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Abstract—In this paper, we propose a hybrid process calculus.
This hybrid process calculus can be used to describe hybrid
properties and nondeterministic properties of software. The
concrete bisimulation and symbolic bisimulation of this hybrid
process calculus are proposed. We then prove the equivalence
between these two bisimulation. An inference system for the
symbolic bisimulation of this hybrid process calculus is given. At
last, we prove the soundness and completeness of the inference
system.
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I. INTRODUCTION

Hybrid system is a kind of mixed discrete-continuous sys-
tem. A paradigmatic example of a mixed discrete-continuous
system is a digital controller of an analog plant. The discrete
state of the controller is modelled by the vertices of a graph
(control modes), and the discrete dynamics of the controller
is modelled by the edges of the graph (control switches).
The continuous state of the plant is modelled by points in
R", and the continuous dynamics of the plant is modelled by
flow conditions such as differential equations. The behavior of
the plant depends on the state of the controller: each control
mode determines a flow condition, and each control switch
may cause a discrete change in the state of the plant, as
determined by a jump condition. Dually, the behavior of the
controller depends on the state of the plant: each control mode
continuously observes an invariant condition of the plant state,
and by violating the invariant condition, a continuous change
in the plant state will cause a control switch.

There are several works on models of hybrid systems such
as [2], [3], [4], [7], and [12]. But there are seldom works
on sound and complete inference systems for bisimulation of
hybrid systems. For examples, some sound inference systems
for bisimulation were given in [2] and [4], whereas these
inference system were not proved complete. In this paper,
we aim to propose a sound and complete inference system
for bisimulation of hybrid systems. To this end, we firstly
present a hybrid process calculus including its syntax, op-
erational semantics and concrete bisimulation in this paper.
Then the symbolic labelled transition system and symbolic
bisimulation are also presented. We prove the equivalence of
concrete bisimulation and symbolic bisimulation. Furthermore,
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we present an inference system for symbolic bisimulation.
Finally, the soundness and completeness of this inference
system are studied.

This paper is organized as follows: Section 2 gives a hybrid
process calculus including its syntax, operational semantics
and concrete bisimulation. In Section 3, we propose a symbolic
theory for this hybrid process calculus including symbolic
labelled transition system and symbolic bisimulation for hy-
brid process calculus. Furthermore, we prove the equivalence
between concrete bisimulation and symbolic bisimulation. In
Section 4, we give a complete inference system for this hybrid
process. The soundness and completeness of the inference
system are also proved. The paper is concluded in Section
5.

II. HYBRID PROCESS CALCULUS

There are many works about process algebras for hybrid
systems, for example, [2], [3], [4], [7], and [12]. A comparative
study of these process algebras is referred to [9]. The main aim
of this paper is to propose a sound and complete inference
for bisimulation of hybrid systems. To this end, we present
a simple hybrid process calculus which has a relatively small
number of operators and a simpler semantics. Therefore it is
easier to give a complete inference system than other pro-
cess algebras. The syntax, operational semantics and concrete
bisimulation of this process calculus are given in this section.

A. Syntax of Hybrid Process Calculus

To give the syntax of hybrid process calculus, we first
present the syntax and semantics of predication logical for-
mulas.

Predication logical formulas are defined by the following
grammar:

D, U= X u(ry,..x,) | 7@ | DAY | Va.P, where
<eE {=,#,>,>,<,<}, x is a variable, u(z1,...,z,) is a
real function with parameters x1, ..., Ty, i.6., u(ry,...,7) =T
where r1,....,7,,7 € R and R is the set of real numbers.
We denote the set of variable {t,vy,vs,...,0p,...} as Var?,
denote the set of variable {t',v],v},...,v),...} as Var’, and
denote Var® U Var’ = Var. Informally, variables v}, ..., v/

e n
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represent the new values taken by the variables vy, ...,
a transition. Variable ¢ represents the time variable.

v, after

The satisfiability relation = is defined between assignment
0 and formula ® as follows, where 6 is a function such that
the domain of # is a subset of Var and the range of 6 is R
and free variables in @ is in the domain of 6.

(D)0 E z=xulz,...,x,) if 0(z) <t u(b(z1), ...,
(2) 6 =D if 6 [~ P;
BOEPATIfI=Pandd = T;

4) 0 E Vx.® if § = ®{a/x} for any a, where {s/t}
means replacing ¢ by s.

We write & = U to mean that 0 = & implies § = U for
any 6, and write = ¥ to mean that § = U for any 6.

0(zn));

The formal definition of process is given as follows:

=0| X | P+P|e(P,0:).P | a(Vy,P2).P |
fixX.P, where ®; is a predication logical formulas with free
variables in Var®; ®, is a predication logical formulas with
free variables in Var; € is an internal action which is invisible
for observer; ¥, is a predication logical formulas with free
variables in Var?; U, is a predication logical formulas with
free variables in Var; a is an external action which is visible
for observer; all process variables in fixX.P are guarded by
action prefix. The class of processes is denoted as Pr.

Informally, O denotes inaction. P; + P, expresses nonde-
terministic choice of processes P; and Ps. €(®q,®5).P can
perform an internal action € under condition @4, then continues
as P, and the change of variables satisfies ®5. a(¥, ¥y).P
can perform an external action @ under condition ¥, then
continues as P, and the change of variables satisfies Ws.
fixX.P is a recursive definition of process.

B. Labelled Transition System of Hybrid Process Calculus

The operational semantics of hybrid process calculus is
given in Table 1. We have omitted the symmetric rule of the
nondeterministic operator.

The labelled transition system consists of a collection of

relations of the form (P, p) “(P1,2)T (Q,0) or (P, p) o(T1y2)
(@, o), where P, (Q are processes, and p, o are configurations.
A configuration is a function p such that p(z) € R for any
x € Var®. A configuration represents an possible assignment

of variables. The class of configurations is denoted as C'. The
By,
transition (P, p) “(P1,20).T (Q, o) means that the process P at

configuration p can reahze the action £(®1, ®3), and becomes
Q at conﬁguration o after T units of time. The transition

(P, p) i) (Q, o) means that the process P at configu-
ration p can realize the action a(¥1, ¥5), and becomes () at
configuration 0. We denote by p[x < U] a new configuration
that is the same as p except that p[z <— U](z) = U, and denote
by plz < 2'] a function such that f(z') = p(z) for any « in
the domain of p. In the following, for function p : X — R
and function ¢ : Y — R with condition X NY = ), we use
pUo to denote function f such that f(z) = p(z) when z € X
and f(z) = o(x) when z € Y.
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(P,p'), where T € R,
1 4

) “(p),
v5e[0T] [t<—p(§%+5]p:<1> ) =p(t) + T,

) P
pU ¢z < 2']) = V.

SUM
<P1+P27

p)
(P{fizX.P/X},p) = (P',0)
(fizX.P, p) == (P, p')

Table 1: Operational semantics of hybrid process calculus

REC :

An example: Let process P = (P, P2).a(Vq,T,y).0 =
ey +axe+t <2+ 1, 2) = txg ANah = 2z Ny <
2zl — z1).a(zy + 22 > y, ¥} = 2x1 A2y = 22).0. Then
at configuration p such that p(t) = 0, p(z1) = 1, p(a2) =
2, p(y) = 3,we have (P, p) “(P1,20),2 (P, ’), where P’ =
a(P1,905).0 = a(x; + z9 > y,:v’l =2z A ah = x9).0, p is
a configuration such that p'(t) = 2, p (xl) =2, pl(x2) =4,
p'(y) < 6. Furthermore, (P, p’) a(\pl’ 2
a configuration such that p”(t) = 2 P (x1) =4, p'(x2
P"(y) € R.

(0, p'"), where p” is
) =4,

C. Concrete Bisimulation

Now we propose a concrete bisimulation for hybrid pro-
cess calculus. Intuitively, P and () are concrete bisimilar if
whenever P can perform an action under the configuration p,
@ can also perform the same action under the configuration p.

Definition 2. A symmetric relation R € (Pr x C) x (Pr x
() is called a concrete bisimulation if whenever (P,p) R

(@, p).

(1) (P, p)
such that (Q, p)

e(®]

N
“OLIDT 1 oy and (P, pf) RAQp):

,p') implies that there exists @’

a(vf ol

@) (P.p) Y pr, ¢/) with a #  implies that there
) R

exists @’ such that (Q, p) ot 1’ ¥ (@', p') and (P’
(@, 0).

We write (P, p) ~ (Q, p) if there is a concrete bisimulation
R such that (P, p) R (Q, p).

We write P ~¢ Q if (P, p) ~ (Q, p) for any p.

Remark: In the above definition, we do not require that
®F and ®9 (®L and <I>§7 or UF and ¥, or ¥ and %)
are loglcal equivalent since by the operational semantics of

p')is permitted

P oP
hybrid process calculus, (P, p) e(®1,%).T (P’
(@9, 0F),T

if Vo € [0,T].p[t < p(t) + 6] & ®F, and (Q, p) Do)
(Q',p') is permitted if V& € [0,T].p[t « p(t) + 0] = &%
which means V6 € [0,7].p[t + p(t) + 6] E ®F « @b
Therefore the logical equivalent relation between <I>f and <I>Q
is implied by the side condition of operational semantics of
hybrid process calculus. The cases of ®1 and <I>2Q, UF and
\II?, U2 and \I'2Q are similar.
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IIT. A SyMBOLIC THEORY FOR HYBRID PROCESS
CALCULUS

In this section, a symbolic labelled transition system and a
symbolic bisimulation equivalence are presented. The full ab-
straction property, i.e., the equivalence between this symbolic
bisimulation and the concrete bisimulation, is shown. The sym-
bolic semantics is necessary for an efficient implementation of
the calculus in automated tools exploring state spaces, and the
full abstraction property means processes are bisimilar in the
symbolic setting if they are bisimilar in the original semantics.

A. Symbolic Labelled Transition System

The symbolic operational semantics of hybrid process
calculus is given in Table 2. We have omitted the symmetric

of the nondeterministic. The labelled transition system consists
r (s(<1>1 ®,),T),I"

of a collection of relations of the form P Q or
Ta(P, )T’ .. (e(®1,® T
P ol 1—>2) Q. The transition P B 1—2>) Q means

that the process P can realize the action £(®1, ®2) if condition

I" is true, and becomes () where IV is true after 7' units of
) . T,a(¥y,0s),I"
time. The transition P o 1—>2) () means that the process

P can realize the action a(¥q, Us) if condition I is true, and
becomes @ where I" is true.

In the following, we use (3 )? @){)? / X'} to abbreviate
(Hscl...ﬂscm.q)){xl,...,xm/x’l,. .o}, where the set of free

variables in @ is {1, ..., Zm, T}, ..., T

° m

TAU : e(®1,®5).P "2 b Ghere T € R,
EVie [0, T].I{t+d/t} — @1{t +d/t},
EFAX.TAPAY=t+T){X/ X'} =T

ACT s a(Wy,,).P 32T B where =T — w,

EEX CAT){X X} -1

o,

p ey pr
suM ; ——
P+ P = Pl
P{fizx.P/Xx} 2L pr
REC

fixX.P Pol” pr

Table 2: Symbolic operational semantics of hybrid process

calculus
An example: Let process P = ¢(®1, P3).Q = e(x1+ 22 <
2041,y < 2xh —21).Q, formula T = (¢t = 0 Azy >

0Az1 42 < 3Ay =3). Then we have P F’(E(‘bl’—@f)g)’r

where IV = (t > 2 Ay < 2x).

Q,

B. Symbolic Bisimulation

In this section we define a symbolic version of concrete
bisimulation for hybrid process calculus. Symbolic bisim-
ulation is defined as a family of binary relations indexed
by a predication logical formula which expresses variable
constraints.

Definition 3. A collection of formulas ¥ is a partition of
® if for any 6 it holds that 6 |= ® implies § = ¥ for some
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¥ ¢ 3. A finite partition of @ is a finite collection of formulas
which is a partition of ®.

Definition 4. A symmetric relation R € Pr x Pr with
respect to the formula I' is called a symbolic bisimulation if
whenever P R Q,

P P ’
(1) P D@1 22) T by implies that there exists a finite
partition X = {¢; | i € I}, = T' A ®F < Vic1¢;, for any
¢; there exists a finite partition II = {x; | 7 € J} such that
E ¢; A ®LY « Vjcx,, for any y; there exists @ such that
I,(e(29,89),T),I",
O DTE o and ¢i =T A®Y, y; =T A DY and

P! REX XAt =t+T){X/X'} Q-
a(wf ol . . . .
QP ( L e P’ witha # ¢ 1mphes that there exists
a finite partition ¥ = {¢; | i € I}, E T A UF & V19, for
any ¢, there exists a finite partition II = {x; | j € J} such
that = ¢; A \112 < VjesX;, for any x; there exists Q' such

L.a(0P,02) I, o
that @ LR Qandz;bilzl“/\\Ill,Xj}:I‘/\\Il2
and P’ REXx)IX/X'} ¢y,

We write P ~% @ if there is a symbolic bisimulation R
such that P R' Q.

C. Equivalence Between Concrete Bisimulation and Symbolic
Bisimulation

In this section, we will prove the equivalence between
concrete bisimulation and symbolic bisimulation. Thus to give
a complete inference system for concrete bisimulation, it is
enough to give a complete inference system for symbolic
bisimulation.

To prove Proposition 1 which states the equivalence be-
tween concrete bisimulation and symbolic bisimulation, we
need some lemmas.

Lemma 1. There exists p such that pUp' ET & p' |

(3z1...3z,,.T"), where the domain of p is {z1,...,z;}, the
domain of p’ is {y1, -, Ynt, {1, ', Tm } NV {Y1, s Yn} = 0.
Proof. See Appendix A. ]

The following lemma gives the corresponding relation
between symbolic transition and concrete transition.

Lemma 2. (1) Given I' and I, if for any p = T', there
is p/, such that p/ =TV, pU (p'[x < 2']) E T A O3, and

(P, p) (12T (P, p'), then P DE@L2DDT b here
EVoe[0,T).I{t+6/t} = @1{t+6/t}, E(3X .TAD2A
tV=t+T){X/X} -1,

3

(2) Given T and T, if for any p |= T, there is p’, such
that /|2 T, pU (/[ = &']) (= T A W, and (P, p) "5

eSO prhere T - Wy, b (3 X

(P',p'y, then P
AT'A \Ilg)){X / X’} - T
(3) p (qh’i%) T P’ implies for any p = T, there
is p/, such that p' =TV and p U (p'[lx < 2]) = T A Oy,
(P, py < 12T (P', p'), where |= ¥4 € [0, T).0{t + 6/t} —

O {t+6/t}, E= (3 X (DAGAY =t+T)){X / X'} = T,
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Ia(¥,¥;),I’
SRS

4 P P’ implies for any p = T, there is
P, such that p = TV and p U (p'[x < 2']) E T A ¥y,
(P, p) ol¥1y2) (P',p), where = I' — Wy, = (3 X
(CATN{X / X'} T

Proof. See Appendix B. ]

The following lemma shows the image-finite property of
symbolic transition.

Lemma 3. (1) For any P and I', there are finitely many
e P P ’
£(®F,®F), such that p P23 DTE pr,

(2) For any P and T, there are finitely many a(¥1, W),
F,a(mf£>§),1“;3

such that P P
Proof. By induction on the inference length of
p F,(E(‘I’fﬁ;),T%F'p P or P F,a(‘lff-;‘%rf)ﬂv P -

In the following, we show that any process is symbolic
bisimilar to a “normal process”.

Lemma 4. For any P and I', there exists a process in the
form of Xjcre(Pr1, Pi2). P+ Ze s @m (Vi1 , Yina). P, such
that P Ng EIGLE((I)H» (I>l2)~]Dl + ErnGMa/m(\:[jmlv \IlmZ)Pm

Proof. By Lemma 3 and by induction on the structure of
P. |

The equivalence between concrete bisimulation and sym-
bolic bisimulation is given in the following proposition.

Proposition 1. For any p =T, (P,p) ~ (Q,p) & P ~%
Q.
Proof. See Appendix C. ]

Remark: For the symbolic bisimulation, for a transition
from P, there should be a finite partition from @. In the proof
of Proposition 1, we show the existence of such finite partition.

IV. A COMPLETE INFERENCE SYSTEM FOR HYBRID
PROCESS CALCULUS

In this section, we give an inference system for symbolic
bisimulation. The soundness and completeness of this infer-
ence system are also studied.

A. An Inference System for Bisimulation of Hybrid Process
Calculus

An inference system for symbolic bisimulation consists of

ceey n

the following rules. The rules are in the form of 1’7,

which means B is true if Aq, ..., A, are all true. In these
rules, the notation I' > P = () means process P is equivalent
to process @ if formula I" is true.

F}:q)lﬁq)g,
=3t >t A AT A DY) > TE(t >t A DA
T A®y)

T>e(Py, 03).P = e(®3, Dy). P
T, B
BX.(BLATAG AL >D{X /X P=Q
I>e(Py,Ps).P =e(Py1,P2).Q

ey

2
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F'Z\Ifl (—)‘1/37 |:(1111/\F/\\112)<—>(\I!3/\F/\\II4)
FDQ(\Ifl,\IJQ).P:G,(\Ijg,\IJ4).P

3

TEU, 3X (U ATAU){X /X }oP=Q
[oa(y, Us).P = a(Vy, U5).Q
i
Toe(®y,8,).P =0
I -0
Ioa(y,Us).P =0
I -,
Tt e(®y, Ba).P =0
I -0,
Ioa(y,Us).P =0
'bP=qQ
I'sP+R=Q+R

“

&)

(6)

@)

®)

€))
(10)

I'> fiaX.P = P{fizX.P/X}
I'sP =Q{P/X}
I'v P = fixX.Q
I'sP=q@Q
I'> fizX.P = fixX.Q

an

12)
13)

I>P=P

I'sP=0Q

I's@Q=P

I'sP=@Q, I'>Q@ =R
I'sP=R

(16) mwhere F denotes the constant false formu-

(14)

15)

la.
Fle:Q, FQDP:Q, F’Zrl\/FQ
I'sP=0@Q

A7)

(18)

I'be(dyV @2,@3)]3 = €(®1,¢3).P+5(®27¢3).P

19)

(
I'>e (I)l,(I)Q V@g).P:6(‘1)1,‘1)2).P—|—€(‘I)1,‘1)3).P
20
( ) Fl>a(<I>1 \Y @2,@3).]) = a(q)l,q)g).P+ a(<I>2,<I>3).P
(2D

I'> a(q)l, [OPRV} @3)P = a(q)l, (I)Q)P + a(<1>1, @3)P
Remark: A special case of Rule (17) is the Rule CONS:
I'sP=Q, T =T
I'sP=R
We write - ' P = @ to mean that I'> P = @Q can be
derived from this proof system.

B. Soundness and Completeness of Inference System

In this section, we study the soundness and completeness
of inference system.

We firstly give the soundness of inference system.
Proposition 2. - I'> P = Q = P ~% Q.

Proof. By induction on the length of inference. The base
case when the length is 0 is straightforward. For the induction
step we do case analysis on the last rule applied. [ |

10
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Now we turn to completeness. To prove the completeness
of inference system, we give the following definitions and
lemmas.

Definition 5. A standard equation set

E :{X; = (P, i2). Xi + et @m (¥, Uma).
Xm +Zn€NWn | (RS I}

is an equation set with formal process variables in {X;}
and free process variables in {W; | j € J}. E is closed if
(W, | j €J}=0.

Definition 6. A process P provably I'—satisfy an equation
set £ ({X; = Q; | i € I}) if there exist a vector of processes
{P; | i € I} and a condition I" such that - I'> P, = P,
and - I'> P, = Q;{P;/X,} for each i € I. We will simply
say “provably satisfies £ when I' = T, where T denotes the
constant true formula.

The following lemma states that any process can be repre-
sented as a standard equation set.

Lemma 5. For any process P with free process variables
W there exists a standard equation set F, with free process
variables in W, which is provably satisfied by P. In particular,
if P is closed then E is also closed.

Proof. See Appendix D. ]

The following lemma shows that two bisimilar processes
can be represented as same standard equation set.

Lemma 6. For closed processes P and Q, if P NE Q then
there exist a standard, closed equation set £, which is provably
I"—satisfied by both P and Q.

Proof. See Appendix E. ]

The following lemma states that two processes can be
proved to be equivalent if they can be represented as same
standard equation set.

Lemma 7. If both P and @ provably I"—satisfy an equation
set FthenT'> P =Q.

Proof. See Appendix F. ]

Now we prove the completeness of inference system.

Proposition 3. For closed processes P and Q, P ~%

Q=FTvP=Q.

Proof. By Lemma 6, there is a standard equation set F
such that which are T —satisfied by both P and Q) for some
I such that I" = T". By Lemma 6, - I"> P = . Finally, by
Rule CONS, FI"> P = Q. ]

The soundness and completeness of inference system is
given as follows.

Proposition 4. For closed processes P and @, P Ng
QeI P=0Q.

Proof. By Proposition 2 and Proposition 3. ]

Since concrete bisimulation is equivalent to symbolic
bisimulation, the inference system is also sound and complete
for concrete bisimulation.

Proposition 5. For any p =T, (P,p) ~ (Q,p) <F I'>
P=qQ.
Proof. By Proposition 1 and Proposition 4. [ |
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V. CONCLUSIONS

There are many works on hybrid systems such as [2], [3],
[4], [7], and [12]. But as far as we know, there are seldom
works on sound and complete inference systems for bisim-
ulation of hybrid systems. However, the sound and complete
inference systems for some special kind of hybrid system, such
as real timed system, have been proposed. In [11], a timed
process calculus where processes denotes timed automata was
proposed. Then a complete inference system for such a timed
process calculus was presented.

The main aim of this paper is to present a sound and
complete inference system for bisimulation of hybrid systems.
This paper proposed a hybrid process calculus firstly. Then
the concrete bisimulation and symbolic bisimulation for this
hybrid process calculus were presented and the equivalence
between the two bisimulations were proved. We proposed an
inference system for symbolic bisimulation. Furthermore, the
soundness and completeness of the inference system were also
proved.
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Appendix A. Proof of Lemma 1

Lemma 1. There exists p such that pUp' ET < p' |
(3x;...3z,,.T"), where the domain of p is {x1,..., &, }, the
domain of p’ is {y1, .., Yn}, {21, -, Zm } N {Y1, s yn} = 0.

Proof. =: Suppose there exists p such that pU p’ =T,
where the domain of p is {x1,...,2,,}, the domain of p’ is
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{Y1, ooy Unts {21, s T } N {Y1, oy yn } = 0. Tt is immediately

that p' = (Jz1...32,,.T).

<: Suppose p' = (Izy...3x,,.T'), where the domain of p’

S {y1, s Unts {71, s T } N {Y1, .., yn} = 0. Then there is
p such that the domain of p is {z1,....,zn}, pUp ' ET. N

Appendix B. Proof of Lemma 2

Lemma 2. (1) Given ' and I, if for any p |= T, there
is p/, such that p/ =17, pU (p'[z < 2']) E T A @3, and

(P, p) E<¢1’—>%)’T (P',p'y, then P " (E(q)l’i%) AL P’ where
EVo e [0,T.0{t+6/t} — @1{t +5/t}, = (3 X AT APy A
t=t+T){X/ X'} =T

(2) Given I' and I, if for any p = T, there is p/, such
that g/ [= ', pU (/[ = 2/]) |= T Ay, and (P, p) 223

DL b ghere T = 0y, = (3 X

(P',p'), then P
.(F/\\IIQ)){X / X }—=T
3) P F’(E(‘bg)j)’r/ P’ implies for any p | T, there
is p, such that p’ = I and p U (p'[x < 2]) E T A @y,
(P, py <1t (P', '), where |= ¥4 € [0, T).0{t + 6/t} -
O {t+6/t), = (BX .CAB A =t +T){X / X'} = T;

F,a(\I/17\I’2),F/
—

@ P P’ implies for any p = T, there is
P, such that p = TV and p U (p'[z < 2']) E T A ¥y,
(P.p) " (P, where | T = Wy, | (3 X

(PA \112)){)( / X’ } — IV,
Proof. By induction on the inference length.

(1) Suppose for any p = T, there is p/, p’ E I” and

pU (e < a')) £ T A®s, (Pp) 227 (P ). We
only discuss the case (e(®1, P3).P, p) (P12 T (P, p). Other

cases are similar or trivial.

Suppose for any p =T, there is p’, p’ = IT” and pU(p' [z <

Z]) b= T A @, (1, B2).P, p) (@187 (P, ). We have
V6 € [0, T].p[t < p(t)+3] = @1, o (¢ ) p(t)+T, pU(p'[z +=

2']) |E ®2. Therefore e(®y, D3).P P e(®2), 1)1 P, where
= V6 € [0,T).0{t +6/t} — @i{t+6/t}, | (3 X .(DADA
Y =t+TH{X ) X'} >T.

(2) Suppose for any p &= T, there is p/, p’ E I” and

pU(px <= 2)) ET AUy, (P,p) o(T1y2) (P’ p'). Similar
to Case (1).

(3) Suppose p =2y TT

I,(e(®1,®2),T),I"
case (P, Py).P (e(21,29).T)
or trivial.

P’. We only discuss the
P. Other cases are similar

Suppose (P, P3).P 0 (E(@1,29, )T P We have |= V0 €

(0, TL0{t +6/t} — ®1{t +6/t}, = B X (TA® A Y =

t+T)){X / X'} = I". Therefore (¢(®1, P2).P, p) “(P1,2¢).T
(P,p'), where Y6 € [0,T).p[t < p(t) + 0] E @1, p'(t) =

p(t) + T, pU (p'[z = 2]) |= Pa.
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Ia(¥y,¥,),IY
SLAS

(4) Suppose P P’. Similar to Case (3). [ ]

Appendix C. Proof of Proposition 1
Proposition 1. For any p =T, (P,p) ~ (Q,p) & P ~%
Q.

Proof. =: Let R = {(P,Q) | (P,p) ~
p ET}. It is enough to prove that R C~%

It holds that P Ng ZlEL€(¢l17 (plg).ljl + EmeMam(\I’mla
\I/mQ)Pm and Q Ng ZOEOE((I)ola (1)02)'@0 + ZpEP
ap(¥p1, Up2).Qp by Lemma 3 and Lemma 4.

(1) Since (P, p) ~ (Q, p), we have that T" = (V;cP;1) +
(Voeo®o1), I' E  (Vier®i2) < (VoeoPo2), I'
(Vimem¥m1) < (Vpep¥p1), and T' | (ViemVimz2) <
(VpepUp2), otherwise P can perform some action that
@ can not, and that is a contradiction. Therefore, I' |
Viern,oco (P APo1) < VierPi1 < VocoPo1 and {1 AP,y
| I € L, o € O} is a finite partition of V;c;®;; and
VoecoPo1. Similarly, there is a finite partition of (V;c 1, ®;2) and
(VocoPo2), a finite partition of (Vymepr Um1) and (Vpep¥pi),
and a finite partition of (V,enrUim2) and (Vpep¥pa).

(Q.p) for any

Suppose (P, p) “(Pi2e2). T (P',p') for any p E T. By

Lemma 2, P @2 DTe b ere o6 € 0, T].I{t+

0t} = e {t+d/t}, (EIX ACA®p ALY —t+T)){X/X’
} — I's. Since (P, p) ~ (Q, p), by Lemma 2 and Lemma 4,
we have that there exists a finite partition ¥ = {T'A @3 A §py
|[leL,oceO}, ETAD; < Voco(T' APy A Dyy), for any
CA®;  AD,1, there exists a finite partition IT = {TAP;9 AP0},

ETAD; APy AP < Voco(l' A Pia A Dy), for any
. D,(e(®01,P02),T),I'
TA® ;o AD,9, there exists Q' such that Q — °Q

andI‘/\CDH /\CI)Ol ':F/\(I)ola F/\CI)ZQ/\(DOQ ':F/\q)og and
P R(EX (TAP 2 AP 2 AL —t+T)){X/X } Q/

(¥m1,¥m2),
G

(2) In the case of P Foam ' P’ proof is similar

to Case (1).

< Let R={({P.p),(Q.p)) | P ~5 Q where p =T} It
is enough to prove that R C~ .

(1) Suppose P ~L Q. It holds that P ~% ¥cp
5(¢l1;¢12)~})l + EmEMaﬁ’L(\I,Tnla\117‘r12)-f)1ﬂ and Q Ng
Y0c0e(Po1, Po2).Qo + Xpeprap(¥p1, Up2).Qp by Lemma 3
and Lemma 4. We have that I' = (Ve ®11) < (VocoPo1),
I' E (Vier®z) < (VoeoPo2), I' E (Vimem¥m1) <
(VperUp1), and T' = (Vipem ¥im2) < (Vpep¥p2), otherwise
P can perform some action that () can not, and that is
a contradiction. Therefore, I' = Vieroco(®i1 A Po1) <
Vier P <> Voco®o1 and {(I)ll A D,y ‘ lel,oc¢€ 0} is a
finite partition of V;cr®;; and V,co®,1. Similarly, there is a
finite partition of (Ve ®;2) and (VocoPo2), a finite partition
of (Vimem¥Umi) and (VpepW¥,), and a finite partition of
(VmGM\I/mQ) and (VPGP\IIPQ)~

I (e(®11,%12),T),I
P pr

Suppose P . By Lemma 2, for any
pET, thereis p/, p) =T and pU (p/[x <= 2]) ET A @y,
(P, py <L T (P', '), where |= 0 € [0, T].T{t+0/t} -

D, {t+d/t}, E (3 X (CA®pAE = t+T)){X / X'} = Th.
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Since P ~% @, we have that there exists a finite partition

Y ={¢i|i €I}, ETAD®; < Vic1¢i, for any ¢;, there exists

a finite partition IT = {x; | j € J}, = ¢; A®12 > Vje X, for
. , D, (s(@01,802), 7). T,

any X, there exists Q" such that Q) — Q @d

¢ ET A®o1, x; =T Ay and P REX A =HTIX/XT)

Q. Hencep |: ¢; ETAD, and p' = (3 X xj/\t’ =

t+T){X/X} = (HX ITADoAY _t+T){X/X}
Therefore by Lemma 2 we have that there exists ()’ such that

<Q, > 6((I>°1’ g2)T <Ql /> and (P/,P,> R <Qlap/>'

(2) In the case of (P, p) am (V1 ¥m2) (P, p"), proof is

similar to Case (1). |
Appendix D. Proof of Lemma 5

Lemma 5. For any process P with free process variables
W there exists a standard equation set F, with free process
variables in W, which is provably satisfied by P. In particular,
if P is closed then E is also closed.

Proof. By induction on the structure of P. The only non-
trivial case is recursion when P = fizX.P’. By induction,
there is a standard equation set E' : {X; = U; | i € I}
with free process variables in F'V(P)U{X} and P/ such that
FP =P and P =U{P//X; | j€l}

We may assume that X is different from any X;. Let
Vi = U;{U1/X} for each i € I. Note that since X is under
an action prefixing in P’, it does not occur free in U;. Hence
Vi1 = U;. Consider the equation set E : {X; = V; | i € I}.
Set P, = P/{P/X}. Then + P = fizX.P' = fixX.P| =
P{{fiaX.P/X} = P/{P/X} = P, and - P = P{{P/X
b= Udl/X | e IHP/X) = U{P{D/X}/X,; |
iel} = Ul{P/X | i € I}. Now - P, = P/{P/X} =
UfPj/X; | j € I{P/X} = U{P,P{P/X}/X,X;

- |
JEI}—U{PP/XXIJG }_U{Ul{P/X|
J eI}, PUP/XY/ X, X; | j € I} = U{Ur/XHP;/X; |
j eI} =VA{P/X; | j € I}. This shows that P satlsﬁes
E. [ |

Appendix E. Proof of Lemma 6

Lemma 6. For closed processes P and Q, if P Ng Q then
there exist a standard, closed equation set E, which is provably
I"—satisfied by both P and Q.

Proof. Let F4 and E, be the standard equation sets for
P and Q, respectively: By : {X; = Xicre(®Ppn, ®p2).X; +
EmEMaﬂ’L(\Ij'mla\I/m2)-)('m + EnENVVn | 1€ 1}7 E2 : {Y} =
Eoeof(q)oh‘l)oZ)-Xo + EpePbp(‘I/ph\Ijﬂ)-Xp + EqEQVVq |
j € J}. So there are P;, () such that - P, = P, - Q1 = Q,
and - P; = Xicre(®in, ®12). P+ Xient@m (Y imi, Yim2) - P,
" Qj = 20606(@015 (1)02).Q0 + EpEPbp(\ijla \I/p2)-Qp- With-
out loss of generality, we may assume a,, = b, = a for all
m,p.

Define F : {Zij = ZleL,one((I)ll APy, Do A Cbog).Zlo +
z)mEM,p»’EPCL(\IIml A \I/pla \Ijm2 A \IIpQ)-Zmp + z)nEN,qEQan |
iel,jeJ}.

We claim that F is provably I'—satisfied by P when each
Z;; is instantiated with P;.
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We need to show, for each i, - I'> P, = ¥c oc0(Pin A
(I)ola ®l2/\q)o2)-Pl +Zm6M7PEPa(\Pm1 /\\I/pla \I]m2A\I/p2)-Pm-

Since P ~% @, we have for any [, ;1 A—=(Voe0®o1) = F,
D12 A (VocoPo2) = F, and for any m, ¥,,,i A=(Vpep¥p1) =
F, U0 A (Vpep¥,e) = F.

Therefore, - T' > 3icr oc0e(Pr1 A Po1, Pia A Pp2).Py +
EmG]W,pGPa(\Ijml A l:[Jpla \Ijm2 A \ij2)~Pm

= Yier,0c0c(@n A o1, P2 A Dp2). P + 0 + 0 +
EmGM,pEPa(\Ilml A \Ilpla ‘Ijm2 A \I/p2)~Pm +0+0

= YieL,0c06(P11 APo1, Pia APo2). P+ Xicr,0coe(Pr1 A
“(VocoPo1), P12 A @o2). P + icr,oco(Pir A Po1, Pra A
_'<\/O€O(I)02))JDZ +Em€M.,p€Pa(\I/m1/\\ij17 \IlmZ/\\I/pQ)~Pm+
ZmEMJ)EPa(\I/ml A ﬁ(\/peP‘I’pl)a \I/m2 A \I/p2)-Pm +
Emekl,pePQ(\Ijml A \I’plv Yoo A _'(vaP‘I/p2))~Pm

= Y1cre(Pu1, ®i2). P+ Eema(Vimi, Yin2) Py = P

Symmetrically we can show that E' is provably I'—satisfied
by @ when each Z;; is instantiated with Q);. [ |

Appendix F. Proof of Lemma 7

Lemma 7. If both P and () provably I'—satisfy an equation
set Ethen -T'> P = Q.

Proof. By induction on the size of E. For the base case
when E contains only one equation X; = Vj, we have +
I'>P = Vi{P/X;}. Therefore - T'>P = fizX;.V;. Similarly,
FI'oQ = fixX;.V1. Hence FT'> P = Q.

Assume the result for m and let E/ contain m+ 1 equations:
X; =V, 1 <i<m+1. Since P provably ['—satisfies F,
there are P;, 1 <i<m+1,suchthat -I'> P, = P, and I
I'>P; = Vi{P;/X,} foreach 1 <, j < m+1. In particular, -
I'>Prp1 =V {P/Xi |1 <i <m+ 1} = (Vin 1 { P/ X
|1 <j<m}{Pn+1/Xms1} By Rule (11), - I'> P11 =
fixXmi1 Vi1 {P;/X; | 1 < i < m}. Writing W,,, 41 for
fieXmi1.Ving1, we have = I'> Py = Woi{P/X;
| 1 < 4 < m}. Therefore, - T'> P, = Vi{P;/X; |
LS mt 1) = VidPy/X 15 < m){Poa X =
V{P;j/X; |1 < j < mi{Wp{P/X;, | 1 < i <
mb/ X1} = VilWiit1 /X H{P/X; | 1 < j < m}.
This shows P provably I"'—satisfies the equation set £’ : X; =
Vi{Win+1/Xm+1} for each 1 < i < m. Symmetrically we
can show that @) provably I"—satisfies the equation set F’. By
induction we conclude HT'> P = Q. [ |
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