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Abstract

We present a procedure for splitting processes in a process algebra with multiactions and data (the untimed
subset of the specification language mCRL2). This splitting procedure cuts a process into two processes
along a set of actions A: roughly, one of these processes contains no actions from A, while the other process
contains only actions from A. We state and prove a theorem asserting that the parallel composition of these
two processes is provably equal from a set of axioms (sound and complete with respect to strong bisimilarity)
to the original process under some appropriate notion of synchronization.

We apply our splitting procedure to the process algebraic semantics of the coordination language Reo:
using this procedure and its related theorem, we formally establish the soundness of splitting Reo connec-
tors along the boundaries of their (a)synchronous regions in implementations of Reo. Such splitting can
significantly improve the performance of connectors as shown elsewhere.

1. Motivation

Context. Over the past decades, coordination languages have emerged for the specification and implementa-
tion of interaction protocols among entities running concurrently (components, services, threads, etc.). This
class of languages includes Reo [2, 3], a graphical language for compositional construction of connectors:
communication media through which entities can interact with each other. Figure [I| shows some example
Reo connectors in their usual graphical syntax. Intuitively, connectors consist of one or more channels
(i.e., the edges of a connector graph), through which data items flow, and a number of nodes (i.e., the
vertices of a connector graph), on which channel ends (i.e., the endpoints of edges) meet. Through channel
composition—the act of gluing channels together on nodes—engineers can construct complex connectors.
Channels often used include the reliable synchronous channel, called sync, and the reliable asynchronous
channel fiforn, which has a buffer of capacity n. Importantly, while nodes have a fixed semantics, Reo features
an open-ended set of channels. This allows engineers to define their own channels with custom semantics.
To use connectors in real applications, one must derive executable code from graphical specifications of
connectors (e.g., those in Figure [I). Roughly two implementation approaches currently exist. In the dis-
tributed approach [111 137,35, [36], one implements the behavior of each of the k constituents of a connector and
runs these k implementations concurrently as a distributed system; in the centralized approach [19], 17, 22],
one computes the behavior of a connector as a whole, implements this behavior, and runs this implemen-
tation sequentially as a centralized system. For example, in the case of a service-oriented choreography
application, the distributed approach seems natural, because the services involved run on different machines
and the network between them may play a role in their coordination. However, if coordination involves com-
putation threads running on the same machine in some multithreading application, the centralized approach
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Figure 1: Example connectors.

appears more appropriate, because it avoids communication among the constituents of a connector at run-
time: in this approach, due to the computation of the behavior of an entire connector at compile time, one
abstracts from the individual, smaller, concurrent constituents of a connector to obtain one big sequential
program for the whole (which can run in its own dedicated thread at run-time, among the computation
threads it coordinates).

One optimization technique applicable to both the distributed and the centralized approach involves
the identification of the synchronous and the asynchronous regions of a connector [36]. A synchronous
region contains exactly those nodes and channels of a connector that synchronize collectively to decide on
their individual behavior; an asynchronous region connects synchronous regions in an asynchronous way,
typically involving a fifol channel. For instance, the connector consisting of a sync channel, a fifol channel,
and another sync channel (see Figure has two synchronous regions, connected by an asynchronous region.

Intuitively, two synchronous regions can run completely independently of each other. In the distributed
approach, this means that nodes and channels need to share information only with those nodes and channels
in the same synchronous region—mnot with every node or channel in the connector [36]. In the centralized
approach, this means that one does not need to compute the behavior of a connector as a whole, but rather
on a per-region basis [I7]. Supplementary, asynchronous regions connect synchronous regions to each other
by transporting data and control information between them. Based on how asynchronous regions do this, one
can distinguish different versions of the region-based optimization technique, with different guarantees and
for different use cases. For example, an asynchronous region can transport control information directly (in
which case transportation starts at the same time as the coordination step that triggered it and ends before
the next), atomically (same as the previous case but transportation can start also after the coordination
step that triggered it), or interleaved (same as the previous case but transportation does not need to end
before the next coordination step). Recent work shows that the region-based optimization technique for Reo
can significantly improve performance [I1], 22] 35, 36] (both at compile time and at run-time), to the extent
that its use will become vital for real-world applications: without it, automatically deploying (including
code generation) and running connectors quickly becomes infeasible as their size increases.

Problem. The region-based optimization technique still has a serious problem: although we have reason to
believe (based on intuition and loose informal reasoning) that it preserves the semantics of a connector, we
do not know this for sure by lack of a formal proof.

Contributions of the paper. In this paper, using the existing process algebraic semantics of Reo [27), 24]
25, 26], we prove the correctness of the region-based optimization technique for asynchronous regions with
direct transportationﬂ In this semantics, expressed using the specification language mCRL2 [I4] [16], one
associates every connector with a process describing its behavior. Roughly, our proof technique consists of
the formulation of a number of theorems for the untimed subset of mCRL2. We then apply these theorems
to Reo’s process algebraic semantics to prove the region-based optimization technique correct.
Importantly, however, the scope of this paper extends beyond Reo. Because we work on the semantics
level—in terms of process algebra—and because we formulate our proof technique for general processes (not
just those used in Reo’s semantics), our results apply not exclusively to Reo but, instead, to any process




in untimed mCRL2. As a result, we can divide the contributions of this paper into two categories: those
concerning mCRL2 in general and those concerning Reo. More concretely:

o mCRL2

— We define a splitting procedure for the untimed subset of mCRL2 and prove its correctness.
Essentially, this procedure syntactically splits a process into two new processes: one process
contains only actions from some set A; the other contains only actions from outside A.

— Our work shows the feasibility of using the language mCRL2 (not the associated toolset) for
proving properties of a whole language, Reo, rather than of individual concrete connectors. This
subtly, yet significantly, differs from work of Kokash et al. [27, [24] 25 26], who introduced a
process algebraic semantics of Reo for verifying concrete connectors (e.g., “this connector never
deadlocks”) but obtain no results about Reo as a language. As such, the work presented in this
paper also paves the way to proving other properties about Reo using process algebra, including
the correctness of others versions of the region-based optimization techniques (in terms of new
different splitting procedures).

o Reo

— We formalize the notion of (a)synchronous regions in terms of the process algebraic semantics of
Reo.

— We apply the splitting procedure to the process algebraic semantics of Reo, thereby justifying
the region-based optimization technique for Reo implementations. To illustrate this further, we
discuss how to implement and use the splitting procedure in the distributed approach, exploiting
the local concurrency available on the computational nodes.

Although motivated by Reo, to emphasize the generality of our splitting procedure and theorems, we have
organized the rest of this paper from a process algebra perspective; Reo serves as a ‘case study’ exemplifying
their usefulness. In Section 2] we give an overview of the untimed subset of mCRL2 we use. In Section [3]
to show mCRL2 in action, we summarize the process algebraic semantics of Reo. In Section [d] we introduce
our splitting procedure, and in Section [5], we prove its correctness. In Section [6] we apply our splitting
procedure to Reo. Section [7] contains related work, and Section [§] ends this paper with a conclusion and
future work.

An earlier version of this work appeared in [20], where we considered the untimed data-free subset of
mCRL2 and adopted a limited form of recursion. In this paper, by contrast, we do have data and a more
general treatment of recursion. As a consequence, in addition to new proofs for new results, we necessarily
revised, extended, and sometimes simplified many of our old proofs.

2. A Process Algebra with Multiactions and Data

The process algebra used in this paper is the untimed subset of mCRL2 [14} [16], a specification language
based on ACP [6] and the basis of the process algebraic semantics of Reo. Among other useful constructs,
mCRL2 has one feature that makes it particularly well-suited as a semantic formalism for Reo, namely
multiactions: collections of actions that occur at the same time. We postpone an explanation of how to use
multiactions for describing the behavior of connectors until Section [3} In this section, we summarize the
untimed subset of mCRL2.

2.1. Data

Before discussing the syntax and semantics of processes, we first give a terse overview of the data
language of mCRL2, used to parameterize actions in the algebra (details appear elsewhere [I4]). This data
language, based on higher-order abstract data types, allows for the definition of sorts. Every sort consists of
constructors and maps, which compose into data expressions. Every data expression can be interpreted as
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sort B
cons true : B, false : B
map ~:B—-B, A:BxB—-B, ...
var b
eqn —true = false , —false = true , =—b =10,
bAtrue =b, bA false = false , true Nb =05, false Nb= false, ...

Figure 2: Partial definition of sort B.

a ::= any action in Act pu=oal|Pd) |ptplpp|c—apop| Dupp
ax=ad) | 7] ala Ipllplplglplp

o= |d | Vv(p) | 9s(p) | pr(p) | Tclp) | Ti(p)

(a) Multiactions and deadlock. (b) Processes.

Figure 3: Syntax.

a data element of a sort. Equations, possibly containing data variables (over data expressions), enable one
to derive equalities between data expressions (by giving meaning to maps). For example, Figure 2 shows
a fragment of the definition of mCRL2’s built-in sort B [16], which represents the booleans. Additionally,
mCRL2’s collection of built-in sorts includes the natural numbers (N) and the real numbers (R). Users of
mCRL2 can also define their own sorts.

Every sort S has, among other standard maps, a map ~ : S x S — B for equality of data expressions of
sort .S. For the built-in sorts, this map behaves as expected. For user-defined sorts, the user must provide
equations that give meaning to ~.

Henceforth, let ¢ range over data expressions of sort B, let d, e, f range over arbitrary data expressions,
and let D, E, F range over such sets. Likewise, let d, e, f range over tuples of data expressions and data
variables, and let D, E, F range over tuples of such sets. Finally, let z, y, z range over data variables, let
X, Y, Z range over such sets, and let x, y, z range over such tuples. Furthermore:

Definition 1. Elem denotes a global set of and Var denotes a global set of data variables such that
Elem N Var = (.

2.2. Syntax

Figure [3al shows the syntax of multiactions and deadlock. Let Act denote a global set of actions, ranged
over by a, b, ¢ (henceforth, whether ¢ denotes an action or a data expression of sort B is always clear from
the context). Actions can involve data, specified using the data language from Section Note that data
variables can occur in the parameter of a(d). The distinguished symbol 7 denotes the empty multiaction,
which consists of no observable actions. Operator LI (associative and commutative) composes multiactions
into larger multiactions; let MAct denote the global set of all multiactions, ranged over by «, 3, v. The
distinguished symbol ¢ denotes the deadlock process, which performs no multiactions; let a, 8, v range over
the processes in the set MAct U {6}.

Figure [3b| shows the syntax of processes. Parameterized process references, ranged over by P(d), Q(e),
R(f), refer to process definitions of the form P(x : D) = p, where p denotes some process: the process
reference P(d) behaves as the process resulting from substituting the occurrences of the data variables x
with the data expressions d in p, denoted by p[d/x]. Processes, ranged over by p, ¢, r, consist of multiactions
and process references, composed with a variety of operators as follows.

Basic operators Operator + and - denote alternative and sequential composition in the usual way. Ternary
operator _ — _¢© _composes processes into a conditional choice: the process ¢ — ¢ ¢ r behaves as ¢
if the data expression ¢ equals true (in terms of ~) and as r otherwise. Operator Y binds, for each
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Bound(a) = 0
Bound(q + r), Bound(g - 7), Bound(c = gor) = B
Bound(Y", . ) = B

ound(q) U Bound(r)
ound(q) U {x}

Figure 4: Definition of Bound.

o € Basic
q+r,q-r,c—qor € Basic iff ¢, r € Basic
> .ep q € Basic iff [q € Basic and z ¢ Bound(q)]

Figure 5: Definition of Basic.

data element in a finite set, a data variable in a process to that particular element and places the
resulting processes in an alternative composition: the process ) (i de} © with € Var and d
..., dg € Elem, behaves as ¢[d1/x] 4+ - -+ + g[d¢/z] (shortly, we shall state this more explicitly in a
proposition)

We associate with every process p built from the operators discussed so far a set Bound(p) (defined
in Figure , which contains the data variables bound by occurrences of . in p. Furthermore, let
Basic (defined in Figure [5|) denote the set of basic processes, which consist of only multiactions and the
basic operators such that nested occurrences of > bind different data variables. The latter restriction,
imposed for technical convenience, does not really limit the expressiveness of the algebra, because
one can always bring a process to the desired format by applying alpha-conversion (i.e., we consider
processes up to alpha-conversion for summation).

(Full mCRL2 contains also the at basic operator and the initialization basic operator for expressing
timed behavior. We skip those operators here, because we use only the untimed subset of mCRL2 in
this paper.)

Parallel operators Operator || interleaves and synchronizes processes. Operator || behaves as ||, but the
first computation step must come from its left-hand argument. Similarly, operator | behaves as ||, but
the first computation step is formed by synchronizing the first multiaction of each of its arguments.

Additional operators Four additional operators constrain the behavior of processes composed in parallel.
Operator V restricts a process p to the multiactions in a set of nonempty multiactions V' C MAct \ {
7} (modulo commutativity and associativity of L). Operator 0 blocks those actions in a process p that
occur also in a set of actions B C Act. Operator p renames the actions in a process p according to
a set of renaming rules R C Act x Act. Finally, operator I' applies the communication rules in a set
C C MAct x Act to a process p. We write communication rules as & — a and require that 7 does not
occur in a.

Abstraction operator Operator T hides those actions in a process p that occur also in a set of actions
I C Act. The act of hiding an action a, which means “replacing a by 7,” differs from the act of
blocking a, which means “replacing a by 4.”

We adopt the following usual operator precedence (in decreasing order): U, |, -, ||, [, +- We write as
few parentheses as possible, omitting them also in the case of associative or commutative operators. For
example, we write p-q-r+ «+ § instead of (p- (¢- 7)) + (o + ). Furthermore, let symbol & range over the
binary operators +, -, ||, ||, and |. Similarly, let symbol f range over unary operators V, 9, p, ', and T.
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if a — b€ R for some b
pr(a(d)) =~ a(d)

if a—>b¢ R forall b
pr(a| B) =~ pr(a) | pr(B)

Figure 6: Axioms.




Var((di, ..., dg)) = U, Var(d,)
Var(a(d)), Var(P(d)) = Var(d)

Var(7), Var(0) =10

Var(5 U7) = Var(8) U Var(7)
Var(¢ & r) = Var(q) U Var(r)

Var(c — qor) = Var(c) U Var(q) U Var(r)
Var(}_,.cpa), Var(f(q)) = Var(q)

Free(p) = Var(p) \ Bound(p)

Figure 7: Definition of Var and Free.

2.3. Semantics

Every process has an associated transition system describing its semantics (SOS rules appear in [I4]). Let
~ denote processes. Figure [f] shows a sound axiomatization for strong bisimulation of the operators shown
in Figure [14]E| Let function Free (defined in Figure , which occurs in axioms SUM1, SUM2, and SUMS5,
map processes to the free data variables occurring in them. Note that Figure [6] axiomatizes three additional
operators on multiactions: operator \ subtracts the multiaction on its right-hand side from the multiaction
on its left-hand side; operator C checks if the multiaction on its right-hand side contains the multiaction on
its left-hand side; operator _ clears a multiaction from data parameters. These three additional operators
occur in the definition of the auxiliary function C, used in Axiom C1:

Ce, (Co, (@) if C=CiUCy; and C1NCy =0 and Cy, Cy # 0
Co(a) =< ble)UCo(a\B) if C={8—0b} and f=bi(e)U---Ubny(e) and S C «

« otherwise

Informally, C applies the communication rules in a set C' to a multiaction «.
Although we use only a subset of the axioms in Figure |§| in proofs, we show all of them for completenessﬁ
The proof of one of the theorems in Sectionrelies on the recursive specification principle (RSP) [7]. This
principle states that every guarded recursive definition has at most one solutionEI One can formulate this
principle in terms of a guarded process operator ®—a function from processes to processes—as follows [16]:

P~ ®(P) and Q ~ ®(Q) implies P ~ Q

Thus, if ® has both P and @ as fixed points, P must be provably equal to Q.

Finally, we introduce a “metalevel” operator | | to abbreviate arbitrary finite sequences of multiactions
composed together: let | | ; o; abbreviate the multiaction a;U- - -Ue, and identify |_|?:1 «; with 7. Similarly,
we introduce a metalevel operator >  (same symbol as the summation operator but with a different, yet
related, meaning) to abbreviate alternative compositions consisting of a finite number of processes: let
> . pi abbreviate the process p1 + - -+ + p, and identify Z?Zl p; with §. Operators | | and )  help us
in formulating propositions and proofs more concisely. Although strictly different, the latter has a tight
connection with the summation operator. The following proposition makes this connection precise.

Proposition 1 ([16), Section 4.6]). > (4 4,39~ Zi:l qld;/x]

Ut W N



Graphical syntax  Textual syntaxr  Semantics

a b

> sync(a; b) Atomically accepts an item on its source end a and dispenses it
on its sink end b.

a b

———————— > lossysync{a;b)  Atomically accepts an item on its source end a and,
nondeterministically, either dispenses it on its sink end b or loses
it.

a b . . . .

—_— syncdrain{a,b;) Atomically accepts (and loses) items on both of its source ends a
and b.

a b . . . . oo

—1 fifo1(a; b) Atomically accepts an item on its source end and stores it in its
buffer, then atomically dispenses the item d on its sink end and
clears its buffer.

Figure 8: Syntax and informal semantics of common channels.

3. An Application of the Algebra: Semantics of Reo

Before continuing with our splitting procedure in Section [ we briefly discuss Reo and its process
algebraic semantics by Kokash et al. [27], 24] 25] [26] as an application of the algebra discussed in Section
this also helps us to relate the relatively abstract discussion in Section [4] to a concrete case. Recall from
Section [I] that connectors consist of channels and nodes. Below, following Kokash et al., we outline how
these channels and nodes, as well as the data they transport, behave and how to describe such behavior as
processes in untimed mCRL2.

Data. To model the pieces of data transported by a connector in mCRL2, one can define a sort whose
constructors correspond to concrete data items. Additionally, one can define maps to allow channels to
perform operations on data elements, but we skip that here. Let Data denote a finite global set of data
elements of said sort.

Channels. Every channel has exactly two ends, each of which has one of two types: source ends accept data,
while sink ends dispense data. Besides this assumption on the number of ends, Reo makes no assumptions
about channels. This means, for example, that Reo allows channels with two source ends. Figure [8|shows the
graphical syntax of four common channels, a textual syntax, and an informal description of their behavior.
In the process algebraic semantics of Reo, one associates every channel end with an action. For source

ends, such an action represents the acceptance of data; for sink ends, it represents the dispersal of data. By
composing these actions into multiactions, one can describe channels that atomically accept and dispense
data on their ends. For example, the following process definitions describe the behavior of the channels in
Figure

Sync(a;b) = 2. vepata a(7) Ub(2) - Sync(a; b)

LossySync(a;b) = D . paa(@(z) Ub(x) +a(z)) - LossySync(a; b)

SyncDrain(a,b:) = >, paia 2 yeata 2(2) Ub(y) - SyncDrain(a, b;)

Fifo1(a;b) = sepata(@(®) - b(x)) - Fifo1(a; b)

The definition of Sync(a;b) models synchronous flow of a data item x through channel ends a and b,
represented by the multiaction a(z) Ub(z). The definition of LossySync(a;b) models a (nondeterministic)
choice between flow of a data item x through ends a and b and flow of x through only a, represented by the
proces a(x) Ub(x) 4+ a(z). The definition of SyncDrain(a,b;) models synchronous flow of (unrelated) data
items z and y through channel ends @ and b, represented by the multiaction a(x) U b(y). The definition

6In process references, in contrast to the textual syntax in Figure [8| angle brackets have no meaning and give no structure.
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of Fifo1(a;b) models flow of a data item z through channel end a followed by flow of the same = through
channel end b. The recursion present in each of the four process definitions above models that the channels
repeat their behavior indefinitely.

In this paper, we adopt the context-insensitive process algebraic semantics of Reo, originally based on
constraint automata [4]. In context-insensitive semantic formalisms, one cannot directly describe channels
and connectors whose behavior depends not only on their internal state but also on the presence or absence
of I/O operations—their context. In contrast, one can describe such channels and connectors in semantic
formalisms that do support context-sensitivity. For instance, a context-sensitive version of lossysync should
lose a data item only in the absence of I/O operations on its sink end. A context-sensitive process algebraic
semantics of Reo exists, originally based on connector coloring with three colors [10]. Alternatively, we
could encode a context-sensitive process algebraic semantics along the lines of [21]E| Although the splitting
procedure introduced in Section [] supports both approaches, we do not pursue context sensitivity in this
paper, because it would only distract and unnecessarily complicate matters.

Nodes. Entities communicating through a connector perform I/O operations—writes and takes—on its
nodes. Reo features three kinds of nodes: source nodes on which only source ends coincide, sink nodes on
which only sink ends coincide, and mized nodes on which both kinds of channel end coincide. Nodes have
the following semantics.

e A source node n has replicator semantics. Once an entity attempts to write a data item d on n, this
node first suspends this operation. Subsequently, n notifies the channels whose source ends coincide
on n that it offers d. Once each of these channels has notified n that it accepts d, n resolves the write:
atomically, n dispenses d to each of its coincident source ends.

e A sink node n has nondeterministic merger semantics. Once an entity attempts to take a data item
from n, this node first suspends this operation. Subsequently, n notifies the channels whose sink ends
coincide on n that it accepts a data item. Once at least one of these channels has notified n that
it offers a data item, n resolves the take: atomically, n fetches this data item from the appropriate
channel end and dispenses it to the entity attempting to take. If multiple sink ends offer a data item,
n chooses one of them nondeterministically.

e A mixed node n has pumping station semantics, which is a combination of the replicator semantics
and merger semantics discussed above, where fetching and dispensing occur atomically.

In the process algebraic semantics of Reo, one associates each of the m source ends of a node with an
action src; (1 < i < m) and each of its n sink ends with an action snk; (1 <4 <n). Then, one can describe
nodes by combining the processes for a binary replicator R (one sink end to two source ends), a binary
merger M (two sink ends to one source end), a one-to-one pumping station P.S, and a boundary node B:

R(snk; srcy,sTCy) = ) snk(z) Usrcy(x) Usrea(z) - R(snk; srcy, srcy)
M(snky, snky; sTc) = > (snk;(x) U src(z) + snka(x) U src(x)) - M(snky, snky; src)
PS(snk; src) = > chata SIK(2) U src(z) - PS(snk; src)

B(bnd) = 3" cpat, Pnd(z) - B(bnd)

z€Data
zE€Data

Connectors. To get the behavior of a connector as a process, one composes the processes of the constituents
of that connector in parallel and synchronizes their actions. Below, we give the processes of the connectors
in Figures [lal and More examples may be found in [24] 25|, 26 27].

FZ@ = a{al ,a1,X1,%X1,X2,X2,b1 ,51 } (F{al La; —a,x1 U1 Uxo LIXo —x,by L’El *)b} (q))

Fi = a{ai,ai\ae{a,b,c}/\ie{l,Qﬁ}} (F{al Ud; UasUdsUasUds—alac{a,b,c}} (1))

7An extensive overview of context-(in)sensitive semantic formalisms for Reo appears in [I§].



Figure 9: Labeled transition system(s) of the proces(ses) modeling the connector in Figure On the left is a graphical
representation of the decomposition of that connector into channels and nodes with labeled ends. In the middle are the labeled
transition systems of the processes modeling those channels and nodes (without data for simplicity). On the right is the labeled
transition system of the parallel composition of those processes (after applying communication and blocking).

For: ~ o
B<a1> H Fif01<a1;x1> || PS<X1;X2>

q= | Fifo1(xs;by)
| B(by)
B(ai) || R(ai;az,as) | Sync(asjci) || M(C1,C2;¢3) || B(ca)
r= || SyncDrain(by, ay) || Fifoi(bs;ca) ||

B<b1> H R<b1§b2,b3>

4. Splitting Processes

Recall from Section [I] that we originally aimed at establishing the validity of optimizing implementations
of Reo through the identification of (a)synchronous regions. Essentially, we want to show that splitting
connectors along the boundaries of their (a)synchronous regions (and running the resulting subconnectors
concurrently) neither loses behavior nor gives rise to inadmissible behavior. In this section, we lay the
foundation for this kind of splitting in terms of a splitting procedure for processes. Later, in Section [6] we
apply this procedure to the process algebraic semantics of Reo, thereby justifying the splitting of connectors.
Here, in Section we start by explaining the intuition behind our splitting procedure; formal definitions
appear in Section[4.2] In Section[f] we investigate and prove properties of our splitting procedure, including
a proof of correctness. We note that our notion of “splitting processes” differs from “uniquely decomposing
processes” [32]: in our context, neither primality nor uniqueness of processes matters. We discuss the
differences in more detail in Section

4.1. Intuition

For simplicity, to convey the intuition behind our splitting procedure, we consider only data-free processes
in this subsection (definitions in Section do incorporate data).

Let Act(p) (defined in Figure denote the set of actions syntactically occurring in a process pEl We
introduce function split, which splits a process p along a set of actions A into two processes: one of these




Act(a(d)) = {a}

Act(7), Act(d), P(d) =0

Act(8 L) = Act(B) U Act(y)
Act(q® ), Act(c — qgor) = Act(q) U Act(r)
Act(X,cpa), Act(f(q)) = Act(q)

Figure 10: Definition of Act.

processes contains no actions in Act(p) \ A, while the other process contains no actions in A. We call the
former process the A-isolation of p and the latter process the A-coisolation of p. We aim at constructing
p’s isolation and its coisolation such that their parallel composition behaves as p under some appropriate
notion of synchronization (defined shortly).

Informally, to construct p’s A-isolation, replace every action in p as follows:

o If a € A, replace a with the multiaction a U £(a), where £(a) denotes a fresh auziliary action with
respect to Act(p). Intuitively, £(a) represents the act of “disseminating that this process performs a.”

o If b ¢ A, replace b with the auxiliary action £(b), where £(b) denotes a fresh action with respect to
Act(p). Intuitively, £(b) represents the act of “discovering that another process performs b.”

Symmetrically, to construct the A-coisolation of a process p, replace in p every b € A with £(b) and every
b ¢ A with bLIE(D). Note that because the foregoing affects only multiactions, p’s isolation and its coisolation
have the same syntactic structure as p. In other words: the process p, its isolation, and its coisolation have
the same transition system modulo transition labels.

To illustrate isolation and coisolation, consider an example process ¢ = a - b. This process has ¢ =
aU&(a)-£(b) as its {a}-isolation and go = &(a) - bLIE(b) as its {a}-coisolation. The parallel composition of
q1 and g2, however, does not behave as ¢q yet: to ensure that a process behaves as the parallel composition
of its isolation and its coisolation, these two processes should appropriately synchronize on &(a) and £(a)
for each a. To this end, we apply the communication operator I' to such compositions. In our example,
this yields the process T'c(q1 || g2) for C = {£(a) U €(a) — tau, £(b) U E(b) — tau}. The special action
tau serves as a placeholder action for 7, and we can hide it immediately using the abstraction operator Tﬂ
henceforth, without loss of generality, we assume tau ¢ Act(p) for each p. In our example, this yields the
process Tr(Te(q1 || g2)) with I = {tau} and C as before.

But also this process does not behave as ¢ yet: synchronization and abstraction alone do not suffice—
we must also block those auxiliary actions whose individual performance “makes no sense.” For instance,
we consider every unpaired occurrence of ¢(a) in a multiaction a nonsensical: intuitively, performing &(a)
suggests that some process discovers that another process performs a, even though this does not happen
(otherwise, also £(a) would occur in «). By symmetry, we consider also every unpaired occurrence of £(a)
nonsensical. To block unpaired occurrences of £(a) and &(a), we apply the blocking operator d. In our
example, this yields the process dp(Tr(Tc(q1 || ¢2))) with B = {£(a), €(a), £(b), £(b)} and I and C as
before. This process behaves as ¢, concluding our example.

We proceed with general formal definitions of the splitting procedure just outlined.

4.2. Formal Definitions

Auziliary actions and substitution environments. We start with a formal account of the fresh auxiliary
actions of the form &£(a) and £(a). As suggested by this notation, ¢ and ¢ denote functions that take an
action a as input and produce another action as output. We collect such pairs of functions in substitution
environments as follows. Let C* denote the set of finite strings over C.

Definition 2. 1 and 2 are global symbols such that 1 # 2 and 1, 2 ¢ Elem U Var.

9We use this construction, because mCRL2 does not permit communications to map directly to 7.
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dom(Z) = {a|(w, a) € dom(¢) N dom(¢)}

) = img(é)Ulmg( ) _
comm(Z) = {&,(a) UE,,(a) = tau | (w, a) € dom(§) Ndom(&)}

Figure 11: Definitions of dom, img, and comm.

isol(w, a(d)) = a(d) U €ys (a)(w”) if acA 1§ =1
isol(w , b(e)) =€ (b)(w") if b¢ A 2 =2

L B dt, ot et =
@(U}, a(d)) = gwn (a) (’U)b) if ac A (u}y)j:i = wivt
isol(w, b(e)) = b(e) U &, (b)(w") if b¢ A

o~ Figure 13: Definition of
isol(w, T) =7 £

isol(w, 8L ~) = isol(w, B) Uisol(w, )

isol(w, §) =4

isol(w, g +7) = isol(w1, q) + isol(w2, r) PP

N N N 17,2 € =€
isol(w, ¢q-r) = isol(w1, q) - isol(w2, r) & 4
isol(w, ¢ = gor) =c—isol(wl, q) oisol(w2, 7) 2 ;x
isol(w, > cpa) = D ,episol(wz, q) (wv)? — whb
Figure 12: Definitions of isol and isol. Let isol range over the set Figure 14: Definition of
{isol , isol}. b.

Definition 3. A substitution environment, typically denoted by =, is a quadruple (4, tau, ¢, &) consisting
of a set A C Act, an action tau € Act \ A and injective functions £, § : {1, 2}* x A »— Act\ (AU {tau})
such that img(€) Nimg(¢&) = 0.

EXAMPLE.

Henceforth, we write &, (a) and &, (a) instead of £(w, a) and £ (w, a). Note that we dropped the w subscripts
in the example in Section because we did not need such an extra string of information, we omitted it
for simplicity. In the general case, however, this information plays a vital role, as explained shortly.

Let “dom” and “img” map functions to their domain and image. Figure[TI]shows auxiliary functions for
substitution environment. Functions dom and img map substitution environments to their domain (projected
on actions) and image. Function comm maps substitution environments to communications derivable from
them.

EXAMPLE.

Henceforth, to avoid heavy notation, we quantify implicitly over all substitution environments in defini-
tions, propositions, lemmas, theorems, and proofs, without mentioning them explicitly. We do the same for
sets A, which contain the actions along which we split processes.

Isolation and coisolation. To form/alize the notions of A-isolation and A-coisolation, we introduce the func-
tions isol and isol, ranged over by isol. Figure [12shows their definitions. (Recall that we quantify implicitly
over all execution environments = and sets A without mentioning them explicitly.) Functions isol and isol
take a string over {1, 2} U Elem U Var and a basic process as input

10Strictly speaking, isol and isol also take a substitution environment and a set of actions A as input.
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Before we take a closer look at Figure E we explain the purpose of the string over {1, 2} U Elem U
Var. Essentially, such strings encode information that isol and isol use to “keep track” of each other’s
nondeterministic or data-dependent choices. If they cannot do that, an isolated process and its coisolation
run the risk of going “out of sync.” To clarify this, suppose that we want to compose the {a}-isolation and
{a}-coisolation of the process r = a-b+ a-c in parallel. For the sake of argument, suppose that isol and isol
take only a basic process as input and no string. We now demonstrate that this can go wrong. We have:

isol(r) = _ aU@):  EB) +aUg(a) E(0)
isol(r) = &(a) - bUE(b) + £(a) - cU&(e)

This means that isol(r) can erroneously synchronize its left-most multiaction a Ul £(a) with the right-most
multiaction £(a) of isol(r), causing deadlock afterwards (because &(b) cannot synchronize with &(c)). To
solve this problem, we use strings over {1, 2} UElem U Var: essentially, we associate with every branch of
the parse tree of a process a unique such string. This string encodes information about the structure of that
process and its data bindings. Moreover, we ensure (e.g., by defining £ and £ as injective functions) that
the isolation and the coisolation of a process synchronize auxiliary actions only if they belong to the same
branch (in which case they have matching strings). For example:

isol(e, 7) =aUé&(a) - &u(b)+ aléula)-  Exulc)
isol(e, r) = 1(a) - bU&1a(b) + a1(a) - cU&aa(c)

In this case, assuming some appropriate notion of synchronization that takes strings into account (we define
this shortly), a L &11(a) can synchronize only with £, (a) (they share the same string) and not with &,,(a)
(different string). And so, these two processes do not go out of sync.

Let us now have a closer look at Figure Applied to a string w and a single action a(d), depending
on whether A contains a, isol and isol either compose or replace a(d) with an auxiliary action using the
substitution functions ¢ and €. However, because £ and € have {1, 2}* x A as domain (see Definition [3), isol
and isol cannot directly use w in £ or &: because w € ({1, 2} UElem U Var)*, isol and isol should first filter
out the data elements and data variables possibly occurring in w. We introduce an operator denoted by f
for that purpose. Figure shows its definition. Similarly, we introduce an operator denoted by b, which
does the converse of f: it filters symbols 1 and 2 from a string over {1, 2} UElem U Var. Figure [14] shows its
definition. Functions isol and isol use b to parameterize auxiliary actions with data. This parameterization
ensures that the isolation and coisolation of a process of the form ) _, ¢ do not go out of sync (similar to
what we saw in the example above). In Section we exemplify this further.

Applied to a composite multiaction 3 LI+, isol and isol apply themselves recursively on 3 and ~ without
changing w. This differs for processes with a different main composition operator. For instance, for processes
of the form p+ ¢, isol and isol apply themselves recursively on w1 and w2 instead of w. This ensures that in
their parallel composition, if appropriately synchronized, the process isol(w, p + ¢) can track which choice
the process isol(w , p + q) makes and vice versa as outlined above.

We make a final remark about the practical computability of isol and isol. Strictly speaking, because we
defined ¢ and ¢ as functions over {1, 2}*, those functions have infinite domains. This may seem problematic
in practice, but fortunately, one can easily fix this. Start by observing that process terms consist of only
finitely many operators and actions. This means that for isol(w, p) and isol(w, p) to be defined (for some
w and p), functions ¢ and & must be defined for only finitely many strings (all of which have w as a prefix).
One can compute this set of strings W in a preprocessing step that analyzes the syntax of p (essentially a
dry run of isol or isol). Then, before actually applying isol or isol, define a finite substitution environment =
such that the domains of ¢ and £ contain only the strings in . Thus, rather than one general substitution
environment for all processes, we have a tailored substitution environment for every individual process (this
generalizes straightforwardly to finite collections of processes). Henceforth, we always assume a finite yet
sufficient substitution environment = when we apply isol or isol to a (collection of) process(es).

Splitting. We build the definition of function split—the actual splitting procedure, so to speak—on top of
functions isol and isol. Figure |15|shows its definition.
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split(w, p) = ?(isol(e, p) || isol(e, p)) if p € Basic
split(w, P(d)) = Pt(d)

split(w, ¢g® ) = split(w, q) @ split(w, ) if ¢ @®r ¢ Basic
split(w, ¢ = gor) = ¢ — split(w, ¢) osplit(w, r) if ¢— gor ¢ Basic
split(w, Y ,cp @) = D .epsplit(w, q) if > cpq ¢ Basic
split(w, f(q)) = f(split(w, q))

Figure 15: Definitions of split.

We also introduce an auxiliary operator, denoted by 7, which represents and ensures “appropriate syn-
chronization” among auxiliary actions: it takes care of the communication, hiding, and blocking necessary
to synchronize auxiliary actions such that split preserves semantics (as exemplified in Section . Recall
that we implicitly quantify universally over all substitution environments Z in definitions to avoid heavy
notation. Then{™]

Definition 4. ?(p) = Oimg=) (Titau} (Fecomm(z) (1))
EXAMPLE.

The definition of split(w, p) for p = P may seem odd and requires more explanation, because we make
a number of tacit assumptions. First, we assume that if a process reference R occurs in some process ¢,
there exists also a process definition R = r (otherwise, ¢ has no meaning). Second, we adopt the notational
convention that every process reference with a superscript T refers to a process definition with a body to
which we applied split (for the empty string). For example, R = split(e, 7). Now, the definition of split(w,
P) makes more sense: it means that we replace process references in a split process with process references
that refer to other split processes. In that way, the application of split propagates through process definitions.
In Section we prove the correctness of this definition.

4.3. More Examples
To illustrate the usage of split, we give three more examples in this subsection. For the sake of clarity,
we use concrete action names for both original actions and auxiliary actions as follows. Define:

Act = {£o0, bar , baz} U {xfool , X-bar_2, x_.bar_ 21, x_ fo0.22, xbaz}
—_———

x_foo_1, x bar_ 2, x bar_ 21, x foo 22, x_baz

original actions - .
auxiliary actions

Furthermore, let A = {foo, baz} (i.e., we split along foo and baz), define £ as follows:
&1(foo) = x_foo 1 &y (bar) = x_bar 2 &51(bar) = x_bar 21
€n(foo) =xf0022 . (baz) = x baz
and define & analogously.
Ezample 1. Let p; = foo(1l, 2) 4 bar(3). We derive split(e, p1) as follows.

split(e, p1)
= split(e, foo(l, 2) +bar(3))
?(isol(e, foo(1, 2) + bar(3)) || isol(e, foo(1, 2) + bar(3)))
?(isol(1, foo(1, 2)) + iso|£2, bar(3))l| isol(1, foo(1, 2))7+ isol(2, bar(3)))
= (foo(1, 2) L& (foo) + &y(bar)) | (§4(fo0) +bar(3) L &,(bar)))
= ?((foo(l, 2) Ux_foo_1 + x_bar_2) || (x_foo_1 + bar(3) Ll x_bar_2))

11
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= ?((foo(l, 2)Ux_foo 1+ x_bar_2) ||
( x_foo_1 + bar(3) Ux bar2) )

Note that the auxiliary actions x_foo_1, x_foo_1, x_bar_2, and x_bar_2 have no data parameters in this
example, because none of the strings to which we apply ¢ and £ contain symbols outside {1, 2}. (In those
case, by the definition of b, auxiliary actions have no parameters.) Next, we consider an example in which
data do play a role.

Ezxample 2. Let
= Z x < 28 — foo(true) o Z bar(z, y) - foo(false)
zeDq yeD>
for D1 ={i |6 <i <496} and Dy = {1, 2}. We derive split(e, ps) as follows.

Split(E, p2)
= split(e, >, cp, @ < 28 — foo(true) 0 3, cp, bar(z, y) - foo(false))
)

= sol(e, >, ep, ¥ < 28 — foo(true) o 3, c p, bar(z, y) - foo(false)) ||
isol(e, Y cp, & < 28 — foo(true >_yep, bar(z, y) - foo(false)))

)o (z,y)
= MX.ep, isol(z, z <28 — foo(true) o>  p, bar(z, y) - foo(false)) ||
> wep, 1s0l(z, x < 28 — foo(true) o >_yep, bar(z, y) - foo(false)))

= X sep, T <28 —isol(z1, foo

true)) oisol(z2, 3,  p, bar(z, y) - foo(false)) ||
> eep, ¥ < 28 —isol(x1, foo
(

)
true)) o isol(x2, >_yep, bar(z, y) - foo(false)))
)
)

= X sep, T <28 —isol(z1, foo

>_yeD, isol(z2y, bar(z, y) - foo(false)) ||
> eep, ¥ < 28 —isol(x1, foo isol

Zy€D2 isol(z2y , bar(z, y) - foo(false)))

—_ /\: —_
3
<
3]
~—

= MX.ep, ¥ <28 —isol(zl, foo(true)) o >_, p, isol(z2yl, bar(z, y)) - isol(22y2, foo(false)) ||
> eep, & < 28 —isol(z1, foo(true)) o > yeDs isol(z2y1, bar(z, y) - isol(x2y2, foo(false))))
= M sep, T <28
— foo(true) Uxfoo1(x) 03 p, x_bar 21(x, y) - foo(false) Ux_foo 22(x, y) |
ZréDl x é 28
— xfoo 1(z) o3  cp,bar(z, y) Uxbar 21(z, y) - x_fo0_22(z, y))

This example demonstrates how the splitting procedure handles data-dependent processes. Furthermore,
based on this example, we can illustrate an important property guaranteed by the data parameters of
auxiliary actions: the isolation of py (left/above of ||) and the coisolation of ps (right/below of ||) terminate
successfully only if they bind z (and later y) to the same value. To see this, suppose that the isolation binds
x to 4, while the coisolation binds x to 28 (such that these processes take the same branch of the conditional
choice). Then, because the communication operator I' embedded in ? requires that communicating actions
have the same data parameters (see Section [2.3)), x foo_1(4) and x_foo_1(28) cannot synchronize with each
other. This in turn causes deadlock (effected by the blocking operator in 7). In contrast, if both the isolation
and the coisolation bind z to 4, the auxiliary actions parameterized by x can synchronize, after which the
whole process terminates successfully.

Example 3.

5. Properties of the Splitting Procedure

In this section, we prove the correctness of the definitions presented in Section [4} we establish that
processes p and split(p) are provably equal from the axioms of mCRL2 (see Section. This implies that p
and split(p) behave indistinguishably under any behavioral congruence satisfying those axioms (e.g., strong
bisimilarity).

14
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Figure 16: Dependency graph of propositions, lemmas, and correctness theorems.

a(d), § € TauFree
B U~ € TauFree iff |8 € TauFree and ~ € TauFree
q®r,c—qgor € TauFree iff |p € TauFree and ¢ € TauFree]J
> wen @, f(q) € TauFree iff ¢ € TauFree

Figure 17: Definition of TauFree.

Notation. In all propositions, we implicitly quantify universally over all elements over which symbols occur-
ring in those propositions range, unless stated otherwise. The same applies to lemmas and theorems. We
use square brackets as meaningless delimiters.

Although each of the premises and consequents in the propositions in this section serves a purpose, they
sometimes make these propositions heavy on notation and difficult to parse. Therefore, to highlight the
essence of a proposition, we sometimes gray out those parts that seem less important for conveying the key
result. (They parts are essential for proving the result in detail, though.) The same applies to lemmas and
theorems.

5.1. Simple Properties I: Deadlock Caused by Split Multiactions

In this subsection, we formulate three propositions that state properties about when split multiactions
cause deadlock. Essentially, these propositions formalize when the “appropariate synchronization” operator
? blocks auxiliary actions whose individual execution “makes no sense” (see Section [4.1)).

Proposition [2 states that every appropriately synchronized lone (co)isolated multiaction ?(iggl(w, «))
causes deadlock. In the formulation of the premise, we write o € TauFree (defined in Figure to express
that 7 does not occur syntactically in «. Variants of this requirement appear in (nearly) all subsequent
propositions, lemmas, and theorems. Fortunately, they limit the applicability of our results only marginally,
because 7 usually does not occur syntactically in processes (but instead results from hiding). The premise
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of Proposition [2] also ensures that the domain of the substitution environment contains the actions in «;
otherwise, isol(w, «) has no meaning.

Proposition 2 (i;ol-multiactions cause deadlock).

[ € TauFree and Act(a) C dom(Z)| implies ?(igol(w, a)) ~¢

To understand why this proposition holds for isol = isol (the isol case works similar), observe that every
isolated multiaction contains at least one auxiliary action E (this follows immediately from the definition of
isol). Now, reasoning toward a contradiction, suppose that also the dual of ¢ occurs in ?(isol(w, «)). Then,
the content of A must have changed between the construction of 2 and its dual or vice versa (otherwise, isol
produces either always EA or always its dual). But the content of A remains constant across applications of
isol, so A cannot have changed. Hence, ghas no dual in ?(isol(w, ). This means that I'comm(z) in 7 does
not affect E (because the communications in comm(Z) involve only pairs of an auxiliary action and its dual).
Also Titauy in 7 does not affect E (because auxiliary actions differ from tau by Definition . This leaves us
With Oimg(z), which does affect E it blocks it. The resulting deadlock then propagates through the entire
multiaction. See Section |B] page for a detailed proof.

Proposition [3]| states that the synchronous composition of an isolated multiaction and a coisolated mul-
tiaction under different strings over {1, 2} causes deadlock.

Proposition 3 (Composed isol- and isol-multiactions cause deadlock, I).

B, v € TauFree and o
Act(8), Act(y) C dom(Z)| implies ?(isol(v, 8) |isol(u, 7)) ~ 6
and vf #

The validity of this proposition crucially depends on the injectivity of substitution functions (see Defini-
tion . Essentially, this injectivity ensures that the auxiliary actions in isol(v, 3) and isol(u, ) come from
different pools: isol(v, ) and isol(u , ) have neither auxiliary actions nor their duals in common. Moreover,
by similar reasoning as for Proposition [2| we can establish that isol(u , ) contains an auxiliary action E but
not its dual (the same holds for isol(v, ) but we do not need it). Thus, neither isol(v, 3) nor isol(u, 7)
contains the dual of fA Then, again by similar reasoning as for Proposition we can establish that I'comm(z)

and T{tauy in 7 do not affect gwhile Oimg(z) does. See Section |B| page for a detailed proof.
Proposition {4 states that the synchronous composition of an isolated multiaction and a coisolated mul-
tiaction under different data causes deadlock.

Proposition 4 (Composed isol- and isol-multiactions cause deadlock, II).

B, v € TauFree and
Act(B), Act(y) C dom(Z)| implies ?(isol(wev, B) |isol(wfu, v)) ~ &
and e # f

Although similar to Proposition[3], we prove the validity of this proposition rather differently. In Proposition|3]
(and also in Proposition , deadlock occurred due to lone auxiliary actions. But in this case, it can happen
that all auxiliary actions occur with their dual (e.g., if § = v and v = u). Thus, we need a different strategy.
To that end, observe that the premise of Proposition [4| ensures that the data parameters of an auxiliary
action and its dual differ (because e # f). For instance, if b € A, we have isol(e, b) = b U &(b)(e) and
isol(f, b) = £.(b)(f). Now, even though & (b)(e) and & (b)(f) are duals, Icomm(z) in ? does not affect their
composition, because e and f differ (see Axiom C1 and the definition of C in Section . Because also
T{tauy in 7 does not affect these auxiliary actions by the same reasoning as before, again, we end up with
Dimg(z)» Which blocks & (b)(e) and £ (b)(f). We can generalize this argument to arbitrary multiactions. See
Section [B] page for a detailed proof.
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5.2. Simple Properties II: Deadlock Caused by Split Basic Processes

Next, we generalize the propositions in the previous subsection from multiactions to basic processes. Each
of the proofs of these generalizations exploits the observation that for every (co)isolated basic process iggl(w ,
p), there exists a provably equal process with the following structure: y ., igal(u)wi , @)+ ZL(@l(ww; ,
o)) - p}). Essentially, to establish that such processes cause deadlock, it suffices to show that iggl(wwi , ;)

=L

and isol(ww] , @) cause deadlock for all relevant i (because of Axioms A6 and A7 in Figure [6). One can
show this by applying (some of) the propositions from Section for each such 1.

The premise of each of the following propositions contains a variant of the requirement Bound(p) mw = 0.
The M operator denotes the intersection between the elements in a set (e.g., Bound(p)) and the individual
symbols of a string (e.g., w)E Thus, Bound(p) M w = () means that the data variables that will become
bound in p may not intersect with any of the data variables occurring in w. We forbid this, because if a data
variable  occurs in w, this intuitively means that x already has been bound (due to how isol and isol build
strings). In other words, if Bound(p) and the elements in w intersect, p rebinds a data variable, which it
should not. The requirement Bound(p) Mw = () has little consequences in practice: typically, w = €, in which
case it holds vacuously. (Moreover, if necessary, one can avoid rebinding with an a-conversion preprocessing
step.)

Proposition 5 (igal-processes cause deadlock).

p € Basic and p € TauFree and

. . (? -A ~
[Act(p) C dom(Z) and Bound(p)mw =0 Loy Yol p)) =0

See Section [C] page [65} for a detailed proof.

Proposition 6 (Composed isol- and isol-processes cause deadlock, I).

q,r € Basic and ¢, r € TauFree and Act(q), Act(r) C dom(E)
and Bound(q) Mv =) and Bound(r) Mu = and v # u?

implies

?(isol(v, q) | isol(u, r)) ~ § and }
?((isol(v, q) - ¢') | (isol(w, r) - r")) ~ ¢

See Section [C] page [65} for a detailed proof.

Proposition 7 (Composed isol- and isol-processes cause deadlock, II).

and Bound(q) Mwe =@ and Bound(r) Awf =0 and e # f

implies |: ?(iSO|(w€’ q) | @M7 7")) ~ § and :|

[q, r € Basic and ¢, r € TauFree and Act(q), Act(r) C dom(E)}

?((isol(we, q) - ¢') | (isol(wf, r)-r")) ~ ¢

See Section [C] page [68] for a detailed proof.

Although its proof follows the same structure as the proofs of the previous three propositions, we mention
Proposition 8 separately for two reasons. First, this proposition does not really generalize a proposition from
the previous subsection; second, this proposition plays a crucial role in the proof of an important lemma,
Lemma [1} in Section Proposition |8| states that if we compose a (co)isolated process igal(w, p) using ||
with any other process, deadlock occurs.

12 Alternatively, we could define a function toSet for converting strings to sets and require Bound(p) NtoSet(w) = . We favor
the M-notation, because it requires a bit less space, especially in proofs.
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Proposition 8 (iggl-processes cause deadlock in ||-ed (left-merged) terms).

p € Basic and p € TauFree and ] imolies ?(isol(w, p) | q) ~ & and
ACt(p) - dom(E) and Bound(p) Aw = @ b ',’((iso|<uv X I)) '/)/> U(/) ~ &

See Section [C] page [70} for a detailed proof.

5.8. Synchronization and Preservation

We proceed with a series of more significant properties that concern synchronization and preservation,
starting with the former.

Synchronization. Lemma [1] states that the parallel composition operator, when operating on the isolation
and the coisolation of the same process, behaves as the synchronous composition operator. Intuitively,
this lemma captures the phenomenon that (co)isolated processes execute in lockstep when appropriately
synchronized by ?7: when composed in parallel, an isolated processes and its coisolated sibling always wait
for each other until they can perform an auxiliary action and its dual together.

Lemma 1 (Synchronization lemma).

[p € Basic and p € TauFree and Act(p) C dom(Z) and Bound(p) M w = 0]

?(isol(w , p) L@(w, p)) ~ ?(isol(w, p) | isol(w, p)) and
?((isol(w, p) - p') || (isol(w, p) - p')) =~ ?((isol(w, p) - p’) | (isol(w, p) - 7))

implies

PROOF (SKETCH). By Axiom M, the parallel composition of isol(w, p) and isol(w, p) is provably equal to
a nondeterministic choice among three options. The first two options have the shape isol(w, p) || ¢ and
isol(w, p) || ¢. Distribute ? over + by Axiom Q3, and apply Proposition |§] to conclude that those first two
options are provably equal to § (derive the premise of Proposition |8|from the premise of this lemma). After
eliminating these d-s by Axiom A6, only the third option of the choice remains, which completes the proof.

See Section [D] page for a detailed proof. O

Preservation. The remaining four lemmas in this subsection concern properties stating that the basic opera-
tors of the algebra used are preserved by split (i.e., split is homomorphic with respect to the basic operators).
These properties make the proof of correctness in Section relatively straightforward, but in some sense
move the main proof obligations (and complexities) to the lemmas in this subsection.

We start with Lemma [2] which states that + is preserved by split (i.e., split is homomorphiﬁ with
respect to +).

Lemma 2 (Preservation lemma for +).

q+ r € Basic and ¢+ r € TauFree and

Act(q +r) C dom(Z) and Bound(g+r)Aw =0 implies

split(w, ¢ + r) ~ split(w1, ¢) + split(w2, r)

PROOF (SKETCH). By the definition of split and by Lemma 1| (derive the premise of Lemma [1| from the
premise of this lemma), conclude that split(w, ¢ + ) is provably equal to ?(isol(w, ¢ + ) | isol(w, g + 7).
Apply the definitions of isol and isol to obtain ?((q; + 71) | (g2 + 72)) for ¢, = isol(w1, q), ry = isol(w2, r),
g2 = isol(w1, q), ro = isol(w2, r). Distribute | over + by Axiom S7, and afterwards, distribute ? over + by
Axiom Q3. This yields the process ?(q1 | g2) +?(q1 | 72) +7(r1 | ¢2) +7(r1 | 72). The alternative composition

13 With abuse of terminology, ignoring that w becomes w1 and w2.
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of the first and the last option give the required result (after applying Lemma [1| to each). To get rid of the
middle two options, conclude that both of them are provably equal to § by Proposition |§| (derive the premise
of Proposition |§| for both of them from the premise of this lemma), and eliminate them by Axiom A6.

See Section [D] page [72] for a detailed proof. O

We continue with Lemma |3, which states that — , ¢ is preserved by split (i.e., split is homomorphic™
with respect to —, ©).

Lemma 3 (Preservation lemma for —, ¢).

split(w, ¢ = gor) ~ ¢ — split(wl, q) o split(w2, 7)

PROOF (SKETCH). Distinguish two cases: ¢ = true and ¢ & false. In the former case, by the definition
of split, isol and isol, and ¢, conclude that split(w, ¢ — ¢ o r) is provably equal to ?((true — isol(w1,
q)or’) | (true — isol(w1, q)or")). Reduce these processes by Axiom CONDI (from left to right) and apply
split to obtain split(wl, ¢). Use Axiom CONDI once more (from right to left this time) to get the required
result. The other case follows analogously.

See Section [D] page [74] for a detailed proof. O

The following lemma, Lemma |4} states that Y is preserved by split (i.e., split is homomorphid™® with
respect to Y ), if the domain of quantification has only finitely many elements. We require finiteness, because
otherwise we cannot apply Proposition [1|in the proof, which we doE

Lemma 4 (Preservation lemma for ).

> wedr,..a,y 4 € Basicand 37 ., 1 q € TauFree and

de} q) € dom(Z) and Bound(Z:J,,tMl ..... e} QRAw=>0 implies

split(w, X v qdy,de} O = Dwelds,....dry SPIL(WT , q)

PROOF (SKETCH). By the definition of split and by Lemma (1| (derive the premise of Lemma [1| from the
premise of this lemma), conclude that split(w, >, c (4, 4,3 @) is provably equal to ?(isol(w, 32, c 4, 4,3 9) |
isol(w, Zze{dl,...,de} q)). Then apply Proposition from left to right, to obtain the same process but with an
ordinary alternative composition: ?(Zle isol(wd; , qld;/x]) | Zle isol(wd; , q[dl/x])) Distribute | over +
by Axiom S7, and afterwards, distribute ? over + by Axiom Q3. This yields the process Zle Z§:1 ?(isol(
wd; , g[d;/z]) | isol(wd; , g[d;/z])). The alternative composition of the processes on the “diagonal” yields
the desired result (after applying Q3 and Proposition |1} from right to left). To get rid of the processes not
on the diagonal, conclude that each of them is provably equal to ¢ by Proposition [7| (derive the premise of

Proposition [7| for each of them from the premise of this lemma), and eliminate them by Axiom AG6.
See Section [D] page [74] for a detailed proof. O

The final lemma of this subsection states that - is preserved by split (i.e., split is homolfnolrphicmj’:I with
respect to ). The proof of Lemma [5| requires the application of the other preservation lemmas and, in
contrast to those lemmas, involves structural induction. This makes Lemma 5] the most complex among the
lemmas in this subsection.

14

15 Actually, the application of Proposition [1| yields ?(Zle isol(wz , q)[di/x] | Zle isol(wz , q)[d;/x]). However, one can
show that this is provably equal to ?(Ele isol(wd; , q[d;/x]) | Ele isol(wd; , q[d;/z])) by induction on the structure of q.
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Lemma 5 (Preservation lemma for -).

q-r € Basic and ¢ -r € TauFree and

Act(q-r) € dom(Z) and Bound(g-r)mw =0 implies

split(w, q - r) ~ split(w1, q) - split(w2, r)

PROOF (SKETCH). By the definition of split and by Lemma [1| (derive the premise of Lem from the
premise of this lemma), conclude that split(w, ¢ - r) is provably equal to ?(isol(w, g - ) | isol(w, q - 7)).
Apply the definitions of isol and isol to obtain ?((q; - 71) | (g2 - r2)) for 1 = isol(w1, q), r1 = isol(w2,
1), g2 = isol(wl, q), ro = isol(w2, 7). Then, proceed by induction on the structure of ¢ to show that
?((q1 - 1) | (g2 - r2)) is provably equal to split(wl, q) - ?(r1 || 72) (afterwards, the required result follows
straightforwardly by identifying split(w2, r) with ?(ry || r2)).

Establish the base of the induction (¢ is a multiaction or ¢) by applying Axiom S6, Axiom Q4, and
Lemma [I} To prove the inductive step, set up a case distinction for the main operator of q. Cases +, —»,
o, and Y follow by similar reasoning as in Lemmas and {4l The key difference between those lemmas
and the corresponding cases in the inductive step lies in the presence of r; and 7y in the latter. Using
the induction hypothesis and the grayed out consequents of Propositions |§| (for +) and m (for >°), one can
“neutralize” their effect and, basically, follow the same structure as the proofs of the other preservation
lemmas. For proving the - case, the induction hypothesis and Lemma [I] suffice.

See Section [D] page for a detailed proof. O

5.4. Correctness

Next, we state three theorems which, in increasing level of generality, establish the correctness of our
splitting procedure. The first theorem, Theorem [1] states that a split multiaction has the same behavior as
the original, unsplit multiaction.

Theorem 1 (Correctness theorem for multiactions).

[(1 € TauFree and Act(a) C dom(E)} implies split(w, a) ~ «

PROOF (SKETCH). By the definition of split, Lemma 1] (derive the premise of Lemma [1| from the premise
of this lemma), and Axiom SMA, conclude that split(w, «) is provably equal to ?(isol(w, «) Uisol(w, a)).
Then, by straightforward induction on the structure of «, establish:

e « is provably equal to ||}, a;(d;) U]}, af(d})
e isol(w, a) is provably equal to | |7 (a;(d;) U & (a;)(w”)) UL €, (al) (w”)
e isol(w, a) is provably equal to | |7, (a}(d}) LI &e(af)(w)) U LT, € (ai)(w”)

Insert the latter two results in ?(isol(w, «) Uisol(w, «)), and by Axiom MAZ2, rearrange the actions in the
resulting multiaction to obtain:

?(I_l (a3 (da) U € () (w”) U €, () (w”)) U |_| (af(df) U €us (af) (w”) U €,y () (w”)))

Then, because ? effectively filters out all pairs of an auxiliary action and its dual (e.g., &,:(a;)(w”) and
€.:(a;)(w?)), without affecting the original actions (because the sets of auxiliary and original actions do not
overlap by Definition , obtain | |1, a;(d;) U}, al(d}), which is provably equal to o (by the first item in
the above itemization).

See Section [E] page [83] for a detailed proof. O
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The following theorem states that a split basic process has the same behavior as the original, unsplit
process.

Theorem 2 (Correctness theorem for basic processes).

p € Basic and p € TauFree and

Act(p) € dom(Z) and Bound(p) mw = () sisipllies epllien, o) = »

PROOF (SKETCH). Prove this theorem by a relatively straightforward induction on the structure of p. The
base case (p is a multiaction or ¢§) follows immediately from Theorem [1| (derive the premise of Theorem
from the premise of this theorem) or the definition of split (for 6). To prove the inductive step, set up a case
distinction for the main operator of p, and prove those cases quickly using the preservation lemmas (derive
the premises of Lemmas and [5| from the premise of this theorem). For example (p = ¢ + r):

split(w, p) = split(w, g + r) Lerr;msplit(wl , q) + split(w2, ) ~ qg+r=p
See Section [E] page for a detailed proof. O

The last theorem of this paper states that split process definitions (potentially mutually recursive) have
the same behavior as the original, unsplit process definitions. To prove this theorem, we find it helpful to
work with single recursive process definitions instead of collections of mutually recursive ones (because the
former allows for a straightforward application of RSP as explained in Section . To do this without
resorting to weaker results, we first present a proposition about the untimed subset of mCRL2, adapted
from [39]: Proposition |§| states that one can collapse k, potentially mutually recursive, process definitions
(referenced by Py, ..., P) into a single process definition (referenced by ]3)

Proposition 9 ([39], Section 4.3]).

[P (x1:Dq) =p1, i

Pe(x) : Dy) = Pk, ~ N
Bly, x:N x D) =y 1 py[Pr(d) i= B, ()] [Pe(d) = B(k, h(d))] o

g~k — prlPr(d) i= B(L, B(d))] - [Py(d) := B(k, h(d))] 05

and h = harmonizer(D; U---UDy, D)

implies [H ~ P(i) forall 1<i< k}

Proposition [ may look complex, but conceptually, it states a rather simple property. Essentially, it cor-
responds to the “collapsing into one equation” step of the mCRL2 linearization process [39], as follows.
Reference P has a parameter y which represents the indices of the & processes. The body of P contains
a conditional choice dependent on the value of y: if y equals some index 7, the body of P behaves as the
body of P;. Thus: P(i) ~ P;. To ensure also that P contains only references to itself, one should substitute
occurrences of Py, ..., P, with P in p;. To this end, we write p; [P;(d) := P(j, h(d))] for the process
resulting from replacing P;(d) by P(j, h(d)) in p; (for any d), for some harmonization function h. Such a
function maps data tuples in D; U---UDy to data tuples in D. Intuitively, h transforms the parameters of
each of the process references P , ..., Py to a single tuple of parameters for P. Neither the precise meaning
of harmonization nor the definition of harmonizer matter in the remainder, so we skip them (details appear
elsewhere [39]).

We proceed with our final theorem. Let Ref(p) (defined in Figure denote the set of references
occurring in p.
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P}
ef(q) U Ref(r)
ef(q)

Figure 18: Definition of Ref.

Theorem 3 (Correctness theorem for process specifications).

[P(x1:D1) = p1 7P1T(X1 :Dy) = split(e, p1), |

Py(xi : D) = pk,Pg(xk : D) = split(e, px) P ol P, ~ PiT. for all
1<i<k
and p1, ..., pr € TauFree
and Act(p1), ..., Act(px) € dom(ZE) and
L {Ref(p,) C{P,..., P} forall 1 <i< H ]
PROOF (SKETCH). Apply Proposition |§| to collapse the definitions referenced by P, , ..., Py into one defi-
nition P = p. Similarly, apply Proposition |§| to collapse the definitions referenced by PlT e Pg into one

definition Pt = pl. To obtain the desired result, show that Pis provably equal to pt by demonstrating that
some process operator ® has both P and P' as fixed points (and apply RSP). Define ®(Z) = p[P := Z],
and immediately conclude ®(P) ~ P. To show that also ®(P") ~ P!, essentially, it suffices to show that
p; ~ split(e, p;). This follows from Theorem [2| (derive the premise of Theorem [2] from the premise of this
theorem).

See Section [E} page for a detailed proof. We establish the @(?T) ~ P step with a separate auxiliary
theorem (Theorem [4 page [88). O

6. An Application of the Splitting Procedure: Splitting Connectors

Up to now, we have defined a splitting procedure for untimed mCRL2 and proved its correctness, all
independent of Reo. Now, as one of its applications, we use this splitting procedure to justify the region-
based optimization technique for Reo implementations (i.e., the version with direct transportation of data
and control information in asynchronous regions—see Section [1)). First, we formalize (a)synchronous regions
in terms of process algebra. Afterwards, we split (process algebraic semantic specifications of) connectors.

6.1. Formalization of (A)synchronous Regions

We provide a formal definition of the synchronous regions of a connector, based on the mCRL2 semantics
of Reo. Let p denote a process describing the behavior of a Reo connector, and let — denote its transition
relation (labeled with multiactions)m Recall that every action in p represents a channel end or a node end.
Let a € Act(p) denote one such end. We define the a-synchronous region of p as the smallest set X, C Act(p)
such that:

e ac X,

e be X, = [Act(8) C X, forall 3 suchthat [; 2 ¢ and be Act(lg)} }

16We have not given the definition of the transition relation (although we showed examples in Figures EI, and , because
the precise definition does not matter in this paper. See Groote et al. [14].
17Square brackets for readability.
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alb-ct+d

Figure 19: Example transition system for p = aLlb- ¢ + d. The v'-state represents successful termination.

B B’
e be X, = [Act(3') C X, forall 8,8 suchthat [¢ ¢ and ¢— ¢
and b € Act(B)

The second rule states that all the ends that occur in the same multiaction belong to the same synchronous
region. The third rule states that all the ends that can have flow in some state ¢, but possibly in different
transitions leaving ¢, belong to the same synchronous region. In that case, channel ends may exclude each
other from flow, which requires them to synchronize and communicate about their behavior.

To exemplify the previous definition, consider the connector modeled by the process p = allb-c+d
(we abstract away from data in this example, because data do not influence the regions of the connector).
Informally, either this connector has flow through a and b followed by flow through ¢, or it has flow through d.
We construct its a-synchronous region starting from the singleton set X, = {a} (first rule). Subsequently,
due to the presence of multiaction a U b, we add b to this set (second rule). The transition system of p
contains a state with two outgoing transitions: one labeled by a L b, the other labeled by d. Hence, because
a € X,, we add d to X, (third rule). This concludes the construction: X, = X, = X4 = {a, b, d} and
X.={c}.

We define the set of the synchronous regions of the connector modeled by p as

X ={X,|ac€Act(p)}
and the set containing its asynchronous regions as
Y ={{a, b) | connected(a,b) and a € X and b€ X' and X # X' and X, X' € X}

where connected(a,b) holds iff ends a and b belong to the same channel.

6.2. Splitting Connectors

As motivated in Section [ we set out to establish the soundness of splitting connectors along the
boundaries of their (a)synchronous regions. However, we can split any (syntactically 7-free) process along
any set of actions A by Theorem This suggests that regardless of its (a)synchronous regions, one can
split a connector in any possible way and preserve its original semantics. While true in theory, there is
a catch for implementations of split connectors in practice: the parallel composition of the isolation and
the coisolation of a connector process must synchronize appropriately, as represented by the ? operator
(see Definition [4]). Depending on the particular implementation approach, which in turn may depend on
the underlying hardware architecture (see Section , performing ? at run-time may cost an unreasonable
amount of resources, if possible at all.

Region-based splitting. We start with an example of splitting based on (a)synchronous regions. Suppose
that we split fifo1{a,b) into two parts: one part contains only a, while the other part contains only b.
Recall from Section [3| that the semantics of this channel is given by the process definition Fifoi(a;b) =
> zepata(@(T) - b(x)) - Fifo1(a;b). Splitting along A = {a} (or equivalently, along A = {b}) yields:
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Fifo1(a;b)T
= split(e, > cpaa(a(®) - b(x)) - Fifo1(a; b))
= split(e, X, epaa(@(@) - b(2))) - split(e, Fifoi(a;b))
= ?(isol(e, Za:eﬂ])ata(agx) b(x))) |l isol(e, 3 cpara(@(®) - b(2)))) - Fifo1(a;b)T

= (X sepataisol(@, a(x) - b(x)) || Do, cpata 150 (@, a(x) - b(x))) - Fifoi(a; b)f

= Xsepaalisol(z1, a(x)
Y wepatalisol(z1, a(x)

_ M(Xsepan(a(@) Ui(a)(z) - &(0)(@)) |l
2 epatal ¢1(a)(@) - b(x) U (b)(2))) - Fifor(a;b)

Here, ? in fact represents the asynchronous region of fifo1{a; b), because it synchronizes the two synchronous
regions {a} and {b}. The fact that auxiliary actions happen at the same time as the corresponding orig-
inal actions represents direct transportation of data and control information in asynchronous regions (see
Section [1]).

Suppose that we want to implement p = > _ ... (a(z) Ui (a)(x) - £5(0) (7)) and ¢ = D, (4 (a) () -
b(xz) U &(b)(x)) such that, when run in parallel, they behave as > _p...(a(z) - b(z)). Crucially, these
implementations should perform the synchronization implied by ?. Recall from Section [] that intuitively,
¢, (a) represents the act of “disseminating the performance of a,” while &, (a) represents the act of “discovering
the performance of a.” Thus, the implementation of p should: (1) accept data = on a and disseminate this
acceptance, and (2) discover the dispersal of z on b. Meanwhile, the implementation of ¢ should: (1)
discover the acceptance of data = on a, and (2) dispense x on b and disseminate this dispersal. Thus, in
each step, the implementations of p and ¢ require only unidirectional communication about their behavior
to synchronize: first, the implementation of p performs & (a)(x) and the implementation of ¢ takes notice
of this (by performing &, (a)(z)); afterwards, p and ¢ switch roles to perform &,(b)(x) and & (b)(x). This
shows that different synchronous regions can decide on their behavior independently of each other: region {
a} does not need to know that region {b} will dispense data before it can accept data—it can decide to do
so without communication.

We argue that this can yield performance improvements in practice: although the isolation and the
coisolation of a process p have the same transition system modulo transition labels (i.e., they have the
same syntactic structure), benefits can arise when we compose them in parallel with another split process
q. In that case, there may exist a transition ¢ of the isolation of p that can proceed independently—without
communication among the ends involved—of a transition ¢ of the coisolation of ¢q. Without splitting, in
contrast, communication among the ends involved in ¢ and ¢’ must always take place to decide on whether
to behave according to ¢, ', or both. But in the split case, the ends can act independently. For instance, if
we put two split fifol instances in sequence (as in Figure , the source end a of the first fifol can proceed
independently of the sink end b of the second fifo1. This means that, if empty, the first fifol can accept a
data item on a (and place it in its buffer) without communicating with b. Similarly, if full, the second fifo1
can dispense a data item on b (and remove it from its buffer) without communicating with a. In contrast, if
we put two unsplit fifol instances in sequence, the source end a and the sink end b communicate with each
other to decide on their joint behavior, even though the behavior of those ends does not depend on each
other. By splitting, one avoids this unnecessary communication.

~—

isol(x2, b(x)) |
“isol(x2, b(w)))) - Fifo1(a;b)f

~—

Arbitrary splitting. To demonstrate that splitting arbitrarily makes no sense, suppose that we split sync(a, b)
into two parts: one part contains only a, while the other part contains only b. Recall from Section [3] that
the semantics of this channel is given by the process definition Sync(a;b) = > ... a(2) Ub(x) - Sync(a; b).
Splitting along A = {a} (or equivalently, along A = {b}) yields:

Sync(a; b)f
= split(e, X pepara (z) Ub(2) - Sync(a;b))

split(e, >, cpata @(z) U b(2)) - Sp|lt(€ Sync(a;b))
2(is0l(€, % e () () | 01(€, 3 ey () U b())) - Syne(a; b)'
= 7> sepataisol(x, a(z) Lb(x)) || erData isol(z, a(z) LU b(x))) - Sync(a; b)T
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Figure 20: Sequencer2 Figure 21: Transition system of Sequencer2(;a,b).

= ?(X sepatalisol(z, a(x)) Uisol(x, b(x))) ||

> webataisol(z, a(z)) U isol(z, b(z)))) - Sync(a; b)T

72 zepata(@(7) U Ec(a) () U () (@) |
2 zeatal €c(a)(x) Ub(x) UE(D)())) - Sync(a; b)f

Now, as in the previous example, suppose that we want to implement

p= Y (al@)U&(a) (@) U&(b) () and ¢ = Y (€(a)(x) Ub(x) U&(b)(x))

x€Data z€Data

such that, when run in parallel, they behave as > ... (a(x) - b(z)). As before, these implementations
should perform the synchronization implied by 7. Thus, the implementation of p should accept data x on a,
disseminate this acceptance, and discover the dispersal of x on b. Meanwhile, the implementation of ¢ should
discover the acceptance of data x on a, dispense x on b, and disseminate this dispersal. All of these actions
must occur at the same time. This means that, in contrast to our previous example, the implementations
of p and ¢ must engage in bidirectional communication with each other about the acceptance of data on a
and the dispersal of data on b. This suggests that the two ends of sync{a,b) must synchronize with each
other—they belong to the same synchronous region and cannot decide on their behavior independently—
making it unreasonable to split them in the first place: the communication necessary to realize the necessary
synchronization inflicts overhead, making it more attractive to run the original sync(a, b) without splitting.

Implementation sketch. We sketch an implementation of the split fifo1{a,b) on a shared memory machine
with multithreading. First, we instantiate two threads, A and B, for the processes p = > p...(a(z) U
&i(a)(z)-&,(b)(2)) and ¢ = 3 cpaa(§1(a)(x) - b(z) U & (b)(2)). Every multiaction o translates to the atomic
execution of a block of code representing the actions occurring in «.

6.3. Example: Sequencer2
7. Related Work

Process decomposition. Closest to the process algebraic work presented in this paper seems the work on
processes decomposition, first investigated by Milner and Moller in the late 1980s—early 1990s [32]. In that
work, Milner and Moller define the notion of a prime process, and they explore what kind of processes p
have a unique decomposition into primes pi, ..., pr such that the parallel composition of those primes is
strongly bisimilar to pE A process p qualifies as a prime process if, for all ¢ and r, it holds that p ~ ¢ || r
implies that either ¢ or r—mnot both—is equivalent to the neutral element for || (the algebra used in this
paper does not have such an element). In other words, one cannot decompose p further into nonneutral
processes. Among other results, Milner and Moller show that finite processes in the algebra they consider
have a unique prime decomposition under strong bisimulation. In his PhD thesis, Moller additionally gives
a unique decomposition result with respect to (weak) observational congruence [33] Section 4.4].

18The parallel composition operator differs slightly from the one in this paper: the operator used by Milner and Moller
satisfies ¢ || » ~ q || » + 7 || ¢, while in this paper, we have ¢ || r ~q| r+ 7| ¢+ ¢ |7 (by Axiom M in Figure@.
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After Milner and Moller, also other researchers investigated process decomposition for various process
calculi. This led to some interesting applications. For instance, Lanese et al. proved a prime decomposition
theorem for a higher-order process calculus and used it to prove the completeness of the axiomatization
of that calculus [29]. Aceto et al. [I] and Christensen [8] used prime decomposition theorems for a similar
purpose, among other contributions. Alternatively, Groote and Moller used process decomposition for
verification [15]: they showed that instead of checking p ~ ¢ directly, in some cases, one can more efficiently
check whether the primes of p and ¢ are equivalent (while preserving soundness and completeness). The
projection operator introduced by Groote and Moller for decomposing processes seems somewhat related
to our functions isol and isol, albeit rather distantly. Applied to a process p, similar to isol and isol,
this projection operator throws some actions from p away and keeps others for communicating with other
processes. However, those preserved communication actions must already occur in both the original p and
the original other processes; the projection operator does not add auxiliary actions the same way isol and
isol do (more significant differences between process decomposition and process splitting follow shortly).

Other contributions to the theory of process decomposition include the work of Kucera [28] (decidability
results and constructions of decompositions), Luttik and Van Oostrom [31] (generalization of decomposition
to partial commutative monoids), Luttik [30] (unique parallel decomposition modulo branching and weak
bisimilarity), and Dreier et al. [I3] (decomposition in the applied 7-calculus).

Although related, the work on process decomposition differs significantly from our work on process
splitting. For one thing, even though both approaches derive smaller processes from an existing one (such
that their parallel composition is equivalent to the orginal process), the notion of “smaller” in our work does
not involve primality. In fact, one could argue that the processes resulting from our splitting procedure are
not really smaller than the original process due to the introduction of auxiliary actions. Another difference
concerns uniqueness, which plays no explicit role in our splitting procedure. Note, however, that only one
isolation and only one coisolation exists for every process under some fixed A and = (due to the deterministic
definition of split). So technically, we have uniqueness. Finally, in process decomposition, one usually requires
no additional synchronization on top of the parallel composition of the primes. We, in contrast, needed to
introduce the 7 operator to achieve appropriate synchronization between the isolation and the coisolation of
a process.

Connector decomposition. In this paper, we developed a process algebraic splitting procedure, which we
then applied to Reo’s process algebraic semantics, thereby effectively splitting connectors. Interestingly,
different notions of splitting and decomposition of Reo connectors—or their semantics—already exist in the
literature. Although inapplicable for our purpose, we discuss them below.

Koehler and Clarke investigated the decomposition of port automata [23], an operational model of con-
nector behavior. The states of a port automaton represent the internal configurations of a connector; its
transitions, labeled with sets of firing node names, describe atomic execution steps. Through special product
and hiding operators on port automata, one can compositionally construct a connector model from a set of
smaller automata for the primitive Reo connectors. Koehler and Clarke showed that they can decompose
every port automaton into instances of only two primitive automata. Essentially, this means that one can
construct every Reo connector expressible by a port automaton from instances of only two different primitive
connectors.

Pourvatan et al. explored the decomposition of complete constraint automata [34], a more expressive
operational model of connector behavior than port automata and an extension of ordinary constraint au-
tomata [4]. Their approach differs significantly from the work of Koehler and Clarke: Pourvatan et al.
develop a notion of inverse for their automata, which allows them to factor out certain parts of a complete
constraint automaton based on another such automaton. A typical application of this decomposition tech-
nique is connector synthesis. Suppose that we have a specification (as an automaton) of the whole system
that we want to build and specifications (also as automata) of the components that this system consists
of, but no specification of the connector that should connect those components. We can then factor out
the component automata from the system automaton to get the automaton specifying the behavior of the
connector. Pourvatan et al. exemplify this with a service-oriented application.

Although not often considered (exceptions exist though—see, e.g., [9]), we remark that Arbab mentioned
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a split operation already in his introductory paper on Reo [2]. However, this split operation splits nodes
instead of connectors (i.e., sets of nodes). Because our interest lies in splitting connectors, we could not use
Arbab’s notion of splitting.

Proenga pioneered the work on (a)synchronous regions, region-based optimization techniques for Reo
implementations, and connector splitting in this PhD thesis and associated publications [35] 36, B7]. He
developed the first working Reo implementation based on these ideas, demonstrated its merits through bench-
marks, and invented a new automaton model—behavioral automata [37]—to reason about split connectors.
Also, Proenca formulated a number of soundness and completeness criteria for when a split behavioral au-
tomaton preserves the semantics of the original (but without proofs). Recently, Clarke and Proenga explored
connector splitting in the context of the connector coloring semantics [I1]. They discovered that the stan-
dard version of that semantics has undesirable properties in the context of splitting: some split connectors
that intuitively should be equivalent to the original connector are not equivalent under the standard model.
To address this problem, Clarke and Proenca propose a new variant called partial connector coloring, which
allows one to better model locality and independencies between different parts of a connector.

8. Conclusion and Future Work

We presented a procedure for splitting processes in a process algebra with multiactions and data (the
untimed subset of the specification language mCRL2). This splitting procedure cuts a process into two
processes along a set of actions A: roughly, one of these processes contains no actions from A, while the
other process contains only actions from A. We stated and proved a theorem asserting that the parallel
composition of these two processes is provably equal from a set of axioms (sound and complete with respect
to strong bisimilarity) to the original process under some appropriate notion of synchronization.

We applied our splitting procedure to the process algebraic semantics of the coordination language
Reo: using this procedure and its related theorem, we formally established the soundness of splitting Reo
connectors along the boundaries of their (a)synchronous regions in implementations of Reo. Such splitting
can significantly improve the performance of connectors as shown elsewhere [11], [35] [36].

Our work shows the feasibility of using the language mCRL2 (not the associated toolset) for proving
properties of a whole language, Reo, rather than of concrete connectors. This subtly, yet significantly, differs
from the work presented in [27] [24] 25 [26]. In those paper, Kokash et al. introduce the process algebraic
semantics of Reo for verifying concrete connectors (e.g., “this connector never deadlocks”) but obtain no
results about Reo as a language.

We identify several directions for future work.

e Implementing the splitting procedure to facilitate automatic splitting of processes, as well as a tool
for the automatic detection of (a)synchronous regions of Reo connectors. Combined, they allow us to
mechanically split connectors along their (a)synchronous regions. We can then integrate this in one of
the code generation frameworks currently under development for Reo.

e Investigating other ways of splitting processes, corresponding to other versions of the region-based
optimization technique (see Section . The procedure we introduced in this paper splits processes in
a synchronous manner such that £(a) occurs at the same time as the action a itself. We imagine at
least two other ways of splitting processes. In one approach, £(a) occurs after a but before the next
action. Then, the process ¢ = a - b has a - £(a) - £(b) as its {a}-isolation (instead of a U &(a) - £(D)).
In another approach, £(a) occurs after a but possibly concurrently with the next action. Then, ¢ has
a-(&(a) || £(b)) as its isolation. We speculate that these splitting approaches are sound only under

equivalences weaker than strong bisimulation.

This particular line of future work seems related to existing work on delay-insensitive circuits (e.g., [38])
and desynchronization (e.g., [, [12]), the derivation of an asynchronous system from a synchronous
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system: for the class of desynchronizable systems, the original synchronous system and the newly
constructed asynchronous system are equivalent. If we use the splitting procedure presented in this
paper to obtain such an original synchronous system, we may use—perhaps with modifications—results
from desynchronization for more asynchronous splitting.
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A. More Definitions

ded
d & wiwy iff [dEwl or d@wQ]

T ET
T & wiwy iff [JcEwl or x@wﬂ

Figure A.22: Definition of &.

DAaw={deD|de&w}
VAaw={veV|vew}

Figure A.23: Definition of M.

(dy, ..., dold[z] = (di[d/x], ... d[d/z])
a(d)[d/z] = a(d[d/x])
Tld/z] =T
(BUY)[d/x] = Bld/x]U~[d/x]
P(d)[d/x] = P(d[d/z])
old/x] =6
(¢ ®r)[d/z] = qld/z] ® r[d/x]
(¢ = qor)[d/z] = c[d/z] — q[d/z] or[d/x]
(ZxED q)[d/x] - ZxED q
yep Dld/x] = 32 e p ald/x] if x#y
f(@)ld/x] = f(qld/x])
Figure A.24: Definition of [/]
plQ =4 Rl =p if p € Basic
P(d)[Q :=4 R] = P(d) if [p ¢ Basic and P # Q]

Q(e)[@ =4 R| = R(g(e)) if p ¢ Basic
Q=R =6 if p ¢ Basic
(q®1)Q =4 R = q[Q =4 Rj®r[Q:=, R]  if p ¢ Basic
(c = qor)[Q:=4 R] = c— q[Q :=4 R]or[Q :=4 R] if p ¢ Basic
(XCrep DNQ =g Rl = >, cp 4@ :=4 ] if p ¢ Basic
f(@[Q =4 R = f(4[Q :=4 R]) if p ¢ Basic

B. Proofs for Section [5.1]

Figure A.25: Definition of [:=].

Proposition 10 (iggl and [/] commute on multiactions).

x & wi, wy implies isol(wyzws , a)[d/z] = isol(wydws , a[d/z])
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PROOF. Assumptions:
o x & wy, we (Z1).
By induction on the structure of «.
Base: [ =a(d) or a = 7|. Observations:

e Conclude (wyzws)? = w%mﬁwg by the definition of . Then, because z* = € by the definition of 4,
conclude (wyzws)f = wtliewg. Then, because d! = ¢ by the definition of f, conclude (w;zws;)! =
w!d*w}. Then, conclude (wlacwg)li = (wydws)* by the definition of # (Z2)

e Conclude (wzws)’ = w 2’ w2 by the definition of b. Then, because ° = x by the definition of b,
conclude (wyzws)’ = wiazw} (Z3).

e Recall (w}zws)[d/z] = wi[d/z]z][d/z|w}[d/z] by the definition of [/]. Then, because z & w ,
wo by Z1, conclude (whzw?)[d/z] = w’x[d/z]ws. Then, conclude (w’zw})[d/z] = w’dws by the
definition of [/] (Z4).

e Because d® = d by the definition of b, conclude w}dw} = wid’w}. Then, conclude w!dw) =
(widws)” by the definition of b (Z5).

Proceed by case distinction on the structure of a.

Case: a = a(d). Proceed by case distinction on the value of isol.

Case: isol = isol. Conclude [a €Aorat¢ A} by ZFC—proceed by case distinction.
Case: a € A. Observations:
e Recall a € A by the definition of this case. Then, conclude isol(wizws, a(d)) =
a(d) U &, 22 (@) (w1zw2)”) by the definition of isol (Z6).
e Recall a € A by the definition of this case. Then, conclude isol(widws, a(d))
a(d) U &, duy s (@) ((widws)?) by the definition of isol (Z7).
Conclude:

igal(wlxwg , a)[d/x]
o= isol(wyzws , a(d))[d/x]
= () Uy zun: (@) (wrzws)"))[d/2]
= (ald) U udun: (@) (wrzws)?))[d/2]
= (a(d) Uy (@) (whawd))[d/a]
= ald)[d/a] Uy ausys (@) (whawd) d/a]
= a(d)d/a] U €y e (@) (whdu))
= a(d)d/2] U €y (@) (widwn)’)
2 isol(wydwy , a(d)[d/])
= sol(widws , afd/z))
Case: a ¢ A. Observations:
e Recall a ¢ A by the definition of this case. Then, conclude isol(wjzwsy, a(d)) =
E(wwa)u(Cl)((wll‘w2)b) by the definition of isol (Z8).
e Recall a ¢ A by the definition of this case. Then, conclude isol(widws, a(d)) =
E(wldwz)g(a)((wldwg)b) by the definition of isol (Z9).

Conclude:
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Case:

isol (wyzws , a)[d/z)]
= isol(wyzws , a(d))[d/z]
2 Elunawny (@) (wr1zws)?)[d/a]
2 Eludun) (@) (wrzw2)”)[d/2]
= g(wldwg)n( )(w1 w2)[d/x]
z g(wldwg)u(a)(w?d )
2 Eluduny (@)(wrdws)”)
02 isol(wy dws , a(d)[d/x])

= iggl(w1dw2 , ald/x))

Case: a € A. Observations:

e Recall a € A by the definition of this case.

isol = isol. Conclude [a €Aorat¢ A} by ZFC—proceed by case distinction.

Then, conclude isol(w;zws , a(d)) =

E(wlwa)ﬁ( a)((wyzws)?) by the definition of isol (Z10).

e Recall a € A by the definition of this case.

a(d))

Then, conclude isol(w;dws ,

f(wldwz) (a)((w1dwy)®) by the definition of isol (Z11).

Conclude:
isol (wy zwsy , a)[d/]
= isol(wizws , a(d))[d/x]
= Clurawn) (@) (wrzws)")[d/a]
= Clunduny (@) (wrzw2))[d/2]
= g(wldwg (a )(wlwa)[d/x]
= g(wldwg (a)(w?d )
2 sy (@) (widw)”)
= isol(widws , a(d)[d/z])
= isol(wydws , od/x))

Case: a ¢ A. Observations:

e Recall a ¢ A by the definition of this case.

a(d)) =

Then, conclude isol(w;zws ,

a(d) U &y 22 (@) (w1zw2)”) by the definition of isol (Z12).

e Recall a ¢ A by the definition of this case.

a(d)) =

Then, conclude isol(w;dws ,

a(d) U f(wldwz)u(a)((wldwg)b) by the definition of isol (Z13).

Conclude:
a)ld/x]

a(d))[d/z]

) U &y awn)t (@) (wizws)’))[d /]
d) U &y s (@) (wrzw2))) [d/ 2]
d) U €y duwy)z (@) (wizwh))[d/z]

[

[

[

igal(wlxwg,
Caze @(wlxwg,
= (a(d
2 (a
= (al
L a(d)[d/2] U €y dun ) (@) (whzwh)[d/z]
2 a(d)[d/ ] Uy dunyys (@) (wh duwb)

a(d)

(a
2 a(A)[d/2] U &y duny)e (@) ((wrdws)?)

\\

Z13

= ISO| wldwg, (1( )[d/JUD

(
Case iggl(wldwz, ald/z])

Case: o = 7. Conclude:
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isol (wizws , )[d/x]
= isol(wiaw, , 7)[d/a]
= rld/a]
2 isol(wydws, )
4 isol(wydws , T[d/))
= isol(widws , ald/z))

Q
p
o
0]

Step: a = B U~. Assumptions:
e Induction hypothesis (IH):

& &1y, Wy implies isol (W41, &)[d/2] = isol (1 dibs , a[dA/fc])}

for all & € {§, ~}

Observations:

e Recall & wy, we by Z1. Then, conclude

|so|(w1xw2 B)ld/x]) = |sol(w1dw2 ,

pld/z])

and |so|(w1xw2, Y)[d/x] = |so|(w1dw2, ~|d/x))

by IH (Z14).
Conclude:

iggl(wlacwg , a)ld/x]

S%ep isol (wyzwy , B1U7)[d/x]

= (isol(wyzwy , B) Lisol(wizws , v))[d/x]

2 isol(wnawy , A)[d/a] Uisol(wiawy , 7)[d/]
Z% isol(wydws , Bld/x]) Uisol(widuws , v[d/a])
= isol(widws , Bld/x] U~[d/x])

£ isol(wydws, (BU7)[d/x])

Step iggl(wldwz ; ald/z])

Proposition 11 (Normal form for igal-multiactions).

a € TauFree implies

and Oz"’l_ll 1%( |—||_|Z 1 z( )

i=1"

i /
Lfor some n,n,a1,...,an,d1,...,dp,a},...,a

isol(w, &) ~ | |i (ai(d )Uﬁwn(ai)(wb))UU?;1§wnja§)( ’) |
and Act(isol(w a/)) Ui 1{au£wu(az)}UU 1{€uwi (a3)}

and isol(w, a) ~ I_IL( (d) U s (a7) (w ) UL 1§ ¢ () (w”)
and Act(isol(w, o)) = U}, {awé“wu( )} U Uiy {€us (@)}

and Act(a) = |J_ 1alUU a; and n+n' >1

TL/?

d,,....d

n/d
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PROOF. Assumptions:
o « € TauFree (Z1).
Proceed by induction on the structure of «.

Base: [oz =a(d) or a = 7']. Proceed by case distinction on the structure of a.

Case: a = a(d). Conclude [a € A or a ¢ A] by ZFC—proceed by case distinction.

Case: a € A. Assumptions:
en,n,a,d=1,0,a,d (Z2).
Observations:
e Recall a € A by the definition of this case. Then, conclude isol(w, a(d)) = a(d) U
£ (a)(w”) by the definition of isol (Z3).
e Recall a € A by the definition of this case. Then, conclude isol(w, a(d)) = &, (a)(w”)
by the definition of isol (Z4).

e Conclude (Z5):
isol(w, )
isol(w, a(d))

a(d) L€, (a)(w”)
a1 (dy) U &, (ar)(w)
ay(dy) U &, (al)(wb) ur
LI (@ (dy) U € (a) (")) L LI €,y (af) ()
LIP (s (dy) U € (ai) (")) L LI € s (af) ()
e Conclude (Z6):

Act(isol(w, ))

= Act(isol(w, a))

2 Act(aU&,e(a) ()
2 Act(ar U &y (ar)(w”))
= {a}U{&u(a)}
= UL f{ais G (a)y UUL (€, (a))}
= Ulidai, &ur(a)} UUY {€,s(a))}
e Conclude (Z7):

Case

z
IS RE R s s

isol(w , )
= sol(w, a(d))
= Eula)(w)
= Ela)(w’)
T UE(an) (W)
S L (@) U € (al) (@) UL € ) ()
= M (al(d]) U &y (a)) (w) U LI €,e (ai) (w?)
e Conclude (Z8):
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Case

= Act

(
(
Z 0 Act(
z2 (

= Act

= {Eulo)}
= Ulifal, Gus(a)} UUiZy €us (a)}
= UZufal, Gus(a)y UUL € (a))
e Conclude (Z9):
= a(d)

al(dl) T
LIty ai(ds) ULLY_, af(d))

LIy ai(di) U LI, ai(dy)
e Conclude (Z10):

z
IS RE 1%

Act(a )CfeA t() Act(a1 —{al}zicUalLJUa —UaZUUai

e Conclude 1+ 0 > 1 by ZFC. Then, because n, n’ = 1, 0 by Z2, conclude n +n’ > 1
(Z11).
Conclude the consequent of this proposition by and-ing the results in Z5, 76, Z7, 78, Z9,
710, and Z11.
Case: a ¢ A. Assumptions:
en,n,ay,d;=0,1,a,d (Z212).
Observations:
e Recall a ¢ A by the definition of this case. Then, conclude isol(w, a(d)) = &, (a)(w”)
by the definition of isol (Z13).
e Recall @ ¢ A by the definition of this case. Then, conclude isol(w, a(d)) = a(d) U
€t (a)(w’) by the definition of isol (Z14).

e Conclude (Z15):

oz isol(w, a(d))
Z13 b

Z12

MA3

RE R

N
-
N

e Conclude
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Z13

= Act

Z12

= Act

S
= U f{ais € (a)y UUL (€, (a))}

= UL s € (@) UUY (€, (a))}
e Conclude (Z17):

isol(w , )

= isol(w, a(d))

= a(d) U (a)(w
ay (d}) L€, (a))
ay (d}) L€, (a))

(

Coze Act(isol(w, a)
(
(

~—

/\
v

~—

Z12

MA3

I_l :1( ( ) U o
LI (af(d]) U €

e Conclude (Z18):

Act(isol(w , a))

RE R

N
—
N

Case

=" Act(isol(w, a)

(

' Act(a Uy (a)(uw”

ZA;Z Act(ay U €ye (a)(w”))
ch {af} U{&u(al)}

= Ui_i{d), &us (@)} UU - {€us (ai)}
= UM d], (@)} UUR € (a0}
e Conclude (Z19):

~—

o
= ad)
= d(d)
MA3
~  TUd(d)
U
=~ I_Iz 10’2( )‘—ll_lz 1 z( z)
zZ2

LI, ai(d )‘—ll_lz 1 ag(dg)
e Conclude (Z20):

n nl
Act(a) =° Act(a) = Act(d}) = {a}} = U a; U U a; 2| Jau|Jaf
=1 i=1

e Conclude 0 + 1 > 1 by ZFC. Then, because n,n’ = 0, 1 by Z12, conclude n +n' > 1
(Z21).
Conclude the consequent of this proposition by and-ing the results in Z15, Z16, Z17, Z18,
719, 720, and Z21.

Case: a = 7. Conclude 7 ¢ TauFree by the definition of TauFree. Then, because @ = 7 by the
definition of this case, conclude a ¢ TauFree—a contradiction, because o« € TauFree by Z1.
Hence, this case cannot happen.
Step: a = 5 L1vy. Assumptions:
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e Induction hypothesis (IH):

& € TauFree implies

[ [ isol(, &) o [P (as(di) U €gs () (0 ))ul_l?'lfwuf

and Act(isol(i, &) = Ui 1{az,§wu(d)}UU 184

(@] (d’)uéwu( D) UL 1@

and Act(isol(d, 4)) = Ui, {a} , €ax (@)} UUZ {&q
and :Uz  Gi(d )|—||_|1 1A2(d/)

and Act(@) =", a; U/, a; and a+7' > 1 i

)
d . (@)
and isol(w, a) ~ | | (@) (")
(ai)}

Ein

jo

~ A/ ~ ~1 / /
for some n,n, a1, ..., an,dl,...,dﬁ,al,.. , n,,dl,.. dn,_

for all & € {5, v}

Observations:

e Recall o € TauFree by Z1. Then, because o = [ U~ by the definition of this step, conclude
B LU~y € TauFree. Then, conclude 3, v € TauFree by the definition of TauFree. Then, conclude

isol(w, B) = [, (bi(e;) U &y (bi)(w)) U g
Act(isol(w, B)) = Ui~ {bi s Eur (b )}UUL{Ewu(bé)} and
isol(w, B) = [ I, (bj(e}) U &y (b)) (w)) LI LJ;
Act(isol(w, B8)) = Ui {b}, §wu(b’)}UUz 1{£wn(bz)} an
B~ U:i1 bi(e;) U |_|:n/1 bi(e;) and
Act(B) =L, b; UM, b and m+m’ > 1

'isol(w,v)zl_ILl(cz‘(z)ufwn(cz) ))ul_lz 1 €t (¢))(w”) and]
~ Act(isol(w, ’v)) Ui 1{cz,§wn(cz)}uuz {€.:(¢))} and
iso'(ml):l_l (e (f’>u€wu( D (w ))UI_Iz 1£wu(cz)(wb> and
Act(isol(w, 7)) = Uzi {cw éwu( DY Uiz {€e(ci)} and
v Ly e l)ul_lz , ¢i(f]) and
Act() = U U, ¢ and 1+1' > 1 |

and

by IH (Z22).
Assumptions:

en,n =m+1,m +1 (Z23).

bi, e if 1<i<m
b, if 1<i<m
o i €5
d‘{cg—mmfz m/ 1fm+1<l<m+l/ (Z25)

Observations:

e Conclude (Z26):
isol(w, «)
= isol(w, BU~)
= isol(w, B) Uisol(w, v)
~ L (biles) U & (02) (w”)) LI, €, (8) (w”) U
Ly (i) U s () (w)) U LI € () ()
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LI~ (@i(di) U € (ai) (w”) UL, Ewnl(aé)jwb)
L7 (i () U € (i) (")) UL 001 € () ()
l

l

T (@ (dy) U € () (")) U LI € e (a) (w?)
P (@i(di) U €y (@) (@) U LY € e (al) ()

e Conclude (Z27):

Act(isol(w , o))

S;” Act(isol(w, BLIv))

= Act(isol(w, B) Uisol(w, 7))

- Act(isol(w , B)) U Act(isol(w , 7))

Zé2 U;;l{b’b ) gwu (bl)} U U%zl{gwu (b;)} U
Ui:l{ci ) Swn (CZ)} U LJilzl{g’w‘j (C;)}

224;225 U?;ll{ai ) 'gwn (al)} U U:Till {Ewlﬁ (a;l} U

U?;tn+1{ai ) fwﬁ (al)} U LJ:;/:rrl//-i-l{fw’i (a{‘)}

ch Ui as s €ur (e} DU " {€us (a))}

= Ulidai, &us(a)} UUZL € (a))}
e Conclude (Z28):

isol(w, )

isol(w, B L7)

Rol(w, B) Usol(w, 7)

=~ I_I%’-le(bé(eé) LI € (b) (w”))
LI (i () L € (cf) ("))

PET U (a(d) U e () (@) UL €y i) (w”) U
LIy (@ () U € (al) (") U LJE 4y € (@) ()
} LI (@] () U e () () U L € (a2 ()

LI (af () U €s () () L LI € (i) ()
e Conclude (Z29):

Act(isol(w, a))

= Act(isol(w, SU7))

= Act(isol(w, B) Uisol(w, 7))

= Act(isol(w, 8)) U Act(isol(w, 7))

= UM, G ()Y VU {€us (b))} U
UiZi{eh s €t ()} U Uiz s (e}

= U ), €us(a))} UM {8 (an)} U
U fal, € (@)} UUIE € e ()}
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= UM al, € (a)} UUHE o (a0)}

Ui:l{ai s Ewia 7,)} U Uz:l{gwﬂ (as)}

e Conclude (Z30):

puUy

LI, b <ez>uu1“’1b:< DUz e UL, ci(£)

LIy ai(de) U LY, af(d)) U LT aa(da) UL af(d))
LI as(d) UL af(d))

LIy ai(di) UL af(d)

e Conclude (Z31):

Act(a)
=T Act(BU7)

Act

= Act(B) UAct(y)
722 /
= U:ileUU:nleUUz lclUUzl G
/ +1 141
= Ul e Uz e uUs e WU, @
ZFC Um+l U U7n/+l/ ’
- =1 ai
U:L 1 a; U Uz 1 z

e Recall m+m/, l+1' > 1 by Z22. Then, conclude m +1+m’ +1' > 1 by ZFC. Then, because n ,
n'=m+1, m' +1' by 7223, conclude n +n’ > 1 (Z32).

Step
z22

Z2

=
N

25

RE I3

N
N
w

724,725

N
Il

Conclude the consequent of this proposition by and-ing the results in Z26, 227, 728, 729, 730, Z31,
and Z32.

Proposition 12. Act(a) C dom(Z) implies &, (a), £, (a) ¢ Act(a)

PROOF. Assumptions:
e Act(a) C dom(E) (Z1).
Observations:

e Recall Act(a) C dom(Z) by Z1. Then, because dom(Z) = {a | (w, a) € dom(¢) N dom(€)} by the
definition of dom, conclude Act(a) C {a | (w, a) € dom(¢) Ndom(€)}. Then, conclude Act(a) C {
a | (w,a) € dom(§)} by ZFC. Then, because dom(§) C {1, 2}* x A by Definition [3] conclude
Act(a) C{a | (w, a) € {1, 2}* x A}. Then, conclude Act(a)) C A by ZFC (Z2).

Recall 1mg( §), img(§) C Act\ (AU {tau}) by Definition [3] Then, because Act(e) C A by Z2, conclude
img(£), img(¢) C Act\ (Act(a) U {tau}. Then, conclude &,:(a), &,:(a) ¢ Act(a) by ZFC. O
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Proposition 13.

;. [€uila) € Act(isol(w, g))] implies [iSO'j isol and a € Al

| and Act(a) € dom(Z) or [isol =isol and a ¢ A}
9 —Ewu(a) € Act(isol(w, 2))] implies {isol/\: isoI:lnd o A}

| and Act(a) € dom(E) or [isol =isol and a € A}

3 [isol = isol and a € A |

* land Act(a) C dom(3)] implies £,:(a) ¢ Act(igal(w, a))

[isol = isol and a ¢ A ]

4. and Act(a) C dom(E)] implies £, (a) ¢ Act(isol(w, )
5. |isol = isol and a ¢ A ] implies &,:(a) ¢ Act(igal(w, a))

land Act(a) C dom(Z) |

5 [isol = isol and a € A |

- Land Act(o) & dom(2)] implies &, (a) ¢ Act(isol(w, &)

PRrROOF.

1. Assumptions:
o [€.4(a) € Act(iSol(w, 0)) and Act(a) € dom(2)] (21).
Proceed by induction on a.

Base: [a =b(e) or a = T]. Proceed by case distinction on the structure of a.

Case: o = b(e). Observations:

e Recall Act(cr) € dom(ZE) by Z1. Then, conclude &,:(a) ¢ Act(c) by Proposition [12| Then,
because @ = b(e) by the definition of this case, conclude &,:(a) ¢ Act(b(e)). Then,
because Act(b(e)) = {b} by the definition of Act, conclude &, (a) ¢ {b} (Z2).

e Recall img(¢) Nimg(¢) = 0 by Definition [3l Then, conclude &, (a) ¢ {£,:(b)} by ZFC.
Then, because Act(€,:(b)(w”)) = {€,:(b)} by the definition of Act, conclude &,:(a) ¢
Act (€, (b)(w”)) (Z3).

Conclude [b =a or b# a] by ZFC—proceed by case distinction.
Case: b = a. Observations:

e Conclude &,:(a) € {a} U{&,:(a)} by ZFC. Then, because [Act(a(e)) = {a} and
Act(&, (a)(w")) = {&u¢(a)}] by the definition of Act, conclude &,:(a) € Act(a(e)) U
Act(€,:(a)(w?)). Then, because Act(a(e) LI &,:(a)(w?)) = Act(a(e)) U Act(&,: (a)(w”))
by the definition of Act, conclude &,:(a) € Act(a(e) Ll &,z (a)(w?)) (Z4).

Proceed by case distinction on the value of isol.

Case: isol = isol. Conclude [b cAorbdé¢ A} by ZFC—proceed by case distinction.
Case: b € A. Observations:

e Recall b € A by the definition of this case. Then, because b = a by the definition
of this case, conclude a € A. Then, conclude isol(w, a(e)) = a(e) U &, (a)(w’) by
the definition of isol (Z5).
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Recall &,:(a) € Act(a(e) U &, (a)(w”)) by Z4. Then, because isol(w, a(e)) = a(e) U
§wu(a)(wb) by Z5, conclude ,:(a) € Act(isol(w, a(e))). Then, because [ =a and
isol = isol| by the definition of this case, conclude &, (a) € Act(igc;I(w7 b(e)) Then,
because o = b(e) by the definition of this base, conclude &, (a) € Act(isol(w, a)).
Case: b ¢ A. Observations:
e Recall b ¢ A by the definition of this case. Then, conclude isol(w, b(e)) =
€t (b)(w”) by the definition of isol (Z6).
Recall &,:(a) ¢ Act(€,:(b)(w”)) by Z3. Then, because isol(w, b(e)) = &,:(b)(w’)
by Z6, conclude &,:(a) ¢ Act(isol(w, b(e))). Then, because [ = b(e) by the
definition of this step] and [igc\)l = isol by the definition of this case], conclude
Epi(a) ¢ Act(iggl(w, a)))—a contradiction, because &, (a) € Act(iggl(w, a)) by Z1.
Hence, this case cannot happen.
Hence, conclude b € A. Then, because b = a by the definition of this case, conclude
a € A.
Case: isol = isol. Conclude [a clAorad¢ A] by ZFC—proceed by case distinction.
Case: b € A. Observations:

e Recall b € A by the definition of this case. Then, conclude isol(w, b(e)) =
€,:(b)(w”) by the definition of isol (Z7).

Recall &,:(a) ¢ Act(€,:(D)(w”)) by Z3. Then, because isol(w, b(e)) = &,:(b)(w’)
by Z7, conclude {,:(a) ¢ Acigsol(w b(e))). Then, because [a = b(e) by the

definition of this step] and [isol = isol by the definition of this case], conclude

Epi(a) ¢ Act(iggl(w, a))—a contradiction, because &, (a) € Act(iggl(w, a)) by Z1.

Hence, this case cannot happen.

Case: b ¢ A. Observations:

e Recall b ¢ A by the definition of this case. Then, because b = a by the definition
of this case, conclude a ¢ A. Then, conclude isol(w, a(e)) = a(e) Ll &, (a)(w”) by
the definition of isol (Z8).

Recall &, (a) € Act(a(e) U &ye(a)(w’)) by Z4. Then, because isol(w, a(e)) = a(e) U

&wi(a)(w”) by Z8, conclude &, (a) € Act(isol(w, a(e))). Then, because [b = a and

isol = isol| by the definition of this case, conclude &, (a) € Act(igal(w7 b(e))). Then,

because o = b(e) by the definition of this case, conclude &, (a) € Act(iggl(w, a)).

Hence, conclude b ¢ A. Then, because b = a by the definition of this case, conclude
a ¢ A.
Hence, conclude [[iggl =isol and a € A] or [iggl =isol and a ¢ AH
Case: b # a. Observations:

e Recall [¢: {1, 2}* x A — Act\(AU{tau}) by Deﬁnition and [a # b by the definition
of this case|. Then, conclude &, (a) ¢ {&,:(b)} by ZFC (Z9).

e Recall [&,:(a) ¢ {b} by Z2] and [§,:(a) ¢ {&,:(b)} by Z9]. Then, conclude &,:(a) ¢
{b} U {&u:(b)} by ZFC. Then, because [Act(b(e)) = {b} and Act(&,:(b)(w’)) = {
&w:(b)}] by the definition of Act, conclude &, (a) & Act(b(e)) UAct(&,: (b)(w”)). Then,
because Act(b(e) U &, (b)(w”)) = Act(b(e)) U Act(&,:(b)(w?)) by the definition of Act,
conclude &,:(a) ¢ Act(b(e) U &, (b)(w?)) (Z10).

Proceed by case distinction on the value of isol.

Case: isol = isol. Conclude [b€ A or b¢ A] by ZFC—proceed by case distinction.
Case: b € A. Observations:

e Recall b € A by the definition of this case. Then, conclude isol(w, b(e)) = b(e) U
€.t (D) (w”) by the definition of isol (Z11).
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Recall &, (a) ¢ Act(b(e) LI &, (b)(w”)) by Z10. Then, because isol(w, b(e)) = b(e) L
&ut (b)(w) by Z11, conclude &,:(a) ¢ Act(isol(w, b(e))). Then, because [a = b(e)
by the definition of this step| and [iggl = isol by the definition of this case|, conclude
Epi(a) ¢ /—\ct(ig(;l(w, «))—a contradiction, because £, (a) € Act(igal(w, «)) by Z1.
Hence, this case cannot happen.
Case: b ¢ A. Observations:
e Recall b ¢ A by the definition of this case. Then, conclude isol(w, b(e)) =
£,:(D)(w’) by the definition of isol (Z12).
Recall &,:(a) ¢ Act(€,:(D)(w”)) by Z3. Then, because isol(w, b(e)) = &,:(b)(w’)
by Z12, conclude &,:(a) ¢ Act(isol(w, b(e))). Then, because [a = b(e) by the
definition of this step] and [iggl = isol by the definition of this case], conclude
Epi(a) ¢ Act(iggl(w, a)))—a contradiction, because &, (a) € Act(igal(w, a)) by Z1.
Hence, this case cannot happen.
Hence, this case cannot happen.
Case: isol = isol. Conclude [b cAorbdé¢ A} by ZFC—proceed by case distinction.
Case: b € A. Observations:
e Recall b € A by the definition of this case. Then, conclude isol(w, b(e)) =
£,:(D)(w’) by the definition of isol (Z13).
Recall &,:(a) ¢ Act(€,:(D)(w”)) by Z3. Then, because isol(w, b(e)) = &,:(b)(w’)
by Z13, conclude ,:(a) ¢ Act(isol(w, b(e))). Then, because [a = b(e) by the
definition of this step] and [iggl = isol by the definition of this case], conclude
Epila) ¢ Act(ig(;l(w, a))—a contradiction, because &1 (a) € Act(igc;l(w, a)) by Z1.
Hence, this case cannot happen.
Case: b ¢ A. Observations:
e Recall b ¢ A by the definition of this case. Then, conclude isol(w, b(e)) = b(e) L
€t (D) (w”) by the definition of isol (Z14).
Recall £, (a) ¢ Act(b(e) U &,:(b)(w?)) by Z10. Then, because isol(w, b(e)) = b(e) U
€us (b)(w®) by Z14, conclude &,:(a) ¢ Act(isol(w, b(e))). Then, because [a = b(e)
by the definition of this step} and [igc\)l = isol by the definition of this case], conclude
Ewila) ¢ Act(iggl(w, a))—a contradiction, because &, (a) € Act(iggl(w, a)) by Z1.
Hence, this case cannot happen.
Hence, this case cannot happen.
Hence, this case cannot happen.

Case: a = 7. Conclude &,1(a) ¢ @ by ZFC. Then, because Act(7) = () by the definition of
Act, conclude £,:(c) ¢ Act(r). Then, because iggl(w, 7) = 7 definition of isol, conclude
Evt(@) ¢ Act(ig(;l(w, 7)). Then, because a = 7 by the definition of this case, conclude
Ept(a) ¢ Act(iggl(w, a))—a contradiction, because £, () € Act(iggl(w, «)) by Z1. Hence,
this case cannot happen.

Step: a = §U~. Assumptions:
e Induction hypothesis (IH):

€4¢(a) € Act(isol(d, &)) implies

[iggl =isol and a € A} forall a € {8, v}
or [@ =isol and a ¢ A}

Observations:
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e Conclude (Z15)'
Act(isol(w, a))

Act(isol(w, Bu~y))

Z  Act(isol(w, B) Uisol(w, 7))

= Act(isol(w, g))u Act(lsol(w )

Recall &, 1(a) € Act(isol(w, «)) by Z1. Then, because Act(iggl(w, a)) = Act(iggl(w, B8)) u
Act(isol(w, 7)) by Z15, conclude &,:(a) € Act(isol(w, 8)) U Act(isol(w, v)). Then, conclude
€6 (a) € Act(isol(w, B)) or &,:(a) € Act(isol(w, 7))] by ZFC. Then, conclude [[isol = isol and
a €Al or [isol =isol and a ¢ A]] by IH.

2. Likewise.
3. Assumptions:
o [isol = isol and a € A and Act(a) C dom(E)| (21).
Proceed by induction on «a.

Base: [a =b(e) or a = 7']. Proceed by case distinction on the structure of «.

Case: Observations:

e Recall Act(a) C dom(Z) by Z1. Then, conclude ,:(a) ¢ Act(a) by Proposition
Then, because o = b(e) by the definition of this case, conclude s (a) ¢ Act(b(e)). Then,
because Act(b(e)) = {b} by the definition of Act, conclude &, (a) ¢ {b} (Z2).

e Recall img(¢) Nimg(€) = ) by Definition l 3l Then, conclude &,;(a) ¢ {£,:(b)} by ZFC
(Z3).

e Recall [€,4(a) & {b} by Z2] and [€,(a) ¢ {&,:(b)} by Z3]. Then, conclude &,:(a) ¢ {
b} U{&,:(b)} by ZFC. Then, because [Act(b(e)) = {b} and Act(&,:(b)(w”)) = {&,:(D)}]
by the definition of Act, conclude £,;:(a) ¢ Act(b(e)) U Act(&,:(b)(w”)). Then, because
Act(b(e) LU &,z (b)(w”)) = Act(b(e)) U Act(&, (b)(w)) by the definition of Act, conclude
€z (a) & Act(b(e) L&y (b)(w”)) (24).

Conclude [b =a or b# a] by ZFC—proceed by case distinction.

Case: b = a. Observations:
e Recall @ € A by Z1. Then, conclude isol(w, a(e)) = a(e) L&, (a)(w”) by the definition

of isol (Z5).

Recall [€,(a) ¢ {b} by Z2]| and [£,:(a) & {£.:(b)} by Z3]. Then, conclude &, (a) ¢ {
b} U {&u:(b)} by ZFC. Then, because b = a by the definition of this case, conclude
Eut(a) ¢ {a} U{&,i(a)}. Then, because [Act(a(e)) = {a} and Act(&,: (a)(w?)) = {
€wi(a)}] by the definition of Act, conclude &, (a) ¢ Act(a(e)) U Act(&, (a)(w”)). Then,
because Act(a(e) U &,:(a)(w”)) = Act(a(e)) U Act(£,: (a)(w?)) by the definition of Act,
conclude € ; (a) ¢ Act(a(e)é,: (a)(w”)). Then, because isol(w , a(e)) = a(e)U&,: (a)(w”)
by Z5, conclude &, (a) ¢ Act(isol(w, a(e))). Then, because [b = a by the definition of
this case] and [@ = isol by Z1], conclude ,(a) ¢ Act(igc\>|(1u7 b(e))). Then, because
a = b(e) by the definition of this case, conclude &, (a) ¢ Act(igc\)l(w, a)).

Case: b # a. Observations:
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e Recall [€ : {1,2}" x A — Act\ (AU {tau}) by Definition (3] and [b # a by the
definition of this case]. Then, conclude &,:(a) ¢ {€,:(b)} by ZFC. Then, because
Act(€,,: (b)(w”)) = {€,:(b)} by the definition of Act, conclude &, (a) ¢ Act(€,,: (b)(w"))
(Z6).

Conclude [b clAorbé¢ A] by ZFC—proceed by case distinction.

Case: b € A. Observations:

e Recall b € A by the definition of this case. Then, conclude isol(w, b(e)) = b(e) U
£t (b)(w”) by the definition of isol (Z7).
Recall €,:(a) ¢ Act(b(e) U &,:(b)(w”)) by Z4. Then, because isol(w, b(e)) = b(e) U
£t (D) (w”) by Z7, conclude &,;(a) ¢ Act(isol(w, b(e))). Then, because [ = b(e) by
the definition of this case| and [i§8| = isol by Z1], conclude &, (a) ¢ Act(igal(w, a)).
Case: b ¢ A. Observations:

e Recall b ¢ A by the definition of this case. Then, conclude isol(w, b(e)) = &, (b)(w”)
by the definition of isol (Z8).

Recall €,:(a) ¢ Act(€,:(b)(w?)) by Z6. Then, because isol(w, b(e)) = &,:(b)(w’) by
Z8, conclude &, (a) ¢ Act(isol(w , b(e))). Then, because [o = b(e) by the definition of

this case] and [@l = isol by Z1], conclude &, (a) ¢ Act(iggl(w, a)).
Case: a = 7. Conclude £,;(a) ¢ ) by ZFC. Then, because Act(7) = () by the definition of Act,
conclude &,;(a) ¢ Act(r). Then, because iggl(w, 7) = 7 by the definition of isol, conclude
Epila) ¢ Act(igal(w, 7)). Then, because @« = 7 by the definition of this case, conclude

——~

&t (a) & Act(isol(w , a)).
Step: a = [ Llvy. Assumptions:

e Induction hypothesis (TH):
./\ — . ~ . 1-
[lsoli isol and a/e\A} implies for all & ¢ {8, 7}
€4:(a) ¢ Act(isol(i, &)

Observations:
o Conclude (Z9):

Recall [@l = isol and a € A] by Z1. Then, conclude &,:(a) ¢ Act(igal(w, B)), Act(iggl(w,
7)) by IH. Then, conclude &, (a) ¢ Act(igal(u), B8)) U /—\ct(igc\ﬂ(w, 7)) by ZFC. Then, because
Act(isol(w, B)) U Act(isol(w, 7)) = isol(w, a) by Z9, conclude &, (a) ¢ Act(isol(w, a)).

4. Likewise.

5. Likewise.

O O o o

6. Likewise.
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Proposition 14 (Auxiliary actions exclude their duals).

1. [fgggl)iéb(‘;g(zoh(;uré(;?] implies £,:(a) ¢ Act(igol(w, «))

5 F:ﬁlgﬂAiQ;t)(‘gL%"n; (gg)] implies £,4(a) ¢ Act(isol(w, a))

PrOOF.
1. Assumptions:
o [6u:(a) € Act(isol(w a)) and Act(a) C dom(E)] (21).

Observations:

e Recall [¢,:(a) € Act(isol(w, )) and Act(a) C dom(Z)] by Z1. Then, conclude [[isol = isol and
a € A] or [isol =isol and a ¢ Al]]| by Proposition {131 (Z2).

Recall [[[@ =isol and a € A] or [igc\)l =isol and a ¢ Al] by Z2| and [Act(c) C dom(Z) by Z1].
Then, conclude &,,:(a) ¢ Act(isol(w , «)) by Proposition |13}3,4.

2. Likewise. O

Proposition 15 (Words separate auxiliary actions).

[Act(B) C dom(Z) and v* # u*] implies &,:(c), €, (c) ¢ Act(isol(v, )

PROOF. Assumptions:
e [Act(B) C dom(Z) and v # uf] (Z1).
Proceed by induction on the structure of 5.

Base: [ﬁ =b(e) or 8= 7']. Proceed by case distinction on the structure of 5.

Case: 8 = b(e). Observations:
e Recall ¢, € : {1, 2} x A Act\ (AU {tau}) by Definition |3l Then, because v¥ # u by
Z1, conclude [£,:(c) # &,:(b) and &,s(c) # &,:(b)]. Then, conclude [{,:(c) ¢ {£,#(b)} and
€us(0) ¢ {€,: (b)}] by ZFC (22).
e Recall img(&)Nimg(€) = 0 by Deﬁmtlonl Then, conclude [€,(c) ¢ {&,:(b)} and &,:(c) & {
&1 (b)}] by ZFC (Z3).
Conclude [b€ A or b ¢ A] by ZFC—proceed by case distinction.
Case: b € A. Observations:
e Recall b € A by the definition of this case. Then, conclude isol(v, b(e)) = b(e)U&,: (b)(v”)
by the definition of isol (Z4).

e Recall Act(8) C dom(Z) by Z1. Then, conclude &, (c), &,:(c) & Act(B) by Proposition
Then, because 3 = b(e) by the definition of this case, conclude &,z (c) , £,:(c) ¢ Act(b(e)).
Then, because Act(b(e)) = {b} by the definition of Act, conclude &,:(c) , &,:(c) ¢ {b} (Z5).
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e Recall [&,:(c) ¢ {b} by Z5] and [£,:(c) ¢ {&(b)} by Z2]. Then, conclude &,:(c) & {
b} U {€u: (b)} by ZFC (Z6).

e Recall [€,:(c) ¢ {b} by Z5] and [£,:(c) ¢ {&:(b)} by Z3]. Then, conclude ,:(c) ¢ {
b} U {&s (b)) by ZFC (27).

Recall quu (c) ¢ {b} U{&:(b)} by Z6] and [€,:(c) ¢ {b} U {&,:(b)} by Z7]. Then, conclude

€ur (€), Eur(c) & {D}U{€,s(b)} by ZFC. Then, because [Act(b(e)) = {b} and Act(&,: (b)(v)) =

{&,+(b)}] by the definition of Act, conclude &,:(c) , &,¢(c) & Act(b(e)) UAct(&,s(b)(v”)). Then,

because Act(b(e) LI&,: (b)(v”)) = Act(b(e)) UAct(&, (b)(vb)) by the definition of Act, conclude
Eui(c), Ei(c) & Act(b(e) L &, (b)(v)). Then, because isol(v, b(e)) = b(e) LI £,:(b)(v”) by Z4,
conclude &, (c), €,:(c) & Act(isol(v, b(e))). Then, because 3 = b(e) by the definition of this
case, conclude &, (c), &,:(c) & Act(isol(v, B3)).
Case: b ¢ A. Observations:
e Recall b ¢ A by the definition of this case. Then, conclude isol(v, b(e)) = &,.(b)(v°) by
the definition of isol (Z8).

Recall [&,:(c) ¢ {£,:(b)} by Z3] and [£,:(c) ¢ {6 (b)} by 7Z2]. Then, conclude &, (c),
E.i(c) & {€,:(b)} by ZFC. Then, because Act(€,:(b)(v*)) = {£,:(b)} by the definition of Act,
conclude &, (c), €,:(c) & Act(€,:(b)(v*)). Then, because isol(v, b(e)) = &,:(b)(v") by Z4,

): &
conclude &, (c), &,:(c ) ¢ Act(lsol(v b(e))). Then, because 3 = b(e) by the definition of this
!

case, conclude &,:(c), &,:(c) ¢ Act(isol(v, B)).

Case: 3= 7. Conclude &,:(c), €,:(c) ¢ 0 by ZFC. Then, because Act(7) = () by the definition of Act,
conclude &,:(c), &,:(c) & Act(r). Then, because isol(w, 7) = 7 by the definition of isol, conclude
€u:(c), €,:(c) ¢ Act(isol(w, 7)). Then, because 3 = 7 by the definition of this case, conclude

Eu(€), € () ¢ Act(isol(w, B)).
Step: = (1 U B2. Assumptions:
e Induction hypothesis (IH):

[Act(8) C dom(Z) and ©* # 4f] implies

€at (6), €4 () ¢ Act(isol (0, B)) forall 5 € {f1, b2}

Observations:

e Recall Act(8) C dom(Z) by Z1. Then, because 8 = (1 3, by the definition of this step, conclude
Act(B1 U B2) € dom(Z). Then, because Act(f1 LI B2) = Act(B1) U Act(B2) by the definition of Act,
conclude Act(1) U Act(B2) C dom(Z). Then, conclude Act(f;), Act(52) C dom(E) by ZFC (Z9).

e Conclude (Z10):

Act(isol(v, 1)) U Act(isol(v, B2))
= Act(isol(v, B1) Uisol(v, B2))
2 Act(isol(v, B U Bs))
=P Act(isol(v, B3))

Recall [Act(B1), Act(B2) C dom(Z) by Z9] and [v* # u* by Z1]. Then, conclude &,:(c), &, (c)
Act(isol(v, B1)), Act(isol(v, B2)) by IH. Then, conclude &, (c), &, (c) ¢ Act(isol(v, 31)) U Act(|sol(
B2)) by ZFC. Then, because Act(isol(v, 81)) U Act(isol(v, f2)) = Act(isol(v, 3)), conclude &,:(c)
€.:(0) & Act(isol(v, 3)).

¢
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PROOF (OF PROPOSITION . Assumptions:
e [o € TauFree and Act(a) C dom(Z)] (Z1).
Observations:
e Recall a € TauFree by Z1. Then, conclude
sol(w, ) = L[ (a(di) U s (a0)(w)) UL, Ee(a)) (w?) and
Act(isol(w, o)) = Ui {ai, €us(ai)} UUL {€ye(a))} and n+n/ > 1

by Proposition [11] (Z2).
e Conclude tau ¢ Act\ (A U {tau}) by ZFC. Then, because img(¢), img(¢) C Act \ (AU {tau}) by

Deﬁnition conclude tau ¢ img() , img(€). Then, conclude [tau # &,:(a,) and tau # 4 (al,)] by
ZFC Thena conclude [ﬁtau}(gwﬁ (a‘n)(wb)) = g’wﬁ (Cln)( ) and 7T{‘cau}(gwﬁ( n/)(wb)) = gwﬁ( n/ wb)]
by H3 (Z3).

o Conclude [3;,. e)Uimg(@) Ewt (@) (@”) = & and 9, o) Uime@) (Ews (@) (w")) = 6] by B3. Then, be-
cause img(E) = img(¢ ) U img(€) by the definition of img, conclude [Gimg(z)(Ews(an)(w’)) ~ § and
Dimg(2) (Eus (ar) (W) == 0] (Z4).

Recall n +n’ > 1 by Z2. Then, conclude [n >1or n > 1} by ZFC—proceed by case distinction.
Case: n > 1. Observations:

e Recall n > 1 by the definition of this case. Then, conclude &, (a,) € Ui, {ai, &t (i)} UUL,
&,:(al)} by ZFC. Then,/k)ecause Act(iggl(w7 @) = U {ai, &ui(a)} U UL {€,:(al)} by Z2,
conclude &,:(ay) € Act(isol(w, a)) (Z5).

e Recall [§,:(an) € Act(ig(;l(w, @)) by Z5] and [Act(e) C dom(Z) by Z1]. Then, conclude
Epilan) ¢ Act(lsol(w «)) by Proposition Ml. Then, because Act(igal(w, @) = U {ai,
€ui(a:)} UL {€us (a))} by 22, conclude &,e(an) & Ui {ai, €us(ai)} U UL {€us (af)}. Then,

conclude

C{g* (;Lz)ug*(a)—ﬂ:au|(*,a>edom(b§)ﬂdom(%2}( , ,
iz (@i(di) U &y (i) (w”)) U LLZy Eus (@) (w”)) 2 o LI €y (an) (w”)

by the definition of C (Z6).

Conclude:

?(isol(w, ))
”(I_I? L(ai(di) U €ge (a0) (w”)) UL, e (a) (w"))
Fimg(2) (Tiean) (Ceomm(z) (L= (@ (di) U Ege (ai) (w?)) UL, &, (af) ()

n

lmg (= (7—{tau}( comm(Z) (I_lz:1(ai(di) U &t (ai)(wb)) U |_|211 gwﬁ (a;)(wb))))

RE = R

aQ
o
3
3

8Imgn (ﬁtau}(c{g (a)UE, (a)ﬁtau\(* a)Edom(&)ﬁdom(E }(
LI (i (d) U €gs () (w) ULEZ, €yt () ("))
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Case:

e Recall n’ > 1 by the definition of this case. Then, conclude &,

Oime(=) (Tirany (@' U € (an) (w)))

Oimg(=) (Tiran) (@' | Eut (an)(w”)))

|mg (T{tau}(a/HT{tau (Ewt(a )(wb)))

Oime(=) (Tiran} (@) | Fimg(m) (Tiran) (uwt (an)(w”)))
Oime(®) (Tizan} (@) | Fimg(z) (Ewt (an) (W)

Oimg(=) (T{zau} (')) | 0

)

n’ > 1. Observations:

(ar) € Uiz {ai s €us(ai)} VUL,

£,:(al)} by ZFC. Then, because Act(igal(w7 @) = U {ai, &ui(a)} U UL {€:(al)} by Z2,
conclude £, (al,) € Act(isol(w, )) (Z7).
e Recall [,:(a},) € Act(isol(w, a)) by Z7] and [Act(e) C dom(Z) by Z1]. Then, conclude
) ¢ Act(lsol(w «)) by Proposition M2 Then, because Act(igal(w, @) = Ui {a;,

Ewﬁ(
gwﬁ (az)} U Ulzl{gwﬁ( )} by Z2 conclude gwﬁ(

conclude

Cle. (@102, (o) svau fr0) cdom() Jndom(@)} (

LIy (@i (di) U & (ag) (w?)) UL €e(af) (w

by the definition of C (Z8).

Conclude:

RS 1= RS

aQ
o
3
3

?(isol(w, a))
(7 (ai(ds) U &y (@0) (w”)) U LI, €, () (w”))

) & Uisi{ai, s (ai)} UUL {€s (af)}. Then,

) = o UE,u(ar,) (w”)

imgr)(T{m}( comm(=) (LI (@i (di) U &y (a0) (w”)) U LI, €, (a]) ()
img(=) (Tisan} (Ceomm(z) (L1 (@i (di) U &y (ai) (w) U LI, Eue (af) (w”))))

aimg(E)(T{tau} (C{.f*(a)l_lﬁ (a )ﬁtau\(* a>edom(5)mdom(é }(
LI (ai(di) U € (i) (w0”)) UL, € (af) (w))))

img(=) (Tgsany (@ U E e (af, ) (w")))

img(=) (Tgsany (@ | Ege (a7, (w”)))

Oime(®) (Tiean} (@) | Tirany (i (a),) (w”)))

Oimg(@) (Tiean} (@) | Bimg(z) (Tieau} (s (ar,) (W)
Oime(=) (Tiran} (@) | Bimg(z) (€ (af,) (W)

Oimg(=) (Tirauy (@) | 0

1)

PROOF (OF PROPOSITION . Assumptions:
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e [3, v € TauFree and Act(3), Act(y) C dom(Z) and v # uf] (Z1).
Observations:

e Recall 3, v € TauFree by Z1. Then, conclude

[ isol (v, B) ~ || (bi(e:) U &z (i) (v )) UL, €4 (b))(v°) and }
Act(isol(v, 8)) = UL {bi, & (b:)} UU {6, (6))} and m+m' > 1

|01, 1) = L (48 U s () () UL, Es () (u) and
Act(isol(u, 7)) = UL, (¢} ()} UUL {Eus(er)} and 147 > 1

by Proposition |11 (Z2).

e Recall [Act(B8) C dom(Z) and v* # uf] by Z1. Then, conclude &,:(c;), €,(c},) ¢ Act(isol(v, 3)) by
Proposition [15] (Z3).

e Conclude tau ¢ Act\ (AU {tau}) by ZFC. Then, because img(§), img(§) C Act \ (A U {tau}) by
Definition [3| conclude tau ¢ img(¢), img(¢). Then, conclude [tau # &,:(c;) and tau # &,:(c},)] by

(ZZF‘4C) Then, conclude [Tisau} (€, (c)(u?)) ~ €,:(c;)(v”) and Tieau} (uz (c,) (u °)) o~ & (c;,)(ub)} by H3
e Conclude [ng(g JUime (E ( :(c))(w”)) ~ § and Dimg(e)Uimg @) (Gut () (u w’)) ~ 6] by B3. Then, be-
cause img(2) = 1mg( )U 1mg( ) by the definition of img, conclude [Gimg(z)(Eys ( () ~ & and
8Img (gu”(cl/ } (
Recall [ + 1’ > 1 by Z2. Then, conclude [l >1or ' > 1] by ZFC—proceed by case distinction.
Case: [ > 1. Observations:

. Recall [ > 1 by the definition of this case. Then, conclude &,;(c;) € Ui’zl{c; ()P U U§:1{

Eu:(ci)} by ZFC. Then, because Act(isol(u, 7)) = Ui.'zl{c;, Eur ()} U Uﬁzl{fuu (¢;)} by Z2, con-
clude &,:(q) € Act(lsol(u 7)) (26).

e Recall [¢,(c;) € Act(isol(u, 7)) by Z6] and [Act(v) C dom(Z) by Z1]. Then, conclude &,:(c;) ¢
Act(isol(u, 7)) by Proposition [14{2 (Z7).

e Recall [&,:(c;) ¢ Act(isol(v, 8)) by Z3] and [£,:(c;) ¢ Act(isol(u, 7)) by Z7]. Then, conclude
€u: () & Act(isol(v, B)) U Act(isol(u, 7)) by ZFC. Then, because

Act(isol(v, B)) = U;lll{bm ur (bi)} U U?le{gynjbé)}
and Act(isol(u, 7)) = Ui, {c}, €us ()} U U {0 (i)}
by Z2, conclude
€uz(c1) & ~ l L
Ui i {bi s €ue (00) Y WU {E0: (0) Y UUZ {h s €ur ()} U Uiy (s ()}

Then, conclude

C{g*(a) &, (a)—tau|(x, a)Gdom(E)ﬁdom(§ }(

|_I 1 (bi(e) U &,z (bi) (v ))Ul_llmlé“vu( D) U ~
LI (Gh(8) U €us () (1) U L2y Eue(e0) (7)) = 7 W E e (e0) (w”)

by the definition of C (Z8).
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Conclude:

.l_lﬁ’:l(’i(f{)l—lfuu(d)(ub)) |_| —1&us(e )( ))

; |mg (7T{tau}( comm(E)(
UZ” L(bier) U (b)) (")) UL
LI (ch(E) U €ys (e (w”)) UL,

— |mg (7T{tau}( comm(E)( -~
[, (o) D502 LI, E
L (e (6) U € (1) (@) U LIy €t (c0) ()

= a'mg (7—{153“} (C{f (a)UE, (a)—)tau (w, a)Edom(f)ﬂdom(E)}(

LI (Bied) L & (bs) (v)) ul_llnllfvu(b’)( ) U
LI (65 (B L e () () U Ly Eue ) ()

2 g (Tpany (7 UE e () (@)))

= Oge) (Tiean (V| Eus () (@)

= Og® (Tt (V) | Tvany € (1) ()

2 Omg (Tt (V) | Oimg®) (Tisany Eur (c) (1))
= g (Tisan) (7)) | Oimg(z) Eue () ()

z Bimg(=) (Tisan} (V) |

~ 1)

Case: I’ > 1. Observations:

* Recall I’ > 1 by the definition of this case. Then, conclude &, (c},) € Ui;l{é, Eut(c) U U§:1{
&,i(ci)} by ZFC. Then, because Act(isol(u, v)) = Ué;l{c;, Eur ()} U Uézl{fuu (¢;)} by Z2, con-
clude &,:(c},) € Act(isol(u, 7)) (Z9).

e Recall [£,:(c},) € Act(isol(u, 7)) by Z9] and [Act(y) C dom(Z) by Z1]. Then, conclude &4 (c},) ¢
Act(isol(u, 7)) by Proposition [14:1 (Z10).

e Recall [¢,:(c},) ¢ Act(isol(v, 3)) by Z3] and [,:(c],) ¢ Act(isol(u, 7)) by Z10]. Then, conclude
E.:(c),) ¢ Act(isol(v, B)) UAct(isol(u, 7)) by ZFC. Then, because

Act(isol (v, B)) = UZ%{bi s Sur (bi) } U UZ’L&;&@W
and Act(isol(u, 7)) = U/, {c}, € (€)Y U Ui {€us (i)}

by 72, conclude

Eulc]) ¢ ) | o
P b €45 (00)} U B s (0} DU e 60t (€)Y UL {Eus ()}

50



Then, conclude

C{E (a)UE, (a)—tau|(*, a)Edom(g)ﬂdom(E) (

I_I%”l(b i(€) U &y (b) (v ))l—'I_IZ"’livn( AICOIE
LIy (8 L € () () U Ly Eue (i) (w0)) == ' LI e () (w?)

by the definition of C (Z11).

Conclude:

?(isol(v, B) | isol(u, 7))
~ ?(isol(v, B) Uisol(u, 7))

= |mg (7T{tau}( comm(ZE) (

u;” 1 (Bi(ed) U €ua (bi) (1)) U LI, €, (b)) (0) U
LIy (h(E]) L € () () L L5y & (i) ()
Cgl lmg (7—{tau}( comm( E)( .
u;“ L (bi(e:) L&y (bi) (v7)) U LI, €4 () (07) U
LIy (h () L € () () L L5y Eue (i) ()
=" Ome(@)(T{rau} (Cle. (a) 2. ()t | (w,0) cdom(€)ndom @)} (
LI (b)) e (01) (7)) UL €46 (%) U
LIy (h(E]) L € () () L L5y €t (i) ()
L Og(m) (Tian) (7 U €t (&) ()
= Og(® (Tiaan (V| €0 () (@)
S g (Tirany (V) | Trsauy (Eur () ()
2 D@ (Trean) (7)) | g (Tiany (€t (6] (@2)))
2 Org(@)(Tiean} (1)) | Oimecz) (G (¢],) ()
z Bime(@) (Tieany (V) | 6
~ 1)

PROOF (OF PROPOSITION [4]). Assumptions:
e [3,~ € TauFree and Act(3), Act(y) C dom(E) and e # f] (Z1).

Observations:
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e Recall 5, v € TauFree by Z1. Then, conclude

isol(wev , B) = LI, (bie:) U € eyt (b:) (wew)”)) U LY, € eny: (b)) (wew)”)
and Act(isol(wev , 8)) = Ui~ 1{bzvg(wev)ﬁ( i)} U U {€ (wewy: (0)}
and Act(8) = U™ {b:;} UU™ {0} and m +m/ > 1

and

isol(wfu, 7) = LI, (¢)(f )'—'f(wfu () ((wfu))) Uiz Eupuy () (wfu)’)
and Act(isol(wfu, 7)) = UiZ {¢, S su ()} U Uiz {wpue (i)}
and Act(y) = UZ Hatu UZ HAcd} and 1+ >1

by Proposition [11] (Z2).

e Conclude tau ¢ Act\ (A U {tau}) by ZFC. Then, because img(¢), img(§) C Act\ (A U {tau})
by Definition , conclude tau ¢ img(€), img(§). Then, conclude [tau # ﬁwfu)n(cl) and tau #

f(wfu)u(CE,)] by ZFC. Then, conclude

7:[tau} (E(wfu)ﬁ (cl)((wfu)b)) = é(wfu)li (Cl)«wfu)b)
and 7-{tau} (g(uzfu)u (c;,)((wfu)b ) = g(wfu)'i (Ci/)((wfu)b)

by H3 (Z3).

e Conclude _ ,
8img(§)uimg(g) (g(wfu)ﬁ (cl)((wfu) )) b: d
and 3img(g)uimg(§)(§(wfu)ﬁ(02/)((wfu) ) =~
by B3. Then, because img(Z) = img(&)Uimg(€) by the definition of img, conclude [ e (2 )(E wfu)t (c1)((wfu)?)) ~
§ and Aimg(z) (Ewpuy () (wfu)’)) = ] (24).

Recall [ + 1’ > 1 by Z2. Then, conclude [l >lorl > 1] by ZFC—proceed by case distinction.
Case: [ > 1. Observations:

e Recall Act(3) C dom(Z). Then conclude &, )2 (1) & Act(B) by Proposition Then, because

Act(8) = Uil {6} U U, {b}}, conclude & puye(c) & UL, {0} U U, {b}}. Then, conclude
g(wfu)ﬁ (Cl) ¢ szl{b } by ZFC (Z5)

e Recall [ > 1 by the definition of this case. Then, conclude E(u)fu)ﬁ(cl) € Ui’zl{cg s Syt (c) U
Uiz {€wsuys(¢i)} by ZFC. Then, because Act(isol(wfu, 7)) = UiZy{ef, &usuys ()} U Uiz {
§(wfu (¢;)} by Z2, conclude §(wfu (e1) € Act(isol(wfu, 7)) (Z6).

e Recall [g(wfu)n(cl) € Act(isol(w fu, 7)) by Z6] and [Act(y) € dom(Z) by Z1]. Then, conclude
Ewruye(cr) ¢ Act(isol(wfu, 7)) by Proposition 2. Then, because Act(isol(wfu, 7)) = Uilzl
EQ’ Ewpuyr (i)} U Ué:l{g(wfu)ﬂ(ci)} by 72, conclude &,z (c1) ¢ U {eh, Ewruyr(c) U Ui {
f(wfu)u(ci)} (7).

o Recall [€(, 1. (cr) & U, {bi} by Z5] and [,y (cr) ¢ Ui {c}, f(wfu)”(C;)}UUifl{g(wfu)ﬁ(Ci)}
by Z7). Then, conclude &, zu:(cr) ¢ U {0} UUI_1{¢} s Eupuys ()} U Uiz {E wpuye (ci)} by
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ZFC. Then, because e # f by Z1, conclude:

C (a)UE, (a)—tau|(*,a) Edom(€)Ndom(€)} ( , =
u:z (Bi(©:) U Euenyz (bi)(wew)”)) U LI, E ey (b)) ((wev)?) U
ui (G ED) U e () (w f10)")) U Ly €y s (€0) ((w fu)?))

f(wfu)li (Cl)<(wfu) )
by the definition of C (Z8).
Conclude:

?(isol(wev , B) | isol(w fu, 7))
~ ?(isol(wev , B) Lisol(wfu, 7))

~ 2L (Bi(es) U Euenys (bi) (wev) ))Ul_l?lllgiwww(b’i)((wev)b)u
L1 (8 L €y () (w0 fu))) U Ly € puye () (w f)?)

; |mgm (’r{tau}( comm(ZE )(
l_lz 1(b (el) U f wev (b
I_Ii/ 1( ( )l—lg(wfu)ﬁ(c

D) (we)”)) UL Epenys (0)) (wev))
D((wfu))) ULz &y () ((wfu)?)))

= |mgm (7T{tau}( comm(=E )(
|_|; 1(bi(es) U Erwenys (b
I_lz/ 1( ( )'—lg(wfu)ﬁ(c

D) (wev)?)) UL §penys (0F) (wew)?) U
D((wfu))) ULz €y () ((wfu)?)))

= Ome@ (Tiran) (Ce. (07, (0) v0u |2, 0) cdom(e)ndom @)}
LI (bi(es) U Eppenys (b) (wew)®)) L LJ, gjwev)ﬁ(b;)((wev)b) U
LY (5 (£7) U €y () (w10))) U LGy €y () (ww)?))))

= Omg® (Tisany (7 U Ewpuye (c) (wfu)?)))

X Omgm) (Treany (7 | €y () (wfu)?))

S Og® (Tisa) (V) | Trvany € uopuy () (wfu))))

2 Omg (Tisanr (7)) | Bimg(z) (Tisauy € un e () (wf)?)))
= g (Tisan} (7)) | Bimg(2) E an gy () (wfu)?))

: Bimg(=) (Treany (7)) | 6

~ 1)

Case: I’ > 1. Observations:

e Recall Act(8) C dom(Z). Then, conclude E(wfu)u(c;,) ¢ Act(p3) by Propositiong Then, because
Act(8) = UL {b:} U UL {b;}, conclude &,z (c),) & Uiy {bi} U U2, {b;}. Then, conclude
Ewrayt () & Uiz, {bi} by ZFC (Z9).
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e Recall I’ > 1 by the definition of this case. Then, conclude &, r,):(c},) € Ui/:l{c; s Ewpuye ()} U
Uizt {€usus (c)} by ZFC. Then, because Act(isol(w/u, 7)) = UiLi{e}, €urus(e)} U Ui
f(wfu (ci)} by 22, conclude &, p4): (c},) € Act(isol(w fu, 7)) (210).

e Recall (£ :(c)) € Act(isol(w fu, by Z10| and |Act(y) C dom(Z) by Z1|. Then, conclude

(wfu)¥\ €y 7)) by y
E(wfu)u(c;,) ¢ Act(isol(wfu, ) by Proposition 1. Then, because Act(isol(wfu, 7)) = Ui':l{
E; ) f(wfu)“ (C;)} U Ui:l{g(wfu)ﬁ (Cl)} by Z2, conclude E(wfu)ﬁ (02/) ¢ Ulzlzl{cfb ’ g(wfu)ﬁ(cg)} U Ui:l{

o Recall [, 5, (c),) & U, {bi} by 29] and [€y, puye (¢],) & Ui {¢h, Eqwguys (€)FUU_y L€ o uye (c0)}

by Z11]. Then, conclude &, ro:(cf,) ¢ Uiy {0} UUZ1{¢) s Eupuyr ()} U Uiz £ wpuye (i)} by
ZFC. Then, because e # f by Z1, conclude

C{E - (@)U UE, (a)—tau|(*,a) €dom( 5)mdom(b )} ( o X
|-| =1 (bi(€:) U §uenys (b:) (wev) )) U L=y §qwenys (07) ((wev)”) U
LI (5 (8

i)(
) U &yt () ((w f1)") U Li_y € s (€0) ((w fu)?))
= ’7 U é-(wfu)ﬁ (Cl/)((wfu)b)

by the definition of C (Z12).

Conclude:

?(isol(wav , B) | isol(wzu , v))
~  ?(isol(wav, B) Uisol(wzu, 7))

~ (L (bi(er) U €uenys (bi) (wew))) LI, € upenye (07) ((wew)”) U
Loy (5(87) U € e () (w0 fu))) U Llimy € paye (€0) (w0 fu)?)

il |mg (’r{tau}( comm(Z )<
I_Iz 1(b (el) U 5 wev (b
C

; )((’LUC’U) )) U |_|z 1g(wev)”( )((wev)b) U
|_|7,/ 1( ( )'—lg(wfu)”(

D((wfu)) ULz €y () ((wfu)?)))

= |mg (7T{tau}( comm(E) (
I_IZ 1(b (ez) U f (wev) (b
C

i )((wew)”)) '—'LL 1 € wenyr (0)) (wew)”) U
I_lzll( ( )'—lg(wfu)”(

D((wfu))) U LLizy €y () ((wfu))))

= a|mg (ﬁtau}(c{g (a)UE, (a)—tau |(*, a)Gdom(f)ﬁdom({)}( ,
LT (Bi(ei) U Equpenye (bi) (wev)” ))'—'LL 1 € wenyr (0)) (wew)”) L

LI (65 (B U €y () (w0 f10)?)) U Ly € puye () ((wfu))))

Z g Tisan (0 U Eupuys () (wfu)))

= Omge) (Treany (| Euosaye () (wfu)?))

= g (Tisawy (V) | Trsauy Equpuys () (wfu)?)))

2 Oimg(m) (Tt (V) | Bimg(z) (Tisau sy (€) (wf))))
= Bmg(e) (Tisaa} (1)) | Bimg(2) sy (¢)) (wfn)?))

z Bimg(=) (Treany (7)) | 6

~ 1)
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C. Proofs for Section [5.2]

Proposition 16.

1. [x ¢ Bound(p) and Bound(p) @w = 0] implies Bound(p) A wz = 0

2. [d ¢ Bound(p) and Bound(p) ®w = @] implies Bound(p) @ wd = ()

PROOF.
1. Assumptions:
e [z ¢ Bound(p) and Bound(p) mw = 0] (Z1).
Observations:

e Suppose [y & = for some y € Bound(p)]. Then, conclude [y =z for some y € Bound(p)] by
the definition of €. Then, conclude y € Bound(p) by ZFC—a contradiction, because x ¢ Bound(p)
by Z1. Hence, [y ¢ = for all y € Bound(p)] (22).

e Recall Bound(p) mw = @ by Z1. Then, conclude {y € Bound(p) | y € w} = 0 by the definition of
M. Then, conclude [y g w for all y € Bound(p)] by ZFC (Z3).

Recall [[y ¢ z for all y € Bound(p)] by Z2] and Hy ¢ w for all y € Bound(p)} by ZS]. Then,
conclude [y ¢ w,z for all y € Bound(p)] by ZFC. Then, conclude [y ¢ wz for all y € Bound(p)]
by the definition of €. Then, conclude {y € Bound(p) | y € wz} = @ by ZFC. Then, conclude
Bound(p) A wz = @ by the definition of M. O

2. Likewise.

Proposition 17 (iggl and [/] commute on processes).

p € Basic and x & w1, ws

and Bound(p) @ w1 zws = implies iggl(wlxwg , p)ld/z] = ig(\)|(’wld’LU2 , pld/x])

PROOF. Assumptions:
e [p € Basic and z & wy, wy and Bound(p) A wizwy = 0] (Z1).
Proceed by induction on the structure of p.

Base: [p =q or p= (5]. Proceed by case distinction on the structure of p.

Case: p = a. Recall z &€ w;, we by Z1. Then, conclude igal(wlzwz, a)ld/x] = igc;l(wldwg , ald/x])
by Proposition Then, because p = « by the definition of this case, conclude igC\)|(’LU1£L'U)2,
p)[d/x] = isol(widws , pld/z]).

Case: p = 4. Conclude:
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iggl(wwwz . p)|d/z]
= iggl(unl’wz , 6)[d/x]
= d[d/z]
= )
= igal(w1dw2 , 6)
2 isol(wdw, , 8[d/x))
2 isol(wydws, , pld/x])

Q
p
o
0]

Step: [pzq-i-r or p=¢g-r or p=c—>qor or pzzye{dl

,,,,,

e Induction hypothesis (IH):

[p € Basic and x?Z Wl | lies |solgiu1x 2, )|d/] =
and Bound(p) A wyde = 0 isol (1 dws , pld/Z]

for all p € {q, r}

Proceed by case distinction on the structure of p.

Case: [p:q—i—r or p=q-r or p:c—bqor]. Observations:

e Recall p € Basic by Z1. Then, because [p =qg+4+rorp=q-rorp=c— qor] by the
definition of this case, conclude [q +r € Basic or ¢-r € Basic or ¢c +»qor e Basic]. Then,
conclude ¢, r € Basic by the definition of Basic (Z2).

e Conclude 1, 2 ¢ Var by Definition [2| Then, because 2 € Var by the definition of z, conclude
[x #1 and x # 2]. Then, conclude = & 1, 2 by the definition of ¢. Then, because = &€ ws
by Z1, conclude x & ws, 1, 2. Then, conclude = & w1, ws2 by the definition of €. Then,
because x ¢ wy by Z1, conclude z & wy , wal, we2 (Z3).

e Recall Bound(p) mwizws = @) by Z1. Then, because [p =qg+r or p=gq-r or p=c— qor]
by the definition of this case, conclude

Bound(q + r) M wizws = or Bound(g-r) M wizwy = 0
or Bound(c — gor)Mwizwy =0

Then, conclude Bound(q) UBound(r) Awizws = B by the definition of Bound. Then, conclude
[Bound(g) @ wizws = ) and Bound(r) @ wyzws = @] by ZFC (Z4).

e Recall [q, r € Basic by 72| and [¢ & w1, waol, wo2 by Z3] and [[Bound(q) A wizws = 0
and Bound(r) @ wizws = 0] by Z4]. Then, conclude

isol (wyzws1 , q)[d/z] = isol(widws1 , qld/z])

o~ o~

and isol(wyzws2, r)[d/z] = isol(widws2 , r[d/x])

by IH (Z5).
Proceed by case distinction on the structure of p.

Case: p = g+ r. Conclude:
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i§|(w1$w2 , p)]d/z]

isol(wyzws , g+ r)[d/x]

(iggl(wlmwgl ,q) + iggl(wlxwﬂ, r))[d/z]

igal(wlxwgl, q)[d/z] + iggl(wlwaQ, r)[d/z]

isol (wydws1 , qld/x]) + isol(wydws2 , r[d/z])
(widws , qld/x] + r(d/z])
(
(

Q
p
7]

e

g |l

) IS IS

@
=R

isol

N

isol

wldwg s (q + ’r)[d/I])
isol (wy dws , pld/])

Q
p
7]
o

Case:

i
Il
<

iESI(wwwz , p)[d/x]

Q
o
w
0]

iggl(wlmwz »q-7)[d/x]

)l

@
o,

(isol (wyzwa1 , q) - isol(wizws2 , 7))[d/z]

S

igc\)l(wlxwgl, q)[d/z] - igal(wlmwﬂ, r)[d/z]

D) 18l

ig(;l(wldwgl, qld/x)) - iggl(wldwﬂ7 r[d/x))
= isol(widws , gld/z] - r]d/z])
4 isol(wydws , (q-1)[d/z])
o= igc\)l(wldwg , pld/z])

Case: p=c—qor.

i;gl(wwa , p)|d/x]

Q
p
7]
)

igal(wlzwg ,c—qor)ld/z]

)

@’
=X

(c— iggl(wlxwgl, q) ¢ iggl(wlxwﬂ, r))[d/z]

N

c[d/z] — isol(wizwal , q)[d/x] o isol (wyzws2 , v)[d/]
cld/z] —» isol(widws1 , qd/x]) o isol (widws2, r[d/z))
i§|(w1dw2 , cld/x] = q[d/z] o r[d/z])

isol(wydws , (¢ — g or)[d/xz])

isol (wy dws , pld/x])

Case: p = Zye{d17___7de} q. Observations:

IS 18 IS

Q
4
w
o

e Recall p € Basic by Z1. Then, because p = Zye{dl ____
conclude Zye{dh___’dé}q € Basic. Then, conclude [¢ € Basic and y ¢ Bound(g)] by the
definition of Basic (Z6).

e Recall Bound(p) M wizwy = @ by Z1. Then, because p = Zye{dl,...,de} q by the definition
of this case, conclude Bound(}>, c(y4, 4,3 9) M wizws = 0. Then, conclude Bound(q) U {

4 d by the definition of this case,

y} Mwizws = () by the definition of Bound. Then, conclude [Bound(q) @ wizws = ) and {
y} A wizwy = 0] by ZFC (Z7).

e Recall {y} M wizwy = 0 by Z7. Then, conclude {z € {y} | z € wizws} = 0 by the definition
of M. Then, conclude y € wizwy by ZFC. Then, conclude [y gw and y ¢ x and y ¢ wg]
by the definition of €. Then, conclude y # x by the definition of €. Then, conclude

(Zye{dl,‘.wdg} isol(wizway , q))[d/x] = Zye{dh...,dg} isol(wirway , q)[d/ ]
and (Zye{dl,...,dz} q)ld/z] = Zye{dl,...,dz} qld/x]

by the definition of [/] (Z8).
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e Recall {y} M wizwy = 0 by Z7. Then, conclude {z € {y} | 2 € wizws} = 0 by the definition
of M. Then, conclude y & wizws by ZFC. Then, conclude [y gw; and y €z and y & wg]
by the definition of €. Then, conclude y # x by the definition of €. Then, conclude = ¢ y
by the definition of €. Then, because z & wy by Z1, conclude z & wsy, y. Then, conclude
x & way by the definition of €. Then, because x ¢ w; by Z1, conclude x & wy , way (Z9).

e Recall [y ¢ Bound(g) by Z6] and [Bound(q) @w;zws = ) by Z7]. Then, conclude Bound(q) M
wyzwey = @) by Proposition [16] (Z10).
e Recall [q € Basic by ZG] and [x ¢ wy , way by ZQ} and [Bound(q) A wizway = O by Zl()].
Then, conclude igal(wlxwgy, q)[d/z] = igal(wldwgy, q[d/z]) by IH (Z11).
Conclude:
iggl(wlxwg , p)[d/x]
= isol (wizws , Zye{dl,...,dg} q)[d/ ]
= (Zye{dl,...,dg} isol (w1 zway , q))[d/ 7]
= Zye{dl,.<.7dg} isol (w1 dway , qld/x])
= ifgl(wldwg, Zye{dhwdk}q[d/m])
= isol(widws, (X yeqay,... a3 Dd/7])
= isol(wydws , pld/x))

Proposition 18 (Normal form for igal-processes).
[p € Basic and p € TauFree and Act(p) C dom(Z) and Bound(p) M w = 0]

isol(w, p) ~ 37 isol(ww; , a;) + 37, (isol (ww) , ) - pl)
and [[[ai € TauFree and Act(a;) C dom(E)] forall 1 <i< n]]

implies | Land [0 € TauFree and Act(a}) € dom(Z)| forall 1 <i<n/
/
n,n,w,...,w ar, ..., Q0
for some , ) ) , ) , ) n , ) , ) n» ,
wh, o, wh, 0k, Ak, D, Dy

PROOF. Assumptions:
e [p € Basic and p € TauFree and Act(p) € dom(Z) and Bound(p) mw = 0] (Z1).
Proceed by induction on the structure of p.
Base: p = a. Assumptions:
e [n,n,wi,a1=1,0,¢€,al (22).
Observations:

e Conclude (Z3):
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isol (w , D)
Base

(

isol(w7 a)

(we

isol(ww1 , Q1)

Z 1 |sol(wwl7 ;)

S isol(ww; , a;) + 6

>ie 1'S°|( )+ i (lSO'(’w’wé, ;) - pf)

ST isol(ww; , a) + 1 (isol (ww) , o) - pl)

e Recall [p € TauFree and Act(p) C dom(E)] by Z1. Then, because p = a by the defini-
tion of this case, conclude [a € TauFree and Act(a) C dom(Z)]. Then, because @y = a by
72, conclude [a; € TauFree and Act(a;) C dom(Z)]. Then, conclude [[a; € TauFree and

Act(e;) C dom(E)] forall 1 <i< 1] by ZFC. Then, because n = 1 by Z2, conclude [[ai € Tau-
Free and Act(a;) C dom(Z)] for all 1 <i < n] (Z4).

e Conclude Ha € TauFree and Act(a}) C dom(E )] forall 1 <:< O] by ZFC. Then, because
n’ =0 by Z2, conclude [[a} € TauFree and Act(a}) C dom(Z)] for all 1 <i <n’'] (Z5).

N
!
Q

isol (we a)

ww; , o

IS RE s s

Conclude the consequent of this proposition by and-ing the results in Z3, Z4, and Z5.
Step: [p =q+rorp=q-rorp=c—>qor or p= Zze{dl,...,d[} q}. Assumptions:

e Induction hypothesis (ITH):

p € Basic and p € TauFree and s moli
Act(p) C dom(Z) and Bound(p)mw =0 rnphies

isol (1, p) ~ 37, isol (s , &;) + 337 (isol (did] , &) - p))
and Hal € TauFree and Act(aL ) C dom(E ] forall 1 <i< ﬁ]
and |[[a; € TauFree and Act(a;) C dom(Z)| forall 1 <i< /]

A/

£ n,n,w, ...,wn,al,...,an,
or some ~ ~ A
Wi,y ..., W

Al ~f A/
n/7a17~~~7aﬁ/7p17°~~7pﬁ/

for all p e {q, r} U {qldi/z] [ 1<i<t}
Proceed by case distinction on the structure of p.

Case: [p:q—I—r or p=gq-r or p:c—bqor]. Observations:

e Recall p € Basic by Z1. Then, because [p =qg+rorp=q-rorp=c-— q<>r] by the
definition of this case, conclude [¢ 4 r € Basic or ¢-r € Basic or ¢ — qor € Basic|. Then,
conclude ¢, r € Basic by the definition of Basic (Z6).

e Recall p € TauFree by Z1. Then, because [p =q+rorp=q-rorp=c— qor] by the
definition of this case, conclude [q—i—r € TauFree or ¢-r € TauFree or ¢ — gor € TauFree].
Then, conclude ¢, r € TauFree by the definition of TauFree (Z7).

e Recall Act(p) € dom(Z) by Z1. Then, because [p=q+7r or p=gq-r or p=c—qor| by
the definition of this case, conclude

Act(q +7) C dom(Z) or Act(q-r) C dom(E)
or Act(c — gor) C dom(E)

Then, conclude Act(q) U Act(r) C dom(Z) by the definition of Act. Then, conclude Act(q),
Act(r) C dom(Z) by ZFC (Z8).
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e Recall Bound(p) mw = () by Z1. Then, because [p =qg+rorp=q-ror p=c— q<>7“] by

the definition of this case, conclude

Bound(q+7r)mw = or Bound(q-7)mw =
or Bound(c — qgor)mw =10

Then, conclude Bound(g) U Bound(r) mw = @ by the definition of Bound. Then, conclude

[Bound(¢q) @w = and Bound(r) mw = (Z)] by ZFC (Z9).

e Conclude 1,2 ¢ Var by Definition Then, because Bound(gq), Bound(r) C Var by the

definition of Bound, conclude 1, 2 ¢ Bound(g) , Bound(r) (Z10).

e Recall [1, 2 ¢ Bound(q), Bound(r) by Z10] and [[Bound(q) @w =@ and Bound(r) mw

by Z9]. Then, conclude [Bound(q) @ w1l = () and Bound(r) @ w2 = ()] by Proposition

(Z11).

0

e Recall [q, r € Basic by Z6] and [q, r € TauFree by Z7]| and [Act(q), Act(r) C dom(Z) by

78] and [[Bound(q) Mw1 =0 and Bound(r) m w2 = ()] by Z11]. Then, conclude

isol(w1, q) = 37" isol(wiv;, B;) + Y7, (isol(wiv], B)) - q)
and [[B; € TauFree and Act(B;) C dom(Z)| forall 1 <i < m]
and [[B] € TauFree and Act(B]) C dom(E)| for all 1 <i <m/|

and

isol (w2, ) ~ Zl 1 isol(w2u; , i) + Zl 1(Iso|(w2uz Vi) )
and ||v; € TauFree and Act(y;) C dom(Z)| forall 1 <</
and ||y} € TauFree and Act(y}) C dom(Z)| forall 1 <i<!

by IH (Z12).
Proceed by case distinction on the structure of p.
Case: p = q + r. Assumptions:
. [n7 n=m+1, m'+l’] (Z13).

o 1’[}1',,31‘ if1§z§m
Wi = {QUi—ma'Yi—m if m+1<i<m+1 (Z14)

. ; ,
Wi, p; = {;ZZ mf:gi s T, i£ 7171’§—£ 1§§mz <m'+lU (215).
Observations:
e Conclude (Z 6):
|so|( )
= sl (w, g+r)
= |soI( ) + |sol(w2 r)

Sl colwtny B+ 3 (vl B) g +
Yoo isol(w2u; , ;) + Z (lsol(w2ui AR
i |so|(wwl cag) + > 1(|so|(ww§ o) )+
ZT%H isol (ww; , a;) + ZT’:;I,Q_l(isol(ww al) - pl)
ZTJ[Z |sol(wwz , ) + Zm”rl (|sol(ww§ AR

= L yisol(ww, , @) + 32 (isol(wuw , f) - p})

[[B: € TauFree and Act(B;) C dom(Z)] for all 1 <i < m]
and [[y; € TauFree and Act(y;) C dom(Z)] forall 1 <i <]
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by Z12. Then, conclude
[[B: € TauFree and Act(B;) C dom(Z)] for all 1 <i < m]

[Yi—m € TauFree and Act(y;_m) C dom(E)]

and forall m+1<i<m~+]I

by ZFC. Then, conclude [[a; € TauFree and Act(a;) C dom(Z)] forall 1 <i < m+I]
by the definition of a; in Z14. Then, because n = m + [ by Z13, conclude Hai € TauFree
and Act(e;) C dom(Z)] forall 1 <i < n] (Z17).

o Recall
[[B; € TauFree and Act(B]) C dom(Z)] forall 1 <i < m/]

and [[v; € TauFree and Act(v}) C dom(E)] forall 1 <i <]
by Z12. Then, conclude

[[B; € TauFree and Act(B]) C dom(Z)] for all 1 <i <m/]

[V, _ms € TauFree and Act(v)_,,,) € dom(Z)]

and forall m'+1<i<m/+1

by ZFC. Then, conclude [[a} € TauFree and Act(a}) C dom(Z)| for all 1 <i < m/+1']
by the definition of @ in Z15. Then, because n’ = m’+1’ by Z13, conclude [[a € TauFree
and Act(e)) C dom(Z)] for all 1 <i < n'] (Z18).
Conclude the consequent of this proposition by and-ing the results in Z16, Z17, and Z18.
Case: p = ¢ - r. Assumptions:
o [n,n' =0, m+m'] (219).
11}1‘ 5 ﬂz s Ig(;l(UJQ, 7“)
if 1<i<m
o W, o, p,= (Z20).

7/ m’ﬂl m ql m ISOl(w27 r)
ifm+1<i<m+m

Observations:
e Conclude (Z21):

isol(w, p)
= iggl(w,q~r)

= isol(wt, q) -isol(w2, r)

~ (/Z:}ll isol(wlvZ B+ l(lsol(wlvl N ARAE

isol(w2, r)
=T (isol(wivi, i) isol(w2, 7)) +
S (isol(wie], B)) - g, - isol(w2, 1)
Z m+m/
=S sol(wu , af) - p) + ST (ol wuf ) -pl)
Py m
= > J; (lsol(wwi , o) - pj)
A6
~ 6+Zm+m'(|so|(ww’ al)-ph)
by

S |so|(wwZ o) + Zm+m'(|so|(ww§ ,al)-ph)

S isol (ww; , o) + Zizl(lsol(wwg ,al)-pl)

e Conclude [[a; € TauFree and Act(a;) C dom(Z)] for all 1 < i < 0] by ZFC. Then,
because n = 0 by Z19, conclude [[a; € TauFree and Act(a;) € dom(Z)] forall 1 <i <
n] (722).

N
—
©
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e Recall
[[B: € TauFree and Act(B;) C dom(Z)] for all 1 <i < m]

do
and [[B] € TauFree and Act(B]) C dom(Z)| forall 1 <i < m/|
by Z12. Then, conclude

[[B:i € TauFree and Act(B;) C dom(Z)] for all 1 <i < m]

[Bi_,, € TauFree and Act(B]_,,) C dom(Z)]

and " forall m41<i<m-+m

by ZFC. Then, conclude [[a] € TauFree and Act(a)) C dom(Z)] for all 1 <i < m+
m/] by the definition of @] in Z20. Then, because n’ = m + m’ by Z13, conclude
[[a} € TauFree and Act(a}) C dom(E)| for all 1 <i < n'] (223).
Conclude the consequent of this proposition by and-ing the results in Z21, Z22, and Z23.
Case: p=c— gor. Proceed by case distinction on the value of c.
Case: ¢ =~ true. Assumptions:
. [n, n,w, e, whal, pi=m,m, 1v;, B;, 1, B, qﬂ (Z24).
Observations:
e Conclude (Z25):
igc\>|(w, D)
= iggl(w,c—bqor)
= iggl(w, true — qor)
= true — iggl(wl , q) o iggl(wQ ,T)
~ igc\>|(w1 , q)
S isol(wivi, Bi) + X7 (isol(wief, BY) - 4f)
Dy igc\)l(wwi , ;) + Z?;l(igal(wwg , o) - pl)

e Recall [[B; € TauFree and Act(B;) C dom(Z)] for all 1 < i < m] by Z12. Then,
conclude [[a; € TauFree and Act(a;) C dom(Z)] for all 1 <i < m] by the definition
of a; in Z24. Then, because n = m by Z24, conclude Hai € TauFree and Act(e;) C
dom(Z)] for all 1 <i < n| (Z26).

e Recall [[ﬂ; € TauFree and Act(B8]) C dom E} for all 1 < < m’] by Z12. Then,
conclude [[a] € TauFree and Act(a;) C dom(Z)] for all 1 < i < m’| by the defi-
nition of @ in Z24. Then, because n’ = m’ by 724, conclude [[a} € TauFree and
Act(aj) C dom(E)] for all 1 <i < n'] (227).

Conclude the consequent of this proposition by and-ing the results in 725, 726, and Z27.

Case: ¢ = false. Assumptions:

o [n,n' w0, wi,al,pi=1,1,2u, v, 2u;,v,, ;] (Z28).

Observations:

e Conclude (Z29):

igc;l(w, D)
e ig(;l(w, c—qor)
ez igc\>|(w, false — qor)
false — igal(wl, q) ¢ iggl(w2, T)
~ iggl(wQ, r)
Siey ol (w2ui i) + i (isol(w2u} , 7)) - 1)
= Y, igal(wwi , ;) + Z;il(igal(wwg ,ah)-pl)
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e Recall [[y; € TauFree and Act(y;) C dom(Z)] for all 1 < i < ] by Z12. Then,
conclude [[a; € TauFree and Act(e;) € dom(Z)] for all 1 <i <] by the definition
of a; in Z28. Then, because n = [ by 728, conclude [[a; € TauFree and Act(a;) C
dom(Z)] for all 1 <i < n] (Z30).

e Recall [[v; € TauFree and Act(y;) C dom(Z)] for all 1 < i < I'] by Z12. Then,
conclude [[a} € TauFree and Act(a}) C dom(E)] for all 1 < i <] by the definition
of a in Z28. Then, because n’ = I’ by Z28, conclude [[a € TauFree and Act(e}) C
dom(Z)] for all 1 <i <n'] (Z31).

Conclude the consequent of this proposition by and-ing the results in 729, Z30, and Z31.

Case: p=3}_ c(4,, . 4, ¢ Observations:
e Recall p € Basic by Z1. Then, because p = Zwe{dh_,,,dé} q by the definition of this case,
conclude }° ey 4,34 € Basic. Then, conclude [q[d; /] € Basic for all 1 <i < (] by the

definition of Basic (Z32).

Recall p € TauFree by Z1. Then, because p = Zme{dl,...,d@} q by the definition of this case,
conclude er{dh...,d(} g € TauFree. Then, conclude [q[dl/x] € TauFree forall 1 <i< 6} by
the definition of TauFree (Z33).

Recall Act(p) C dom(Z) by Z1. Then, because p = 3_ (4, 4,1 ¢ by the definition of this
case, conclude Act(}_,crq, 4,3 9) € dom(Z). Then, conclude [Act(g[d;/x]) C dom(Z) for
all 1<:< E] by the definition of Act (Z34).

Recall Bound(p) mw = @ by Z1. Then, because p = er{dl,...,de} g by the definition of this
case, conclude Bound(} ¢y, a3 @) Aw = (). Then, conclude Bound(q) U {z} mw = 0 by
the definition of Bound. Then, conclude [Bound(¢q)mw =0 and {z}mw = ()] by ZFC (Z35).

Recall {2} mw = () by Z35. Then, conclude x ¢ w by the definition of A (Z36).
Recall > ..} 4 € Basic by Z1. Then, conclude = ¢ Bound(q) by the definition of Basic
(Z37).

Recall [z ¢ Bound(q) by Z37] and [Bound(q) M w = § by Z35]. Then, conclude Bound(q) M
wx = () by Proposition [16] (Z38).

Recall [q € Basic by Z32] and [x ¢ w by Z36] and [Bound(q) M wx = @ by Z38|. Then,
conclude [igol(wx, q)di/x] = igol(wdi , qld;/z]) for all 1 <i< (] by Proposition (Z39).

ze{dy,..

Conclude [d; € Elem for all 1 <i < ¢] by the definition of }_. Then, because [Bound(q) C
Var by the definition of Bound] and [ElemNVar = § by Deﬁnition, conclude [d; ¢ Bound(q)
for all 1 <i < /] (240).

Recall [[d; ¢ Bound(g) for all 1 < i < /] by Z40| and [Bound(q) @ w = () by Z35]. Then,
conclude [Bound(q) Mwd; = @ for all 1 < 1 < E] by Proposition Then, conclude
[Bound(g[d;/z]) Mwd; = 0 for all 1 <i < (] by the definition of Bound (Z41).

Recall [[¢[d;/x] € Basic for all 1 <i < {] by Z32] and [[¢[d;/x] € TauFree for all 1 <i <
¢] by Z33] and [[Act(g[d;/z]) C dom(E) for all 1 < i < /] by Z34] and [[Bound(g[d;/z]) @
wd; =0 forall 1 <i< 6] by Z41}. Then, conclude

isol(wd; , q[d;/x]) ~
S isol(wdivi g, Big) + Y02 (isol(wdyv 5, Bi ;) - ) ;)

and [[B;; € TauFree and Act(B; ;) C dom(Z)| forall 1 <j < m)]
and [[B]; € TauFree and Act(B] ;) C dom(E)| forall 1 <j<m/|

forall 1<i</
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by TH (Z42).
Assumptions:
o [n,n' =tm, tm'] (Z43).

o {wm 0 = d[ 1017 (5 mod m)+1 > BT i7,(i mod m)+1:| (Z44).

¢ {wg, o = dfﬁ? v/(ﬁ,h(i mod m/)+1"’ ﬁl[#],(i mod ml)+l:| (245).
Observations:

e Conclude (Z46):

iggl(w, D)

= isol(w, Zwe{dl,...,dg} q)
= Eze{dl,...,dz} isol(wx , q)
=~ 3 isol(wa, g)[d:/x]
~ Sy isol(wd;, gld;/x])

Z42 Vi

~ Y (0T isol(wdvi g, Big) + Y252 (isol(wdivf 5, B ;) - di ;)

> Vi N
~ 3o >y isol(wdivi g, Big) +
; P
D1 Z?:/l('SOI(wdivé,j » Bij) i j)
TS sol(ww , @) + Y (isol (ww) , @) - p)
743 N FN
= o isol(ww; , a;) + Z;il(lsol(ww; , o) - ph)
e Recall

[[Bi,; € TauFree and Act(B; ;) C dom(Z)] forall 1< j < m)]
forall 1<i</

by Z12. Then, conclude

{'Bfiﬁ(i mod my 1 € TauFree and Act(B[ i1 mod my11) C dom(E)]
forall 1 <i</m

by ZFC. Then, conclude [[a; € TauFree and Act(a;) C dom(Z)] for all 1 < i < ¢m] by
the definition of a; in Z44. Then, because n = {m by Z43, conclude Hai € TauFree and
Act(a;) C dom(E)| for all 1 <i < n] (Z47).

o Recall
[[B;; € TauFree and Act(B] ;) C dom(Z)] forall 1 < j <m/|
forall 1<i</

by Z12. Then, conclude

[ / € TauFree and Act(ﬁ’(i

(# ,(2 mod m/)+1 T

forall 1 <i</¢m’

,(i mod m/)+1) < dOm(E)}

by ZFC. Then, conclude [[a] € TauFree and Act(a]) C dom(Z)] for all 1 < i < ¢m/'] by
the definition of @ in Z45. Then, because n' = ¢m’ by Z43, conclude [[ag € TauFree and
Act(a}) C dom(E)] for all 1 <i<n'| (Z48).

Conclude the consequent of this proposition by and-ing the results in Z46, Z47, and Z48.
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PROOF (OF PROPOSITION . Assumptions:
e [p € Basic and p € TauFree and Act(p) C dom(Z) and Bound(p) mw = 0] (Z1).
Observations:

e Recall [p € Basic and p € TauFree and Act(p) C dom(Z) and Bound(p) M w = 0] by Z1. Then,
conclude .
isol(w, p) ~ > 1|so|(wwl,al +3 s l(ww}, ab) - ph)
and ||a; € TauFree and Act( al ) C dom(=E for all 1<i<n
and [[[[a € TauFree and Act(e)) C dom(ZE }} forall 1 <i< n]]

by Proposition [18] (Z2).

o Recall
[[a; € TauFree and Act(a;) C dom(Z)] for all 1 <i < n]

and [[a} € TauFree and Act(a}) C dom(Z)] forall 1 <i<n/]
by Z2. Then, conclude
[2(isol(ww;, @) =~ 6 forall 1<i<n]
and [?(iggl(wwi, o)) ~¢ forall 1 <i< n’}
by Proposition [2] (Z3).
Conclude:

?(isol(w , p))

2y isol(wwi, @) + 3277 (isol (wwf , af) - pf)

(|so|(ww§ , o) - pl)

) + Zz 1
)+ I (2isol(wuf, o)) - 2(p})
b;

z2

=~ )
Q3 —~

~ Y M(isol(ww; , o)
=y 2(isol(wwy; , a)
z3

~ L0+ Zz 1(6-2(p;
AT n nt

~ o Y6+ 6

A6

~ 4§

PROOF (OF PROPOSITION @ Assumptions:

q,r € Basic and ¢, r € TauFree and Act(q), Act(r) C dom(E)
and Bound(q) Mv =0 and Bound(r) mu =) and v* # u?

Observations:

e Recall

(Z1)

g, r € Basic and ¢, r € TauFree and Act( ), Act(r) C dom(E)
and Bound(q) Mv =) and Bound(r) Mu = and v* # uf

by Z1. Then, conclude
isol(v, ¢) = > isol(vv; , B;) + Z L (isol(vv} , B7) - q})
and [[B; € TauFree and Act(B;) C dom(Z)| forall 1 <i<m
and [,B; € TauFree and Act(B] C dom(Z ] forall 1 <i<m/

fsol(u, ) = 3 ol (uus , 7) + 1L (sol(uu, ) - 7))
and | and [[[['yl € TauFree and Act(y;) C dom(Z)| forall 1 <i< l]]

and ||y, € TauFree and Act(y}) C dom(E)| forall 1 <i <V
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by Proposition [1§| (Z2).
e Recall v # u! by Z1. Then, conclude
{qug # uﬁug and vﬁvﬁ1 # uﬁu;ﬁ, and v%ﬁ‘ # uﬁug- and vﬁvﬁi # uuu;ﬁ,
forall [I<i<mand 1<j<land 1<¢<m' and 1<j <V

by ZFC. Then, conclude

[ (v0;)* # (wuy)* and (vvy)* # (unf,)? ]
and (vvf,)f # (uu;)F and (vvj)* # (uuf,)?

for all [lgigm and 1<j<l and 1<¢ <m' and 1§j'§l’]

by the definition of § (Z3).

e Recall [
[[B: € TauFree and Act(B;) C dom(E)] for all 1 <i < m]
and H,B’ € TauFree and Act(8}) C dom(= ] forall 1 <i< m’]
and [|y; € TauFree and Act(y;) C dom(E)] forall 1<i<]I
and [[['yZ € TauFree and Act(y]) C dom(Z)| forall 1 <i< lj]
by Z2} and [

[ (vv;)* # (uu;)® and (vv;)* # (ngl)ﬁ ]
and (vv),)! # (uu;)* and (vv],)F # (uug/)u

for all [1§i§m and 1<j<l and 1<i <m and 1§j’§l’]
by Z3]. Then, conclude

?(isol(vv; , Bi) | isol(uu;j , ;) ~ 8 1<i<m
and ?(isol(vv; , B:) | isol(uuf, , ¥%,)) ~ ¢ for all and 1<j <1
and ?(isol(vv, , B,) | isol(uu; , 7;)) =6 and 1 <#¢ <m/
and ?(isol(vvj, , B,) | isol(uuj, , ¥,)) =~ and 1 <j <V

R IR

by Proposition (3| (Z4).
e Conclude (Z5):

?(isol(v, q) | isol(u, 1))

~ X isol(vuy , Bi) + S, (isol(vuf, B]) - ) |
SOy isol(uu; , i) + S, (isol (uul , %) - 74))

< (D ok (isol(vur, Bi) | Tsol(uuy , ;) +
i 1222’ y(isol(vv; . B) | (isol(uw , 75) - 7)) +
> 27 ((isol (e, B}) - q}) | Tsol(uu; , 7)) +
S S (Gisol(vvf, BL) - q}) | (isol(undy , %) - 7))
(o Gisol(vur, Bi) | ol(uuy , ) +

MM
15
i
=l

&
Il
-

3
1.7
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o
e

LTI X Clisoltvur, Bi) |sol(uug 7)) - 2(d | 7)) +
Sy S (isol(vws  Bo) | sol(u, 4})) 20 |75 +)) +
Sy S (Yisol(wnf B1) |sol(wug 3,)) - 2af - 7)) +
S S (2isol(vo, B | Tsol(utd, , ) - 2(dl - || 7 -1)
~ S e (820 7))+ S0 ST (620 ) +
S S G )+ S S 62 )
D YAID DT NI DD DT N DD DANE RS DD Syl
5

Conclude the consequent of this proposition by and-ing the results in Z5 and Z6.

PROOF (OF PROPOSITION . Assumptions:

q,r € Basic and ¢, r € TauFree and Act(q), Act(r) C dom(E)

and Bound(q) Awe =0 and Bound(r)Awf =0 and e # f (21)

Observations:

o Recall
q,r € Basic and ¢, r € TauFree and Act(q), Act(r) C dom(E)

and Bound(¢) mwe =0 and Bound(r)Mwf =0 and e # f
by Z1. Then, conclude
isol(wev} , B5) - q})

i
omE]foralllgigm
dom E] forall 1 <i<m/

isol(we , q) = Y"1 | isol(wev; , B;)
and [ﬂl € TauFree and Act(B;) C
and [,B; € TauFree and /—\ct(,B’ C

+
d

Rol(wf, ) = YL, Bol(wfui, i) + X, (Sol(wful, 4)) - 17)
and |and ||y; € TauFree and Act(y;) C dom(E) forall 1 <i</|
and ||y, € TauFree and Act(y}) C dom(E)| forall 1 <i <V

by Proposition [1§] (Z2).

e Recall [
[[Bi € TauFree and Act(B;) C dom(E)] forall 1 <i < m]

and [[B; € TauFree and Act(B]) C dom(Z)] forall 1 <i < m/]
and ’yZ € TauFree and Act(y;) € dom(Z)| forall 1 <3< l}
and [|v; € TauFree and Act(y;) C dom(E)]| forall 1 <i <]

by ZZ} and [e # f by Zl]. Then, conclude

?(isol(wewv; , B;) | isol(wfuj, v;)) =~ 1<i<m
and ?(isol(wev; , B;) | isol(w ful, , v},)) ~ & for all and 1 <j <]
and ?(isol(wev},, B7,) | isol(wfu;, ;) = ¢ and 1 <¢ <m/
and ?(isol(wev;, , B,) | isol(wfuj, , v},)) =~ and 1 <j <V

by Proposition [4] (Z3).
e Conclude (Z4):
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?(isol(we , q) | isol(wf , 1))

~ (30" isol(wev;, B )+ZZ”'1(|sol(wev CARYAN
Stz sol(w fus, i) + S (ol (w fuf, v}) - i)

~ (XL 121 \(isol(wevi , B;) |isol(w fuy , ;) +
i 227 (isol(wevi , By) | (isol(w fuy, 75) - 15)) +
i 1 ((isol(wevy , B7) - q;) | isci(wfuj ,Y5)) +
Z:nﬁ > ((isol(wevy, B7) - ;) | (isol(w fuly, 4;) - 7))

S5,56

1R

]
':‘3
17

(3 /
YLy 3 (ol ) | isol(w fuf , ]) - ) +
221 Z{=1('50|(wevg ) ﬂ;) | il(wfuj ) ’YJ) q{) +
S (isol(we,, BY) | isol(wful, v)) - (] 1l 7))
=D Xy Hisol(wers, i) | Tsol(wfus ;) +
PO ZZ’ \ ?(isol(wev, i) | isol(wfuf, ¥}) - ) +
> X Hisol(wev, A1) | isol(wuj , ;) - af) +
S S 2isol(wed!, B) |isol(wful , )) - (dl || 7))
S Sl z;,:l ?(isol(wew; , B;) | isol(w fuy , ;) +
Sy Z#ﬂ?(usel(wevz , Ba) isol(wfuly, v%)) - 2(r%)) +
> 2y (Uisol(wen, ) | isol (wfu , ;) - 2(al) +
S S (2isol(wew), BY) |isol(w i, 4) - 2(dl || 7))
= T Tad+
S S (@20 ) + S S (0 2gh) + S S (8 2(a I )
SR DI DT NS Ul DT NI Dl SN RS Dl D
~ s

e Conclude (Z5):

2((isol(wz, q) - ) | (Sol(wa, ) -1"))

~ H{(OYS llsol(wevz,ﬂz)—i—zl 1(|sol(wev BY)-ad))-q) |
(5 ol(wfus, 7:) + -0, (sol(wful, 75) - 71)) - 1)

=~ 7((2%03'(@0602»&)- )+EZ"/1('SO'(U}€U Bi) -4 Q’))\
(St (Sol(w fui , vi) - 1) + S0, (isol (w fuf ;) - i - 1))
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~ AL, X ((isol(wevi, Bi) - ) | (ol (wfuq , i) 1)) +
ity S ((isolwevs, Bi) - ') | (ol(w sy, 7)) 75 -77) +
Y X (Gsol(wevf 1) g ) | (ol(wfui 7)) +
S S0 (Gisol(wevf , B7) - g - q') | (isol(w s, ) -7 -17)))
= A, Sl Gsol(weus , Bi) | sol(wfuy, v;) - (g || ) +
Yoty Y (isol(wevs , By) [ Sol(w sy, 45) - (a' || 75 ) +
Yy 32 (isol(wer, By) |Tsol(w u; s v,) - (ai - I 7))+
Sy Sy (isol(wevy , B) | sol(wfuj . +5) - (¢} - || 7 -7)))
SRR Y Misol(wev:, Bi) | Tsol(wfus, ;) - (¢ || ) +
YLy S Yisol(wevi, Bi) | sol(wu 7)) - (a' || 75 -1')) +
Yy 3y Yisol(wen, B) | sol(wfu; ;) (a4 1) +
Sy Yoy 2isol(wev] , B) | sol(wful, ¥5) - (a} -’ || 7 - 1)
=X S Clsolwens, Bi) | ol(w i, 1) (a7 N+
YLy X (Pisol(wes, ) | ol(w s, 7)) - 2(a’ || 75 -17)) +
Yy Xy (Pisol(wen, ) | sol(wfu; ;) - 2(ai - o )+
Sy Yy (2isol(wevy . B7) | Tsol(w fu , ) - 2(a; -’ || 7 - 1)
=T T2 ) + L S 62 ) +
D SN CRNCR T O)ESD D zﬁ’ NCRR AT EA)
IR VEDVELED vit) VR ED Vil HEEES Vil
~ 6

Conclude the consequent of this proposition by and-ing the results in Z4 and Z5.

PROOF (OF PROPOSITION [8]). Assumptions:

e [p € Basic and p € TauFree and Act(p) C dom(Z) and Bound(p) @

Observations:

e Recall

w = 0] (21).

p € Basic and p € TauFree and
Act(p) C dom(Z) and Bound(p) mw = ()

by Z1. Then, conclude

S isol(ww; , ) + 32
[a; € TauFree and Act(ozZ ) € dom(Z
[a) € TauFree and Act(a}) C dom(Z

isol (w, p) ~
and
and

by Proposition [1§| (Z2).
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} forall 1<i<n
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e Conclude [Bound(e;) = 0 for all 1 <i < ¢] by the definition of Bound. Then, conclude [Bound(a;) M
ww; =0 forall 1 << E] by the definition of A (Z3).

e Conclude [Bound(a}) =0 for all 1 <i < ¢] by the definition of Bound. Then, conclude [Bound(a) @
wwj = for all 1<i< /| by the definition of @ (Z4).

e Recall Hai € Basic forall 1 <i < n] by the definition of Basic} and [[al- € TauFree and Act(o;) C
dom(Z) for all 1 < i < n| by Z2] and [[Bound(a;) Mww; = @ for all 1 < i < ¢] by Z3]. Then,
conclude [? (ISO|(’LU’LUZ ,a;)) =8 forall 1 <i<n|by Prop051t10n (Z5).

e Recall [[a] € Basic for all 1 <i < n’'| by the definition of Basic| and [[a] € TauFree and Act(a]) C
dom(Z) for all 1 < i < n| by Z2] and [[Bound(a}) mww; = @ for all 1 < i < ¢] by Z4]. Then,
conclude [? (lsol(ww a}))~¢ forall 1<i<n]by Proposition (Z6).

o Conclude (Z7):

?(isol(w, p) || )

~ (X isol(ww , ;) + S (isol(ww , o) - 1)) |L )
I

(iso
=2 (isol(wwi, @) | g) + X1 ((sol(ww), ) - L) |L 4))
TR (0 (sol(wwy , @) - q) + X1 (isol(ww) , @) - (9} | 9))
Y 2(isol(ww, i) - q) + X0, 2(isol(wa, o) - (0} | 9))
2T (2(sol(wwy, @) - 2()) + X0, ((isol(wa, @) - ?(w || @)
: S0 7(0) + 1 (8- 20 | 9))
= Zi:15+2?;15

)

o Conclude (Z8):

] ?((isol(w, p) - ') || @)
=~ (20 isol(ww; , @) + Y7 ('50|(1f1027 a;) 'Pé))' )9
~ 2 1(|sol(wwZ yoq) )+ Ziél(isol(ww’ ARYY )) Il ¢

)

~ 2 ((sol(wwy , i) - p') L q) + X1 ((isol(ww, o ) ') L 9)

" (isol(ww; , i) - (9" || @) + Y1 (isol (wu,, o) - (pi I9))
E": ?(isol(ww; , &) - (¢ || @) + Y0, 2(isol(ww} , o) - (9} || 9))
~ Y (2(isol(ww; @) 20 | q)) + S0 (2(isol (ww), o)) - 2(p | q)
=~ S (620 1) + 2 (8- 2 |l @)
= Z?:l o+ Zlil g
~ 1)

Conclude the consequent of this proposition by and-ing the results in Z7 and Z8. O

D. Proofs for Section [5.3|

PrOOF (OF LEMMA [I]). Assumptions:
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e [p € Basic and p € TauFree and Act(p) € dom(Z) and Bound(p) mw = 0] (Z1).

Observations:

e Recall [p € Basic and p € TauFree and Act(p) C dom(Z) and Bound(p) @ w = (] by Z1. Then,

conclude

?(isol(w , p) || isol(w, p)) ~ 6 and l@(w, p) || isol(w, p)) =&
and ?((isol(w, p) - p') || (isol(w, p) - 7)) =4
and ?((isol(w, p)-p') || (isol(w, p) -p')) ~¢

by Proposition 8| (Z2).
e Conclude (Z3):

?(isol(w , p) ||

sol(w , p))
?isol(w , p) || Bol(w, p) + Bol(w, p) || isol(w, p) +isol(w, p) | Sol(w, p))

?(isol(w, p) | isol(w, p))

e Conclude (Z4):

?((isol(w , p) -

~ ?((isol(w, p) -
(isol(w, p) -

< 2((isol(w, p)
2((fsol(w, p) -
?((isol(w, p) -

p') |l (isol(w, p) -

2(isol(w , p) || Isol(w, p)) + ?(isol(w, p) || isol(w, p)) +

6+ 6+ ?(isol(w, p) | isol(w, p))
?(isol(w , p) | isol(w, p))

P))

-P') + (isol(w, p) - 7) | (isol(w, p) - p') +

§+ 3+ ?((isol(w, p) - p') | (isol(w, p) - F))
?((isol(w, p) - p') | (isol(w, p) - 7))

Conclude the consequent of this lemma by and-ing the results in Z3 and Z4.

PRrROOF (OF LEMMA [2)). Assumptions:

q+r € Basic and ¢+ r € TauFree and
Act(q +7) C dom(Z) and Bound(q+7)Aw =0

Observations:

(Z1)

e Recall g + r € Basic by Z1. Then, conclude ¢, r, ¢ + r € Basic by the definition of Basic (Z2).

e Recall ¢+ r € TauFree by Z1. Then, conclude ¢, r, ¢+ r € TauFree by the definition of TauFree (Z3).
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Recall Act(g+r) C dom(E) by Z1. Then, because Act(q+1) = Act(g) UAct(r) by the definition of Act,
conclude Act(q) U Act(r) C dom(Z). Then, conclude Act(q), Act( ) € dom(E) by ZFC. Then, because
Act(q + r) € dom(E) by Z1, conclude Act(q), Act(r), Act(q + r) C dom(Z) (Z4).

Recall Bound(q +7) Mw = @ by Z1. Then, because Bound(q + r) = Bound(q) U Bound(r) by the
definition of Bound, conclude Bound(g) U Bound(r) @ w = . Then, conclude [Bound(q) @ w = () and
Bound(r) @ w = 0] by ZFC (Z5).

Recall [q r, ¢g+r € Basic by ZQ] and [q, r, ¢+ € TauFree by Z3} and [Act(q) , Act(r), Act(g+r) C
dom(E) by Z4] and [[Bound(¢) mwl =0 and Bound(r) Mw2 = and Bound(g+r)mw = 0] by Z8].
Then, conclude

?(isol(w1, q) || isol(w1, q)) (isol(w1, q) | isol(w1, q))

~ ?
and ?(isol(w2, r) || isol(w2, 7)) ~ ?(isol(w2, r) | isol(w2, 7)) and
?(isol(w, ¢+ 7) || isol(w, g + 7)) ~ ?(isol(w, ¢+ r) | isol(w, g + 1))

by Lemma |1] (Z6).

Conclude 1, 2 ¢ Var by Definition [2| Then, because Bound(q), Bound(r) C Var by the definition of
Bound, conclude 1, 2 ¢ Bound(q), Bound(r) (Z7).

Recall [1, 2 ¢ Bound(q), Bound(r) by Z7] and [[Bound(¢q) @ w = 0 and Bound(r) @ w = 0] by Z5|.
Then, conclude [Bound(q) M w1l = ) and Bound(r) @ w2 = @} by Proposition Then, because
Bound(q + ) mw = () by Z1, conclude [Bound(q) @ w1 = () and Bound(r) @ w2 = § and Bound(q +
r)mw = 0] (Z8).

Conclude 1 # 2 by Definition [2 Then, because [1ﬁ =1 and 2 = 2} by the definition of f, conclude
1¥ # 2f. Then, conclude wf1% # w#2% by ZFC. Then, conclude (w1)* # (w2)* by the definition of #
(Z9).

Recall [q, r € Basic by 72| and [q, r € TauFree by Z3] and [Act(q), Act(r) € dom(Z) by Z4] and
[[Bound(q) @ w1 = () and Bound(r) M w2 = ()] by Z8] and [(w1)* # (w2)? by Z9]. Then, conclude

?(isol(w1, q) | isol(w2, r)) =~ ¢ and ?(isol(w2, r) | isol(wl, q)) =~ ¢

by Proposition [6] (Z10).

Conclude:

split

z6
~

isol, isol

split(w, g+ 1)

?(isol(w, g 4 7) || isol(w , ¢ + 1))

?(isol(w, g + 1) | isol(w, g + 7))

?((isol (w1, q) +isol(w2, r)) | (isol(w1, ¢) + isol(w2, 7)))

?(isol (w1, q) | isol(w1, q) + isol(w1, ) | isol(w2, r) +
isol(w2, r) | isol(wl, q) +isol(w2, r) | isol(w2, 7))

?(isol(w1, q) | isol(w1, q)) + ?(isol(w1, q) | isol(w2, 1)) +
?(isol(w2, r) | isol(w1, q)) + ?(isol(w2, r) | isol(w2, 7))
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+ 0+ 0+ ?(isol(w2, r) | isol(w2, 7))
+ ?(isol(w2, 7) | isol(w2, 7))

~  ?(isol(wl, q) | isol(wl, q)) + ?(isol(w2, r) || isol(w2, 1))

= split(wl, q) + split(w2, r)

~ ?(isol(w1, q) | isol(w1l, q))
i isol )

~  ?(isol(wl, q) | isol(wl, ¢

O
PrROOF (OF LEMMA . By case distinction on the value of c.
Case: ¢ =~ true. Conclude:
split(w, ¢ = qor)
= 2isol(w, ¢ — gor) | isol(w, ¢ — gor))
(e — isol(wl, q) oisol(w2, 7)) || (¢ — isol(wl, g) o isol(w2, )))
=T 2((true — isol(w1, ) oisol(w2, 1)) || (true — isol(wl, g) ¢ isol(w2, r)))
Mie ?(isol(w1, q) || isol(w1, g))
= split(wi, q)
R true — split(wl, g) o split(w2, r)
Case L, split(w1, ¢) o split(w2, r)
Case: ¢~ false.
split(w, ¢ = qor)
el ?(isol(w, ¢ = g or) || isol(w, ¢ = gor))
"= (e —isol(wl, q) oisol(w2, 7)) || (¢ — isol(w1, ) o isol(w2, 1))
=" 2((false —» isol(w1, q) oisol(w2, 1)) || (false — isol(w1, g) o isol(w2, 7))
oSt ?(isol(w2 , 7) || isol(w2, 7))
= split(w2, )
“2 Jalse — split(w1, q) o split(w2, )
Case ., split(w1, q) o split(w2, r)
O

PROOF (OF LEMMA [4]). Assumptions:

> velds,. a4 €Basicand 37 ;. q€ TauFree and

. - 71).
Ao, ay @) C dom(Z) and Bound(Y,cqs gy a)mw=0) AV
Observations:
e Recall Za:e{dl,...,dg} q € Basic by Z1. Then, conclude ¢, Zze{dh___7d€}q € Basic by the definition of
Basic (Z2).

e Recall Zwe{dhm’d[} q € TauFree by Z1. Then, conclude ¢, Z.’L‘E{dl,...,dz} q € TauFree by the definition
of TauFree (Z3).

74



Recall Act(zme{d1 ____
definition of Act, conclude Act( ) C do (E) Then, because Act(},c(q4,
conclude Act(q) , Act(},cqq,....a,3 9) € dom(E) (Z4).

Recall Bound(3_, ¢4, q,3 @) Aw =0 by Z1. Then, because Bound (3, c (4, 4,1 9) = Bound(q) U {z}
by the definition of Bound, conclude Bound(q) U {z} @ w = (). Then, conclude [Bound(¢) @ w = () and
{z} mw = 0] by ZFC (Z5).

e} q) C dom(Z) by Z1. Then, because Act(zze{d1 ’’’’’ o} q) = Act(q) by the
4,1 9) € dom(Z) by 71,

.....

.....

Recall 3°, (4, 4,3 4 € Basic by Z1. Then, conclude z ¢ Bound(q) by the definition of Basic (Z6).

Recall [z ¢ Bound(g) by Z6] and [Bound(q) @ w = () by Z5]. Then, conclude Bound(q) @ wz = @ by
Proposition [16] (Z7).

Recall [Bound(q) @ wz = 0 by Z7] and [Bound(zxe{dhwd&q) Mw = () by Z1]. Then, conclude
[Bound(g) @ wz = and Bound(}, 4y, a0y @) Aw = 0] by ZFC (Z8).

.....

Recall [q, > ,cra,. . d € Basic by Z2] and [q, >, cr4, 43¢ € TauFree by Z3] and [Act(q),
ACt(Zme{dl,...,dg} q) C dom(Z) by Z4] and [[Bound(q) Mwz =0 and Bound(g:ze{d1 _____ ds }q AW = @]
by Z8}. Then, conclude
?(isol(wz , q) || isol(wz , q)) ~ ?(isol(wx , q) | isol(wx, q))
and ?(isol(w, 3" ca,. a3 @) |l E‘(ja D weldr,de} 1))
=~ ?(isol(w, er{dl,“.,dg} q) | isol(w, Zme{dl,.‘.,dg} q))

by Lemma [1| (Z9).

Recall {2} mw = () by Z5. Then, conclude = ¢ w by the definition of M (Z10).

Recall [¢ € Basic by Z2] and [z & w by Z10] and [Bound(q) Rwz = () by Z7]. Then, conclude [isol(wx
q)[d; /x] = isol(wd; , qld;/x]) for all 1 <i < /] by Proposition (Z11).

Conclude [di € Elem for all 1 < < E] by the definition of } . Then, because [Bound(q) C Var
by the definition of Bound| and [Elem N Var = § by Definition , conclude [d; ¢ Bound(q) for all
1<i</{] (212).

Recall [[d; ¢ Bound(q) for all 1 < i < ¢] by Z12| and [Bound(q) @ w = () by Z5]. Then, conclude
[Bound(q) mwd; =0 forall 1<i< /(] (Z13).

Recall [q € Basic by Z2] and [q € TauFree by Z3] and [/—\ct(q) C dom(Z) by Z4] and [[Bound(q)rﬂwdi =
O forall 1<i< E] by Z13} and [Hdl #dj or i = j] forall 1 <7, 5 < @] by ZFC]. Then, conclude
[[ ?(isol(wd; , q[d;/x]) | isol(wd; , q[d;/x])) ~ 6 or i = j| for all 1 < i, j < (| by Proposition
Then, conclude
Y 2 2y 2isol(wd; , qldi/a]) | isol(wd; , gld;/x])) ~ &
and Y[, Y5, ?(isol(wd;, qldi/]) | isol(wd; , qld;/x])) ~
by ZFC (Z14).
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Conclude:

el

S

k]
=

split(w, 3 e ray..dpy @)
?(isol(w, er{dl de} q) || isol(w, Zze{dl ,,,,, de} a))
isol(w, X peay,....dt ) | isol(w, Dweidr,nd} D)
P(wetdr,.ndyy 501w, @) | Yeay.....a0y 150N w2, q))
2(Cie 1usol<wa: q)ldi/z] | Y, isol(wx , q)[d;/])
”(Zf yisol(wd; , qldi/]) | Soi_, isol(wd; , qld;/]))
(it X 'Sol(wdi, qldi/z]) | isol(wd; , qld;/x]))
]

.....

.....

-~J -~
—~~

Se o4 2isol(wd; , qld; /) | isol(wd; , qld;/<]))
STio1 052 Hisol(wdy , qldi/a]) | isol(wd; , qld;/a])) +
Y%y X isol(wds, qld;/a]) | sol(wd, glds /) +
S Yy 2isol(wd; , qldi/)) | isol(wd; , gld;/a]))
Z’L IZ .

27 1zj i (.somwd“ gldi/x]) | Tsol(wd; , qd; /z])) +
Zz:l Z]:H—l

S5, (isol(wd; , qld;/x]) | isol(wd; , q[d:/x]))

]
7(22 1 '50|(de qld;/2]) | isol(wd; , q[d;/x]))
7(2 _isol(wz , q)[d; /] | isol(wx, q)[d;/x])
7(21 L(isol(wz, q) | isol(wz , q))[d;/x])
?(er{dl ..... de} isol(wz , q) | isol(wz, q))
D veids,...apy [(isol(wz , ) |isol(wz, q))
Dveldr,...dpy [(isol(wz , q) | isol(wz , q))
vl SPlit(wz , q)
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Lemma 6 (Prepreservation lemma for -).

[p € Basic and p € TauFree and Act(p) C dom(Z) and Bound(p) @ w = 0]

implies ?((isol(w, p) - p') || (isol(w, p) - B')) ~ split(w, p) - 2(p' || P')
PROOF. Assumptions:
e [p € Basic and p € TauFree and Act(p) € dom(Z) and Bound(p) mw = 0] (Z1).

Observations:

e Recall [p € Basic and p € TauFree and Act(p) C dom(Z) and Bound(p) m w =

conclude

?(isol(w, p) || isol(w, p)) ~ ?(is
?((isol(w, p) - p') || (isol(w, p) - P')) ~

by Lemma [1| (Z2)
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ol(w, p) | isol(w, p)) and
?((isol(w, p) - p') | (isol(w, p) - 7))

0] by Z1. Then,




Proceed by induction on the structure of p.

Base: p = a. Conclude:

?((isol(w , p) - p') || (isol(w, p) - 7))
Bf ?((isol(w, p) - p') | (isol(w, p) - B'))
= ?((isol(w, @) - p') | (isol(w, @) - 7))
= ?(isol(w , a) | isol(w, &) - (p' || 7))
2 ?(isol(w , a) | isol(w, @)) - 2(p' || D)
"= 2(isol(w, p) | isol(w, p)) - 20 || 7')
= ?(isol(w , p) || isol

split

= split(w, p)-?(p

Step: [p =qg+4+ror p=qg-rorp=c—->qor or p= ng{dl,,,_,dz} q] Assumptions:
e Induction hypothesis (IH):

p € Basic and p € TauFree and implies
Act(p) C dom(Z) and Bound(p)mw = 0| P
2((isol(ir, p) - ') | (isol(ib, p) - §)) = split(w, ) - 7' || B

forall pe{q, r}U{q[d;/z]|1<i<{}

Proceed by case distinction on the structure of p.

Case: [p:qur or p=g¢q-r or p:cwqor]. Observations:

e Recall p € Basic by Z1. Then, because [p =qg+4+rorp=q-rorp=c— q<>r] by the
definition of this case, conclude [q + 7 € Basic or ¢-r € Basic or ¢+ qor € Basic]. Then,
conclude ¢, r € Basic by the definition of Basic (Z3).

e Recall p € TauFree by Z1. Then, because [p =q+rorp=gq-rorp=c— q<>r] by the
definition of this case, conclude [q—i—r € TauFree or ¢-r € TauFree or ¢ — gor € TauFree].
Then, conclude ¢, r € TauFree by the definition of TauFree (Z4).

e Recall Act(p) C dom(Z) by Z1. Then, because [p =q+rorp=q-rorp=c-—> qor} by
the definition of this case, conclude

Act(q 4+ r) € dom(ZE) or Act(q-r) C dom(E)
or Act(c — gor) C dom(E)
Then, conclude Act(g) U Act(r) C dom(Z) by the definition of Act. Then, conclude Act(q),
Act(r) C dom(Z) by ZFC (Z5).
e Recall Bound(p) mw = () by Z1. Then, because [p =qg+rorp=q-ror p=c-—» qor] by

the definition of this case, conclude

Bound(¢+r)mw =0 or Bound(g-r)mw =10

)
or Bound(c —»gor)mw =10
Then, conclude Bound(g) U Bound(r) @ w = @ by the definition of Bound. Then, conclude
[Bound(q) Mw =@ and Bound(r) Mw = ()] by ZFC (Z6).
e Conclude 1,2 ¢ Var by Definition Then, because Bound(q), Bound(r) C Var by the
definition of Bound, conclude 1, 2 ¢ Bound(q), Bound(r) (Z7).
7



e Recall [1, 2 ¢ Bound(q) , Bound(r) by Z7] and [[Bound(q) @ w =@ and Bound(r) mw = 0)
by Z10]. Then, conclude [Bound(q) @ w1l = § and Bound(r) @ w2 = ] by Proposition
(Z8).

e Recall [q, r € Basic by Z3] and [q, r € TauFree by Z4] and [Act(q), Act(r) C dom(Z) by
75| and [[Bound(q) Mwl =0 and Bound(r) @ w2 = ()] by Z8]. Then, conclude

?((isol(w1, q) - p') | (isol(w1, q) - P')) == split(w1, q) - ?(p" || P')
and ?((isol(w2, r)-p’) | (isol(w2, r) - 7)) ~ split(w2, ) - ?(p’ || D)

and ?((isol(w1, q) -isol(w2, ) - p') | (i
~ split(wl, q) - ?((isol(w2, 7") /

isol(w1, q) -isol(w2, r) - p'))
p') | (isol(w2, r) - 7))

and ?((isol(w1l, q) - isol(w2, 1)) | (iscL@vl, q) -isol(w2, 1)))
~ split(w1, q) - ?(isol(w2, r) || isol(w2, ))

by TH (Z9).
Proceed by case distinction on the structure of p.

Case: p = g + r. Observations:

e Conclude 1 # 2 by Deﬁnition Then, because glu =1 and 2f = 2] by the definition of
#, conclude 1% # 2f. Then, conclude w#1? # w#2f by ZFC. Then, conclude (w1)! # (w2)?
by the definition of # (Z10).

e Recall [q, r € Basic by Z3| and [q, r € TauFree by Z4] and [Act(q), Act(r) C dom(Z)
by Z5] and [[Bound(¢q) w1 = 0 and Bound(r) @ w2 = @] by Z8] and [(w1)? # (w2)*
by ZIO]. Then, conclude

?((isol(w1, q) - p )
and ?((isol(w2, r) -

@ —_
py
(71
Q
g
s
Q
N—
&
N~—
[2
(o9

by Proposition [f] (Z11).
e Recall [p € Basic by Z3| and [p € TauFree by Z4] and [Act(p) C dom(Z) by Z5] and
[Bound(p) Nw = § by Zl] . Then, because p = g+ by the definition of this case, conclude

q +r € Basic and g+ r € TauFree and
Act(¢+r) C dom(Z) and Bound(q+r)Nw =10

Then, conclude split(w, g + r) ~ split(w1, ¢) + split(w2, r) by Lemma [2| (Z12).

Conclude:
- lisol(w, p) ') || (isol(w, p) - 7))
~  ?((isol(w, p) - p') | (isol(w, p) - D))
=T 2(isol(w, g +7) - p) | (sol(w, g +7) - )
isoL@ ?(((E(wlﬂ q)—i—isﬂ(wQ,T’))‘p/) |
((isol(w1, q) +isol(w2, r)) - 7))
=~ 2(((isol(wt, q) - pf) + (isol(w2, ) p)) |
((isol(w1, q) - P') + (isol(w2, r) - 7))
~ ?((isol(w1, q) - p') | (@(Uﬂa q)-7)+
(isol(w1l, q) - p') | (E(w2, r)-7)+
(isol(w2, ) - p') | (E(Uﬂv q)-7)+
(isol(w2, r) - p) | (isol(w2, r) - 7))



~  ?((isol(w1, q) - p') | (isol(w1, q) - 7)) +
?((isol(w1, q) - p') | (isol(w2, 7) - F')) +
?((isol(w2, ) - p') | (isol(w1, q) - F')) +
?((isol(w2, ) - p') | (isol(w2, r) - 7))
. split(wl, q) - 2(p' | P') + 8 + & + split(w2, r) - 2(p" | D)
~  split(wl, q) - 20 || ) + split(w2, 7) - 2(p/ || B)
N (split(w, q) + split(w2, r)) - 2(p' | P)
~  splittw, g +7) -2 || P )

18

split(w, p) - 7(p" | P')
Case: p = g - r. Observations:
e Recall [r € Basic by Z3| and [r € TauFree by Z4] and [Act(r) C dom(Z) by Z5] and
[Bound(r) @ w2 = () by Z8]. Then, conclude

?((isol(w2, 7) - p') || (isol(w2, r) - B')
=~ ?((isol(w2, ) - p') | (isol(w2, r) - p’))

by Lemma (1] (213).

Conclude:
?((isol(w, p) - p') || (isol(w, p) - 7))
= 2((lsol(w, p) p) | (o, p) 7))
=" (isol(w, g-7)-p) | (isol(w, q-7)-P))
e ?((isol (w1, q) -isol(w2, 7) - p') | (isol(w1, q) - isol(w2, r) - 7'))
< split(w1, q) - ?((isol(w2, r) - p') || (isol(w2, ) - 7))
~  split(wl, q) - ?((isol(w2, r) - p') | (ol(w2, r) - 7))
2 split(wi, q) - split(w2, 1) - 20 || P)
= split(wi, q) - 2(isol(w2, r) || isol(w2, 7)) - 2(p' || P')

?((isol(w1, q) - isol(w2, 1)) | (isol(w1, q) - isol(w2, 7))) -
@ 1P)

?(isol(w, ¢ - 1) | isol(w, g 7)) - ?(p" | ')

?(isol(w , p) | isol(w, p)) - ?(p" || )

?(isol(w, p) | isol(w, p)) - ?(»" || 7')

split(w, p) - ?(p" || P')

Case: p=c— gor. Proceed by case distinction on the value of c.

v Q &
e ¥ g %
0]

Case: ¢ = true. Conclude:

?((isol(w, p) - p') || (isol(w, p) - 7))

?((isol(w, p) - p") | (isol(w, p) - "))

7((|so|(w true — qor)-p') | (isol(w, true = gor)-p'))
(

g Q
Hg-‘ ||§ [N

?2(((true — isol(w1, q) oisol(w2, r)) - p') |
((true — isol(w1, q) oisol(w2, 7)) - 7))
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COND1 . — _
~  ?((isol(w1, q) - p) | (isol(wl, q) - P'))
Z9 . —
~  split(wl, q) - (p" | D)
COND1 . .
~  (true — split(wl, q) o split(w2, 7)) - (p' | D)
Lemém split(w, true — qor) - (p' || D)
Case . —,
= split(w, p)- (' [ D)
Case: ¢ = false. Conclude:

?((isol(w , p) - p') || (isol(w, p) - 7))

?((isol(w, p) - p') | (isol(w, p) - 7))

?((isol(w, false — qor)-p') | (isol(w, false —qor)-P))
(

7((
(
27 2((isol(w2, 1) - p') | (sol(w2, 1) - B))
= split(w2, r) - (p' || P)
o (false — split(wl, q) o split(w2, r)) - (p' || P)
Lemém split(w, false — qor)-(p' || D)
Case

= split(w, p)- (¢ | 7)

aQ
g 1%
o

7
S
=
g

(false — isol(w1, q) oisol(w2, 7)) - p') |
(false — isol(w1, q) visol(w2, r)) - 7))

Case: p=3}_ (4, 4, ¢ Observations:

Recall p € Basic by Z1. Then, because p = ZxE{dh..-,dz} q by the definition of this case,
conclude er{dl,.i.,dz} q € Basic. Then, conclude [q, q[d;/z] € Basic for all 1 <i < /] by
the definition of Basic (Z14).

Recall p € TauFree by Z1. Then, because p = Zze{dl,...,dg} q by the definition of this case,
conclude 3, ¢y ;1 ¢ € TauFree. Then, conclude lq, g[d;/z] € TauFree for all 1 <i < /]
by the definition of TauFree (Z15).

Recall Act(p) C dom(Z) by Z1. Then, because p = er{dl,‘..,dg}q by the definition of
this case, conclude Act(}_,c(q, . 4,3 9) € dom(E). Then, conclude [Act(q) , Act(q[d;/z]) C
dom(Z) for all 1 <4 < /] by the definition of Act (Z16).

Recall Bound(p) mw = () by Z1. Then, because p = Eze{dl AL by the definition of this
case, conclude Bound (3=, (4, . 4,3 @) Mw = 0. Then, conclude Bound(q) U{z} mw = 0 by
the definition of Bound. Then, conclude [Bound(q)mw =@ and {z}mw = 0] by ZFC (Z17).

Recall {z} mw = () by Z17. Then, conclude x ¢ w by the definition of M (Z18).
Recall Zme{dl,...,dz} q € Basic by Z1. Then, conclude x ¢ Bound(q) by the definition of Basic
(Z19)
Recall [z ¢ Bound(q) by Z19] and [Bound(q) M w = () by Z17]. Then, conclude Bound(q) M
wzx = () by Proposition [16| (Z20).
Recall [q € Basic by Zl4] and [x ¢ w by Z18] and [Bound )Awz = 0 by Z20}. Then,
conclude
isol(wz , q)[d;/x] = isol(wd; , q|d;/x])
and isol(wz , q)[d;/x] = isol(wd; , q|d; /x])]

by Proposition [17| (Z21).

} forall 1<i</

Conclude [d; € Elem for all 1 <i < ¢] by the definition of }_. Then, because [Bound(q) C
Var by the definition of Bound] and [Elem NVar = () by Deﬁnition, conclude [di ¢ Bound(q)
for all 1 <i</] (222).
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e Recall [[d; ¢ Bound(q) for all 1 < i < ¢] by Z22] and [Bound(q) @ w = @ by Z17]. Then,
conclude [Bound(q) mwd; =0 for all 1 <i< /(] (Z23).

e Recall [q € Basic by Z14] and [q € TauFree by Z15] and [Act(q) C dom(Z) by Z16] and
[[Bound(q) Mwd; =0 forall 1 <i< E] by 223} and [[[dz #d; or i = j} for all 1 <1,
7 < E]] by ZFC. Then, conclude

[?((isol(wd; , g[d;/x]) - p') | (isol(wd; , q[d;/x]) - P')) =& or i = j]
forall 1<i,j</

by Proposition [7] Then, conclude
Yioy Y52 2(isol(wd; , qldi/]) - p') | (isol(wd; , qld;/]) - P')) ~ 6
and Zz L Yieier 2((isol(wd; , gld; /x]) - p') | (isol(wd; , qld;/]) - P'))

by ZFC (724).

e Recall [Bound(q) mwd; = () for all 1 < i < ¢| by Z23. Then, conclude [Bound(¢[d;/z]) @
wd; =0 forall 1 <i< f] by the definition of Bound (Z25).

e Recall [[g]d;/z] € Basic for all 1 <i < ¢] by Z14] and [[g[d;/z] € TauFree for all 1 <i <
¢] by Z15] and [[Act(g[d;/z]) € dom(Z) for all 1 < i < ¢] by Z16] and [[Bound(q[d;/z]) @
wd; =0 forall 1 <i< é] by Z25}. Then, conclude

?((isol(wd , qld;/x]) - p') | (isol(wd; , g|di/x]) - F'))
~ split(wd; , q[d;/z]) - (0’ | D) forall 1 <i</

by IH (Z26).
e Recall [p € Basic by ZS] and [p € TauFree by Z4} and [/—\ct(p) C dom(Z) by Z5] and

[Bound(p) Nw =0 by Zl]. Then, because p = > Y by the definition of this case,
conclude

ze{dy,...,

>vefds,...d.y 4 € Basic 2irld > wcidy,...d) 4 € TauFree and
Act(D gy, a3 @) € dom(E) and Bound (3, cg, . g3 @) Nw =10

Then, conclude split(w, 3 c 4, a3 9) = X veay,....any SPlit(wz, q) by Lemma (Z27).
Conclude:
?((isol(w , p) - p') || (isol(w, p) - 7))
(( ,p)-p') | (isol(w, p) - 7))
ol Sy @ P |0 Sy ) 7))
= N(Xictdr,...apy isolwz, q)-p) | (Zme{dl,...,d@}@(u}x? q)-7))
izl ((Zz Jisol(wa, q)[di/a] - p') | (i, iol(wa, q)[d;/a] - 7))
((
((
(

~  ?((isol(w

2 9

Soi_yisol(wd; , qldi/x]) - p) | (X5, isol(wd; , qldi/x]) - 7))

~ (L Gsol(wdi , qldi/2)) - ') | (Cr_, (sol(wd; , q[di/x]) - 7))

~ (0, Y ((isol(wds, qldi/a]) ') | (sol(wd;, qld;/x]) - 7))
p

S 2(sol(wds , gldi/x]) - p') | (sol(wd; , qld; /=]) - 7))
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[t

i1 X 2((isol(wdi, qldi/al) - ') | (ol (wd; , q[d;/a]) - 7)
Yo Yo P(isol(wd; , qldi/al) - p/) | (sol(wd; , qld; /a]) -
ot i 2(isol(wds , qldi/x]) -p') | (sol(wd; , qld; /]

= Zf:l Z;;ll o+
Zg:l Z%:i?((iSOI(’wdﬂ qldi/]) - p') | (isol(wd; , qld;/]) - P)) +
Dim12j=it10

Y 2((isol(wd , qldi/a]) - p) | (Sol(wd; , qldi/2]) - P))
2t (split(wds , qldi/2)) - (0 || P'))
=S split(wd, qldi/z]) - (0 || 7)

=S 2isol(wd; , qldi/a]) || Tsol(wd , qld;/])) - (7' || 7)
2y 2isol(wa, q)[di/a) || Tsol(wa , q)[di/a]) - (¢ || B
LS Aisol(wa, q) || Tsol(wa, q))[di/a] - (¢ || P')

= S split(wa, q)[di/z] - (0 || )
St Ptz ) - (0 1| P)

~ osplit(w, 3oeqay,an @ @ 11P)
= splittw, p)-?(p' | 7)

PROOF (OF LEMMA [5]). Assumptions:

q-r € Basic and ¢ -r € TauFree and

Act(q-r) C dom(Z) and Bound(q-7)mw = () (Z1).

Observations:

Recall ¢ - r € Basic by Z1. Then, conclude ¢ € Basic by the definition of Basic (Z2).
Recall ¢ - r € TauFree by Z1. Then, conclude g € TauFree by the definition of TauFree (Z3).

Recall Act(q - ) C dom(Z) by Z1. Then, because Act(q - r) = Act(q) U Act(r) by the definition of Act,
conclude Act(q) U Act(r) C dom(Z). Then, conclude Act(q) C dom(ZE) by ZFC (Z4).

Recall Bound(g-7)mw = () by Z1. Then, because Bound(q-r) = Bound(q) UBound(r) by the definition
of Bound, conclude Bound(g) U Bound(r) M w = @. Then, conclude Bound(q) @ w = () by ZFC (Z5).

Conclude 1 ¢ Var by Deﬁnition Then, because Bound(gq) C Var by the definition of Bound, conclude
1 ¢ Bound(q) (Z6).

Recall [1 ¢ Bound(g) by Z6] and [Bound(g) @ w = @ by Z5]. Then, conclude Bound(q) @ w1 = 0 by
Proposition [16] (Z7).

Recall [¢ € Basic by Z2] and [q € TauFree by Z3] and [Act(q) C dom(Z) by Z4] and [Bound(g)mw1 = 0
by Z7]. Then, conclude

(isol(wt, g) -isol(w2, 1) || (Bol(wt, q) - Bol(w2, 1))
~ split(wl, q) - ?(isol(w2, r) || isol(w2, 7))

by Lemma [6] (Z8).
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Conclude:
split(w, g - 7)
= fisol(w, 1) || Bol(w, g 7))
" 2((isol(wl, ) -isol(w2, 7)) || (isol(w1, q) - isol(w2, 7))
~  split(wl, q) - ?(isol(w2, r) || isol(w2, 7))
= split(wl, q) - split(w2, r)

E. Proofs for Section [5.4]

PROOF (OF THEOREM [I]). Assumptions:
e [o € TauFree and Act(a) C dom(Z)] (Z1).
Observations:

e Conclude ) @ w = () by the definition of M. Then, because Bound(a) = (} by the definition of Bound,
conclude Bound(a) mw = 0 (Z2).

e Recall [a € Basic by the definition of Basic| and [[a € TauFree and Act(a) C dom(Z)] by Z1] and
[Bound(ar) @ w = () by Z2]. Then, conclude ?(isol(w, a) || isol(w, a)) ~ ?(isol(w, a) | isol(w, a)) by
Lemma [1] (Z3).

e Recall o € TauFree by Z1. Then, conclude

soltw, ) 2 L2 (a(d) U s 0) (") UL Ewu<ag><wb>
and sol(w, ) = L[ (ai(d}) U €, (a})(w?)) ;;
and a =[], ai(di) UL, al(d)) and Act(a)

by Proposition |11 (Z4).

e Recall Act(a) C dom(Z) by Z1. Then, because dom(Z) = {a | (w, a) € dom(¢) N dom(€)} by the
definition of dom, conclude Act(a) C {a | (w, a) € dom(¢) N dom(€)}. Then, conclude Act(a) C {
a | (w,a) € dom(§)} by ZFC. Then, because dom(§) C {1, 2}* x A by Definition [3] conclude
Act(a) C{a | (w, a) € {1, 2}* x A}. Then, conclude Act(a)) C A by ZFC (Z5).

e Conclude img(¢), img(¢) € Act \ (AU {tau}) by Definition |3 Then, because Act(a) C A by
conclude img(¢) , img(€) C Act \ (Act(a) U {tau}). Then, conclude Act(a) N (img(¢) Uimg(€)) = @
ZFC. Then, because Act(a) = J}_, a;UJ}" | a/ by Z4, conclude (|}, azUUZ 1 ab)N(img(&)Uimg (€ ))
(. Then, conclude [a;, a}, ¢ img(¢) Uimg({) forall [1 <i<n and 1< <n']] by ZFC (Z6).

e Recall [ai, al, ¢ img(¢) Uimg(€) for all [1 <i<nand 1<i < n’]] by Z6. Then, conclude
Cle. (@), (@) —tau | (s, a)Edom(g)ﬁdom(g)}(

U?/l(az( i) U & (ai) (w ))'—'I_Il“lﬁwn( (w’) U
LI (af () L &s (a) () LI Eya () (w))

~ [} (ai(dy) U taw) UL, (af(df) U tau)
by the definition of C (Z7).
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e Recall Act(or) C A by Z5. Then, because tau € Act\ A by Definition [3] conclude tau ¢ Act(a). Then,
because Act(a) = I, a; U}, a] by Z4, conclude tau ¢ |J;_, a; U}, ;. Then, conclude [a;,

i=1 "

a;, ¢ {tau} for all [1 <i<nand 1< <n H by ZFC. Then, conclude

[Titany (ai(di)) =~ ai(d;) and Tieawy (af(d])) =~ aj(d})]
for all [lgign and 1 Si’gn’]

by H3 (Z8).
e Recall [a;, af, ¢ img(¢) Uimg(€) forall [1 <i<n and 1 <4 < n']] by Z6. Then, conclude

Do) (04(0) = 0:(d) A0 8,01 (04(1) = ()]
for all [1§i§n and 1 <74/ gn]

by B2. Then, because img(Z) = img(£) Uimg (&) by the definition of img, conclude (Z9):
[Oime(z) (ai(di)) = ai(d;) and Oimg(z)(aj(d})) = aj(d})]
for all [1§z§n and 1 gi’gn’]
Conclude:
split(w, «)

= ?(isol(w;, ;) || isol(w; , a;))

~  ?(isol(w; , a;) | isol(w; , ;)
o ?(isol(w; , o) Uisol(w; , o))
= AU (ai(da) D€y (ai) () U LEZ € () (0) U

N
(w”)) U

U ) Ul  Gunla) ()
= 8img(E) (,T{ta Fcomm( =) -
U:‘%l(al( i) U € () (w”) U LI € (af) (w”) U
L= (ai(d; €yt (ai)(w”))))

= |mg (,T{tau Ccomm( =)
Lie 1(%( U €t (az) (w”) U

i)

i) i) L

( (

) i) (W) ULz,
) U &ys (af)(w”)) ULEL,
( (

i) )(w”)) UL
LI (aj(df) )(w”)) UL

i
U fwﬁ (CL;

- 8imgnE (7d{tau}(c{§ (a)UE, (a)—)tau|<w a)Edom(f)ﬁdom( )}(
Li—1(ai(di) L €y (ai) (w )) UL e (@) (w )'—'
LIty (af(df) U &ue (af) (w”)) U LI €e (ai) (w))))

>~ Omgm)(Tiran (U7 (ai(dy) Utaw) U], (a}(d}) U tau)))
> Oimg(@) (Tpeauy (72 (ai(di) | tauw) | 12, (aj(d)) | taw)))

oo
=

= Dime( E)(lz 1 (Tizauy (ai(d i) | Titau) (tau)) Hz 1(7—{tau}( aj(d})) | Titauy (tau)))
= .mgauz 1<az< D) (@h(d)) | )

S O (I ai(di) |7, af(d))

~ |i:1amg<a>< i< i>>||i:1 Omg(=) (@} (d))

2 ap(d) |1 aj(d)

i LI ai(dy) U LI, af(d))

~ (07
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PROOF (OF THEOREM [2]). Assumptions:
e [p € Basic and p € TauFree and Act(p) C dom(Z) and Bound(p) mw = 0] (Z1).
Proceed by induction on the structure of p.
Base: [p =q or p= (5]. Proceed by case distinction on the structure of p.
Case: p = a. Recall [p € TauFree and Act(p) C dom(Z)] by Z1. Then, because p = « by the

definition of this case, conclude [a € TauFree and Act(a) C dom(Z)]. Then, conclude split(w,
a) ~ « by Theorem Then, because p = «a by the definition of this case, conclude split(w,

p) ~p-
Case: p = 4. Conclude:

split(w, p)

e split(w, 9)

= 2sol(w, 8) || isol(w, 8))
=)

~ S| S+5|5+6]0)
PR s 540)

< 20)

L)

Case

= p

Step: [P =qg+rorp=q-rorp=c—>qor or p= ZxE{dl,..-,dz} q] Assumptions:
e Induction hypothesis (IH):

p € Basic and p € TauFree and imoli lit(i, p) ~ p
Act(p) C dom(Z) and Bound(p) mw = | TPHES SPHHW. P)=D

forall p € {q, r}
Proceed by case distinction on the structure of p.

Case: [p =qg+rorp=q-rorp=c—>qo r]. Observations:

e Recall p € Basic by Z1. Then, because [p =qg+4+rorp=q-rorp=c— qor] by the
definition of this case, conclude [¢+ r € Basic or ¢-r € Basic or ¢ —» gor € Basic|. Then,
conclude ¢, r € Basic by the definition of Basic (Z2).

o Recall p € TauFree by Z1. Then, because [p =q+rorp=q-rorp=c— q<>r] by the
definition of this case, conclude [q—i—r € TauFree or ¢g-r € TauFree or ¢ — gor € TauFree].
Then, conclude ¢, r € TauFree by the definition of TauFree (Z3).

e Recall Act(p) € dom(Z) by Z1. Then, because [p=g+7r or p=gq-7r or p=c—qor| by
the definition of this case, conclude

Act(q¢ +7) C dom(Z) or Act(q-r) C dom(E)
or Act(c —» gor) C dom(E)

Then, conclude Act(q) U Act(r) C dom(Z) by the definition of Act. Then, conclude Act(q),
Act(r) C dom(Z) by ZFC (Z4).
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Recall Bound(p) mw = @ by Z1. Then, because [p =q+rorp=q-rorp=c— q<>7“] by
the definition of this case, conclude

Bound(g+r)mw =0 or Bound(q-r)mw =10
or Bound(c —»gor)mw =10

Then, conclude Bound(g) U Bound(r) @ w = () by the definition of Bound. Then, conclude
[Bound(q) mw = and Bound(r) @ w = @] by ZFC (Z5).

Conclude 1,2 ¢ Var by Definition Then, because Bound(q), Bound(r) C Var by the
definition of Bound, conclude 1, 2 ¢ Bound(q) , Bound(r) (Z6).

Recall [1, 2 ¢ Bound(q), Bound(r) by Z6| and [[Bound(q) mw =@ and Bound(r) mw = ()

by Z10]. Then, conclude [Bound(q) @ w1l = § and Bound(r) @ w2 = ] by Proposition
(Z7).

Recall [q7 r € Basic by ZQ] and [q, r € TauFree by Z3] and [Act(q), Act(r) C dom(E) by
Z4] and [[Bound(g) @ w1 = () and Bound(r) @ w2 = (] by Z7|. Then, conclude [split(w1,
q) ~ ¢ and split(w2, r) ~r| by IH (Z8).

Proceed by case distinction on the structure of p.

Case: p = g+ r. Observations:

e Recall
p € Basic and p € TauFree and

Act(p) € dom(Z) and Bound(p) mw =0
by Z1. Then, because p = ¢ + r by the definition of this case, conclude

g +r € Basic and ¢+ r € TauFree and
Act(q +r) C dom(E) and Bound(q+7) Aw =

Then, conclude split(w, g + ) ~ split(w1, q) + split(w2, r) by Lemma [2| (Z9).
Conclude:
split(w, p)
Case .
= split(w, ¢g+7)
(

< split(wl, q) + split(w2, r)
z8
~ qg+r

Case

= p

Case: p = g - r. Observations:

e Recall
p € Basic and p € TauFree and

Act(p) C dom(Z) and Bound(p)mw =0
by Z1. Then, because p = ¢ - r by the definition of this case, conclude

q-r € Basic and ¢ - r € TauFree and
Act(q-r) C dom(Z) and Bound(g-r)mw =10

Then, conclude split(w, g - r) ~ split(wl, q) - split(w2, r) by Lcmma (Z10).
Conclude:
split(w, p)
Case .
= split(fw, q-7)

o split(wl, q) - split(w2, r)
S
Cise
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Case: p=c — gor. Conclude:
split(w, p)
Case .
= split(w,c—qor)
Lcmém ¢ — split(wl, q) o split(w2, r)
= e qgor

Case

= p
Case: p = er{dl AN Observations:

e Recall p € Basic by Z1. Then, because p = Zze{th _____ 4,34 by the definition of this case,
conclude 37, ¢y ;.4 q € Basic. Then, conclude g € Basic by the definition of Basic (Z11).

e Recall p € TauFree by Z1. Then, because p = Za:e{dl,...,dg} q by the definition of this case,
conclude er{dh___7d€} q € TauFree. Then, conclude g € TauFree by the definition of TauFree
(Z212).

e Recall Act(p) C dom(E) by Z1. Then, because p = er{dl,...,dz} q by the definition of this
case, conclude Act(}_,ciq, 4,40 S dom(Z). Then, conclude Act(q) € dom(Z) by the
definition of Act (Z13).

e Recall Bound(p) @ w = () by Z1. Then, because p = er{dh.“,d@} q by the definition of this
case, conclude Bound(3_, <4, 4,3 9) Mw = 0. Then, conclude Bound(q) U {z} M w = 0 by
the definition of Bound. Then, conclude Bound(q) @ w = 0 by ZFC (Z14).

e Recall p € Basic by Z1. Then, because p = er{dl,...,dg} q by the definition of this case,
conclude > .d,3 4 € Basic. Then, conclude z ¢ Bound(g) by the definition of Basic
(Z15).

e Recall [z ¢ Bound(q) by Z15] and [Bound(q) @ w = ()] by Z14. Then, conclude Bound(q) @
wx = () by Proposition [16] (Z16).

e Recall [¢ € Basic by Z11] and [q € TauFree by Z12] and [Act(q) € dom(Z) by Z13] and
[Bound(q) @ wz = () by Z16]. Then, conclude split(wz, q) ~ ¢ by IH (Z17).

Ie{dl,..

e Recall
p € Basic and p € TauFree and

Act(p) C dom(E) and Bound(p) mw = ()

by Z1. Then, because p = ay 4 by the definition of this case, conclude

Ie{dl,...,

> ve{dy,. 434 €Basicand 35 ., . q€ TauFree and
ACt(Zage{dl,,,,,dz} q) C dom(Z) and Bound(zme{dlw’dg} Q) Aw=10

Then, conclude split(w, >° e, a3 @) ™= Dveiay,....a,y SPit(wz, @) by Lemma (Z18).
Conclude:
split(w, p)
= split(w, Yoeqa,. i )
~ er{dl,...,d(} split(wz , q)
= er{dl,i.wd,g} q
= p
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Theorem 4 (Precorrectness theorem for process specifications).
[p € TauFree and Act(p) € dom(Z) and Ref(p) C {Py, ..., P;}| implies

split(e, p)[P/ (x) := PH(1, g(x))] - [P{(x) := P1(k, g(x))]

=~ p[Py(x) := PT(1, g(x))] - [Pu(x) := PT(k, g(x))]

PRrROOF. Assumptions:
e [p € TauFree and Act(p) C dom(Z) and Ref(p) C {Pi, ..., Pi}] (Z1).
Proceed by induction on the structure of p.

Base: [p € Basic or p = P]. Proceed by case distinction on the structure of p.

Case: p € Basic. Recall [[p € TauFree and Act(p) C dom(Z)| by Z1] and [Bound(p) me = @ by
the definition of rﬂ}. Then, conclude split(e, p) ~ p by Theorem Then, conclude split(e,
p) ~ p|Pi(x) := P1(1, g(x))] - [Pu(x) := PT(k, g(x))] by the definition of [:=].

Case: p = Q(y). Observations:

e Recall Ref(p) C {P1, ..., Py}. Then, because p = Q(y) by the definition of this case,
conclude Ref(Q(y)) C {Py, ..., Px}. Then, conclude {Q} C {P;, ..., Py} by the definition
of Ref. Then, conclude [Q =P, forsome 1<1i< k] by ZFC (Z2).

Conclude:

( :
= splite, Q)P (x) == PH(L, g(x))]- - [Pf(x) = Pk, g(x)
( .

£ 1l
(2]
T
=
oM
)
<
~
S,
X
I
vl
o
= =
Y
K
=3,
KeJ
I
“93
== =
p=N
X

IS i e

~
<
LS
%
i
.
v
_
s
2
-
2
i
3
v
I
Q.
L

Q
]
1
o

QY)[PL(x) = PI(L, g(x))] - [Pu(x) = PI(k, g(x))]
plPi(x) = PT(1, g(x))] - [Pe(x) = PT(k, g(x))]
Step: [p =q®rorp=c—>qor or p=y,,.,qOr p= f(q)} Assumptions:
e Induction hypothesis (IH):
p € TauFree and Act(p) C dom(Z)
and Ref(p) C {Py, ..., P}

split(c, P[P (x) == PI(1, §60)] -+ [BI(x) = P1(k, §())]

implies

~ P[Py (x) == P(1, §(x))] - [Py(x) := Pi(k, §(x))]
for all p € {q, 7}
Observations:

e Recall p € TauFree by Z1. Then, because [p =q®rorp=c-—>qororp=y, _,qor
p=1F (q)] by the definition of this case, conclude

q®r € TauFree or ¢ — gor € TauFree
or Y. pq € TauFree or f(q) € TauFree

Then, conclude ¢, r € TauFree by the definition of TauFree (Z3).
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e Recall Act(p) C dom(Z) by Z1. Then, because [p =q@®rorp=c—>qororp=y,  ,qor
p=1F (q)] by the definition of this case, conclude

Act(q ®r) C dom(ZE) or Act(c — gor) C dom(
or Act(}_,.pq) € dom(E) or Act(f(q)) € dom

g

[1]

©)

Then, conclude Act(q) U Act(r) C dom(Z) by the definition of Act. Then, conclude Act(q),
Act(r) C dom(Z) by ZFC (Z4).

e Recall Ref(p) C {Pl e pk} by Z1. Then, because [p =q®ror p=c—>qor or p=7y _.nq
or p = f(q)] by the definition of this case, conclude

Ref(g@r) C{P1,..., P} or Ref(c=qor)C{P,..., P}

or Ref(3 . .pq) C{P1,..., P} or Ref(f(q)) C{P1,..., P}
Then, conclude Ref(¢) URef(r) C {Pl e Pk} by the definition of Ref. Then, conclude Ref(q),
Ref(r) C {Py, ..., P.} by ZFC (Z5).

e Recall [¢, r € TauFree by Z3| and [Act(q), Act(r) C dom(Z) by Z4] and [Ref(q), Ref(r) C {Py,
., Py} by Z5]. Then, conclude

split(e., )[Pf (x) == P'(L, g(x))]- - [P (x) = P'(k, g(x))]
~ g[Pi(x) := P1(1, g(x))] -+ [Ph(x) := Pk, g(x))]
and split(e, r)[P](x) = P1(1, g(x))] -+ [P (x) i= Pl(k, g(x))]
~r[Pi(x) := PI(1, g(x))] -+ [Pa(x) := PT(k, g(x))]
by TH (Z6).
Proceed by case distinction on the structure of p.

Case: p=¢q @ r. Conclude:
split(c , p)[P] (x) i= PT(1, g(x))]- - [P (x) i= P'(k, g(x))]

Case =

= split(e, g@ 1) [P (x) = P(1, g(x))] - [P} (x) :== Pt(k, g(x))]

split

(split(e, q) @ split(e, 7)) B
[P](x) == Pt(1, g(x))] -+ [P (x) := P(k, g(x))]

18

= @onPx) =P, gx)] - [Px) = Pk, g(x))]

Case: p=c — gor. Conclude:

split(e, p)[P (x) := PY(1, g(x))] - [P} (x) = Pk, g(x))]
= split(e, ¢ = gor)[P{(x) = PH(1, g(x))] - [P (x) = Pl (k, g(x))]

split

= (c — spIit(e~, q) o split(e, 7)) B
[P(x) := P1(1, g(x))] - [Pl(x) := Pi(k, g(x))]
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split(c, q)[P (x) == PT(1, g(x))] - [P (x) := P (k. g(x))] o

split(e, r)[P] (x) := P(1, g(x))]--- [P} (x) := P1(k, g(x))]
P = PR gx)] - [Pa) = P, g)] 0

r[Pi(x) = Pi(1, g(x))] - [P(x) = Pl(k, g(x))]
= (e qon)[Pix) =PI, g(x))] - [Pi(x) := Pl(k, g(x)
= pIP(x) =P, g(x))] - [Pe(x) = Pl(k, 9(x))]

Case: p=)_ .pq. Conclude:
split(c, p)[Pf(x) := PY(1, g(x))]--- [P} (x) := Pl(k, g(x))]

=T split(e, Ypep )P (x) = PI(L, g(x)] -+ [Pl(x) = PT(k, g

|
= (Coepslit(e, a)[P](x) == PI(L, g(x))]- - [Pl(x) i= Pl(k, g

= Yepsplitle, 9)[P{(x) = P(1, g(x))] - [Pl (x) = P'(k, g(x

~  YepdlPi(x) = PI(1, g(x))]- [Pu(x) = Pl(k, g(x))
= (Ceep DIPI(x) = PI(L, g(x))] - [Pe(x) == Pl(k, g(x))]
=0 plPi(x) == PH(1, g(x))] - [Pr(x) == PT(k, g(x)
Case: p = f(q). Conclude:

~—

split(c, p)[P{ (x) := PH(L, g(x))]--+ [Pl(x) := P'(k, g(x))]
2 splt(e, f(@)[Pf(x) := PH(L, g())]--- [B{(x) := P1(k, g(x)
= Jesplit(e, ))[P{(x) = PT(1, 9(x))] -+ [Bl(x) = P (K, 9(x))
= fplit(e, )[P{(x) = PH(1, g(x)] -+ [PL(x) = Pk, g(x))])
= falPu(x) = PI(L, g(x))]-+ [Pe(x) == PT(k, ()))
= @IP) = P g(x))) - [Pi(0) = Pk, g(x)]
= plPix) =PI, g(x)] - [Pa(x) = Pk, g(x))]

PROOF (OF THEOREM [3]). Assumptions:
[Pi(x1:D1) = p1, P (x1: D1) = split(e, p1),]
Py(xi : Dy) = pi »PJI(Xk : Dy) = split(e, pr) (Z1).

and p;, ..., pr € TauFree
and Act(p1), ..., Act(pr) C dom(E) and
L [Ref(pi) C{Py,..., P} forall 1 gigk] ]

e h = harmonizer(D, U---UDy, D) (Z2).

e Ply,x:NxD)=y~1-p[P(d):=P(1, h(d))]--[Pu(d) := P(k, h(d))] o

y = k- pylPr(d) 1= P(L, B(d))] -+ [Py(d) := P(k, h(d))] 05

(Z3).
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e Pi(y,x:NxD)= B N
y ~ 1 — split(py)[Pf(d) := P(1, h(d))] -~ [PL(d) := Pt(k, h(d))] o

y ~ k — split(py) [P (d) := Pt(1, h(d))]--- [Pl(d) := Pl(k, h(d))] o6
(Z4).

* &(2) =y~ 1—=p[P(d):=Z(1, h(d))]---[Pe(d) := Z(k, h(d))]

y~ b — pe[Pu(d) == Z(1, h(d))] - [Pe(d) == Z(k, h(d)] o6
(Z5).

Observations:

o Recall [Pl(xl :D1)=p1, ..., Pe(xx : Dx) = pi by Zl] and [

Py, x:Nx D) =y~ 1 - pi[Py(d) = P(L, h(d))] - [Pe(d) := P(k, h(d))] o

y~ ks pelPr(d) = P(L, (@) [Po(d) = Pk, h(d))] 05

by 23} and [h = harmonizer(D; U---UDy, D) by ZZ}. Then, conclude [Pi ~ ]5(1) forall 1<¢< k]
by Proposition [9] (Z6).

e Recall [Pf(xl : D) =split(e, p1), ..., P,I(xk : Dy) = split(e, px) by Z1] and |

Pi(y,x:NxD) = _ _
y = 1 split(py) [P{(d) = PH(1, ()] [B}(d) i= PI(k, h(d))] o

y ~ k — split(p)[Pf (d) := PI(1, h(d))]---[P(d) := PI(k, h(d))] o6
by Z3] and [h = harmonizer(D;U---UDj,, D) by Z2]. Then, conclude [PZT ~ Pt(i) forall 1<i< k]
by Proposition [9] (Z7).

e Recall
1, ..., Pk € TauFree and Act(p1), ..., Act(pg) C dom(Z)

and [Ref(pi) C{Py,..., P} forall 1<i< k]
by Z1. Then, conclude

split(e, pi)[P(d) := PT(1, h(d))] - [P{(d) := P(k, h(d))]

~ p;i[Pi(d) := 13T(1, h(d))]- - [Pr(d) := ﬁ]‘(k, h(d))] forall 1<i<k

by Theorem [4] (Z8).
e Conclude (Z9):



e Conclude (Z10):
o(Ph
£ ym1—plPi(d):=PL, k(@) [Pi(d) = Pl(k, h(d))] o
y - pelP1(d) = PI(1, A(d))] -+ [Pe(d) := PT(k, h(d))] o
~  y~1—split(e, p)[Pf(d) == P(1, h(a))] - [P](d) := P(k, h(d))] o
y ke split(c, px)[P](d) := P1(1, h(d))] - [P{(d) := P'(k, h(d))] 4
£ pt

o Recall [q)(ﬁ) ~ P by Z8] and [@(f’f) ~ Pt by Z8]. Then, conclude P ~ Pt by RSP (Z10).

Recall [P; ~ P(i) forall 1 <i< k] by Z6. Then, because P ~ P! by 710, conclude [P ~ P (i) for all
1< < k} Then, because [PZT ~ ﬁT(Z) forall 1<¢< k} by Z7, conclude [Pi ~ P; forall 1< < k:] O
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