto 31mp add eqvt def permBottom)
thus ?case using cSim by(blast dest: bisimE intro: contextSimAssertionId)

—

next
cdet(cExt'T'P31P P31Q)
from * (Ps3 Ps10) i obtain ¥' P Q where "V > ] N" and A: o
Bnd B: "PsiQ = {&¥'% || 0" by auto
from ¥' & P~ 0 have "¥' @ ¥ & P ~ (" by(rule bisimE)
hence "¥ @ W' B-P o HY(metls statEqBisim Commutativity) :
hence "¥ & {Y'5 P by (rule tac bisimParPresAuxSym) auto |
with A B sho& 7case by blast |
next i
case{cSym P Q) £
thus ?case by(blast dest: bisimE
Nl
- L 56 I -
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The cost!?

One measure of effort: ’manhours”
This particular proof:
Isabelle effort is four times the manual proof

In general
This factor varies wildly

57
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The cost!?

One measure of effort:”?’manhours”

Theory development is not exclusively
- not even mainly -
about writing down proofs.

So the factor is not so important.

57
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The cost!

éStudy of time spent by 4 persons over 25
‘months on developing the Psi framework

.....................................................................................................................................................................

58
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The cost!

éStudy of time spent by 4 persons over 25
‘months on developing the Psi framework

.....................................................................................................................................................................

1 /3 of the effort went into Isabelle formalisation

2/3 of the total effort has been fully formalised
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