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On the consistency of Koomen'’s Fair Abstraction Rule
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We construct a graph model for ACP,, the algebra of communicating processes with silent steps, in which
Koomen's Fair Abstraction Rule (KFAR) holds, and also versions of the Approximation Induction Principle
(AIP) and the Recursive Definition & Specification Principles (RDP & RSP). We use this model to prove that
in ACP, (but not in ACP 1) each computably recursively definable process is finitely recursively definable.
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INTRODUCTION

This report is about process algebra, but it is not an introductory paper about process, algebra; before
reading this paper, the reader is advised to read some other papers on process algebra first, for
example BERGSTRA & Kiop [10].

Koomen’s Fair Abstraction Rule (KFAR) describes the idea of fairness in process algebra, and is
the translation in process algebra of an idea of C.J. Koomen of Philips Research. KFAR was first
formulated in BERGSTRA & KLOP [7], and its usefulness in protocol verification was demonstrated in
BErRGSTRA & KLoOP [7, 8] and in BAETEN, BERGSTRA & KioP [1, 2]. KFAR expresses the idea that,
due to some fairness mechanism, abstraction from internal steps will yield an external step after
finitely many repetitions; to be more precise, in the process 7,(x), obtained from x by abstracting
from steps in 1, the steps in I will be fairly scheduled in such a way that eventually a step outside I is
performed.

KFAR is the algebraic formulation of this idea, whereas the semantical implementation of fairness
is already implicit in the notion of bisimulation on graphs, so is already implicit in the work of
MILNER [18]. Some other recent papers on fairness are De BAKKER & ZUCKER [3, 4], CosTA &
STIRLING [12], DARONDEAU [13], HENNESSY [14, 15, 16], MEYER [17] and PARROW [20].

When we use KFAR, all abstractions will be fair. Maybe this is a too optimistic model, and should
the theory be able to describe situations where some abstractions are fair and others are not.
Probably, an extension of the theory where this would be possible, will turn out to be rather complex.

In this paper, we do the following things. In §1, we review the theory ACP,, and extra axioms and
rules SC, PR and KFAR. In §2, we define and discuss labeled graphs, elements of the set G,. In §3,
we prove that if we divide out the equivalence relation =,,5 (rooted 7d-bisimulation) on G,, we obtain
a model of ACP, + SC + PR + KFAR, and we can even add some extra axioms (HA,ET, CA).
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In §4, we formulate the Approximation Induction Principle (AIP), which says that two processes
are equal if all their projections are equal, and prove that AIP holds in G, for all finitely branching
and bounded graphs. In §5, we look at recursive specifications, and formulate the Recursive
Definition Principle (RDP) and the Recursive Specification Principle (RSP). Together, these principles
say that a specification has a unique solution. We prove that RDP+ RSP hold in G, for all guarded
specifications.

In §6, we prove that every computable graph is recursively definable by a finite guarded
specification, and we use this result in §7 to prove that any process, recursively definable by a
computable guarded specification is already recursively definable by a finite guarded specification. In
§8, we note that the abstraction operator is essential to prove these theorems.
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§1. THE ALGEBRA OF COMMUNICATING PROCESSES WITH SILENT MOVES

The axiomatic framework in which we present this document is ACP,, the algebra of communicating
processes with silent steps, as described in BERGSTRA & KroP [6]. In this section, we give a brief
review of ACP,. 7

1.1 Signature:

S (Sorts): A (a finite set of atomic actions)
P (the set of processes; 4 CP)

F (Functions): +:PXP—P (alternative composition or sum)
P XP->P (sequential composition or product)
:P XP—P (parallel composition or merge)
L:PXP—P (left-merge)

|:P XP—P (communication merge;
|:A XA —A is given)
0y :P—->P (encapsulation ; H CA)
TP —>P (abstraction ; I CA —{8})
C (constants): de4 (deadlock)
TeP —A (silent or internal action)

1.2 Axioms:
These are presented in table 1.
Hereabed,xy,zeP, HCA and I CA —{8}.




ACP, x+y =y+x Al xXT =X Tl
x+y+z)=(x+y)+z A2 TX+x = TX T2
x+x = x A3 a(rx +y) = a(rx+y)+ax T3
(x+y)z = xz+yz A4
(xy)z = x(yz) AS
x+8 = x A6
ox =38 A7
alb = bla C1
(alb)|lc = alb|c) C2
Ola =9 C3
xly =xlly+yllx+xly CMI
allx = ax CM2 | 7lx == TM1
@)Ly = a(xlly) CM3 | (m)lLy = r(xlly) ™2
x+llz = x|l z+yllz CM4 | 7x =6 TC1
(ax)|b = (alb)x CM5 | x|r =286 TC2
al(bx) = (a)b)x CM6 | (mx)ly = x|y TC3
@)|ty) = @p)xlly)  CMT | x|(my) = x|y TC4
x+y)z = x|z +y|z CM8
x|y +z) = x|y +x|z CM9

dy(r) =11 DT

' ) =r TI1

dg(a) = a ifaeH Dl | m(@)=aifael T2

dy(a) =08ifacH D2 @) =rifael TI3

(x+y) = () +3x0) D3 | nGx+y) = n@)+r()  TH4

u0y) = () D4 | nly) = nGm() TIS
TABLE 1.

1.3 Standard concurrency
Often we expand the system ACP, with the following axioms of Standard Concurrency (see table 2).
A proof that these axioms hold in the initial algebra of ACP, can be found in BERGSTRA & K1oP [6].

xyllz=xLpllz) SC1
(x|ay)lz=x|@ylLz) SC2

xly=yl|x SC3
xly=yllx SC4
x|(ylz)=(xy)lz SC 5

x Iy llz)=(xlip)liz SC 6

TABLE 2.
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1.4 Projection
Reasoning about ‘processes often uses a projection operator

7, PP (n=1),

which “cuts of” processes at depth n (after doing n steps), but with the understanding that r-steps are
“transparent”, i.e. a 7-step does not raise the depth.
Axioms for 7, are in table 3.

m,(a)=a PR1 | #,(7)=71 PRT1
max)=a PR2 | w,(tx)=7m,(x) PRT2
T, +1(ax)=am,(x) PR3
T (x +y)=m,(x)+7,(y) PR4

“TABLE 3.

1.5 Koomen’s Fair Abstraction Rule

Koomen’s Fair Abstraction Rule (see BERGSTRA & Kiop [7] ) is a proof rule which is vital in
algebraic computations for system verification, and expresses the fact that, due to some fairness
mechanism, abstraction from ‘internal’ steps will yield an ‘external’ step after finitely many
repetitions. The following algebraic formulation is parametrised by k =1, indicating the length of an
internal cycle.

KFAR;, VneZ, x,=ix,+1ty, (,€l)
Tl(xn):'m'l( 2 .ym)

meZy

In §3, we will find a model for the theory
ACP,+SC+PR+KFAR,
as defined in 1.1 -5.

§2. GraPHS
In this section we will define the elements of the model that will be constructed in §3.

2.1 DEFINITION:
a rooted directed multigraph (which we will call graph for short) is a triple <NODES, EDGES,
ROOT> with the following properties: :
a. NODES is a set;
b. EDGES is a set; with each e € EDGES there is associated a pair <s,t> from NODES.
We say e goes from s to t, which we notate by

@-—f%@,or @e if s =t




c. ROOT e NODES.

NOTATION: g = <NODES(g),EDGES(g ),ROOT(g)>>.

2.2 DEFINITIONS: Let g be a graph.

A path 7 in g is an alternating sequence of nodes and edges, such that each edge goes from the node
before it to the node after it. We will only consider paths that are finite or have order type .

Thus, a path looks like

- . ) I e @ ez g €x—1
T ._)eo ..—-)-(ek_‘ :: }-—)ek e

We say  starts at sq (in the pictured situations), and, if 7 is finite, that 7 goes from s to s;. If m goes
from s to s¢, 7 is a cycle, and any node in a cycle is called cyclic, a node not on any cycle is acyclic.
If s, eNODES(g), we say ¢ can be reached from s if there is a finite path going from s to 7.

or

2.3 Note: We will only consider graphs, in which each node can be reached from the root.

2.4 DerINITIONS: Let g be a graph, s e NODES(g).

a. The out-degree of s is the cardinality of the set of edges starting at s; the in-degree of s is the
cardinality of the set of edges going to 5.

b. s is an endnode or endpoint of g if the out-degree of s is 0.

c. g is a tree if all nodes are acyclic, the in-degree of the root is 0 and the in-degree of all other
nodes is 1.

d. the subgraph of s, (g), is the graph with root s, and nodes and edges all those nodes and edges
of g that can be reached from s.

2.5 Labeled graphs.

Let B,C be two sets, and x an infinite cardinal number.

We define G(B,C) (the set of labeled graphs) to be the set of all graphs such that:

1. each edge is labeled by an element of B;

2. each endnode is labeled by an element of C;

3. the out-degree of each node is less than «.

Two elements of G(B,C) are considered equal if they only differ in the names of nodes or edges.

2.6 DerINITION: Let B,C i be given.

a. Gy(B,C) is the set of finitely branching labeled graphs;

b. T«(B,C)={geBG(B,C)gis a tree} is the set of labeled trees;,

c. R(B,C)={geGy(B,C):NODES(g)UEDGES(g)is finite} is the set of finite or regular labeled
graphs;

d. GLA(B,C)={geG(B,C):ghas acyclic root} is the set of root-unwound labeled graphs.
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2.7 Root-unwinding.
The following definition is taken from BERGSTRA & KLoP [9], where most of the above terminology
can also be found.

DEFINITION: let B,C .k be given.

We define the root-unwinding map p:G(B,C)—>G(B,C) as follows: let g €G(B,C).
a. NODES(p(g))=NODES(g)U {r}, where r is a ‘fresh’ node;

b. EDGES(p(g))=EDGES(g)U { D—) : (ROOT(g) >F) cEDGES(g)};
c. ROOT((g)=r

d. labeling is unchanged; if ROOT(g) has a label, r will get that label;

e. nodes and edges which cannot be reached from r are discarded.

2.8 Notes:

1. for all g eG(B,C), we have p(g)eGA(B,C);
2.if geG(B,C), then g =p(g).

2.9 Examples a a
Lifg = 000 () =
b 3
fig. 1
2.ifg = 0E) =

(Note that when we picture graphs, we will not display names of nodes and edges, and only give their
labels; we indicate the root by 3).

§3. THE MODEL
We use the labeled graphs introduced in §2 to construct a model for ACP,.

3.1 DeFINITION: Let A be a given finite set of atoms, 84, 7¢A4. Let a communication function
|:4 XA —A be given, which is commutative and associative, such that dla=dforallaecd.

We will use the symbol | to denote successful termination (whereas 8 denotes unsuccessful
termination). Define the set of process graphs by:

G=6(4.—{8}.{8,{)—{0}.

Here « is some infinite cardinal, 4,=4 U{7}, and O is the graph(?(a single node labeled by | ).
Thus edges are labeled by elements of 4, — {68}, and endpoints by & or |.

3.2 Next we will define an equivalence relation on G,, which will say when two graphs denote the

&




same process. This is the notion of bisimulation (also see BERGSTRA & K0P [6, 9, 10}).
First we define the label of a path in 3.3.

3.3 DeFINITION: Let g €G,, and 7 a path in g.

1. The label of m, I(x) is the word in (4,U{|})" (possibly infinite ) obtained by putting the labels in
ar after each other (poss1b1y mcludmg an endpomt label). ’

2. The A-label of m, I,(m) is the word in (4 U{|})" obtained by leaving out all 7’s in /(), but with
the exception that if /(m)=1“ (an infinite sequence of 7’s), then I, (7)=4.

3.4 ExampLE if g = a;() 7, g has paths with

labels ¢,|,a,a|,7" ,7, 7" a, 7" a| (for each n eN) and with A4 -labels ¢,},a,a },0 (¢ is the empty word).

3.5 We define three different bisimulations on G,.

1.  8-bisimulation, < is the simplest;

2. 78-bisimulation, = ;5 is like 25 but takes into account the special status of 7 as a silent step;

3. rooted 78- bisimulation, =, 5 is like < _; but also takes into account the special case when 7 is an
initial step.
For more information on bisimulations, see PARK [19], and MILnNER [18}. (We use § as a
subscript, to distinguish the bisimulations introduced here from =, <, and <,, defined in
BERGSTRA & KLoP [9], where § is absent).

3.6 DeFINITIONS:Let g ,h €G,, R CNODES(g) X NODES(#).
3.6.1. R is a 8-bisimulation between g and h . R:g =4h, if

1. (ROOT(g),ROOT(h))eR;

2. the domain of R is NODES (g), the range is NODES (h);

3. if(p,g)eR and @—-——@ is an edge in g with label / €4,, then there is a q'eNODES(h) and
an edge @—l-)@ in & with label / such that (p',q)€eR;

4. if (p,q)eR, and p is an endpoint in g with label / €{,]}, then g is an endpoint in 4 with label
5

5,6. as 3,4 but with the roles of g and # reversed.

3.6.2. g 2 ;h iff there is an R:g =sh.

3.6.3. R is a t6-bisimulation between g and h, R:g=h if
1,2: asin 3.6.1;

3" if ,g)eR and (p is an edge in g with A-label /€4 U{e}, then there is a
g'€NODES(h) and a path ifi 4 from ¢ to ¢’ with A4 -label I such that (p',g)€R;
4": if (p,g)eR, and p is an endpoint in g with (4)-label / €{8,]}, then there is a path in & starting
at g with A4 -label /.

5"6" :same as 34" but with the roles of g and & reversed.

3.6.4. g 2 sh iff there is an R:g = ;h.

3.6.5 Let gy, h €6 (so with acyclic root).

R is a rooted 78-bisimulation between g, and h\, R:g,<,,shy, if R:g;=;h, and in addition
7. if (p,g)€R, then p =ROO0T(g;) & g =ROOT(k,).

3.6.6 g =, sh iff there is an R:p(g)*= . s0(h).

&
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3.7 EXAMPLES:

Tr1s

Fig.3 Fig4

>
rTd

Fig.5

a T
¢rt 3

Fig.6 a Fig.7




Fig.8

3.8 LEMMA:

1. =4, 2,5 and =, are equivalence relations on G,.
2. for all g €6y, g =3(g), § = up(g) and g = ,.5p(g).

PROOF: easy.

39 G,/ 2,,; will be domain of our model. Next we need to define the operations of ACP, on
G,/ 2,5 Actually, we will define them on G,, and leave it to the reader to check that =, is a
congruence relation for all these operations.

39.1. +. If g,heG,, obtain g+h by identifying the roots of p(g) and p(h). If one root is an
endpoint, it must be Egs (for O¢G,) and we delete this label. If both g and & are gg, we put

g+h= é,g

ExAMPLE:

e
S

Fig.9

3.9.2. .. If g,h €G,, obtain g.i by identifying all |-endpoints of g with ROOT(%), and removing the
J-labelsin g.

EXAMPLE:
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Fig.10

3.9.3. |l. If g,h €G,, obtain gllA by taking the cartesian product graph of g and k (with root the pair
of roots from g and 4), and adding, for each edge : ing w1th label a, and for each edge

in A with label b, if a|b=c58, a new edge with label ¢ (a
‘diagonal” edge).

In gllh, define the endpoint labeling as follows:

1. if in node (p,q), only one of the two components is an endpoint, drop its label;

2. if in node (p,q), both components are endpoints, give this endpoint label |, if both p and ¢ have
label |, and label § otherwise.

EXAMPLE: (assume a|a =a|b=b|b=b|a =9)

Fig.11

394. L. If g,h€G,, gllLh is the maximal subgraph of p(g)ll# in which each initial step is one from
pg)-

ExAMPLE:




1

Fig.12
while

Fig.13
(we again assumed a|a =a|b=b|b=b|a =9).

395. |. If g.heG,, glh is the sum of all the maximal subgraphs of gll4 that start with a
communication (diagonal) step and can be reached from the root by a path with A4 -label e.

ExaMPLE: if b|la =a|b=c, ala=b|b =4, then

§
Fig.14

3.9.6. 35. Let H CA be given. If g €G,, obtain d4(g) by the following steps:
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1. remove all edges with labels from H;

2. remove all parts of the graph that cannot be reached from the root;
3. label all unlabeled endpoints by 8.

ExampLE: if a €H, then

Fig.15

3.9.7. 7. Let I CA — {8} be given. If g €G,, obtain 7,(g) by changing all labels from I to 7.

3.9.8. m,. Let n =1 be given. If g €G,, obtain =,(g) as follows:

1. NODES (7,(g))={s €NODES(g):s can be reached from ROOT(g) by a path 7 with the length
of /4 (m) less than or equal to n };

EDGES (7, (g))={e eEDGES(g):e occurs in a path « from ROOT(g) with length ([, (m))<n};
ROOT (7,(g))= ROOT();

all unlabeled endpoints in 7,(g) get a label |;

if a 8-labeled endpoint cannot be reached by a path # with length (/4 (7))<<n, change the 8-label
to a |-label;

all other labels remain unchanged.

bk whN

o

ExAMPLE:

Fig.16

3.10 Finally we define an interpretation of the constants of ACP, into G,.
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1. IfaeAd 4{8}, its interpretation [a] = a
2. [8= s
3. = é

3.11 THEOREM Let « be a given infinite cardinal number.

(st(+ "a”’u—’l’aH sTI 5Ty )a({ a-a €4 — {8}}’ &8’ 7))

is a model of ACP, +SC+PR+KFAR.

The proof of this theorem is not very hard, but extremely tedious, which is why we will limit ourselves

to some examples.
Also see BERGSTRA & KLOP [6], 2.5 and BERGSTRA & KLoP [10], 1.2.2,2.1.2, 4.1.1,4.2.1.

ExAMPLES: we denote bisimulations by linking related nodes by dotted lines.
1. A3:a+a=a.

Fig.17

Fig.18

3. Tl:ar=a

Fig.19
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4. T2:ra+a=ra

\\__—_//
T
~
\\ //
a —— N a
\\\
-

—~— -
e ——— e —

Fig.20

5. T3:a(tb +c)=a(rh +c)+ab

Fig.21

~—

—_——— e e

6. KFAR. Also see BERGSTRA & KLoP [9], 7.12, where a version of KFAR without 8 is proved.

Let k=1 be given, and suppose ig,...ix— €1, Xgy..Xp—1 Yos-Yk—1 are processes, and
Xp =ipXq+1 Ty, for all neZ,. Now we need a result in our model from §5, which says that
equations Xx, =i,X,+; +y, have unique solutions in our model, ie. there are unique
8058k = 1:hos- sk —1 €Gy (up to =, 5) such that g, <, si, g, +1 +h, holds for each n €Zy.

6.1 Let us first consider the case k = 1, so we have

g2, sig+h

for some i €1, g,h €6G,.
case 1. h =38 (actually, we mean h = &5).
Then g =, 5ig.

Notice that graph 61’ satisfies this equation, so by the unicity of g we must have g 2,,86-i . Then

Tl(g)ﬁrﬂ‘ié'r ﬁr'r8
Fig.22
which is the desired result, because
X =ix=ix+0§

KFAR;.
'r(i}(x)-——'rﬁ A !

case 2: h is not 8.
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Then we obtain g =,,5 i
Fig.23
$0 77(g) = rrs .‘ 2 s O
T
@
Fig.24
again the right result.
6.2 If k >1, the proof works similarly. For instance, if kK =3, we have
g1 ri1g2th
g2 rmi2g3thy
83 riag1ths
(l 1,i2,i3,€[), SO
I4| ﬁn&
Fig.25
whence Tl(g])g,."s ‘_:?I'T 8 )
T
()
Fig.26
3.12 Handshaking
If we adopt the Handshaking Axiom (HA), namely
| HA) xly|z=8 |

for all processes x,y,z, which says that all communications are binary, then the following Expansion
Theorem (ET) holds in the model G,/ 2,,5. This is because G,/ <,,; satisfies the Axioms of

&
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Standard Concurrency of 1.3. A proof of this fact is given in BERGSTRA & TUCKER [11]. Let x;,...,x,
be given processes, and let X' be the merge of all x;...,x, except x;, ¥’/ be the merge of all x,...,x,
except x; and x;, then the Expansion Theorem is :

ED)  xillxlldx = 3 6l + 3 Gux)LE

I<i<n Isi<j<n

in words: if you merge a number of processes, you can start with an action from one of them or with
a communication between two of them.

3.13 Alphabets

We can define, for each g €G;, the alphabet of g, a(g), to be the set of all labels occurring in g
except 7,6,]. Note that here we will need the requirement of 2.3, that each node can be reached from
the root. Then it is easy to see that if g =, sh (even if g = ;sh), then a(g)=a(h). With this definition,
it is not hard to show that G, / =, satisfies the following Conditional Axioms (CA), first formulated
in BAETEN, BERGSTRA & Krop [2].

a(x) [(ay) NH)CH CAL a(x) | (e(y)N)=@ cA2
g (xlly)=04(x 185 ()) r(xly)=7(xllr ()
ax)NH=9 CA3 ax)NI=9g CA4

g (x)=x ' Tr(x)=x
0y (x)=0y,°05,(x) T (x)=71°71,(X)

HNnIlI=g
CA7
17905 (x)=dgor (x)

TABLE 4.

§4 THE APPROXIMATION INDUCTION PRINCIPLE
The Approximation Induction Principle (AIP), expresses the idea that if two processes are equal to
any depth, then they are equal, or, for processes x ,p

AIP foralln =,(x)=m,(y)
x=y

We will prove in 4.3 that a restricted version of AIP holds in G,/ 2,,5. In 4.7 we see that the
unrestricted version does not hold. First a definition:

4.1 DEFINITION: let g €G,. Define the n™ level of g, [g],, by: [g], ={s eNODES(g):s can be reached
from ROOT(g) by a path o with length (I4(7))=n}. )
We say s eENODES(g) is of depth n if 5 €[g],. Note that the [g], for different n need not be disjoint.

£
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42 LeMMA: let g ,h €G,f and R:g = ,sh. If s cNODES(g) is of depth n, then there is a t eNODES(h)
of depth n such that (s ,t)eR.

PROOEF: by definition of <,

4.3 THEOREM: let g ,h €G, and suppose that for each n
i Tn (g)ﬁrq-&ﬂ'n (h)

ii. either [g], or [k], is finite.

Then g =, sh.

PROOF: without loss of generality, we can suppose that g and h are root-unwound, so g,k €6,’. Fix
neN, and let s €lgl,, t €[h],-
Define

§~,t < thereis an R :m, 4, (8)2 76Ty +m(h)

such that R N((g)s X (h)):7m (()s) 2 67m ((R),). (in words: there is an R, which is a rooted 78-
bisimulation until depth n +m, and, restricted to the subgraphs of s and ¢, is a 78-bisimulation until
depth m), and

s~t e forall meN s~ t.

We will show that ~ is a rooted 78-bisimulation between g and 4.

Note that by definition of ~, and assumption i, we have

1. ROOT(g)~ ROOT(h), and

7. if s ~t, then s =ROOT(g) < t =ROOT(h). By definition of 5 and lemma 4.2 we also have
2. dom(~)=NODES(g) and ran(~)=NODES(%). It remains to verlfy 3",4° 5" ,6" of 3.6.3.

For 3", suppose s ~t, and take n such that se[g],,, telh],. Let @——)@ be an edge in g with
label /.

case 1: 141,50 | =a €A . Then s” €[gl, +1-

case 1.1: [h],,+1 is finite.

Put Sy= {t €lh ],,H there is a path from ¢ to t' with A4 -label a}. Since s~ ¢, we know Soyé@
Put S;={t'eSq:s” ~t'}. Since s~,t, we have S;7@. In general, define S, ={t'eSy: s ~nut}.
We have $408,2..28, D..., and all the S,, are nonempty. Since [h],+, is finite, we must have
N Sw# 2. Taket € N S,,,, then s” ~¢". Since ¢ €S, 3" is satisfied.

m=0 m =0

case 1.2: Otherwise. By assumption ii, [g], + is finite. Let, for each s ‘elgly+1

Hs'z{t €lhl41:s ‘~t }

Note that by lemma 4.2, [h], 1= |J Hy, and this is a finite union. Put So= {t'e[h ln+1: there is a

s E[glml-l
path from ¢ to ¢ with A -label a} If SoNH,*5~J, we are done. Otherwise, we can find a sequence

<tolpty..> in Sg such that s* ~,,1,, (since s~ 7). Smce there are only ﬁmtely many H, there
is a s” such that ¢, e H;” for mﬁmtely many m. Pick ¢* eH ”. We will prove s *~t", and then we
are done. So let meN. Now s ~pt,, s"~t" and s~t,, s0 we can take
Ri,R2,R3 : Tyt m+1(8) = r18Tn +m +1(h) such that

RiN((g)s* X (1)) : T (€)s* )= 787 (B)s,) »

RyN((g)s " X(A) ™) : Tm((®)s ) s (B )

R3N((g)s" X (h),) : Tm((8)s ") 167m ((h)s,) -

A picture might clarify the matter (Fig. 27).
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[l

Fig.27
Now define R C NODES(g)X NODES (k) by: (.9)€R « there are p 'eNODES(g) and
q 'eNODES(%) such that (®.9)eR,, (v’,9)€R, and (p’.g)€R;. Tt follows that

R: Wn+m+l(g)" 8Tn +m+1(1)

and Rn((g)s* X(h),*) T ((€)s *) 2 167 (), *),50 5" ~,,t". Since m was chosen arbitrarily, we
have shown s ~¢".

case 2: 1= =T We reason as in case 1, but work in [g], and [k],, since a 7-step does not increase
depth, so s~ €[g],, t" €[h],. In case 2.2, we observe ‘

BLOG) = U H.

selgl NG _
Thus, we have verified 3° of 3.6.3. For a verification of 4", suppose s~t, n is such that
s€lglhtelh]l, and s is an endpoint in g with label /. Since s~ ¢, there is an
R : 7y 41(g)= rrs Ty +1(h) with (s,£)eR. 5 is also an endpoint in 7, 1((g) with label /, so, since R is a
76-bisimulation, there must be a path in =, , (k) starting at ¢ with 4 -label /. Since ¢ €[A],, this path
is also in A, and has the same A -label there.

Proofs for 5,6 of 3.6.3 are like the proofs for 3°,4", but with the roles of g and & reversed.
Thus, we have shown that ~ is a rooted 78-bisimulation between g and h, which finishes the proof.

4.4 DEFINITION Let g €G,. We say that g is bounded if g has no path with label 7. (A somewhat
more restricted definition of boundedness is given in BERGSTRA & KLoP [5]).

4.5 LeMMA If g €GBy, (i.e. g is finitely branching), and g is bounded, then for each n, [g], is finite.

ProoF: By induction. For n =0, [g], consists only of those nodes that can be reached from ROOT(g)
by a path with all labels 7. The graph g’ consisting of [g], and these r-paths cannot contain a cycle,
for that would immediately give a path with lable 1, contradicting the boundedness of g. Thus g’ is
acyclic, and by Konig’s lemma it must be finite, for an infinite branch has label 7°. Then also
[glo=NODES(g") is finite.

For the induction step, suppose [g], is finite. Put B={s €[g],+;: there is a r€[g], and an edge

, a€A4}. Since each 7 €[g], can have only finitely many immediate successors in B, B
must be finite. I s €[g],+; —B, s can be reached from a member of B by a series of 7-steps, and the
same argument as above shows that [g], +, must be finite, which finishes the proof.

4.6 COROLLARY: Let g,h €G,. If one of g,h is finitely branching and bounded, then g, satisfy AIP
(ie. if for all n m,(g)=,sm,(h), then g =, k).

PROOF: 4.3 + 4.5.

&




4.7 Counterexamples
Suppose a,b are two different atomic actions (a,b €4 —{8}). We will consider infinite sequences of
a’s and b’ s. Let E, be the set of all such sequences that are eventually a (i.e. for each s €E, there is
an n N such that after the first n symbols, s consists only of a’ s ), and let E, be the set of all
sequences that are eventually b. Note that E, and E; are countable. '

SR

R
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EXAMPLE 1: defineg = X s, h = 3 s.

sek,

See Fig. 28.

(& : :
all sequences eventually a

It is not hard to see that for each n

7, (g) = mu(h),

but not g 2,4k,

seky

all sequences' eventually b
Fig.28

so g,h do not satisfy AIP. g and % are both bounded, but not finitely branching.

ExAMPLE 2: g’ and h’ are shown in Fig.29.
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a b a
& 6 &
b a b

e
S
N
I~
N
A\

a b b
I
\_. — ' | — ——p
all sequences eventually a all sequences eventually b

Fig.29

Again we have 7, (g)<, 57, (h’) for each n (irrespective of how E, and E, are enumerated along the
7-path), but not g’=,5 h’, so g’,h’ do not satisfy AIP. g’ and h’ are both finitely branching, but not
bounded.

NoOTE: although g and g’ (and h and k) are certainly related, they do not 8-bisimulate. However, if
we change g’ so that each element of E, occurs infinitely many times, we do have a 78-bisimulation
(this is a sort of infinite version of KFAR).

4.8 Note: at this point, we cannot formulate the restricted version of AIP proved in 4.3 or 4.6
algebraically. We can do this in §5, after we have discussed RDP and RSP.

§5. THE RECURSIVE DEFINITION PRINCIPLE AND THE RECURSIVE SPECIFICATION PRINCIPLE
In this section we will look at recursive specifications, which are sets of equations, and processes given
by recursive specifications. The Recursive Definition Principle (RDP) states that certain specifications
have a solution, while the Recursive Specification Principle (RSP) says that certain specifications have
at most one solution. Specifications that satisfy both RDP and RSP have a unique solution.

5.1 DEFINITION: a (recursive) specification E = {E; : jeJ} is a set of equations in the language of
ACP, with variables {X; : jeJ} (J is some set), such that equation E ; has the form

X =1,

where T; is a finite ACP,-term (with finitely many variables) and J contains a designated element j,.
If J is (partially) ordered, and has one minimal element, then j is this minimal element.

5.2 ExaMPLE: Let E be
Xo = X]”XZ + X3a
X1 = 195(XeXo)
X2 -_ TXZ
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X3 = TI((IXZ + X3bX1)
Here J = {0,1,2,3}, jo = 0, E, is equation X,=7X, and T is term 7X,.

5.3 DErFINITIONs: Let J be a set, E a recursive specification indexed by J, and let {x; : jeJ} be
processes. Put x =x;, X={x;:j €J,j7jo}

1. x is a solution of E with parameters X, notation E (x,X), if substituting the x; for variables X; in
E gives only true statements about processes {x;:j €J }.

2. x is a solution of E, notation E(x,—), if there are processes X={x;:jeJ,j7jo} such that
E(x,X).

3. x is (recursively) definable if there is a specification E such that x is the unique solution of E.

5.4 The Recursive Definition Principle (RDP) for a recursive specification E is

[RDP) 3x E(x,)]

i.e. there exists a solution for E. While it is probably true that RDP holds in general in the model
G,/ 2.5 we will prove it only for a restricted class of specifications.

5.5 The Recursive Specification Principle (RSP) for a recursive specification E is

(RSP) E(x,—) E(y,—-)
x=y

It is obvious that RSP does not hold for every specification E (every process is a solution of the
trivial specification Xp=Xj).
In the sequel, we will formulate a condition of guardedness, such that RSP holds for all guarded
specifications in G,/ 2,,;. However, we run into big problems when we want to formulate
guardedness for specifications containing abstraction operators 7;. As a hint to the problems involved,
consider the specification

Xo = arpy(Xy)

Xl = bT{a}(Xo).
This specification certainly looks guarded, but has infinitely many solutions in G,/ <., so does not

satisfy RSP. Because of these problems, we will formulate guardedness and the following theorems
only for specifications that contain no abstraction.

5.6 DEFINITION: Let T be an open ACP ,-term without an abstraction operator 7;. An occurrence of
a variable X in T is guarded if T has a subterm of the form aM, with a €4 (so a=7), and this X
occurs in M. Otherwise, the occurrence is unguarded.
5.7 ExaMPLES: let T be the term

aXo -+ 'TX] + aI_l_Xz + X3“aX4.
In T, Xy and X4 occur guarded, and X,X;,X3 unguarded.
5.8 DEFINITION: Let E={E; : jeJ} be a specification without an abstraction operator 7, and let
i,jeJ. We define
X,l)Xj « X; occurs unguarded in T;, and we call E guarded if relation = is well-founded (i.e.
there is no infinite sequence (Xj,-l‘»(jz—uéXj;—u)...).

&
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Next we start the proof of RDP and RSP in G, / £, 5.

5.9 DEFINITION: Let E={E; : jeJ } be a specification, and let j €J. An expansion of X; is an open
ACP,-term obtained by a series of substitutions of T; for occurrences of X; in E ;- For a more precise
definition, see BAETEN, BERGSTRA & Krop [2], 2.7.

5.10 LemMA: Let E be a guarded recursive specification in which no abstraction operator 7; occurs, and
let jeJ (the index set of E). Then X; has an expansion in which all occurrences of variables are
guarded.

PrOOF: Essentially, this is lemma 2.14 in BAETEN, BERGSTRA & KLoP [2]. We build up such an
expansion in the following way. If in T, all occurrences of variables are guarded, we are done.
Otherwise, substitute T; for all unguarded X; in T, and repeat this process. This must stop after

finitely many steps, for otherwise we obtain by Konig’s lemma an infinite sequence Xj—u>X, ..,
which contradicts the well-foundedness of —>.

5.11 THEOREM: Let E be a guarded recursive specification in which no abstraction operator occurs. Then,
in the model G,/ = ,,5, E has a solution which is finitely branching and bounded.

PrOOF: We will construct a solution g in stages g,, for neN. For n =1, let T! be an expansion of
X;, in which all variables are guarded (T exists by 5.10). Then it is easy to see that =,(T"") does not
contain any variables, so is a finite closed ACP,-term. Let g, be the canonical graph of 7\(T"). By
canonical, we mean that we do not use any ACP,-equations in constructing g, but only the
operations defined in 3.9 (we can replace all variables occurring in T by 8, since they do not matter
anyway). Note that g, is finite. Now suppose g, is constructed, and is the canonical graph of =, (T"),
with 7" an expansion of X;, such that 7,(T™) does not contain any variables. Now, if X; is a variable
occurring in 7", expand X; to a term §; in which all variables occur guarded (S; exists by 5.10).
T"*! is the result of substituting the S; for each X; occurring in 7”. Then 7"*! is an expansion of
Xj,, and 7, 4, (T"*") does not contain any variables, so is a finite closed ACP -term. g,; is the
canonical graph of m, . (T"*"). Note that g, ., is finite, and 7,(g, +,) = g, (=,n0t just®, 5 !).
o0

Now we define g=|Jg, (leaving out all |-labels in non-endpoints). Note that for each n,

n=1
7,(g)=gn, and that g is finitely branching and bounded. It remains to be shown that g is a solution
of E.
The same way we constructed g =g;,, we can construct graphs g; for each jJ. We will show that
the graphs {g; : j €J } satisfy all equations of E. Let ioeJ, and let equation E; be

‘Xio = 7-'io(Xh"""Xvi,..)’
where X; ,...,X; are the variables occurring in 7;. We have to show
gioﬁr'rs Eo(gin'"agi..)-

We do this by AIP (4.6 applies since g;, is finitely branching and bounded). So fix n eN. Let, for
0<k<m, T be an expansion of X, such that =,(7}) contains no variables and m,(g;,) is its
canonical graph. Then

Tn (Tio(gip-" '8im )) =

= T (T (7, (gi )s-Tn(g;,))) (use definition 3.9.8) =
= T (T3 (T1),.m (T7,)))  (by assumption) =
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= 7 (Ti(T} ., T1)) (again by 3.9.8) =
7,(T2) (by construction of T;) =

= m,(g) (by assumption)
This finishes the proof.

5.12 TuEOREM: Let E be a guarded recursive specification in which no abstraction operator occurs. Then,
in the model G, / = ,,s, E has a unique solution.

ProoF: By 5.11, E has a solution g which is finitely branching and bounded. Let 4 be any other
solution of E. We will show g =, 5 h by AIP. So let n €N, and let 7" be an expansion of X, so that
7,(g) = m,(T"). On the other hand, if h =h;, solves E with parameters {h; : j €J ,j#jo}, and T},
has variables X;,,....X; ,
then

h = 5T(hj,s...sh;, (for h is a solution)
s Ty (T (R)s., T (R))
(for the same reason, for some sequences R from {h ;1 jEeJ])

red -

e sT"(R) (for some sequence r),
whence m, (h) =, 7, (T"(F)) = 7, (T"(X)) = m,(T").
Now we can give the following algebraical formulation of AIP, which holds in the model G,/ =5

5.13 THEOREM: G, / 2,5 satisfies the following principle, which we will call AIP:

foralln @,(x) = m,(y)
(AIP) x is specifiable by a guarded E without 7;

X =y

PrROOF: If x is the solution of a guarded recursive specification in which no abstraction operator
occurs, in the model it is the equivalence class of a finitely branching and bounded graph, by 5.11 and
5.12, which satisfies AIP by 4.6.

It is a drawback of the previous theorems that we cannot use abstractions in our specifications. We
can partially remedy this deficiency, however, by introducing a hiding operator ¢;. This we do in 5.14.

5.14 DEFINITION: We define an auxiliary theory ACP; as follows:

1. ACP! extends ACP,;

2. ACP! has a new atom r €4 withtja = dforallaed.

3. ACP! has a new operator #; (where I CA,—{8}) defined by the four equations in table 5.

t; (a)y=a ifael
t; (@)=t ifael
ty (x +y)=tx) + 4Qy)
TABLE 5. ft ()= y)
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(here a €4, so a =7 or a =t is possible, and x,p are processes over ACP/; compare 2.10 in BAETEN,
BerGSTRA & KLOP [2] ).

5.15 DerFINITION: we extend G, with a new element zt

(t a new label) and we define #; on G, by stipulating that #;(g) is the graph g with all labels from I
changed to .

5.16 Note: theorem 5.12 still holds for specifications £ in which a hiding operator #; occurs. This is
not hard to see.

5.17 COROLLARY: G, / =, satisfies the following principles, which we will call RDP and RSP:

(RDP) FE guarded, no 1;.
Ix E(x,—)
E(x,~) E(,-)
(RSP)  E guarded, no ;.
x=y

§6 COMPUTABLE GRAPHS

In this paragraph, we look at computable graphs. We will prove that every computable finitely
branching graph is definable by a finite guarded specification in the language of ACP,. We will prove
this result via a number of intermediate results. First we define what we mean by a computable graph.
In a computable graph, one must know at every point how many possibilities there are to proceed,
and the label of each of those possibilities. Therefore, we need two computable functions od (for out-
degree) and b (for label). Since these must be number-theoretic functions, we need some coding of
graphs. We do this by numbering the edges starting from each node. It also follows that we have to
restrict ourselves to finitely branching graphs (although countably branching graphs could possibly
also be considered).

6.1 DEFINITION: Let g €Gy, (so g is finitely branching). A coding of g consists of the following:

1. if s eNODES(g), and the out-degree of s is n, then the outgoing edges are named 0,1,...,n — 1.

2. this leads to the following naming of nodes: a sequence occw names the node reached by
following the path from ROOT(g) with edge-names in o.

6.2 ExAMPLE: let g be the graph of Fig.30 with indicated coding.
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Fig.30
ROOT (g) has name ¢ and the endpoint of g has names 000, 10, 110, 20 and 210.

6.3 Note: g €GBy, is a tree «> each node has exactly one name.

6.4 DEFINITION: Let g Gy, be coded. We define two partial functions:
od : 0 —w
b :o —4U{8,])},

as follows:

1. od(c) = the out-degree of the node named by ¢, if 0 names a node;

2. od(o) is undefined otherwise.

3. lb(o*n) = the label of edge n starting at node o if ¢ names a node and n <od(o)
(here o*n is sequence o followed by number n);

4. Ib(0*0) = the label of endnode o if 6 names a node and od(0)=0;

5. Ib(0) is undefined otherwise.

6.5 DEFINITION: g €Gy, is computable if there is a coding of g such that functions od and /b are
computable (since the set 4 is assumed to be finite, a coding of 4 U {§,}} into w is not important).

Now we start the proof of the main theorem of this paragraph. The first step towards proving it will
be to show that every computable function can be represented by a finite guarded specification. First
we say what we mean by a representation.

6.6 Let D be a finite set of data. We suppose we have a number of communication channels
0,1,....k (k=1), of which channel 0 is the input channel and channel 1 the output channel. Any other
channel is an internal channel. Furthermore, we suppose our set of atoms 4 contains elements

1. s5;(d) = send d along channel i (d €D ,i <k);

2. ri(d) = receive d along channel i (d €D i <k),

3. ¢(d) = communicate d along channel i (d €D ,i<k).

On these elements, we define the communication function by

si(d)lr;(@d) = ¢;(d)
and all other communications give 0.

Now suppose f : D" —>D" is a partial function. We say process f represents f iff for any o,peD”
f(0) = p & inputting sequence o along channel 0 will be followed by outputting sequence p along
channel 1; and f (o) is undefined <« inputting sequence o along channel 0 will be followed by
deadlock. To be more precise, suppose a sequence 6=d,....d, is given, and we have a marker eos
indicating the end of a sequence. :

&
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We define the sender S, = so{d)so(d2)e...sso(d, »so(eos) and the receiver R by the following finite
guarded specification (which has a unique solution in G, / =,,; by theorem 5.12):

R = > rid)R + rieos)
deD

Then, we will hide unsuccessful communications:
H' = {5;(d),r;(d)| deD U{eos }, i =0,1},

and now we can give the formal definition: process f represents function f iff for any o,p€D", say
o6 =d.d,p=er.ey (yvith n,m=0):
L f(0) = p e 3x(S,If IR) =

co(d)oco(d2)e...oCo(dn Joc (€08 Joc 1(€ 1)o...oC 1€ JoC 105 ),
2. f(o)is undefined < dg(S,IfIR) =
Co(d 1)-0 o(d 2)-.. woC O(dn )oC 0(€0S )-8

6.7 THEOREM: Let f : @ —>w be a partial computable function. Then f can be represented by a
process, defined using a finite guarded recursive specification.

PROOF: Let f be given. It is well-known that f can be represented by a Turing Machine over a finite
alphabet D with finitely many states 0,...,k, (k =1) of which 0 is the starting state and k the ending
state. In turn, we will simulate this Turing Machine by a finite specification

X = t1°aH (C“Sz”sg), namely f = T{,}(X).
Here C is a finite control and S, and §; are stacks. We have the following picture (Fig.31)

. 1
input > 0 /C\ >

> output
2 3
Fig.31
The specifications of S, and S5 are
S = 3 n(@T8S; + ristop) | (i=2.3)
deD U{eos}

¥ = @)+ 3 rITy
eeD U{eos

(for each d €D U {eos })

(see e.g. BERGSTRA & Kiop [10]), (the extra atom stop is needed for successful termination). C is
specified using variables Cy,C),...,Cy,Cy +1,Cy +2 (think of these C; as the “states” of C, and C,,...,Cy
correspond to the states of the Turing Machine). The specification of C consists of three parts:

4
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1. input, 2. calculation, 3. output.

Part 1. input.

C = ro(eos)sy(eos)s3(eos)Ci 1o + 3 ro(d)sxeos)sx(d)Cy +y

deD

Cy+1 = roleos)sy(eos)Cr 17 + D ro(d)sAd)Cy 11
deD

Ci 12 = ryfeos)sy(eos)Co + D ry(d)s3(d)Ci 42
deD

When C is reached, the input sits in S; in the right order, and ends with a eos (end-of-stack).

Part 2. calculation

This specification will have one equation for each Turing Machine instruction in the Turing Machine

representation of f.

a) for each TM instruction i d ¢ R m (i <k,m<k;d,e €D) (meaning that if in state i, the head
reads d, it is changed to e, the head moves right and goes into state m), we have an equation

Ci = ray(d)sye)Cn

b) for each TM instruction i d e L m (i <k ,m<k;d,e D) (the head moves left instead of right),
we have an equation

Ci = ry(d)sy(e) 2 ro(fIss(f)Cn

feD

Figs. 32 and 33 might clarify the matter: if the Turing Machine is in the position of Fig.32, control
and stacks are as in Fig.33.

head
state 1

Fig.32

RSN
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Part 3. output eos °os

When state C; is reached, the output sits in S5 in the right order, and S, is empty, so we put

Cr = ri(eos)ryfeos)ss(stop s (stop)s (eos) + >, ri(d)s(d)Cy
deD

This completes the specification of C.
Next we hide all unsuccessful communications by encapsulation: we define

H = {s;(d).,r:(d) : d€D U{eos stop },i =2,3}

and we  hide all internal  communications by  abstraction: we  define
I = {c;(d) : deD U{eos stop },i =2,3}, and consider f = 7(,)(x), where x is the unique solution of
specification X = #;°05(C||S;|lS3). Informally, we will write

f = 1o85(CIIS,lIS3).

Now we want to show that f indeed represents £, so let seD" be given (instead of working with f
we work with its Turing Machine representation). Let H' = {s5;(d),r;(d) : d €D U {eos },i =0,1} as
in 6.6 and consider

(S lIf IR).

Let 0 = d,..d, and let S denote stack S; with contents peD” followed by eos.
Then 95(S,lif IR) =

3 ASoIL(FIR)) + 85(f IL(S,IR)) + 3 RL(/IIS,) +

+ 3 A(SolNILR) + 3u(SIRILS) + 3u((FIR)ILS,)
(by the expansion theorem of 3.12) =
d+8+8+co(d1)dn (Say--a, 1205 ((s2(€05 )52(d1)Cie +- DIIS IS )IIR) +8+8 =

cold)BgAS y-a, 71 (c (08 e o(d )05 (Cr 1117 IS)IR) =
co(d)rdpAS 4yong 17105 (Cie 41183 IS HIR) = ... =
cold)co(d)...coldy WdgAso(eos Ty odg (Ce + 1185 1S 5)IR) =
Co(dr)orn-co(dy )co(€0s WO ATrod g (Cr 12 IS T IS £)IR) =

Il
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= co(d)...-Coldy )coleos WOy Ay (c(dy o 3(dy 13 (Cic +2IST 4 IST HIR) =
=... = co(dy)...co(d, )eoeos )y (T 0g (CollS £ 1S $)HIIR).

So we have reached the calculation part of the specification. Now we have two cases, according to
whether or not f (o) is defined.

case 1: f (o) is defined, say f(o)=p.

We claim that then

1905 (CollSL IS§) = w7995 (C ISF ISS).

This can be seen if we look at figs 32 and 33: each position of the Turing Machine is mirrored by a
position of the specification: thus position

rerpodg (G IS§ 1ST)

(i<k;o,6 €D",deD) corresponds to the Turing Machine in state i with tape contents the reverse of
o’ followed by d followed by 0" and head pointing at position d. Thus all we have to show is that
the TM instructions “do the correct thing”.

a) suppose there is a TM instruction i d e R m.

Then 71,99y (G IS5 IS ) =
= n1y(c3(d)0 (520e)C)IST 1IST ) =
= 1 (ca(e) g (Cu ISE 7 1ISY) =
= n1o0u(Cn IS§ 7 1IST).

b) suppose there is a TM instructioni d e L m
Then 77,99 (C; 1S4 1185 %) =

= 'Mz(03(d)-3H((S3(e)fEDrz(f )3 CISETIST) =

T-Tz(03(6‘)-%((fzur;z(f )3 ICISETNSST) =

= rerp(co(f WOu (s3(f YCHIST 1SS ™) =
= 7rp(ca(f WO (Cp IS5 11857 ) =
= 177905 (C 1SS NSLE ).

Thus, since the Turing Machine terminates on input o, with p on the tape, in state k, with the head
pointing at the first symbol of p, we must have that

71905 (CollSP I1S5) = merpody (Cr IS 11S$).

Then we can finish the calculation (let p=e;...e,;)
A ([r7o8g (Ce ST ISHHIR) =
= 1105 (CL ISL IISHHIR) =

= mc (e )0 (10 (G IS L IS )IR) = ... =
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= 7rci(eq)...
= rci(eq)...
= 7c(eq)...
= 1c1(eq)...

= 'rcl(e 1)

ci(em )9 (C IS ISPHIR) =

c1(em )3y (1r(c3(eos Jex(eos Yoy ([s 3(stop )s ostop )s 1(eos ]IS IS ) IR) =
c1(em ) (71 (c3(stop Jeo(stap )s (eos ))IR) =

c1(en )T (s1(e0s)IIR) =

ci(en)ci(eos) ,

which finishes the proof of case 1.

case 2 f (o) is undefined. ‘
In this case, the Turing Machine calculation does not terminate, state k will never be reached, and

process

71905 (CollSL 1IS$)

will do an infinite number of internal steps (steps from 7). We will prove the following

Claim: 7;°9 (CollS5” IS§) = 8, which will finish the proof of case 2.

To prove this, we put y =95(CollSL 11IS{) and consider x =t;(y). Since the Turing Machine does
not terminate, it will keep doing instructions

a)ideRm
orb)ide L m.
(i,m<k ;d,eeD).

A general step of type a) looks like:
trody (CISSISTT) =
t](c3(d)c2(q)aH (Cpm ”SSM{ "Sé’) _

113 tloaH (Cm

ISs 1S5y,

and a general step of type b) looks like:
198y (C IS ISy =
tr(es(d)ese)exf Ies(f u(CrlISTISEE ) =
tttt; oy (Cp, 1SS 18576,

Thus, process £;(y) = #;°05 (CollSFL 1S9)
has states of the form

1905 (C; 1SS ISS)

and will do 2 or 4 ¢-steps to go from one such state to the next. From this, we conclude that for each

n

() =

t’l

Now consider specification

X =X

This is a finite guarded specification with no abstraction operator, so it has a unique solution by
RDP+ RSP, to which AIP applies.

We call this process
obtain

@) = 1%,

&

t°. It is easy to see that =, () = " for each n, so applying AIP (thm. 5.13) we
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SO

tl(y) = t'tl()')’

because #;(y) will satisfy the specification of ¢“. From this last equation, it follows by KFAR, that
() = 7yt (y) = 77)(8) = 78, which proves the claim, and at the same time ends the proof of
theorem 6.7.

Thus, every computable function can be represented using a finite guarded specification. We want to
prove that every computable graph is definable using a finite guarded specification, but we will first
prove this with two extra restrictions: the graph must be bounded and binary (i.e. an element of G3 ).

6.8 THEOREM: Let g €G3 be computable and bounded. Then g = 7(,y(h), with h the solution of a finite
guarded recursive specification.

Proor: Code g such that functions od and /b, defined in 6.4, are computable. Let od and Ib be
process representations of od, /b (defined in 6.7).

First we will give an infinitary specification of g.
We have a state X, for each name o of a node which is not a |-endpoint (so our index set is the set of
all 6€{0,1}" with od (6)>0 or /b (0*0) = §, with designated element ¢, a name of the root).
We have 7 cases:
1. od(e) = 0,s0b(c*%0) = 4.
Then X, = 4.
2. od (o) = 1, and od (6*0)>0 or Ib (6*0*0) = 4.
Then X, = Ib(6* 0)X =g
3. od(o) = 1,and b (¢*0*0) = |.
Then X, = Ib(o*0).
4. od (o) = 2, both (od (6*0)>0 or Ib (6*0*0) = 8) and (od (¢* 1)>0 or Ib (6* 1*0) = ).
Then X, = Ib(6*0)X4e9 + Ib(0* 1)X 0.
5. od(6) = 2, and (0d(o* 0)>0 or Ib(6*0*0) = &) but lb(6*1*0) = |.
Then X, = lb(6*0)X ¢ + Ib(e*1)
6. od (o) = 2, and /b(c*0*0) = | but (od(s¢* 1)>0 or Ib(o* 1*0) = &).
Then X, = Ib(6*0) + Ib(o* 1)X,+1.
7. od(o) = 2, and Ib(c*0*0) = Ib(0o*1*0) = |.
Then X, = Ib(6*0) + Ib(e*1).
It is not hard to see that g is indeed the solution of this specification, with parameters which we will
call x, (we have guardedness since g is bounded). Now we want to give a finite specification for g.
We will describe three parts:
Part 1: the transition from X, to X,+; (i =0,1), execution of steps;
Part 2: the history, saved in a stack;
Part 3: the calculation, containing od and bb.

We have the following configuration (Fig.34):

Fig.34
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We have channels 2,3,4,5,6,7 (all internal) and we extend the alphabet 4, by:
{so(d),ro(d),co(d) : ded?2 VA U{r,|}U{0,1}}

{s3(d)rs(d),cs(d) : d e{start Stop ,0,1,2}}

{s4d),ra(d),co(d) : d e{start stop }UA U{1,}}}

{ss(d).,rs(d),cs(d) : d {stop,0,l,e0s}}

{s¢(d),re(d),ce(d) : d={0,1,e05}}

{sAd),r(d),co(d) : d{0,1,e0s}}.

AR o

Part 1. description of P
P has states P, P, foracA, and P, ;. for a,b €4,— {6}, with the following specification:

P = > rA<abp>P ., Drfa)P, + rl)
a,bed.—{8} ) acA.

Poap> = asfOP + bsy(DP
P, = asOP " (if a9)

Ps =8

Part 2: description of S
S is a stack that keeps track of the history up to the point reached, and has states S, Ty, Ty, with the
following specification: (k =5,6,7)

S = (sp(eos) + r, (00T + (DTS + rs(stop)

T; = (i) + 2 (DT T + rs(stop) (i =0,1)
j=01

Part 3. description of od, b, R

We assume od and Ib are specifications as given in 6.7, that work as follows:

od has input channel 6 and output channel 3;

Ib has mput channel 7 and output channel 4;

upon receiving a signal start from R, they will read the contents o of stack S, return those data to the
stack, calculate od (o) respectively /b (o) and sent the result to R.

Thus, after abstraction from channels 5 and 6, we have (let S contain o):
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od = riy(start)ss(od(c))od + ry(stop)

b = ry(start)s (b (o)lb + r4(stop)

R is the finite control, and is given by the following equation:

R = sy(start) [r3(0)ss(0)sq(start) 3 ral)so(!)ss(stop )s a(stop )ss(stop)] +
153,

+ [r3(Dss@)salstart) D ra)s(Dro0) +

led.—{8)

+ r3(2)s5(0)s4(start )1 AZ_ {8}’ 4(D)rs(0)ss(1)s o(start)

2 rarsMs(<LI>) 3 rali)ss@] R

Ved.—(8) i=0,1

Next we do encapsulation:

H = {rid)si(d) : i=2,.,7; d from appropriate sets} and abstraction:

I = {¢(d) :i=2,.,7; d from appropriate sets}. Now let S’ denote stack S with contents o, then
we can define processes {y, : ¢ a node-name} by the following equation

Y, = o9y (PIS°IIRNl0d 1) , y, = 7(1y(vs)

(this equation indeed defines a process, since all equations for P,S,R ,0d,lb are guarded).
Claim: y, = 7x,.

PrOOF: We show processes y, satisfy the 7 defining equations for x,, multiplied by 7.
1. od(c) = 0, so Ib(c*0) = 4. L
Then y, = 7,00y (PIIS°liRllod ||Ib) =

= 1r(cs(start Ye3(0)cs(0)c 4(start ye 4(8)co(6)
c3(stop )c4(stap )es(stop )8) = 70.

2. od(o) = 1, and (od(0* 0)>0 or Ib(c* 0*0) = §).
Then y, = 7,29y (PIIS°IR llod |lib) =

= 7(cs(start )c3(Des(0)c o(start Ye 4(Ib (0* 0))c(Ib (0* 0))
3 (P o)lIS”Clir(O)R llod 116y =

= 1y (b (0* 0)c(0)05 (P ISR lod b)) =
= 1lb(0* 0)r;°0y (P IS IR llod |th) =

&
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- 'le(U* O)})ut(}.

3. od(o) = 1, and b(¢*0*0) = |.
Then y, = 7,05 (PIIS°lIR llod |llb) =

= 1lb(6* 0)y 4o = Tlb(6* O)r;°0g (PSR llod 1B) =

= 7lb(0* Q) (ca(start )e3(0)cs(0)cq(start )es({)ea(l)
cs(stop Je4(stop Yes(stop)) =

= 1lb(c* 0)r = 7ib(c*0).

4. 0d(6) = 2, both (od(c* 0)>0 or Ib(* 0*0) = 8) and (od(0* 1)>0 or Ib(s* 1*0) = 3).
Then y, = 7,99y (PIIS°lIR llod|llb) =

= 1r(ca(start ye3(2)cs(0)c 4(start )e 4(Ib (6* 0))c5(0)c5(1)
c4(start e 4(Ib (0* D)es(Deo<Ib(o* 0),lb(c* 1)>)

3 (P <o 0y = IS°IC S ro(i)ss()R)Nod b)) =
i=0,1

= 17 (Ib (6* 0)c(0)c5(0)dg (P IS OIR llod I1B) +
+ Ib(o* Dey(Des(Ddg (P IS HIR lod 11b)) =
= 1(Ib (0% Q)y geq + Ib(a* 1)y gey).

5. od(6) = 2 and (od(c*0)>0 or Ib(c* 0*0) = §)
but b (o* 1+0) = |

Then y, = 1(0b(0*O)ygs0 + (0% I)pgey) = .
= 1(lb(c* O)y oo + Ib(a* I)r) =
= (b (0* O)pgeq + Ib(a* 1)).

6 and 7. likewise.
Now we will give a finite guarded recursive specification with a unique solution %, so that
g = 7yy(h). We have three cases (X is the designated element).

case 1: od(e) = 0. The root has out-degree 0, so since graph(i} is not in G,, we have g = &3, and we
can define
X =4

case 2: od(e) = 1. Suppose [b(0) = a. Then
X = at;o0y (P ToIR lod1b). = aY,

case 3: od(e) = 2. Suppose /b(0)=a and /b(1)=>5. Then

X = at;odg (P TolIR lod 11b) + bt;dg (PIT,IIR llod||1B).
We see that this is a finite guarded specification. Moreover, since y, = 7x,, it is clear that 7 (k)
satisfies the equation for X,, whence g =, 57(,3(h). This finishes the proof of theorem 6.8.

6.9 COROLLARY: Let g €G3 be computable. Then g = 11(k), where k is recursively definable by a finite
guarded specification.

&




35

i

PROOF: Put h = t’(;)(g), the graph with all 7-labels replaced by t"-labels, where ¢’ is some new atom.
Since 4 is computable, binary but also bounded, by 6.8 there is a specification E with unique solution
k such that h = ,.,.57{,}(’()
It follows easily that

85 "'(t'}(h )= e "'{t,t'}(k )

Thus, we removed the restriction, that g must be bounded. Next, we will remove the restriction that g
must be binary. First we need a lemma.

6.10 LeMMA: Let g €Gy,. Then g =, sh, for some h €Gy, of which all non-root nodes have out-degree 0
or 2. If moreover g is computable, h is also computable.

PrOOF: We can assume that g is root-unwound (so g €G§,), and coded (see 6.1). We define & as
follows:

1. NODES (h) = {<s,n> : s eNODES(g), s#ROO0T(g), n < out-degree (s)}
U{<s,0> : s eNODES(g), and s = ROOT(g) or out-degree (s)=0}.

{ 1
2. EDGES (h) = { - : ®—XD EDGES(g),s =ROOT(g)

(n <od(s) the name of the edge, / a label)} U

! .
u{(<s.n >)—I—>(o<t,o>) : (—XDe EDGES(g),s -ROO0T(g)

(n,l as above)} U

U{(<sn>—(<s;n+1>) : s eNODES(g),s £ROO0T(g)
(n+1)< od (s), ! alabel} U

U((Ssn>)—>{(<s,0>) : s ENODES(g),s#ROOT(z),

(n+1)=o0d(s), | alabel}.
3. ROOT (h) = <ROOT(g),0>
4, the endpoint label of <s,0>NODES(h) is the endpoint label of s eNODES(g).
An example might clarify the matter (Fig.35):

Fig.35

It is obvious that & is root-unwound, that all non-root nodes have out-degree 2 or 0, and that if g is
computable, then so is k. Now we can define R CNODES(g) X NODES(%) as follows: R relates all
nodes s e NODES(g) with all <s ,n>eNODES(h) (n <od(s) or n =0=0d(s)).

It is easy to prove that R : g <,sh:

&
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SRR

!
1. if @—n—)@ is an edge in g with label / (n <od(s)) and R(s,<s,k>), then
1.1 if k<n, take path

VD e GV EIE S ;

in h with 4 -label / and R(¢, <t,0>);
1.2 if k >n, take path

T

- : <<s,od(s)—19 %) <s,0>) -—:—)...—I—)(<s,@ %) <t,0>)
in h with 4 -label I and R(z, <t,0>).

1 1
2. Conversely, for each edge (<s,n>) 2\ <¢,0>) in h we have @ T)@ ing.
Endpoints and root are all right, since nothing is changed there.

6.11 THEOREM: Let g be a computable graph. Then g = 7(,,(h), where h is recursively definable by a
finite guarded specification.

ProOF: By 6.10, we can assume that all non-root nodes of g have out-degree 2 or 0. Put h = ti(8),
and code h such that functions od, Ib for h are computable, with process representations od, /b.

Let the root have out-degree n¢y>>0 (if ny = 0,2 = §). For all non-root nodes, we will use the
specifications for P, §, R given in 6.8, with the only difference that the first element of stack S can
be any number up to n,.

Then 4 is given by the following specification E :

X = 3 b()ytodg (PIT; IR llodlib) .

i<ng

P.S,T;,R,0d Jb,H,I given in 6.3

We see that E is finite and guarded, and that 4 is a solution of E, using 6.8 and 6.9.

6.12 Nore: When we want to translate the trick of 6.10 in the graph-model to the theory of ACP,, we
use KFAR. The details of this translation are not clear, however.

§7. COMPUTABLY RECURSIVELY DEFINABLE PROCESSES

In §6, we looked at computable graphs. In this paragraph, we discuss computable recursive
specifications, and show that any process, recursively definable by a computable specification is
already definable by a finite specification. First a remark about coding:

7.1 Coding: it is not hard to give a computable injective coding function with computable inverse
from all finite ACP,-terms to natural numbers, so we will not mention this function in the following,

7.2 DEFINITION: Let E = {E, : n <w} be a specification. E is computable if the function

f in=>T,

&
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is computable (T, is the right-hand side of the equation for X, ).

7.3 LeMMA: Let E be a computable guarded recursive specification, in which no abstraction operator
occurs. Then, for each n <w, we can computably find an expansion of T, in which each occurring variable
is guarded,

PrOOF: In a finite ACP,-term, it is easy to compute which variables are guarded, and which are not,
using definition 5.5. Therefore, we can compute a guarded expansion of each T, as in the proof of
lemma 5.10.

7.4 LEMMA: Let E be a computable guarded recursive specification, in which no abstraction operator
occurs. Then E has a computable solution in Gy,

ProoF: First, note that all graph operations defined in 3.9 are computable, so that if graphs g,h are
computable (as defined in 6.5), then so are graphs g + h,gh, glh, gl h,g|h, 35(g).71(g), 7, (g) and
t;(g) (defined in 5.15). Thus, we see that the canonical graph of each finite ACP,-term is computable,
so we obtain from the proof of 5.11 and lemma 7.3 that each computable guarded specification
without abstraction has a computable solution.

7.5 COROLLARY: if x is a process such that x = 7;(y), where y is the solution of a computable guarded
specification without abstraction, then also x = 7(z), where z is the solution of a finite guarded
specification without abstraction.

PROOF: 6.11 plus 7.4.

§8. THE ROLE OF ABSTRACTION

In this last section, we show that the abstraction operator 7; plays an essential role in the previous
sections. In particular, we show that theorem 7.5 does not hold if we cannot use abstraction. Our
conclusion is, that the defining power of theory ACP, is much greater than the defining power of
theory ACP (where ACP is the theory given by the left-hand column of table 1 on page 3).

8.1 Let the set of atoms 4 contain two elements a,b different from 8. Let a function
f io—>{a,b}

be given. We define a recursive specification E/ = {Ef : n <w} by:
Er{ = f(n)Er{+l'

It is obvious that E/ is a guarded specification without abstraction, which is computable if f is
computable. E/ has a unique solution by RDP + RSP, which we call x/ (x/ = f(O)f (1)f (2)....).
By theorem 7.5, each x/ for computable f is the abstraction of a process, definable by a finite
guarded specification without abstraction.

8.2 THEOREM: there exists a computable function

f:o—>{a,b)

such that proéess x/ (defined in 8.1) is not recursively definable by a finite guarded specification in which
no abstraction operator occurs.

Proor: We can enumerate all finite guarded specifications without abstraction in a list

&
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<E, : n<w>. By 5.11, we can, for each n<w, construct a graph g, €Gy, of which all levels are
finite, such that g, is a solution of E,. By 7.4, each g, is computable. Now, to each specification E,

(n <w) we assign a function f, : w—>{a,b} in the following way:

- falk) = a if all edges in g, starting from a node at depth k have label a;

< fa(k) = b otherwise.

Since all g, have all levels finite, it follows that all f, are computable functions. Now, it follows
immediately that if E, defines a process x/, it must be x/*. Thus, the set of all processes x/
recursively definable by a finite guarded specification without abstraction is included in {x/* : n <w}.
Now we define a computable function

f ro—>{ab}
by f(n) =aif f,(n) =b
and f(n) =b if f,(n) = a

f is not among {f, : n<w}), so process x/ is not recursively definable by a finite guarded
specification without abstraction.
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