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Abstract. The grand composition of n automata may have a number
of states/transitions exponential in n. When it does, it seems not unrea-
sonable for the computation of that grand composition to require expo-
nentially many resources (time, space, or both). Conversely, if the grand
composition of n automata has a number of states/transitions only linear
in n, we may reasonably expect the computation of that grand compo-
sition to also require only linearly many resources.

Recently and problematically, we saw cases of linearly-sized grand com-
positions whose computation required exponentially many resources. We
encountered these cases in the context of Reo (a graphical language for
coordinating components in component-based software), constraint au-
tomata (a general formalism for modeling systems’ behavior), and our
compiler for Reo based on constraint automata. Combined with ear-
lier research on constraint automata verification, these ingredients facil-
itate a correctness-by-construction approach to component-based soft-
ware engineering—one of the hallmarks in Sifakis’ “rigorous system de-
sign”. To achieve that ambitious goal, however, we need to solve the
previously stated problem. In this paper we present such a solution.

1 Introduction

Context. Over the past decades, coordination languages emerged for modeling
and implementing interaction protocols among components in component-based
software. This class of languages includes Reo [1,2]. Reo facilitates compositional
construction of connectors: software entites that embody concurrency protocols
for coordinating the synchronization and communication among components.
Metaphorically, connectors constitute the “glue” that holds components together
in component-based software and mediates their communication. Figure 1 al-
ready shows a number of example connectors in their usual graphical syntax.
Briefly, a connector consists of a number of channels (edges), through which
data can flow, and a number of nodes (vertices), on which channel ends co-
incide. The graphical appearance of a channel indicates its type; channels of
different types have different data-flow behavior. Figure 1, for instance, includes
standard synchronous channels (normal edges) and asynchronous channels with
a 1-capacity buffer (rectangle-decorated edges), among others.
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Fig. 1: Example connectors

Reo has several formal semantics [9], with different purposes. The existence
of such formal semantics forms a crucial precondition for Reo-based rigorous
system design [15]: a design approach proposed by Sifakis centered around the
principles of component-based software engineering, separation of concerns, and
correctness-by-construction. In this paper, we focus on one particularly impor-
tant formal semantics of Reo: constraint automata (CA) [5]. Constraint automata
specify when during execution of a connector which data flow where (i.e., through
which channel ends). We can compute the global cA for a connector from the
local cAs for that connector’s nodes and channels. As such, CAs constitute a
compositional formal semantics of Reo. Both verification and compilation tools
for Reo leverage this compositionality (e.g., [3,4,12,10,11]); the combination of
such tools facilitates a correctness-by-construction approach to component-based
software-engineering—one of the hallmarks in Sifakis’ rigorous system design.

Problem. Reo’s CA-based verification and compilation tools regularly need to
compute the grand composition of the local CAs for a connector’s constituents



(i.e., its nodes/channels), to obtain its global CA for subsequent correctness anal-
yses or code generation. The grand composition of n constraint automata, how-
ever, may yield a compound CA of a size exponential in n. The representation of
such exponentially-sized compound CAs may require an exponential amount of
space; computation of such CAs may require an exponential amount of time.

Recently, we reported on a number of experiments with our CA-based Reo-
to-Java compiler [11]. In these experiments, we indeed observed exponential re-
source consumption for computing exponentially-sized grand compositions. Cu-
riously, however, we also observed exponential resource consumption for comput-
ing linearly-sized grand compositions. Whereas exponential resource consump-
tion seems undesirable but understandable for exponentially-sized grand com-
positions, it seems unacceptable and unintelligible for linearly-sized ones. Before
we can achieve the ambitious goal of Reo-based rigorous system design, we must
better understand this problem and find a solution.

Contribution. Based on earlier preliminary observations [11], we present a care-
ful analysis of the previously stated problem. Essentially, as we shortly explain
in more detail, our existing approach for computing grand compositions some-
times involves the computation of exponentially many “intermediately-reacha-
ble-but-finally-unreachable” states in “intermediate compounds”, which become
unreachable only in the “final compound”. Subsequently, we present a solution
for this problem in terms of a new approach for computing grand compositions;
we prove the corresponding algorithm’s correctness using Hoare logic. Finally, we
present our implementation of this new approach and evaluate its performance.

In Section 2, we discuss preliminaries on Reo and CAs. In Section 3, we
analyze the previously stated problem. In Section 4, we present our solution.
In Section 5, we evaluate an implementation. Section 7 concludes this paper.
Appendices B and C contain all technical details (i.e., all formal definitions and
in-depth proofs).

2 Preliminaries

2.1 Reo

Reo is a graphical language for compositional construction of interaction proto-
cols, manifested as connectors [1,2]. Connectors consist of channels and nodes,
organized in a graph-like structure. Every channel consists of two ends and a con-
straint that relates the timing and the contents of the data-flows at those ends.
Channel ends have one of two types: source ends accept data into their channels
(i.e., a source end of a channel connects to that channel’s data source/producer),
while sink ends dispense data out of their channels (i.e., a sink end of a channel
connects to that channel’s data sink/consumer). Reo makes no other assump-
tions about channels and allows, for instance, channels with two source ends.
Table 1 shows four common channels. Users of Reo may freely extend this set of
common channels by defining their own channels with custom semantics.



Syntax  Semantics

- Synchronously takes a datum d from its source end e; and writes d to its
sink end es.

L om— Synchronously takes data from both its source ends and loses them.

i < Synchronously takes a datum d from its source end e; and nondeterministi-
cally either writes d to its sink end es or loses d.

—{ > Asynchronously [takes a datum d from its source end e; and stores d in a
e1 €s R . .
x buffer x], then [wntes d to its sink end es and clears :r]

Table 1: Graphical syntax and informal semantics of common channels

Every node has at least one coincident channel end. A node with no coincident
sink channel end is called a source node. A node with no coincident source channel
end is called a sink node. A node with both source and sink coincident channel
ends is called a mized node. The set of all source nodes and sink nodes of a
connector are collectively referred to as its boundary nodes. In Figure 1, we
distinguish connectors’ white boundary nodes from their shaded mixed nodes.

Every sink channel end coincident on a node serves as a data source for that
node. Analogously, every source channel end coincident on a node serves as a
data sink for that node. A source node of a connector connects to an output
port of a component, which will act as its data source. Similarly, a sink node of
a connector connects to an input port of a component, which will act as its data
sink. Source nodes permit put operations (for components to send data), while
sink nodes permit get operations (for components to receive data); a connector
uses its mixed nodes only for internally routing data.

Contrasting channels, all nodes have the same, fixed data-flow behavior: re-
peatedly, a node nondeterministically selects an available datum out of one of
its data sources and replicates this datum into each of its data sinks. A node’s
nondeterministic selection and its subsequent replication constitute one atomic
execution step; nodes cannot store, generate, or lose data. For a connector to
make a global execution step—usually instigated by pending 1/0-operations—its
channels and its nodes must reach consensus about their combined behavior, to
guarantee mutual consistency of their local execution steps (e.g., a node should
not replicate a data item into a channel with an already full buffer). Subse-
quently, connector-wide data-flow emerges. A description of the behavior of the
connectors in Figure 1 appears elsewhere [11].

2.2 Constraint Automata

Although originally developed as a formal semantics of Reo [5], CAs constitute a
general operational formalism for modeling the behavior of concurrent systems:
every CA models a component, which has a number of ports through which it
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Fig. 2: Constraint automata for the channels in Table 1 (first three from the left),
for a mixed node with two incoming and one outgoing channel (fourth from the
left), and for two boundary nodes, each with either one incoming or one outgoing
channel (fifth from the left). The latter CA is defined not only over the names of
its coincident channel ends but also over its own name. (Components use node
names—not channel end names—to perform 1/0-operations on.)

interacts with its environment. Often, we annotate ports with a direction of
data-flow (i.e., a component can use a port either for producing data or for
consuming data but not for both); in this paper, because these directions do
not matter to our current problem, we omit them. To formalize Reo’s semantics
in terms of CA-based components, we view a channel as a component with two
ports (one for each of its two ends), while we view a node with n coincident sink
ends and m coincident source ends as a component with n + m ports. Then, we
can compositionally compute the CA for a connector by computing the grand
composition of the CAs for its constituents. But first, we formally define CAs.

Structurally, every CA consists of finite sets of states and transitions, which
model a component’s internal configurations and atomic execution steps. Every
transition has a label that consists of two elements: (i) a set, typically denoted
by P, containing the names of the ports that have synchronous data-flow in that
transition, called a synchronization constraint, and (ii) a logical formula, typi-
cally denoted by ¢, that specifies which particular data may flow through which
of the ports in P, called a data constraint. For instance, the atomic data con-
straint d(p1) = d(p2) means that the same datum flows through ports p; and po;
the atomic data constraint T means that it does not matter which particular
data flow where. Let DC denote a universal set of data constraints. More pre-
cisely, DC serves as the carrier set in some Boolean algebra (Dc, A,V,—, L, T),
including atoms of the form d(p;) = d(p2). The details of data constraints do not
matter in this paper, and therefore, we skip them. Let ST denote the universal
set of states, let PORT denote the universal set of ports, and let Dc(P) denote
the set of data constraints in which only ports from P occur.

Definition 1. A constraint automaton is a tuple (Q, P*", —, Qo), where Q C
ST is the state space, P*' C PORT is the set of known ports, — C @Q x 2P
Dc(P) x Q is the transition relation, and Qo C Q are the initial states. AUT
1s the universal set of constraint automata, ranged over by «.



Figure 2 shows example CAs. Let St(a), Port(«), Tr(a), and Init(a)) denote a’s
state space, its set of ports, its transition relation, and its initial states.

Our behavioral equivalence in this paper is based on bisimulation. We define
this equivalence in two steps. First, we define simulation.

Definition 2. < C AUT x AUT x 257%5T s the relation defined as follows:

[ (tha ¢7 Qi) € TI’(O[]_)
and (q1,¢2) € R

(q2a P7 ¢7 qé) € TI’(O(Q)

. . /
} implies [[and (i) € R ] for some qQH

for all ¢1,q},q2, P, ¢

and [[ql € Init(a) implies [[q2 € Init(az) and (q1,¢2) € RW] for all ql]

for some ¢

and Port(ay) = Port(az) and R C St(ay) x St(az)

a1 SR Q2

In words, as simulates aq under simulation relation R—in which case ay =g o
holds true—whenever we can relate the states of o and ag such that: (i) as
can mimic every transition that oy can make in related states, and (ii) as can
already perform such mimicry in any of ay’s initial states. If we care only about
the existence of a simulation relation between (the states of) a; and ag but not
about its exact content, we often simply write ai; < ag. Formally, we “overload”
relation symbol < as follows.

Definition 3. < C AUT x AUT is the relation defined as follows:

a1 =g oy for some R

a1 X ag
The definition of bisimulation now straightforwardly follows.
Definition 4. ~ C AuT x AUT x 257%5T js the relation defined as follows:

a1 2r ag and as Zp1 a;

a1 =R Q3

We favor this automata-centric definition of bisimilarity over its definition as
the maximal bisimulation on states, because automata are our primary objects
of interest instead of their states. As with simulation, if we care only about
the existence of a bisimulation relation between (the states of) a; and ag but
not about its exact content, we often simply write a; ~ a9 and overload =~
accordingly.

Definition 5. ~ C AUT x AUT is the relation defined as follows:

a1 ~p oo for some R

a1 >~ Qg
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Note that, as usual with (bi)simulations, a; ~ a9 implies [ozl < ag and ap < al],
but [al <y and oy < ozl] does not imply a1 ~ as.

To model component composition in terms of CAs, we define the following
(synchronous) composition operation.

Definition 6. - ® - : AUT X AUT — AUT is the function defined as follows:

St(aq) x St(as), Port(ay) U Port(as),

(qla q2)7 Port(oq) N P2 = POI’t(OéQ) N Pl

a1 ®ag = 51%52’ and (q1, P1,é1,41) € Tr(a1) ¢,
1/ /27 and (QQ7P23¢QaQé) € TF(OZQ)
(91, 93)

Init(aq) x Init(as)

Essentially, the previous definition of ® formalizes the idea that two compo-
nents can fire a transition together only if they agree on the involvement of their
shared ports. Our composition differs slightly from its original definition [5],
where Baier et al. encode the possibility for one CA to idle, while the other ca
makes a transition, explicitly in the definition of composition. Here, we prefer
the equivalent alternative of encoding the idling of components explicitly in their
cAs—instead of in the definition of composition—through self-loop transitions
labeled with @, T. This has the advantage of a simpler definition of composition,
without losing expressiveness. We stipulate that every example CA that we show
has implicit self-loops for idling in each of their states. (In principle, our the-
ory for cAs does not require self-loops; for modeling Reo, however, CAs require
self-loops.) Figure 3 shows an example of composition. We adopt left-associative
notation for ® and omit brackets whenever possible (e.g., we write a3 ® as ® ag
for (o1 ® ) ®@axg). Similarly, we adopt left-associative notation for pairs of states
(e.g., we write (q1,4q2,q3) for ((¢1,42),q3)). Behaviorally, bracketing is insignif-
icant, because ® is associative/commutative modulo bisimulation. However, as
we reason also structurally about CAs in this paper, bracketing matters.

To compute the formal semantics of a connector, we compute the grand
composition of the CAs for its constituents using ®, in an iterative manner: for



an expression a1 ® -+ - ® a,, we first compute a := a1 ® as, then a := a ® as,
then a := a ® ay, and so on. We call every o ® ;< in this computation an
intermediate compound; we call a ® a,, the final compound.

Beside multiplication, Baier et al. defined another operation on constraint
automata: abstraction [5]. Abstraction removes ports from the observables of a
CA, possibly internalizing transitions (i.e., making those transitions unobservable
from the environment). In practice, abstraction can significantly reduce the size
of a CA, both in terms of states and transitions. Although not the main topic
of this paper, due to its practical relevance, we use abstraction in Section 5. Its
formal definition appears below for completeness.

Definition 7. - & -: AUT X PORT — AUT is the function defined as follows:
0 & p = (St(a), Port(a) \ {p}, —, Init(a))

where — is the relation defined as follows:

0.6 0,6 P P
Q" 0 n 0dnt1 and P#0 ¢ —pq and P # ()
Pv¢ A"'A¢7l P7¢
1 =" Gnt1 qg—q

where — is the relation defined as follows:

(¢, P, ¢, q') € Tr()

P\{p},3p.¢
q———9 q

3 Problem

In ongoing work, we are developing a CA-based Reo-to-Java compiler; in recent
work, to study the effectiveness of one of our optimization techniques, we com-
pared the performance of the code generated by our compiler with and without
applying that technique [11]. Our comparison featured a number of k-parametric
families of connectors, where k controls the size of a coordinating connector
through its number of coordinated components. Figure 1 shows the k = 2 mem-
bers of the families with which we experimented. One can extend these k = 2
members to their £ > 2 versions in a similar way as how we extended Fig-
ure la to Figure 1b. We selected these families because each of them exhibits
different behavior in terms of synchrony, exclusion, nondeterminism, direction,
sequentiality, and parallelism, thereby aiming for a balanced comparison.
Although we focused our attention primarily on the performance of the gen-
erated code, we also made some observations about the performance of our com-
piler itself. Without applying the optimization technique under investigation, our
compiler uses the previously explained iterative approach to compute the grand
composition of the CAs for a connector’s constituents. Figure 4 shows the compu-
tation times measured for the k-parametric families under study, for 2 < k < 64,
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Fig.4: Computation times (y-axis) for nine k-parametric families, for 2 < k <
64 (x-axis). Time is measured in seconds, except for EarlyAsyncReplicator; and
LateAsyncMergery,, where time is measured in milliseconds.

averaged over sixteen runs.” For six families, the compiler exhausted its avail-
able resources (five minutes of time or 2 GB of heap space) long before reach-
ing k = 64. The cause: “rapid”’—at least exponential—growth in k. For four
of these families, we have a good explanation for this phenomenon: the grand
compositions computed for EarlyAsyncMergery, EarlyAsyncBarrierMergery, Late-
AsyncReplicatory, and LateAsyncRouter; grow exponentially in &, such that the
amount of resources required to compute those grand compositions logically
also grows at least exponentially in k. For the other two families, in contrast,
our measurements seem more difficult to explain: the grand compositions com-
puted for EarlyAsyncOutSequencer; and Locky grow only linearly in k, making
an exponential growth in resource requirements rather surprising.

Analysis of the intermediate compounds of EarlyAsyncOutSequencer; and
Locky taught us the following: even if final compounds grow linearly in &, their in-

5 We recollected the data shown in Figure 4 specifically for this paper, but we made
our initial observations based on our previous data [11].



Fig.5: Grand composition of the cas for a cycle of three buffered channels (of
capacity 1), closed by a synchronous channel. State labels zyz indicate the empti-
ness/fullness of buffers, where x refers to the first buffer, y to the second buffer,
and z to the third buffer; we omitted transition labels to avoid clutter.

termediate compounds, as computed by the iterative approach, may nevertheless
grow exponentially in k. We can explain this easiest for EarlyAsyncOutSequencery,
(cf. Figure 1e), through the size of its state space, but the same argument applies
to Locky. EarlyAsyncOutSequencery, consists of a subconnector that, in turn, con-
sists of a cycle of k buffered channels (of capacity 1). The first buffered channel
initially contains a dummy datum m (i.e., its actual value does not matter); the
other buffered channels initially contain nothing. As in the literature [1,2], we
call this subconnector Sequencer. Because no new data can flow into Sequencery,
only m cycles through the buffers—ad infinitum—such that only one buffer holds
a datum at any time. Consequently, the CA for Sequencery has only k states, each
of which represents the presence of m in exactly one of its k buffers.

However, if we compute the grand composition of the local caAs for Se-
quencer’s constituents using the iterative approach, we “close the cycle” only
with the very last application of ®: until then, this soon-to-become-cycle still
appears an open-ended chain of buffered channels. Because new data can freely
flow into such an open-ended chain, this chain can have a datum in any buffer
at any time. Consequently, the CA for the largest chain has 2* states. Only when
we compose this penultimate compound with the last local cA, the state space
collapses into k states, as we “find out” that the open-ended chain actually forms
a cycle with exactly one datum. Because Sequencery, constitutes EarlyAsyncOut-
Sequencery, also EarlyAsyncOutSequencer suffers from this problem.

Figure 5 shows our previous analysis in pictures. Most interestingly, the in-
termediate compounds in Figure 5 (i.e., the first three automata from the left)
contain progressively more states with the following peculiar property: they are
reachable from an initial state in those intermediate compounds, called interme-
diate-reachability, but neither those states themselves nor any compound state
that they constitute, are reachable in the final compound, called final-unreacha-
bility. Thus, by using the iterative approach for computing a grand composition,

10



we may spend exponentially many resources on generating a state space that we
nearly completely discard in the end. This seems the heart of our problem.

4 Solution

The main idea to solve our problem is to compute grand compositions state-by-
state, instead of iteratively. In this new approach, we start computing a grand
composition from its straightforwardly computable set of initial states. Subse-
quently, we expand each of those states by computing their outgoing compound
transitions. These compound transitions enter new compound states, which we
subsequently recursively expand. As such, we compute only the reachable states
of the final compound, avoiding the unnecessary computation of intermediate-
ly-reachable-but-finally-unreachable states. Easy to explain, the main challenge
we faced consisted of finding an elegant formalization of this state-by-state
approach—including an algorithm—amenable to formal reasoning and proofs.
Such proofs are crucially important in the correctness-by-construction principle
advocated in rigorous system design for component-based software engineering.

4.1 State-based Decomposition/Recomposition

We start by formalizing the state-based decomposition of a CA into its per-state
“subautomata” and the recomposition of that CA from those decompositions.
Let o denote the selection function (cf. relational algebra) that consumes as input
a transition relation — and a state ¢ and produces as output the subrelation
of — consisting of precisely the transitions in — that exit gq.

Definition 8. o : 25Tx2"XDOXST , gy 9STX2 M XDOXST 4o 4p o function defined
as follows:
5 5 oA Po .
oq(—) ={(¢; P, ¢,d") | ¢ — '}

Next, let -(-) denote the (state-based) decomposition function that consumes as
input an automaton « and a state g and produces as ouput a CA consisting of
exactly the same set of states, set of ports, and set of initial states, and with a
transition relation consisting of precisely the transitions in « that exit g.

Definition 9. -(-) : AUT x ST — AUT is the function defined as follows:
a{q) = (St(a), Port(a), o4(Tr(a)), Init(r))

We call ¢ the significant state in «(q). The following lemma states that de-
composition distributes over composition: instead of first computing the grand
composition of n local CAs and then decomposing the resulting global cA with
respect to a global state, we can equally first decompose every local CA with re-
spect to its local state and then compute the grand composition of the resulting
per-state decompositions. See Lemma 13 in Appendix B, page 31, for a proof.

11



Lemma 1. (041 Q- Q an)«Qla cee 7Qn)> = O‘1<QI> PR ®an<Qn>

The previous definitions (and lemma) cover the essentials of state-based de-
composition; in the rest of this subsection, we discuss recomposition. Let | |
denote a recomposition function that consumes as input a set of CAs and pro-
duces as output a CA by taking the grand union of the sets of states, sets of
ports, sets of transitions, and sets of initial states.

Definition 10. | |- : 22U — AUT is the function defined as follows:

e
(U{St(a) |a € A},U{Port(a) | a € A},U{Tr(e) | € A}, U{Init(a) | a € A})

The following lemma states that a CA equals the recomposition of its state-based
decompositions. See Lemma 14 in Appendix B, page 32, for a proof.

Lemma 2. a =| {a{q) | ¢ € St(a)}

The following theorem states the correctness of the state-by-state approach for
grand compositions, as outlined in the beginning of this section. Roughly, it
states that the grand composition of n local CAs equals the recomposition of
that grand composition’s state-based decompositions. More precisely, however,
it states that this grand composition equals the recomposition of the composition
of state-based decompositions of the local CAs. This is a subtle but important
point: it means that to compute the grand composition of n local CAs, we only
need to compute compositions of state-based decompositions of those local CAs.
We further clarify this point in the next subsection.

Theorem 1.

a1 @ ®@an = H{ar(q) ® - @ an(gn) | (g1, ,qn) € St(ar) x -+ x St(an)}

Proof (sketch). By applying Lemma 2, Definition 6 of ®, and Lemma 1. See
Theorem 4 in Appendix B, page 32, for a more detailed proof. a

4.2 Algorithm

Having formalized de/recomposition, we can now formulate an algorithm for
computing the reachable fragment of grand compositions. First, we formalize
reachability. We call a state q reachable iff ¢ is an initial state or a finite sequence
of k transitions exists that form a path from some initial state to q. Let Reach
denote the reachability function that consumes as input a CA and produces as
output its reachable states.

Definition 11. Reach : AuT — 257 is the function defined as follows:

(q1, Pr,01,42), - (Qr—1, Pr—1, P—1, Q1) € Tr(a)}

Reach(a) = Init(a) U {qk and ¢ € Init(a)

12



{true}
A:=10
A = {ai{q) @ @ anlgn) | (q1,---,qn) € Init(a1) x -+ x Init(a,)}
while a € A"\ A for some a do

A:=AU{a}

A=A U{a(d) ® - @anld) | (a. P, ¢, (ai, .., an)) € Tr(a)}
end while

{UA=a1® - @an]}

Fig. 6: Algorithm for computing the grand composition of n autamata using the
state-by-state approach

Next, let |- | denote the floor function, which takes as input a CA and produces as
output an equivalent—proven below—ca for its reachable states (i.e., the floor
function “rounds” a cA “down” to its reachable fragment).

Definition 12. |-] : AUT — AUT is the function defined as follows:

L] = | {alq) | ¢ € Reach(a)}

The following lemmas state that a cA simulates its floored version and vice versa.
See Lemmas 18 and 19 in Appendix B, page 33, for a proof.

Lemma 3. a ={(q,q)|¢eReach(a)} L]
Lemma 4. |a] ={(.g)geReach(a)}* @

From these two lemmas, we can immediately conclude the following theorem,
which states that a CA and its floored version are bisimulation equivalent.

Theorem 2. « ~{(4 q)|geReach(a)} [ O]

Proof (sketch). By applying Lemmas 3 and 4 and Definition 4 of ~. See Theo-
rem 5 in Appendix B, page 33, for a more detailed proof. a

Figure 6 shows an algorithm for computing the grand composition of n local
CAs using the state-by-state approach, including a precondition and a postcon-
dition, formulated in terms of de/recomposition and reachability. This algorithm
works as described in the beginning of this section. A denotes the subset of so-
far computed state-based decompositions whose significant state the algorithm
already has expanded (i.e., the algorithm has processed all cas in A). A’| in con-
trast, denotes the full set of so-far computed state-based decompositions (i.e., A’
contains A such that A’ \ A contains the cAs that the algorithm still needs to
process). After the algorithm terminates, A contains a number of state-based
decompositions. The postcondition subsequently asserts that the recomposition
of the cAs in A equals the reachable fragment of the grand composition.

Figure 7 shows the algorithm in Figure 6 annotated with assertions for total
correctness; Figure 8 shows the loop invariant. This invariant consists of four
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invar
[A" = {a{q1) @ @ an{gn) | (q1,---,qn) € Init(a1) X -+ X Init(an)}]
(A= 0] i

A= {ai(q) @ @ an(gn) | (g1, -5 qn) € Init(ar) x - x Init(an)}
{invar}
while a € A"\ A for some a do
{a € A’\ A and invar and [St(an ® -+ ®@ a)| — |A] = 2}
{[invar and 0 < [St(c1 ® --- @ a)| — |A| < 2]
[A/ =AU {041<q£) ®--® 057L<q;1> ‘ (Q7P7 ¢7 (QL s >q:’b)) € Tr(a)}]
[A:=AU{a}]
A:=AU{a}
A=A U{on(qh) ® - @ an(a,) | (¢, P, ¢, (g1, -, q0)) € Tr(a)}
{invar and 0 < |St(a1 ® --- ® an)| — |4] < z}
end while
{invar and [a ¢ A"\ A for all o]}
A= a1 ®- - ®an]}

Fig. 7: Algorithm for computing the grand composition of n autamata using the
state-by-state approach, annotated with assertions for total correctness

invar: {(a1 @ - @ an){g) |[g € it(c1 ® - @ an)} CAU(A"\ A)
and A, A C{(a1®@ - ®an){(q)|g€St(a1 @ @ an)}

[ a€ AU(A"\ A) implies

and [ [a:(a1®-~~®an)<q>
| ‘|and ¢ € Reach(a1 ® - -+ ® )

for all a]
} for some q

[[a € A and (q,P,¢,q') € Tr(a)] implies

[[a’:(a1®~-~®an)<q’>
|'|land o' € AU (A"\ A)

and

—

for all a,q,q, P, ¢

] for some «

Fig.8: Addendum to Figure 7

conjuncts. The first conjunct states that AU A’ contains the initial states in the
grand composition. The second conjunct states that the A and A’ contain only
state-based decompositions of the grand composition. The third conjunct states
that every cA in AUA’ is a state-based decomposition of the grand composition,
with respect to some reachable state in that grand composition. The fourth
conjunct states that if a CA in A has a transition entering a (global) state ¢', AU
A’ contains a decomposition of the grand composition with respect to ¢'. As
soon as the loop terminates, the invariant and the negated loop condition imply
that every CA in A has a reachable significant state (“soundness”; consequence
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of the third conjunct) and that, in fact, A contains a CA for every reachable state
(“completeness”; consequence of the fourth conjunct).

Theorem 3. The algorithm in Figure 6 is correct.

Proof (sketch). By the assertions in Figure 7 and the axioms of Hoare logic. See
Theorem 6 in Appendix B, page 35, for a more detailed proof.

Note that the invariant refers only to decompositions of the global ca with
respect to a global state (e.g., (1 ® -+ ® a,){q) for a global state ¢), whereas
the algorithm refers only to decompositions of local CAs with respect to local
states (e.g., @1(q1) ® -+ ® an(gn) for local states q,...,q,). Recognizing this
difference is important, because it highlights the main advantage of the state-by-
state approach: by using only decompositions of local CAs, the algorithm never
needs to compute any intermediate compounds, so avoiding a potential source
of exponential resource requirements.

5 Implementation, Evaluation, and Discussion

We implemented the state-by-state approach for computing grand compositions
as an extension to our CA-based Reo-to-Java compiler. This compiler is imple-
mented in Java and extends the ECT, a collection of plugins for Eclipse that
serve as an IDE for Reo (see http://reo.project.cwi.nl).

To evaluate the performance of the state-by-state approach in practice, we
experimented with the same k-parameteric families of connectors as those in
Figure 4. Because not only composition but also abstraction play an impor-
tant role in practice (as mentioned at the end of Section 2), we consider three
composition—abstraction approaches:

— Alternating iterative approach
Variant of the iterative approach where we abstract away all internal ports
for mixed nodes (which do not contribute to the observable behavior of
a connector) in intermediate compounds directly after their computation;
this approach alternates between composition and abstraction. It has the
advantage that intermediate compounds remain small (i.e., abstraction of
internal ports eliminates internal transitions and collapses states together),
thereby reducing overall resource consumption (i.e., generally, composing
smaller CAs requires fewer resources than composing larger CAs).

— Phased iterative approach
Variant of the iterative approach where we abstract away all internal ports
only in the final compound and not in intermediate compounds.

— Phased state-by-state approach
Variant of the state-by-state approach where we abstract away all internal
ports only after the composition phase.

Figure 9 shows the computation times that we measured for the various ap-
proaches, connectors, and values of 2 < k < 64. We set a timeout of five minutes
and bounded the size of the heap at 2 GB.
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Fig.9: Computation times (y-axis) for nine k-parametric families, for 2 < k < 64
(x-axis), by applying the alternating iterative approach (blue lines), the phased
iterative approach before abstraction (dotted-red lines) and after (solid-red
lines), and the phased state-by-state approach before abstraction (dotted-yellow
lines) and after (solid-yellow lines). Time is measured in seconds, except for Early-
AsyncReplicator;, and LateAsyncMergery, where time is measured in milliseconds.
See Appendix A for page-size versions of these plots.

The four families whose grand compositions grow exponentially in k (i.e., Ear-
lyAsyncBarrierMergery,, EarlyAsyncMergery,, LateAsyncReplicatory, and LateAsync-
Routery) logically provoke exponential growth in resource requirements not only
in the iterative approaches (as already observed in Section 3) but also in the
phased state-by-state approach. Still, the phased state-by-state approach, per-
forms worse than the alternating iterative approach (at least for EarlyAsyncBar-
rierMerger), and EarlyAsyncMerger;,).

For EarlyAsyncOutSequencer; and Locky, the phased state-by-state approach
has substantially better performance: whereas both the alternating and the
phased iterative approaches fail for k& > 14 (because these approaches require too
much resources to successfully complete their computation), the phased state-
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by-state approach succeeds for all values of k under study. (These two families
formed the main motivation for doing the work reported on in this paper.)

For EarlyAsyncReplicator; and LateAsyncMergery, the phased state-by-state
approach seems roughly twice as slow as the iterative approaches. A mundane
reason may be that we have not optimized our implementation of the state-by-
state approach as aggressively as the iterative approach (which has been under
development for several years). Another reason may be that the state-by-state
approach is not as cache/memory-friendly as the iterative approach (i.e., local-
ity issues), because the state-by-state approach continuously accesses all local
CAs. Moreover—and more seriously—Alternator; forms a problematic case for
the phased state-by-state approach. Indeed, the alternating iterative approach
performs much better, exactly because it abstracts away internal ports as early
as possible. Interestingly, early abstraction does not have such a significant ef-
fect for all families of connectors under study. This has to do with the particular
structure of Alternatory, explained in detail elsewhere and considered beyond the
scope of this paper [10]. Here, the important point is that, although the phased
state-by-state approach dramatically improves performance in some cases, it is
not a silver bullet. One piece of future work, therefore, concerns the development
of heuristics about which composition approach we should apply when. Another
piece of future work concerns the investigation of a variant of the state-by-state
approach with early abstraction similar to the alternating incremental approach.
The main challenge with this is that to perform abstraction, we require certain
information that, in the state-by-state approach, seems to become available only
once we have completed computing the grand composition. Therefore, we need
to develop clever techniques to obtain this kind of information earlier on.

6 Related Work

The main inspiration for our solution in this paper came from Proenga’s dis-
tributed Reo engine [14]. On input of a connector, this engine starts an actor
for each of that connector’s constituents. Each of these actors has some kind of
local automaton (not quite a cA but the differences and details do not matter
here) for its corresponding node/channel. Together, the actors run a distributed
consensus algorithm to synchronize their behavior, by composing their local be-
haviors into one consistent global behavior. As part of this consensus algorithm,
actors exchange data structures with information about their current state and
that state’s outgoing transitions (called frontiers by Proenca). By doing so, the
actors effectively compute the composition of their automata at run-time, and
only for their reachable states. Our state-by-state approach for computing grand
compositions effectively does a similar computation at compile-time.

Some literature exists on algorithms for computing the composition of CAs.
For instance, Ghassemi et al. documented that the order in which a tool composes
the CAs in a grand composition matters [7]: although any order yields the same
final compound (because composition exhibits associativity and commutativity),
different orders may yield diffent intermediate compounds. Some orders may give
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rise to relatively large intermediate compounds, with high resource requirements
as a result, while other orders may keep intermediate compounds small. Choosing
the right order, therefore, matters significantly in practice. In the same paper,
Ghassemi et al. also briefly mention the idea of computing the composition
of two CAs in a state-by-state approach, but they do not generalize this to
arbitrary grand compositions as we do in this paper. Pourvatan and Rouhy also
worked on an algorithm for efficiently computing the composition of two cas [13].
Their approach consists of a special algebraic representation of cAs, including
a reformulation of the composition operation for this representation. Pourvatan
and Rouhy claim that their approach computes composition twice as fast as the
approach by Ghassemi et al., but evidence remains limited.

State expansion based on reachability also surfaces in what Hopcroft et al.
call “lazy evaluation” of subsets in the powerset construction for determinizing a
nondeterministic finite automaton in classical automata theory [8]. The fact that
we need to compose CAs during the expansion of global states—and explicitly do
not want to compute the grand composition beforehand—makes our situation
more complex, though. Lemma 1 plays a key role in this respect.

Our work is related also to on-the-fly model checking, proposed by Gerth et
al. [6], where the state space under verification is generated as needed during the
actual decision procedure instead of in its entirety, beforehand. If a counterex-
ample is found already early during state space generation/exploration, then, no
effort gets wasted on precomputing the entire state space. A key difference is our
use of Hoare logic to prove our technique’s correctness, which to our knowledge
has not been done in the context of on-the-fly model checking.

7 Conclusion

Our performance evaluation shows that our new approach for computing grand
compositions substantially improves the problematic cases of the existing ap-
proach. However, in other cases, our existing approach outperformed our new
approach. In future work, we want to investigate heuristics for deciding which
of these two approaches we should use when.

Constraint automata comprise a general operational formalism for modeling
the behavior of concurrent systems, where every CA models a component. To
analyze systems modeled as CAs, efficiently computing the grand composition of
those CAs is very important. This makes our work a relevant advancement to the
theory and practice of component-based software engineering. In this paper, we
focused on the “coordination subsystems”—connectors—among the components.
When expressed in Reo, we can compositionally compute connector behavior
in terms of cas. This enables both verification (e.g., model checking [3,4,12])
and compilation (i.e., code generation [10,11]), whose combination subsequently
facilitates a correctness-by-construction approach to component-based software
engineering—one of the hallmarks in Sifakis’ rigorous system design [15].

We can use our new approach for computing grand compositions also be-
yond Reo, whenever not only the coordinating connectors’ semantics exist as
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CAs but also the semantics of their coordinated components. For instance, the
combination of CAs and Reo has been used to model and verify a simple railway
network [3], a biomedical sensor network [4], and an industrial communication
platform [12]. To model check temporal logic properties of the composition of the
components and connectors of such systems (e.g., the composition never dead-
locks), we need to compute the grand composition of the cas for all components
and connectors. Here too, our new approach for computing grand compositions
constitutes a valuable alternative to the existing approach. In fact, the abstract
approach of computing compound global behavior out of primitive local behavior
under a “reachability-based” strategy, to avoid excessive intermediate resource
consumption, does not depend on CAs and can be applied also to other models.
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A Figure 9 (Large)

Figures 10-18 show page-size versions of the plots in Figure 9.

B Definitions

B.1 Constraint Automata

Definition 13. ST is the set of states, ranged over by q.

Definition 14. PORT is the set of ports, ranged over by p.

Definition 15. DcC is the set of data constraints, ranged over by ¢, where:
1 eDc and [[(i)l, ¢o € DC implies ¢1 A o, d1 V ¢g € ]D)C] for all ¢4, (i)g}

Definition 16. Dc : 2F%T — 20C 45 o function.

Definition 17. A constraint automaton is a tuple (Q, P, —, Qo), where:

- QCStT (states)
— P C Port (ports)
- CcQ@x2P"x Dc(P) x Q (transitions)
- Q<@ (initial states)

AuT is the set of constraint automata, ranged over by .

Definition 18. St,Init : AuT — 257 are the functions defined as follows:

St((QaPaH7—>7QO)) = Q
Init((Q, P, —, Qo)) = Qo

Lemma 5. Init(a) C St(a)

Proof. See page 35.

Lemma 6. (¢, P,¢,q') € Tr(a) implies ¢,q¢ € St(a)

Proof. See page 36.

Definition 19. Port : AUT — 2FORT 45 the function defined as follows:

Port((Q, P21, —, Q) = Pall

Definition 20. Tr: AuT — 25Tx2"XDXST 4o 4p0 function defined as follows:

Tr((vaalla —>7Q0)) =—
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Fig. 10: Computation times in seconds (y-axis) for Alternatory, for 2 < k < 64 (x-
axis), by applying the alternating iterative approach (blue lines), the phased it-
erative approach before abstraction (dotted-red lines) and after (solid-red lines),
and the phased state-by-state approach before abstraction (dotted-yellow lines)
and after (solid-yellow lines).
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Fig.11: Computation times in seconds (y-axis) for EarlyAsyncBarrierMergery,
for 2 < k < 64 (x-axis), by applying the alternating iterative approach (blue
lines), the phased iterative approach before abstraction (dotted-red lines) and
after (solid-red lines), and the phased state-by-state approach before abstraction
(dotted-yellow lines) and after (solid-yellow lines).
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Fig. 12: Computation times in seconds (y-axis) for EarlyAsyncMergery, for 2 <
k < 64 (x-axis), by applying the alternating iterative approach (blue lines), the
phased iterative approach before abstraction (dotted-red lines) and after (solid-
red lines), and the phased state-by-state approach before abstraction (dotted-
yellow lines) and after (solid-yellow lines).
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Fig. 13: Computation times in seconds (y-axis) for EarlyAsyncOutSequencery,
for 2 < k < 64 (x-axis), by applying the alternating iterative approach (blue
lines), the phased iterative approach before abstraction (dotted-red lines) and
after (solid-red lines), and the phased state-by-state approach before abstraction
(dotted-yellow lines) and after (solid-yellow lines).
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Fig. 14: Computation times in milliseconds (y-axis) for EarlyAsyncReplicatory,
for 2 < k < 64 (x-axis), by applying the alternating iterative approach (blue
lines), the phased iterative approach before abstraction (dotted-red lines) and
after (solid-red lines), and the phased state-by-state approach before abstraction
(dotted-yellow lines) and after (solid-yellow lines).
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Fig. 15: Computation times in milliseconds (y-axis) for LateAsyncMergery, for 2 <
k < 64 (x-axis), by applying the alternating iterative approach (blue lines), the
phased iterative approach before abstraction (dotted-red lines) and after (solid-
red lines), and the phased state-by-state approach before abstraction (dotted-
yellow lines) and after (solid-yellow lines).
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Fig. 16: Computation times in seconds (y-axis) for LateAsyncReplicatory, for 2 <
k < 64 (x-axis), by applying the alternating iterative approach (blue lines), the
phased iterative approach before abstraction (dotted-red lines) and after (solid-
red lines), and the phased state-by-state approach before abstraction (dotted-
yellow lines) and after (solid-yellow lines).
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Fig.17: Computation times in seconds (y-axis) for LateAsyncRoutery, for 2 <
k < 64 (x-axis), by applying the alternating iterative approach (blue lines), the
phased iterative approach before abstraction (dotted-red lines) and after (solid-
red lines), and the phased state-by-state approach before abstraction (dotted-
yellow lines) and after (solid-yellow lines).

28



60

50

40

30

20

10

0 16 32 48 64

Fig. 18: Computation times in seconds (y-axis) for Locky, for 2 < k < 64 (x-axis),
by applying the alternating iterative approach (blue lines), the phased iterative
approach before abstraction (dotted-red lines) and after (solid-red lines), and
the phased state-by-state approach before abstraction (dotted-yellow lines) and
after (solid-yellow lines).
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B.2 Bisimulation

Definition 21. < C AUT x AUT x 257%5T s the relation defined as follows:

[ (Q17P7 ¢a qll) € Tr(al) (QQ,P, ¢7 qé) € TF(CVQ)

. . /
and (q1,q2) € R } implies [[and (¢\.d)) € R ] for some ¢5]]

for all qlaqi,q27pa¢

[[qz € Init(a2) and (q1,92) € RW] for all ¢]

and [[q; € Init(oy) implies for some g

and Port(ay) = Port(as) and R C St(a;) x St(as)

a1 2R a2

Definition 22. ~ C AUT x AUT x 257%5T s the relation defined as follows:

a1 Xp as and ag <1 ay

a1 =R Q3

B.3 Composition

Definition 23. - ® - : AUT X AUT — AUT is the function defined as follows:

St(al) X S'C(Oég)7
Port(ay) U Port(az),

(Ch q2)
. ’ ’ Port(al) NPy, = POI’t(Ozg) NP
@@= LU P, and (qi, P, ¢1,4¢;) € Tr(a1) o,

N @2,
q?:]i ;22) and (q27p27¢2aQé) € Tr(a2)

Init(a) x Init(as)
Lemma 7.

— St(og ® ag) = St(avy) x St(ae)
— Port(ay ® ag) = Port(ay) U Port(ag)
- Init(a1 X Oég) = Init(al) X Init(ag)

Proof. See page 37.

Lemma 8. St(o ® -+ ® ) = St(ev1) X -+ x St(ap)
Proof. See page 38.

Lemma 9. Init(a; ® -+ @ ay) = Init(ay) X -+ X Init(a,)

Proof. See page 39.
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B.4 Abstraction
Definition 24. - © - : AuT X PORT — AUT is the function defined as follows:
a6 p = (St(a),Port(a) \ {p}, —, Init(a))

where —» s the relation defined as follows:

0,6 0ypn— P,¢n P,y
q—p 0 Gn 0 Gnt1 and P #( q—pq and P #
P,p1 AN Po
g1 ——————> Qn+1 q——q

where —> is the relation defined as follows:

(q’ P7 QS) ql) E Tr<a)

P\{p}.3p-¢
g ————0 ¢

B.5 Decomposition

o) PORT \ PORT - . .
Definition 25. ¢ : 257%2 7 XDOXST o §p _y oSTXZTEXDOXST g the function de-
fined as follows:

5 7 4 I N
oq(—) ={(a,P,¢,d) |¢ — d'}
Definition 26. -(-) : AUT X ST — AUT is the function defined as follows:

a{q) = (St(a), Port(a), o4(Tr(a)), Init(ar))

~ St(alg)) = St(a)
— Port(a(q)) = Port(«)
— Init(a(g)) = Init(a)

Proof. See page 40.

Lemma 11. ((j,]s,(f), q) € Tr(a{q)) iff [(Q,P, A,(j’) € Tr(a) and ¢ = q]
Proof. See page 40.

Lemma 12. (a1 ® a2)((q1,q2)) = a1(q1) @ a2(ge)

Proof. See page 41.

Lemma 13. (a1 ® - ® an){(q15- -, qn)) = @1(q1) ® -+ @ n(qn)

Proof. See page 43.
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B.6 Recomposition

Definition 27. | |- : 22U — AUT is the function defined as follows:

e
. ort(a) | € Aj,
UA=1"UtTr(a) | a < 4},
Uflnit(a) | a € A}

Lemma 14. o= [{a(q) | ¢ € St(a)}
Proof. See page 44.
Theorem 4.

AR Ra, =
L{e1{q1) @ -+ @ anlgn) | (q1,-- .. qn) € Star) x -+ x St(an)}

Proof. By applying Lemma 14, conclude:
1@ @ap = {1 ® - @an){q) [ g €St(or ® - @ an)}
Then, by applying Lemma 8, conclude:
1@ @ an =18 ®an)(q) | q € Stlar) x - x St(an)}
Then, by applying set theory, conclude:

L {(1 @ @an){(q1s---aqn)) | (q1,---,qn) € St(a1) x -+ X St(ay)}

Then, by applying Lemma 13, conclude:
al ® e ® an —
L{a1(q) ® - @ anlgn) | (a1, qn) € St(ar) x -+ x St(an)}
B.7 Reachability

Definition 28. Reach : AUT — 257 is the function defined as follows:

(g1, P1,#1,92)5 - -5 (=1, Pr—1, dk—1,qx) € Tr(a)}

Reach(a) = Init(a) U {qk and g, € Init(a)

Lemma 15. Reach(«) C St(a)
Proof. See page 49.
Lemma 16. [(¢,P,¢,q¢') € Tr(a) and q € Reach(a)] implies ¢' € Reach(w)

Proof. See page 50.
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{true}
A:=10
A = {ai{q) @ @ anlgn) | (q1,---,qn) € Init(a1) x -+ x Init(a,)}
while a € A"\ A for some a do

A:=AU{a}

A=A U{a(d) ® - @anld) | (a. P, ¢, (ai, .., an)) € Tr(a)}
end while

{UA=a1® - @an]}

Fig.19: Algorithm for composing constraint automata, state-by-state

Definition 29. |-|: AUT — AUT is the function defined as follows:

la] = K{alq) | ¢ € Reach(a)}

Lemma 17.

- St(la]) = o

— Port(la]) =«

— Init(la]) = «
Proof. See page 51.
Lemma 18. a ={(4,q)|qcReach(a)} L]
Proof. See page 53.
Lemma 19. [a] Z{(q)jgeReach(a)}? @
Proof. See page 57.
Theorem 5. a ~{(q q)|geReach(a)} (]

Proof. By applying Lemma 18, conclude o =(4.4)|qeReach(a)} [@]. Then, by ap-
plying Lemma 19, conclude:

@ 2{(q,q)|g€Reach(a)} la] and |af j{(q,q)\qEReach(a)}'l «a

Then, by applying Definition 22 of ~, conclude o ~{(4.q)|geReach(a)} [2]-

B.8 Algorithm

Figure 19 shows an algorithm for composing constraint automata, state-by-state,
including its precondition and postcondition. Figure 20 (and its addendum in
Figure 21) shows the same algorithm annotated with assertions for total correct-
ness.
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?rue}

invar
[A" = {a{q1) @ @ an{gn) | (q1,---,qn) € Init(a1) X -+ X Init(an)}]
A0 }
A=
A ={a{q) ® - @ anlgn) | (q1,---,qn) € Init(a1) x -+ x Init(ay,)}
{invar}

while a € A"\ A for some a do
{a € A’\ A and invar and [St(an ® -+ ®@ a)| — |A] = 2}
{[invar and 0 < [St(c1 ® --- @ a)| — |A| < 2]
[A/ =AU {041<qi) @ ® 057L<q;1> ‘ (Q7P7 ¢7 (QL s >q:1)) € Tr(a)}]
[A:=AU{a}]
A:=AU{a}
A=A U{on(qh) ® - @ an(a,) | (¢, P, ¢, (g1, -, q0)) € Tr(a)}
{invar and 0 < [St(a1 ® -+ ® )| — |A] < 2}
end while
{invar and [a ¢ A"\ A for all o]}
A= a1 ®- - ®an]}

Fig. 20: Algorithm for composing constraint automata, state-by-state, annotated
with assertions for total correctness

invar: {(a1 @ - @ an){g) |[g € it(c1 ® - @ an)} CAU(A"\ A)
and A A C{a1®  ®@an){(q)|g€St(a1 ® @ an)}

[ a€ AU(A"\ A) implies

and [ [a:(a1®-~~®an)<q>
| ‘|and ¢ € Reach(a1 ® - -+ ® )

for all a]
} for some q]

[[a € A and (q,P,¢,q') € Tr(a)] implies

and | [o/ = ® - ®an)d) for all a,q,q, P, ¢

and o' € AU (A"\ A) ] for some «

Fig. 21: Addendum to Figure 20

Lemma 20.

true implies

invar
A= {on{01) @ - ® anlgn) | (@1, - n) € Iit(an) x -+ x Init(an)}]
[A:=10)

Proof. See page 61.
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Lemma 21.
[ € A\ A and invar and [St(a; ® -+ ® oy,)| — |A| = 2] implies

[invar and 0 < [St(a1 ® -+ @ ay)| — |A] < 2]

[A" = AU {aa(qy) @ @ an(q,) | (¢, P9, (g1, -, q,)) € Tr(a)}]
[A:= AU {a}]

Proof. See page 66.

Lemma 22.

invar
and [a¢ A"\ A for all o

and (q1,P1,¢1,92)5 -5 (Qr—1, Po—1, Ok—1,qx) € Tr(a1 @ - @ o)
and ¢ € Init(a1 ® -+ @ )

implies (; ® - ® o) (q) € A
Proof. See page 83.

Lemma 23. [invar and [a ¢ A\ A for all a]] implies | |[A= oy ® -+ ®
an |

Proof. See page 86.
Theorem 6. Figure 19 is correct.

Proof. By the assertions in Figure 20 and Lemmas 20, 21, and 23.

C Proofs

Lemma 5
First, observe:
@ Suppose:
[0 € Init(e) and a = (Q, P*',—,Qq)] for some ©o,Q,Qo, P!, —
Then, by applying classical transformation rules, conclude:
o € hit((Q, P, —, Qo))
Then, by applying Definition 18 of Init, conclude ¢ € Q.

@ Suppose:

o € Init(a)
and o = (QaPaH7*>7QO) for some OanQOaPaHy—>
and Qo € €

Then, by applying @, conclude [<> € Qo and Qo C Q} Then, by applying
set theory, conclude ¢ € Q). Then, by applying Definition 18 of St, conclude
o€ St((Qa Palla —, QO))
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@ Suppose:

o € Init() for some ©

Then, by applying Definition 17 of AuT, conclude:

o € Init(a)
and o = (Q, P, — Q)| for some Q,Qo, P, —
and Qy CQ

Then, by applying @, conclude:
Q= (Qa Pa117 —, QO) and ¢ € St((Qa Pall? —, QO))

Then, by applying classical transformation rules, conclude ¢ € St(a).

Now, prove the lemma by the following reduction. By applying @, conclude:
[0 € Init(er) implies o € St()] for all o

Then, by applying set theory, conclude Init(a) C St(a).

Lemma 6

First, assume:

(¢, P, ¢, q') € Tr(e)
Next, observe:

@ Suppose:
Q= (Q’Pall, —>7Q0) for some Qa QOaPa117 —

Then, by applying Definition 18 of St, conclude:
o= (Qv Pall’ — QO) and St((Q7PaH7 —, QO)) = Q

Then, by applying classical transformation rules, conclude St(a) = Q.

Now, prove the lemma by the following reduction. By applying Definition 17
of AuT, conclude:

o = (Q7 Pall’ —, QO)

all
and _>§Qx2pau % De(PY) x Q for some Q,Qy, P, —

Then, by applying @, conclude:

St(a) =@ and — C @ x 2P % Dc(PM) x Q
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Then, by applying classical transformation rules, conclude:
— C St(a) x 2P x Dc(P?) x St(a)
Then, by applying , conclude:
— C St(@) x 2P™ x De(P*!) x St(a) and (g, P, ¢, ¢') € Tr()
Then, by applying set theory, conclude:
(¢, P, ¢, q') € St(a) x 2F™ x De(P?) x St(a)

Then, by applying set theory, conclude ¢, ¢’ € St(a).

Lemma 7
First, observe:
@ By applying Definition 23 of - ® -, conclude:

St(Oél) X St(OéQ),
Port(a1) U Port(asz),

(q1,Q2), POI’t(Oq) NPy = Port(az) NP

St = St PLU P,
(1 ® ) ( fbi N ¢z and (q1, P, ¢1,4;) € Tr(az)
S 2] land (g, Po, d2, ) € Tr(ag)

(91#12)

Init(cp) x Init(ae)
Then, by applying Definition 18 of St, conclude:
St(a1 ® ag) = St(ay) x St(as)
@ By applying Definition 23 of - ® -, conclude:

Port(ay ® ) =

St(()q) X St(ag),
Port(ay) U Port(az),

((h QQ),
’ Port(c1) N Py = Port(ag) N Py
Port(| L[ L1V LA T and (1, Py, gf) € Trlen) ., |

A @2,
(@1 522) and (q2, P2, $2,q5) € Tr(az)

Init(al) X |nit(042)
Then, by applying Definition 19 of Port, conclude:

Port(ay ® ag) = Port(ay) U Port(aw)

37




@ By applying Definition 23 of - ® -, conclude:

Init(a; ® ag) =
St(ay) x St(ag),
Port(an) U Port(az),
(q1,42), —
|nit( P U Py, Port(al) nek= P:ort(ozg) nhH )
¢1 A ¢2 and (Q17P17¢1;Q1) € Tr(Oél) )
, o | and (g2, P2, é2,q5) € Tr(az)

(g1, 495)

Init(a1) X Init(az)
Then, by applying Definition 18 of Init, conclude:

Init(cr ® ) = Init(aq) x Init(az)

Now, prove the lemma by the following reduction. By applying @, conclude:
St(Oél X ag) = St(al) X St(ag)
Then, by applying @, conclude:

St(ag ® ag) = St(ay) x St(ag)
and Port(ag ® ag) = Port(ay) U Port(ag)

Then, by applying @, conclude:
St(Oél ® 0&2) = St(al) X St(OéQ)

and Port(a; ® as) = Port(aq) U Port(as)
and Init(a; ® ag) = Init(ay) x Init(as)

Lemma 8
Prove the lemma by the following induction on n > 1.
— Base: n=1
Prove the base by the following reduction. By applying classical transforma-
tion rules, conclude St(ay) = St(ey). Then, conclude:
Stlag ® - ®ayg) = St(ay) x -+ x St(ay)
Then, by applying , conclude:

St ® -+ ® ap) = St(ag) X -+ x St(a,)
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— IH:
Stla1 @ -+ @ ay) = ]
St(Oll) X X St(aﬁ)

[1 <n <n implies for all 7

— Step: n>1
First, observe:
@ By applying , conclude n > 1. Then, conclude n — 1 > 1. Then,

conclude n > n — 1 > 1. Then, by applying , conclude St(a; ® -+ ®
p—1) = St(a1) X -+ X St(an—1).

Now, prove the inductive step by the following reduction. By applying
Lemma 7, conclude St(ag ® -+ - @ a,) = St(ag @ -+ - ®@ ap—1) X St(ay,). Then,
by applying @, conclude:

St(lag ® -+ ® a) = St(ag) X -+ X St(a—1) X St(ay,)
Then, conclude St(ay ® - - ® ) = St(ag) X -+ X St(ay,).

Lemma 9
Prove the lemma by the following induction on n > 1.

— Base: n=1
Prove the base by the following reduction. By applying classical transforma-
tion rules, conclude Init(c;) = Init(ay). Then, conclude:

Init(a; ® - ® 1) = Init(ag) X - -+ X Init(aq)

Then, by applying , conclude:
Init(a; ® -+ @ @) = Init(ay) X - -+ X Init(ay,)
— IH:

Init(o; ® - @ an) =

Init(ap) x - - x Init(az) ] for all n

[1 <n <n implies
— Step: n>1
First, observe:
@ By applying , conclude n > 1. Then, conclude n — 1 > 1. Then,

conclude n > n —1 > 1. Then, by applying , conclude Init(a; ® -+ ®
ap—1) = Init(aq) x -+ X Init(a,—1).

Now, prove the inductive step by the following reduction. By applying
Lemma 7, conclude Init(ay ® -+ ® @) = Init(a; @ -+ @ ap—1) X Init(ay,).
Then, by applying @, conclude:

Init(e; ® -+ @ ) = Init(ay) X -+ X Init(ap—1) X Init(ay,)

Then, conclude Init(a; ® -+ ® a,) = Init(aq) x -+« X Init(ay,).
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Lemma 10
First, observe:
@ By applying Definition 26 of -(-), conclude:
St(a{q)) = St((St(w), Port(ax), oq(Tr(c)), Init(ax)))
Then, by applying Definition 18 of St, conclude St(a(g)) = St(a).
@ By applying Definition 26 of -(-), conclude:
Port(a(q)) = Port((St(«), Port(a), o4(Tr()), Init(c)))
Then, by applying Definition 18 of St, conclude Port(a(g)) = Port(c).
@ By applying Definition 26 of -(-), conclude:
Init(a(g)) = Init((St(e), Port(ax), oq(Tr(c)), Init(x)))

Then, by applying Definition 18 of St, conclude Init(a(q)) = Init(c).

Now, prove the lemma by the following reduction. By applying @, conclude:
St(a(g)) = St(a)

Then, by applying @2), conclude [St(a(g)) = St(a) and Port(a(g)) = Port(a)].
Then, by applying @, conclude:

St(a{q)) = St(«) and Port(a(q)) = Port(«) and Init(a{q)) = Init(«)

Lemma 11
First, observe:

@ Suppose (¢, P, ¢, q') € Tr(a{q)). Then, by applying Definition 26 of -(-), con-
clude (Q,P,(ﬁ,(j’) € Tr((St(e), Port(ax), o4(Tr(a)), Init(a))). Then, by apply-
ing Definition 20 of Tr, conclude (¢, P, ¢, §') € 04(Tr(e)). Then, by applying
Definition 25 of o, conclude:

(4,P,6,8) € {(¢,P,0,4) | (¢, P,d,q') € Tr(a)}

Then, by applying set theory, conclude [((L P, (;37 §') € Tr(a) and ¢ = q].
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@ Suppose [(cj, P, o, q') € Tr(a) and ¢ = q]. Then, by applying classical trans-
formation rules, conclude (g, P, o, ¢") € Tr(a). Then, by applying set theory,
conclude (¢, P,6,4') € {(¢,P.¢,q) | (¢.P.¢,q') € Tr(a)}. Then, by apply-
ing Definition 25 of o, conclude (¢, P, ¢,q') € 04(Tr(a)). Then, by applying
Definition 20 of Tr, conclude:

(q,P, q?),q”) € Tr((St(a), Port(c), oy (Tr(a)), Init(a)))

Then, by applying Definition 26 of -(-), conclude (¢, P, ¢, q’) € Tr(a(q)).

23) Suppose [(cj,]f’,qg, ¢') € Tr(e) and § = g|. The, by applying 22), conclude
[¢ = ¢q and (¢, P,0,§) € Tr(a(g))]. Then, by applying classical transfor-
mation rules, conclude (g, P, ¢, ") € Tr(a{q)).

Now, prove the lemma by the following reduction. By applying @, conclude:
(4, P,$,d) € Tr(alq)) implies [(4,P,¢,d) € Tr(a) and § = q]

Then, by applying @, conclude:

§') € Tr(a(g)) implies [(¢,P,,d') € Tr(a) and ¢ = q]

(4, Az ! A
(4, P,¢,d') € Tr(a) and ¢ = q] implies (¢, P, ¢,q') € Tr(a(q))]

and H

Then, by applying classical transformation rules, conclude:

(@, P,6,d) € Tr(alq)) iff [(q,P,,d) € Tr(a) and = g

Lemma 12
First, observe:

@ By applying Definition 23 of - ® -, conclude:

Tr(ag ® ag) =
St(a1) x St(az),
Port(an) U Port(as),
(q1,92), -
Tr( PUPR, Port(a1) N P> = Fjort(ozg) nh )
¢1A¢2 and ((ZbPl;d)la(h) eTr(al) ’
; ’ and (q27P27¢2aq/2) € TI’(OZQ)

(q1,43)

Init(a) x Init(ag)

41



Then, by applying Definition 20 of Tr, conclude:

](Jqlbqu)’ Port(ay) N Py = Port(az) N P
(bi A d);’ and (q1>P1u¢17qi) € Tr(al)
"] land (g2, P2, ¢2,q5) € Tr(az)

/

(41, d5)

Tr(al X 042) =

@ By applying Definition 25 of ¢, conclude:

U(Ql»Qz)(Tr(alA(g)Ao‘?)) = o
{((q17q2)a Pa ¢a (j/) | ((qh q2)7 Pv ¢7 ql) € Tr(al ® 0[2)}

Then, by applying @, conclude:

U(th,tIz)(Tr(al ® OQ)) =

(q q ) ((917QZ)»Pa€Z’7q/) €

1,42), N

P, ](ghbq]%))’ Port(a1) N Py = Port(az) N Py
QAS; dA)i/\(,ZB27 and (417‘?1’(?17(1/1) GTI’(OQ)
q (lel qAé)7 and (423 P27 ¢27qA/2) € TI’(O&Q)

Then, by applying classical transformation rules, conclude:

I(A—‘fllL’Jq;?), Port(ay) N Py = Port(az) N P
T(g1.42)(Tr(a1 @ a2)) = ¢1 A q@j, and (q1, P1,¢1,q1) € Tr(aa)
oy | |and (g2, P2, ¢2,d5) € Tr(as)
)

q1,92

Then, by applying Lemma 10, conclude:

0—(41-,112)(-”(0[1 ® ag)) =
(Aql’ q%), Port(av1(q1)) N P> = Port(as(gz)) N Py
PLUP;, DI A
(5 /\(Zg and (thil,éffla‘h) GTF(Oél)
1A, A/27 and (q27 P2a ¢2) q/Q) € TI’(OZQ)
(1,45)

Then, by applying classical transformation rules, conclude:
U(ql,qz)(Tr(al ® az)) =

(fjl’ zj%), Port(aq(g1)) N Py = Port(az(g2)) N Py

PU Py, )N Py A
Qi /\é)z and (41, P1,¢1,4;) € Tr(ew) and G1 = ¢
((jll qé)a and ((j2,P27 ¢25 (jé) (S TI'(OZQ) and qAQ = q2
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Then, by applying Lemma 11, conclude:
U(quqz)(Tr(O‘l ®az)) =

nglloq;l’ Port(a:(q1)) N P, = Port(az(ga)) N Py
n N and (q17P17¢1aq/1) € Tr(a1<Q1>)
o1 N P2,

(ql1 qu2) and (qA27I:)25<£27qA/2) € TI’(O{2<QQ>)

Now, prove the lemma by the following reduction. By applying Definition 26
of -(-), conclude:

(a1 ® a2)((q1,42)) =
(St(a1 ® az), Port(ay ® a2), 04, ,q) (Tr(a1 @ a2)), Init(a; ® az))

Then, by applying Lemma 7, conclude:
St(al) X St(ag),
Port(a) U Port(a),

T (q1.42) (Tr(a1 @ a2)),
Init(cr) x Init(as)

(1 ®@ a2)((q1,42)) =

Then, by applying @, conclude:

(1 ® az2)((q1,92)) =

St(Oél) X St(OéQ),
Port(a1) U Port(asz),

](;ilbq;%7 Port(a1 <q1A>) r] PQ = POI’t(OZQ <QQ>) n Pl
o /\QB; and (1, P1,¢1,41) € Tr(oa{q1))
((jll qAé)7 and (QAZ; Py, ¢, ‘jé) S Tr(012<QQ>)

Init(ay) x Init(az)
Then, by applying Definition 23 of - ® -, conclude:

(a1 ® a2)((q1,q2)) = a1{q1) ® az(g2)

Lemma 13
Prove the lemma by the following induction on n > 1.

— Base: n=1
Prove the base by the following reduction. By applying classical transforma-
tion rules, conclude ay{q1) = a1{q1). Then, conclude:

(1@ @a)((q,--.,q1) = ar{q) @ @ a1 {q)

Then, by applying , conclude:
(al ® - an)((qlv o aqn)> = a1<Q1> [ an<qn>
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— IH:

(1@ @aa)((qr,---,q))

f 11 n
= ar(q) ®- - ® anlga) |) TR

[1 <n <n implies
— Step: n>1
First, observe:
@ By applying , conclude n > 1. Then, conclude n — 1 > 1. Then,
conclude n > n — 1 > 1. Then, by applying , conclude (a1 ® -+ ®
anfl)«(ha BERE) Qn71)> = CV1<ql> Q- ® an71<Qn71>~

Now, prove the inductive step by the following reduction. By applying
Lemma 12, conclude:

(a1 @ ®@an)((q,--,qn)) =
(al K- & an—l)«qlv cee 7QTL—1)> ® an<Qn>

Then, by applying @, conclude:

(al & .- ®an)<(qla .. 7Qn)> =
041<(11> Q- & an71<Qn71> & an<Qn>

Then, conclude (a1 ® -+ ® ) {(q1,---,qn)) = @1{(q1) ® -+ @ an{qn).

Lemma 14

First, observe:

@ Suppose:
o € | {oy(Tr(a)) | ¢ € St(a)} for some ©

Then, by applying Definition 25 of o, conclude:
o€ U{{(e, P, 6,d) | (4, P,6,d) € Tr(a)} | g € St(a)}
Then, by applying set theory, conclude:
©€{(a.P.4.4) | (¢.P.$.¢') € Tr(a)} for some g
Then, by applying set theory, conclude ¢ € Tr(«).
@ Suppose:
[0 € Tr(a) and a = (Q, P!, —, Qo)] for some ¢, Q, Qo, P!, —

Then, by applying classical transformation rules, conclude:

o€ Tr((Q, P, —, Qo))

Then, by applying Definition 20 of Tr, conclude ¢ € —.
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@ Suppose:

o€ Tr(a)
and a = (Q, P, — Qo) for some ¢, Q, Qo, P!, —
and — C Q x 2P™ x Dc(P?!) x Q

Then, by applying @, conclude:
o€ — and — C Q x 2P x De(P?!) x Q

Then, by applying set theory, conclude ¢ € @) x 2P Dc(P?) x Q. Then,
by applying Definition 16 of Dc, conclude:

o€ Q x 2P x De(P*) x Q and Dc(P?) € 20¢

Then, by applying set theory, conclude ¢ € @ x 2P« De x Q. Then, by
applying set theory, conclude:

[¢=(q,P,¢,¢) and q € Q] for some q,¢', P, ¢

Suppose:

[q € Q and a = (Q7 Palla — QO)] for some q, Q7 QU?PaH7 —
Then, by applying Definition 18 of St, conclude:
qe St((Qv Pallv —, QO)) and o = (Q? Pall’ — QO)

Then, by applying classical transformation rules, conclude ¢ € St(a).

@ Suppose:

o € Tr(a) for some ©
Then, by applying Definition 17 of AUT, conclude:
o= (Qa Pana —, QO)
o€ Tr(a) and |land — C QX 2P 5 De(P) x Q

for some Q,Qy, P*', —

Then, by applying classical transformation rules, conclude:

o€ Tr(a)
and a = (Q, P*", —, Qo) for some ©,Q,Qo, P!, —
and — C Q x 2P™ x De(P) x Q

Then, by applying @, conclude:

s = 7P7 ) !
a=(Q,P"™ —, Q) and [[an(i]] eg 9 )} for some q,¢, P, ¢]
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Then, by applying classical transformation rules, conclude:

a = (Q7Pall’ —>5Q0)
and o= (¢,P,¢,¢') | forsome ¢,¢', P,
and g € Q

Then, by applying 4), conclude [o=(q,P,¢,¢) and q € St(a)].
Suppose:

[0 € Tr(a) and o = (q,P,¢,q')] for some ©,q,¢', P, ¢
Then, by applying classical transformation rules, conclude:

(¢, P, ¢,q") € Tr(c)
Then, by applying set theory, conclude:
(0.P,6,q") € {(¢.P,,) | (¢, P,$,7) € Tr()}

Suppose:

[0 €Tr(a) and o = (¢, P, ¢,q')] for some ¢,q,¢', P, ¢
Then, by applying , conclude:

o= (q.P¢,q) and (¢,P.¢,4) € {(a, P,6,d) | (¢. P, $,q) € Tr(a)}
Then, by applying classical transformation rules, conclude:
o€ {(@.P,6.9)| (¢, P.6,¢) € Tr(a)}

Suppose:
o € Tr(a) for some ©

Then, by applying @, conclude:

— !
o € Tr(a) and [[Zr;i((g g’i’é” for some ¢,¢, P, ¢]

Then, by applying classical transformation rules, conclude:

o€ Tr(a)
and o= (¢, P,¢,q')| forsome q,q,P, ¢
and q € St(a)

Then, by applying @, conclude:

o€{(q P, ¢,d) (g, P,¢,¢) € Tr(a)} and g € St(a)
Then, by applying set theory, conclude:

o€ U{{(a, P, ,d) | (¢, P,6,d) € Tr(a)} | g € St(a)}
Then, by applying Definition 25 of o, conclude:

o€ Woy(Tr(a)) [ ¢ € St(a)}
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By @, conclude:

[0 € U{oq(Tr(@)) | q € St(er)} implies ¢ € Tr(a)] for all o
Then, by introducing @, conclude:

for all ¢
for all ¢

o € | J{o,(Tr(a)) | ¢ € St(a)} implies ¢ € Tr(«)

and |[¢ € Tr(e) implies o € |J{o,(Tr(e)) | q € St(a)}

Then, by applying set theory, conclude:

U{oy(Tr(a)) | g € St(a)} C Tr(a)
and Tr(a) C [J{o,(Tr(a)) | q € St(a)}

Then, by applying set theory, conclude | J{o(Tr(ev)) | ¢ € St(a)} = Tr(a).

Suppose:

| {a(q) | g € St(a)} = (St(w), Port(a), Tr(a), Init(«))
and o = (Q, P, — Qo)

for some Q,Qy, P, —

Then, by applying classical transformation rules, conclude:

St((Q, P, —, Qo))
Port((Q, P, —, Qo)
)

)

)

€ St =
L {a{q) | ¢ ()} Tr((Q,PaH7 —.Q0)
Init((Qa Pall, —, QO
Then, by applying Definition 18 of St, Init, conclude:

Q
r all

e stk = | TG, )
Qo

Then, by applying Definition 19 of Port, conclude:

Li{a(a) | ¢ € St(e)} = (Q, P, Tr((Q, P, —, Qo)), Qo)
Then, by applying Definition 20 of Tr, conclude:

L{a(a) I ¢ € St(e)} = (Q, P, —, Qo)

)
)

Now, prove the lemma by the following reduction. By applying Definition 27
of | |-, conclude:

thato [ € (ot [a € St}
ort(a) | € & € St s
LHata) l7 € St(@)} = | {iTr(a) | a € {alg) ¢ € St}

U{init(a) | a € {olg) | q € St(a)}}
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Then, by applying set theory, conclude:

UL%{PSt(< %‘ e S§(< >§i

ort € St(a) g,

Lata) 14 € St@)} = | Uir(ale)) | € Stlo)),
Oinit(a(a)) | ¢ € St(a)

Then, by applying Definition 25 of ¢, conclude:

{a(g) | g € St(a)} =
( U{St((St(a), Port(ar), o4 (Tr(ax

), Init(a
U{Port((St(a), Port(c), o4(Tr(c)), Init(
U{Tr((St(e), Port(cx), o (Tr(cx)),
U{Init((St(e), Port(ar), o4(Tr(c)

Then, by applying Definition 18 of St, Init, conclude:

[{a{g) | q € St(a)} =

Init(«
), Init(

| ¢ € St(a
)1 g € St(

Q\./Qv

) lq € St(a)},
) g € St(a)},
) )}
) a)}

U{Tr((St(e), Port(a), oq(Tr(c)), Init(a))) | ¢ € St(a)},
U{lnit() | ¢ € St(a)}

Then, by applying Definition 19 of St, Port, Tr, Init, conclude:

iz,
o ort(a) | g € St(w)y,
Lteda) T € SHOR = o (Tr()) [ € St(a)),
U{Init(e) | ¢ € St(e)}
Then, by applying set theory, conclude:
LKa(g) | g € St(a)} = (St(a), Port(a), U{oq(Tr(e)) | ¢ € St(a)}, Init(a))
Then, by applying , conclude:
| {a(q) | g € St(a)} = (St(«), Port(a), Tr(a), Init())
Then, by applying Definition 17 of AUT, conclude:

L{a(q) | g € St(a)} = (St(a), Port(), Tr(a), Init(cr))
and [a = (Q,P™,—,Qo) for some Q,Qo, P!, — |

U{St(@) | g € St(a)},
U{Port((St(a), Port(a), o (Tr(a)), Init(a))) | ¢ € St(a)},

Then, by applying classical transformation rules, conclude:

| {a(q) | g € St(a)} = (St(«), Port(a), Tr(a), Init(a))
and o = (Q> Pallv —, QO)

for some Q,Q, P*', —
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Then, by applying , conclude:
a=(Q,P",—,Qo) and |{a(g)|q € St(a)} = (Q, P, —, Qo)

Then, by applying classical transformation rules, conclude:

| {alg) [q € St(a)} = a

Lemma 15
First, observe:

@ Suppose:

o € Init(a)) for some ¢

Then, by applying Lemma 5, conclude [¢ € Init(a) and Init(e) C St(a)].
Then, by applying set theory, conclude ¢ € St(«).

@ Suppose:

06{%

Then, by applying set theory, conclude:

((J1>P1a¢17Q2)7 ey (Qk—hpk—h(bk—la%) S TI’(O{)

and ¢; € Init(a) } for some ©

o=qr and (qu—1,Pe—1,Pr—1,qr) € Tr(c)

Then, by applying Lemma 6, conclude [o =q, and ¢ € St(a)]. Then, by
applying classical transformation rules, conclude ¢ € St(«).

@ Suppose:

o € Reach(a) for some ©

Then, by applying Definition 28 of Reach, conclude:

(Ch, Pla ¢11 CI2), ceey (Qkflv Pkfly d)kfly qk) c Tr(a)
and ¢ € Init(a)

o € Init(a) U {qk

Then, by applying set theory, conclude:
o € Init(a)

(qla Pla ¢17 QQ), LR (qk—17Pk—17 d)k—laqk) € TI’(O&)
and ¢; € Init(w)

or ¢ ¢ {qk

Then, by applying @, conclude:

(Q17P17¢17q2)3 sy (qkflvpkflvgbkflaqk) € Tr(a)}

¢ €St(a) or o€ {q’“ and ¢; € Init(@)

Then, by applying @, conclude [<> € St(a) or ¢ € St(oz)]. Then, by apply-
ing classical transformation rules, conclude ¢ € St(a).
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Now, prove the lemma by the following reduction. By applying @, conclude:
[ € Reach() implies o € St(a)| for all o

Then, by applying set theory, conclude Reach(a) C St(«).

Lemma 16

First, assume:

(4. P.6,q) € Tr(a)
q € Reach(a)

Now, prove the lemma by the following reduction. By applying , conclude
q € Reach(a). Then, by applying Definition 28 of Reach, conclude:

(qlv P17 ¢17q2)3 cey (qkfla Pkfla ¢k71; (]k) S TI’(O[)
and ¢; € Init(a)

q € Init(a) U {qk
Then, by applying set theory, conclude:

(qlv Plv ¢1a q2)7 BERE) (qk*h Pk*l? ¢k*17 Qk) € TF(OZ)
and ¢; € Init(a)

q € Init(a) or ¢q € {qk

Then, by applying set theory, conclude:

{(CI17P1,¢1,CI2>7 ey (Qk—th—h(bk—l:CI) S TF(OZ):|
q € Init(a) or |land g € Init(a)
for some Q1a"'7Qk—17kaP17~"7Pka¢17"'7¢k

Then, by applying , conclude:

[(q7 P,¢,q¢') € Tr(a) and ¢ € Init(a; ® -+ ® ozn)]

(qlvpla ¢17 q2)7 L) (qk—17pk—17 ¢k—17Q)a (q7 Pa ¢7 q/) € TI’(O[)
or ||and ¢ € Init(a)

for some qlv"’7qk717k7P17"~7Pk37¢17"‘7¢k

Then, by applying set theory, conclude:
/ A~ (qu» Pla qgh C]Q)v sy ((j]%_lv P];_lv ngg_lv(j];) € Tr(a)
q €14; . .
and §; € Init(a)
or ¢ € {(j,;

(quapla (ﬁla qA2)7 R (qA}Ac,pP}},p é];flvq}c) € TI’(Oé)
and ¢ € Init(«)

Then, by applying classical transformation rules, conclude:

q/ c Cj" (qlaplaqglquQ)v RN (qA]},pP]},l)QAS]},lqu]}) € Tr(a)
kland ¢, € Init(a)
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Then, by applying classical transformation rules, conclude:

q € {d;;

Then, by applying set theory, conclude:

(le, pl, lea (j2)v cey (qug_lv p]%_lv (Z)];_p qug) € Tr(a)
and ¢ € Init(a)

((jlvphqgla(b)v SERE) (qA]}_pp]}_p(E)];_qu]}) € TF(OL) or q/ c Init(a)
and ¢ € Init(a)

q' € hnit(a) U {fo
Then, by applying Definition 28 of Reach, conclude ¢’ € Reach(a; ® - - - ® a ).

Lemma 17
First, observe:

@ By applying Definition 29 of |-|, conclude:
St(le]) = St(L{a(q) | ¢ € Reach(a)})

Then, by applying Definition 27 of | |-, conclude:

thari) |6 & (atm e € Rescha]
ort(a) | & € € Reach(«a R
St(la)) = St( &) € {olg) | g € Reach(a) ), |
U{Init(&) | & € {a{q) | ¢ € Reach(«)}}

Then, by applying Definition 18 of St, conclude:
St(la)) = U{St(a) | & € {a{q) | ¢ € Reach(a)}}

Then, by applying set theory, conclude:
St([e)) = U{St(alq)) | ¢ € Reach(a)}

Then, by applying Lemma 10, conclude:

St(|a]) = U{St(a) | ¢ € Reach(«)}
Then, by applying set theory, conclude St(|«]) = St(«a).

@ By applying Definition 29 of |-|, conclude:

Port(|a]) = Port(| [{a{q) | ¢ € Reach(a)})

Then, by applying Definition 27 of | |-, conclude:

T e

ort(a) | & € € Reach(«a R

Port(la)) = Port(| {Jmr(a) | & € fola) | 4 < Reach(o)}}. |
U{Init(&) | & € {a{q) | ¢ € Reach(«)}}
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Then, by applying Definition 19 of Port, conclude:

Port(|a]) = U{Port(&) | & € {a{q) | ¢ € Reach(«)}}

Then, by applying set theory, conclude:

Port(|a|) = U{Port(a(q)) | ¢ € Reach(«)}

Then, by applying Lemma 10, conclude:
Port(|a]) = |J{Port(«) | ¢ € Reach(a)}

Then, by applying set theory, conclude Port(|a]) = Port(c).
z3) By applying Definition 29 of |-], conclude:

Init(|a]) = Init(|_{a(q) | ¢ € Reach(a)})

Then, by applying Definition 27 of | |-, conclude:

U{St(a) | & € {a{q) | ¢ € Reach(a)}},
Init([a]) = Init( U{Port(&) | & € {a(q) | ¢ € Reach(a)}}, )
U{Tr(&) | & € {a{q) | ¢ € Reach(a)}},
U{Init(&) | & € {a{q) | ¢ € Reach(a)}}
Then, by applying Definition 19 of Init, conclude:
Init(|a]) = U{Init(&) | & € {a{q) | ¢ € Reach(a)}}

Then, by applying set theory, conclude:

Init(|e]) = U{Init(a(q)) | ¢ € Reach(a)}

Then, by applying Lemma 10, conclude:

Init(|«|) = U{Init(«) | ¢ € Reach(a)}

Then, by applying set theory, conclude Init(|«]) = Init(a).

Now, prove the lemma by the following reduction. By applying @, conclude:
St(|a]) = St(w)

Then, by applying @2), conclude [St(|a]) = St(a) and Port(|a|) = Port(a)].
Then, by applying @, conclude:

St(la]) = St(«) and Port(|a]) = Port(a) and Init(|«]) = Init(c)
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Lemma 18

First, observe:

@ Suppose:
(la), P, ¢,q') € Tr(e) for some [q],q', P, ¢

Then, by applying classical transformation rules, conclude:

[(qu,P,d),q’) € Tr(w) and |G| = qu] for some |G|

Then, by applying Lemma 11, conclude:

(la), P, ¢,q') € Tr(e([¢])) and [g] = [q]

Then, by applying classical transformation rules, conclude:
(Lal, P.¢,q") € Tr(a(lal))

@ Suppose:

(4, P, &) € Tr(a)

and q = |g] for some ¢, |¢],¢', P,
and ¢ € Reach(a)

Then, by applying classical transformation rules, conclude:
(lg], P,¢,q') € Tr(a) and |g¢] € Reach(«)
Then, by applying @, conclude:

(la), P, ¢,q') € Tr(e([q])) and |g] € Reach(«)

Then, by applying set theory, conclude:

(L), P,¢,q') € U{Tr(a(q)) | § € Reach(a)}

Then, by applying set theory, conclude:

(la), P,¢,q') € U{Tr(a) | & € {a(q) | § € Reach(a)}}

Then, by applying Definition 20 of Tr, conclude:

s,
, ort(&) | & € {a(q) | ¢ € Reach(a)}},
(g}, P, 4) € Tr() X emea) | a € {a(zjq | qqe Reach(a)}}, |’

U{Init(a) | & € {a(g) | § € Reach(a)}
Then, by applying Definition 27 of | |-, conclude:
(La), P, ¢,q") € Tr(L{e(q) | § € Reach(a)})

Then, by applying Definition 29 of |-], conclude (|g|, P, ¢,q") € Tr(|a]).

)
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@ Suppose:
[(¢,P,$,q') € Tr(a) and q € Reach(a)] for some ¢,¢, P, ¢

Then, by applying Lemma 16, conclude ¢’ € Reach(«). Then, by applying
set theory, conclude (¢',¢") € {(¢,¢) | § € Reach(a)}.

Suppose:

(¢, P,¢,q') € Tr(a)
and (¢, q]) € {(¢,q) | ¢ € Reach(a)}

Then, by applying classical transformation rules, conclude:

for some q, |q],q, P, ¢

(¢, P,é,q") € Tr(a) and ¢ = |g| and ¢ € Reach(a)
Then, by applying @, conclude:
(¢, P,¢,q') € Tr(a) and ¢ € Reach(a) and (|q], P, ¢,q") € Tr(|a])
Then, by applying @, conclude:

(¢',4) € {(¢:9) | § € Reach(e)} and (|q], P, ¢,q') € Tr(|e])

Then, by applying classical transformation rules, conclude:

(¢, 14']) € {(g,

) € {(¢,9) | § € Reach(a)}
and (|q], P, ¢,

)
q']) € Tr(la))

(f for some |¢'|

@ Suppose:
q € Init(a) for some ¢
Then, by applying classical transformation rules, conclude:

q € Init(a)

(Q17 P17 ¢17q2)a ceey (Qk—la Pk:—la ¢k—1a Qk) € TI’(O{)
and ¢; € Init(a)

or q < {qk

Then, by applying set theory, conclude:

(q1, P1,91,92), -+ -5 (qh—1, Pr—1, Pr—1,qx) € Tr(a)
and ¢; € Init(w)

q € Init(a) U {qk

Then, by applying Definition 28 of Reach, conclude g € Reach(a).

Suppose:

q € Init(a) for some ¢

Then, by applying @, conclude [q € Init(a)) and q € Reach(a)]. Then, by
applying Lemma 10, conclude [q € Init(a{q)) and q € Reach(a)}. Then, by
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applying set theory, conclude ¢ € |J{Init(a(d)) | § € Reach(«)}. Then, by
applying set theory, conclude:

q € J{Init(a) | & € {a(q) | § € Reach(a)}}
Then, by applying Definition 18 of Init, conclude:

U{St(a) [ & € {a(q) | § € Reach(a)}},
U{Port(a) [ & € {a(q) | § € Reach(a)}}, )
U{Tr(a) [ & € {a(q) | ¢ € Reach(a)}},
U{Init(@) | & € {a(q) | § € Reach(a)}}

Then, by applying Definition 27 of | |-, conclude:

q € Init(| {a(g) | § € Reach(«)})

Then, by applying Definition 29 of |-], conclude ¢ € Init(|«]).

q € Init(

Suppose:
q € Init(a) for some ¢

Then, by applying @, conclude ¢ € Reach(«). Then, by applying set theory,
conclude (g, ) € {(d,4) |4 € Reach(a)}.

Suppose:
q € Init(a) for some ¢

Then, by applying , conclude [q € Init(a) and ¢ € Init( Lozj)] Then, by
applying @, conclude:
(¢,9) € {(4,4) | 4 € Reach(a)} and ¢ € Init(|a])

Then, by applying classical transformation rules, conclude:

[(q, lg]) €{(4,9) | ¢ € Reach(a)} and |q] € Init(LaJ)} for some |q]

Suppose:
q € Reach(a) for some ¢

Then, by applying Lemma 15, conclude:
q € Reach(«) and Reach(a) C St(«)

Then, by applying set theory, conclude ¢ € St(a). Then, by applying set
theory, conclude (g, ¢) € St(a) x St(a).

Suppose:
o €{(q,q) | ¢ € Reach(a)} for some o

Then, by applying set theory, conclude [<> = (¢,q) and ¢ € Reach(a)].

Then, by applying , conclude [<> = (¢,q) and (q,q) € St(a) x St(a)].
Then, by applying classical transformation rules, conclude:

o € St(a) x St(a)
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@ By applying , conclude:
[0 € {(¢:9) | ¢ € Reach(c)} implies o € St(a) x St(a)] for all ©
Then, by applying classical transformation rules, conclude:

{(¢,9) [ ¢ € Reach(a)} C St(a) x St(e)

Now, prove the lemma by the following reduction. By applying , conclude:
[(q, P,¢.q') € Tr(a) }
and (q,q)) € {(4,q) | ¢ € Reach(a)}

{(qﬂ ') €{(@q) e Reach(a)}] for all ¢, [q],q, P, ¢
and (lq/, P, ¢,[q']) € Tr(la])

for some |¢'|

implies

Then, by applying , conclude:
{(q, P,¢,q') € Tr(a) ]
and (q,[q]) € {(4,q) | ¢ € Reach(a)}

[ {(q’, ') €{(q:9) |G € Reach()a)}]] for all ¢, [q],q', P, ¢]

implies | [and (lq), P, ¢, [d']) € Tr([]

for some |¢']

{(CL la)) €{(¢,0)|d € Reach(a)}}
and [[q € Init(o) implies and [q] € Init([a]) | for all q]

for some |q|
Then, by applying Lemma 17, conclude:
[(q, P,¢.q') € Tr(a) ]
and (¢, [q]) € {(¢,¢) [ § € Reach(a)}

[ {(q/» ld']) €{(q,9)|dq¢€ ReaCh(a)}] for all ¢, q].d', P, ¢]
implies and (lq], P, ¢, [q']) € Tr(la])

for some |¢']

{(% la]) €{(4,9) 14 € Reach(a)}}
and [[q € Init(a) implies and |g] € Init([a]) } for all q]

for some |g|

and Port(a) = Port(|«])
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Then, by applying @, conclude:

{(q,PGﬁ, q) € GT

r(a) ]
and (¢, lq]) € {(¢,9) | § € Reach(a)}
{

)
(4,9)| g € Reach(a)}] for all ¢, |q],q, P, ¢]
1. P, 1q']) € Tr([a))
for some |¢']

{(CL la]) € {(4.4) 14 € Reach(a)}}
and [[q € Init(o) implies and [q] € Init([a]) | for all q]

for some |g|

[ (¢, 1d'])
la

implies L\nd (

and Port(«) = Port(| o]
and {(q,q) | ¢ € Reach(a)} C St(«a) x St(«)

Then, by applying Definition 21 of - < -, conclude o <{(4,q)|geReach(a)} [@]-

Lemma 19

First, observe:

@ Suppose:
(¢,P,¢,1d']) € Tr(la]) for some q,[q'], P, ¢

Then, by applying Definition 29 of |- |, conclude:

(¢, P, ¢,14']) € Tr(L{(q) | § € Reach(a)})
Then, by applying Definition 27 of | |-, conclude:

e

, ort(&) | & € {« € Reac ,

(0. P0: 1) € T (ymy(a | < o) | 4 € Reach(@)}}. |
UfInit(4) | & € {a(g) | § € Reach(a)}

Then, by applying Definition 20 of Tr, conclude:

(¢, P,¢,1¢')) € U{Tr(a) | & € {a(q) | § € Reach(a)}}

Then, by applying set theory, conclude:

(¢, P,¢,14']) € U{Tr(a(g)) | § € Reach(a)}

Then, by applying set theory, conclude:
(¢, P, &, ¢']) € Tr(a(g)) for some ¢

Then, by applying Lemma 11, conclude (g, P, ¢, |¢']) € Tr(a).
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@)

Suppose:
[(q,P7 ¢,1¢']) € Tr(a) and q € Reach(a)] for some q, |¢'|, P, ¢

Then, by applying Lemma 16, conclude |¢’| € Reach(a). Then, by applying
set theory, conclude (1¢'], |¢']) € {(4,4) | § € Reach()}.

Suppose:

(la), P, o, ")) € Tr(la)) /
and ((g],¢) € {(6,4) | § € Reach(a)}| ToF s0me ¢:lal, 1), P:¢

Then, by applying classical transformation rules, conclude:
(la), P,¢,14']) € Tr(la]) and [¢] = ¢ and [g] € Reach(a)
Then, by applying classical transformation rules, conclude:
(¢, P,d,1q']) € Tr(|la]) and g € Reach(«)
Then, by applying @, conclude:
(¢, P,®,1q'|) € Tr(a) and ¢ € Reach(«)
Then, by applying @, conclude:
(¢, P, ¢,1q']) € Tr(e) and ([¢'], [q']) € {(¢,q) | § € Reach(a)}

Then, by applying classical transformation rules, conclude:

(¢, P, ¢,q") € Tr(a)

and (|¢'],¢) € {(4,) | € Reach(a)}| OT SOme ¢

Suppose:
lg] € Init(«w) for some |q]

Then, by applying classical transformation rules, conclude:
lq] € Init(«)

or [q] € {Qk

(qla Pla ¢17 QQ)7 L) (qk—17pk—17 ¢k—17Qk) € Tr(a)
and ¢; € Init(a)

Then, by applying set theory, conclude:

(q1, P1,91,92) -+ 5 (qh—1, Pr—1, o1, qx) € Tr(a)
and ¢ € Init(a)

lq] € Init(a) U {qk

Then, by applying Definition 28 of Reach, conclude |¢] € Reach(«). Then,
by applying set theory, conclude (|¢], |q]) € {(4,q) | § € Reach(a)}.
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@

Suppose:
lg] € Init(|e]) for some |[g]

Then, by applying Definition 29 of |-], conclude:

la] € nit([J{a(g) | § € Reach()})

Then, by applying Definition 27 of | |-, conclude:

U{St(@) | & € {a(d) | 4 € Reach(a)}},
lg] € Init( U{Port(&) | & € {a(q) | ¢ € Reach(a)}}, )
1 U{Tr(@) | & € {a(g) | G € Reach(a)}},
U{nit(&) | & € {a(g) | § € Reach(«)}}

Then, by applying Definition 20 of Tr, conclude:

La] € U{Init(a) | & € {a(g) | § € Reach(a)}}

Then, by applying set theory, conclude:

la] € UfInit(a(g)) | § € Reach(a)}

Then, by applying Lemma 10, conclude |¢] € U{Init(e) | § € Reach(a)}.
Then, by applying set theory, conclude |¢| € Init(«). Then, by applying
, conclude:

Lg] € Init(a) and (|q], [¢]) € {(¢: @) | § € Reach(a)}

Then, by applying classical transformation rules, conclude:

g € Init(a) for some ¢

and (|q],q) € {(¢,9) | § € Reach(a)}

Suppose:
q € Reach(a) for some ¢

Then, by applying Lemma 15, conclude:
q € Reach(«) and Reach(a) C St(«)

Then, by applying set theory, conclude ¢ € St(a). Then, by applying set
theory, conclude (g, ¢) € St(a) x St(a).

Suppose:
o €{(q,q) | ¢ € Reach(a)} for some ©

Then, by applying set theory, conclude [¢ = (¢,¢) and ¢ € Reach(a)].

Then, by applying , conclude [<> = (¢,q) and (gq,q) € St(a) x St(a)].
Then, by applying classical transformation rules, conclude:

o € St(a) x St(a)
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By applying @, conclude:
[0 € {(q,q) | ¢ € Reach(a)} implies ¢ € St(a) x St()] for all ©

Then, by applying classical transformation rules, conclude:

{(¢,9) | ¢ € Reach(a)} C St(«) x St(«)

Now, prove the lemma by the following reduction. By applying @7 conclude:

[(H ¢, 1q']) € Tr(la])
and ([g].q) € {(4.4)| q € Reach

{[( P,¢,q) € Tr(la)) }] for all ¢, |q],|¢'], P, ¢

(@ )}] implies_

and (|q¢'],q") € {(¢,9) | § € Reach(a)}

for some ¢
Then, by applying @, conclude:

[(H ¢, 1d']) GTF()L al)

and (L j q) € {( | ¢ € Reach(a )}] implies
eT

[ [(q, P,¢,q') € Tr(la)) }
land ([¢'],q') € {(4,4) | ¢ € Reach(c)}

for some ¢’

for all ¢, |q], |¢'|, P, ¢]

lg| € Init(|«]) implies

q € Init(a)
Fand (la)sa) € {(@.d) | de Reach(@}u for all |q]]

for some ¢

—

and

Then, by applying Lemma 17, conclude:

[(H ¢;14']) € Tr(l])
and (lq).q) € {(4.)

[ {( P,¢,q) € Tr(la)) }] for all ¢, |q], ], P, ¢]

RS Reach(a)}] implies

and (|q'|,q') € {(¢,9) | ¢ € Reach(a)}

for some ¢

lq] € Init(|a]) implies

q € Init(a)
Uand (lala)e{(@.d)de Reach(a)}}] for all |q]]

for some ¢

and

—

and Port(|«a|) = Port(a)
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Then, by applying , conclude:
[(LQLR ¢, 1d']) € Tr(la]) ]
and ([q],9) € {(4,q) | 4 € Reach(a)}

q
(| [[(e:P.6.q) € Tr(le)) } for all ¢, ], |¢'], P, ¢]
land (|¢'|,¢') € {(¢,4) | § € Reach(a)}

for some ¢

implies

lq] € Init(|a]) implies

q € Init(@)
{and (lal;a) €{(3,9) | g€ Reach(a)}} for all [q]]

for some ¢

—

and

and Port(|a]) = Port(«)
and {(q,q) | ¢ € Reach(a)} C St(a) x St(a)

)
Then, by applying Definition 21 of - < -, conclude | ] <{(g,q)|geReach(a)} @ Then,
by applying set theory, conclude |«a] ={(q.q)|geReach(a)} O

Lemma 20
First, assume:
@ true
Next, observe:

@ By applying classical transformation rules, conclude:

{a1{q1) ® - - @ anlqn) | (q1,---,qn) € Init(ay) x -+ X Init(ay,)}
= {1 (@) @ @ an(gn) | (q1,- -5 qn) € it(ar) x - x Init(ay)}

Then, by applying Lemma 9, conclude:

{a1{q1) @ @ anlgn) | (q15---,qn) € Initlag @ -+ @ ap)} =
{a(q) @ @ anlgn) | (q1,- -+, qn) € Init(ay) x -+ x Init(ay)}

Then, by applying Lemma 13, conclude:

(@@ an){(@rs- - 0) | (@111 00) € it @ - © )}
={a1{(q1) ® - @ an{qn) | (q1,---,qn) € Init(ay) X - -+ x Init(c,)}

Then, by applying classical transformation rules, conclude:

{(a1® - @an)q) ] (q1,...,qn) € it(a; @ --- @ an)}
={a1{q1) ® - @ an{qn) | ¢ € Init(an) x - -+ X Init(on) }

Then, by applying set theory, conclude:
{lar®- - @an)(@) | (g1, -, qn) € Init(o @ -+ ® o)}
C{a{q1) ® -+ @ an{gn) | ¢ € Init(ay) X -+ X Init(ay)}
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Then, by applying set theory, conclude:
{(041 ®--® an)<Q> | (qlv e ,Qn) S Init(a1 Q- & an)} g
(q1,---5qn) € }\@)

Init(ap) x -« x Init(ay,)

ou <{a1<q1> - ® anlgn)

@ Suppose:

(Q17 s 7Qn) S
Init(cy) x - -+ x Init(ay,

o€ {al<QI>®"'®an<Qn> )} for some ¢

Then, by applying Lemma 5, conclude:

(q1s--+,qn) € Init(ay) x -+ x Init(ay,)
i -
= a1<q1> Q- ® an<qn> zﬁg !I’.ll-t(Oél) = St(al)

and Init(a,) C St(ay,)
Then, by applying set theory, conclude:
o€f{a(q) @ @anlgn) | (q1,---,qn) € St(an) x -+ X St(an)}
Then, by applying Lemma 8, conclude:
o€ {a(qn)® - @anlgn) | (q1;---,qn) €Stla1 ® - @ )}
Then, by applying Lemma 13, conclude:

Oe{(O‘1®"'®O‘n)<Q>|(q1a-~-7Qn)eSt(al®"'®an)}

@ By applying @, conclude:
o€e{a{q)®- - @ an{qn) | (q1,---,qn) € Init(ay) x -+ X Init(ay,)}
implies
oc{(a1® - @an){q) | (q1,---,qn) €St(1 @--- @ ay)}

for all ©
Then, by applying set theory, conclude:

{a1{q1) @ - @ anlqn) | (q1y---,qn) € Init(ay) x -+ x Init(an)}
C{lar ®@--@an)(@) | (q1,---,q,) €EStla1 ® - @ ap)}

Then, by applying set theory, conclude:

0,{a1{q1) ® - @ anlgn) | (q1,- -, qn) € Init(ay) x --- x Init(ay,)}
C{lar @ @an)(@) | (q1,---,qn) €EStla1 ® - @ ap)}
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Suppose:

q € Init(a) for some q,

Then, by applying set theory, conclude:

(q17P1a¢17q2)7 LRI (Qk—17Pk—17¢k—1,Qk) S Tr(a)
and ¢; € Init(a)

q € Init(a) U {qk

Then, by applying Definition 28 of Reach, conclude ¢ € Reach(«).
@ Suppose:

aedu <{a1<q1> @ @anlan)| GBS Init(an>} V0

Init(cy) x -
for some «

Then, by applying set theory, conclude:

ac€{a{q)® - Q@an{qn) | (q1,---,qn) € Init(ay) x -+ x Init(ay,)}
Then, by applying Lemma 9, conclude:

ac€{a{q)® - @an{gn) | (q1,---,qn) € Initla1 ® -+ @ ayp)}

Then, by applying Lemma 13, conclude:

a€{(la1® - @a){(qr,--,qn)) | (@1, qn) €INit(a; @ @ )}
Then, by applying set theory, conclude:

a:(a1®...®an)<(qh”.7qn)>
and (q1,...,qn) € Init(a1 @ -+ @ ay,)

Then, by applying classical transformation rules, conclude:
[a=(a1®- - ®@ay){g) and q € Init(a1 ® --- @ )| for some ¢
Then, by applying , conclude:
a= (a1 ® - ®ay){q) and ¢ € Reach(a; ® - @ vy,
Suppose:
[a €0 and (q,P,¢,q) € Tr(a)] for some a,q,q, P, ¢

Then, by applying set theory, conclude [false and (g, P, ¢,q') € Tr(a)].
Then, by applying classical transformation rules, conclude false. Then, by
applying classical transformation rules, conclude:

o = (0 ®---@an){d)

a1(q1) qi, Init(ap) for some o/
and o/ €U @ | [...,] € x---x 3\0)
an<Qn> dn Init(an)
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Now, prove the lemma by the following reduction. By applying @, conclude:
{(a1® - @ a){@) | (q1,-- -, qn) € Init(a1 @ -+ @ ay)} C
((h ----- qn) S
i <X Init(a,) \0)

pu ({a1<q1> ® - @ an(gn) Init(aq) x

Then, by applying @, conclude:

[{(al Q- @an)q) | (g1, ,qn) € Nit(la) @ -+ @)} C ]

(q1,---,qn) €
a1(q1) - ® o (qn) qlnit(af) S Init(an)} \0)
and [(Z] Ao () ® ®an<qn> | (q1,.- ., qn) € Init(aq) x -+ - x Init(an)}}
C{(a1 @ @an){q) | (q1,--., qn) € Stlan ® -+ ®@ @)}

Then, by applying @, conclude:

[{(al @ Qan)q) | (q1,---,qn) € INit(a1 @ -+ @ )} C ]
0)

DU ({a1<q1> © - ® anldn) (qﬁﬁ}é('éf;)xew x lnit(an>} \
and [0, {a1{q1) ® - @ anlgn) | (q1,- -, 2:) & Init{an) x -+ x Init( a” }]
g{(al®"'®an)<Q>|(qlv"'vqn)GSt(al@ ®an
aeoufaia) oo santan| B =S L)
implies
and a:(a X Q )<Q>
[[and g€ Reach(oqn® .. ®an)} for some ¢
for all «
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Then, by applying , conclude:

{lax ®
ouU ({a1<q1> (R an<Qn>

and [P {aal) @ ® an(an) | (@
g{(a1®"'®an)<q>|(Q17"'7qn>GSt(a1® ®Oén

and

and

-a ephu ({041<Q1> ® - ® an(gn)

o' = (@ @an){d)

o1 {q)
and o €fU({ ®---®

..... n) €
(QIInit(ozf) Moo Init(an)} \0)

..... gn) € Init(aq) x - -+ x Init( an }]

—@an)(q) | (q1,-- ., qn) € Init(a1 @ - @ )} C ]

Init(ay) x - Inlt(an)} \0)

implies

o= (0@ ® an)(q)
[[and g € Reach(ay ® - - ® ap,) for some q]

for all «

[ €0 and (q,P,¢,¢) € Tr(a)] implies

(Q1,) |nit(a1) }
e xox 3\ D)
o (qn) In Init(cuy,)

for some o’

for all o,q,q', P, ¢
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Then, by applying classical transformation rules, conclude:

{0 @ ®an)a) | @ an) € Init(ar - © )} ©
vt @ --santa) | B A
and (A {a{q) @ @ an(gn) | (q1s---,qn) € Init(ar) x -+ x Init(a,)}
C{lar® - ®@an)(q) | (q1;---,qn) €St(1 ® - @ )}
T a1(q1) 1]
(1,1 qn) €
{ i gn) Init(cg) x - -+ x Init( n)}
and implies
a=(a1®: - @an)(q)
[[and q € Reach(ay ®q~ S ® an)} for some | |
i for all « ]
Hi [@ € A and (q,P,¢,q) € Tr(a)] implies
o =( @ @ o))
{ a1(q1) (q17) |nit(041)}
and and ¢/ € AU @@ ||...,] € x---x p\A4)
an{qn) Gn Init(c,)
i for some o/
L i for all «,q,q', P, ¢
[A:=0]

Then, by applying classical transformation rules, conclude:

ac€ AU(A'\ A) implies

and | [az(a1®-~-®an)<q>
| ‘|and g € Reach(a; ® - ® ay,
o

_[a € A and (¢, P, ¢,q") € Tr( )] implies

e | [[a/(a1®~~®an)<q’>
| ‘land o/ € AU (A"\ A)
(

[A/ = {a1<q1> K- an<Qn> |
[A:= 0]

)} for some ]

} for some o/

Lemma 21

First, assume:
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{lar @ @an){@) | (q1,---,qn) € INit(a1 ® - @)} C AU (A" A)
and A, A" C{(a1 @ @an){q) | (q1,...,qn) € St{ay @ -

“®@an)}

for all oz}

Q1,5 qn) € Init(ag) x -+ x Init(ay)}]

|

for all «,q,q', P, ¢]




acA\A

@ invar

St(ar ® - @ an)| — |A] = 2
Next, observe:

@ By applying , conclude o € A”\ A. Then, by applying set theory, conclude
A\ A = {a} U((A"\ A)\ {a}). Then, by applying set theory, conclude
A\ A={a}u 4\ (AU{a})).

@ Suppose:

o€ A’ for some o
Then, by applying classical transformation rules, conclude:
o€ A or oe{a(q) ® - @an(qy) | (¢, P, o, (a1, -, q,)) € Tr(a)}

Then, by applying set theory, conclude:
o€ AU {a1<qi> Q- a’ﬂ<q;z> | (q7P7 ¢7 (qia v )q':z)) € Tr(a)}

@ Suppose:
o A\ (Au{a}) for some ©

Then, by applying set theory, conclude [¢ € A’ and o ¢ AU {a}|. Then,
by applying @, conclude:

o AU{a(q) ©- - @anlgy) [ (¢, P o, (g1 -5 ) € Tr()}
and ¢ ¢ AU{a}

Then, by applying set theory, conclude:

041<Q'>
o€ (AU ®~<--1@>> (@.P.6. (g - qL)) € Tr(a) $)\ (AU {a})
an(q,

Suppose:

o€ AU{a}U(A"\ (AU{a})) for some ¢
Then, by appyling set theory, conclude:

o€ AU{a} or o€ A\ (AU {a})

Then, by applying @, conclude:

o€ AU{a}
a1(q))

or ¢ € (A'U ®'<"<§§ (¢: P, ¢, (q15-- -5 4,)) € Tr(@) o)\ (AU {a})
70 Q;L
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Then, by applyig set theory, conclude:

a{qy) /
oe AU{a} U ((A'U ®~q~® (qP‘“% """ a)) )\ (Au{a}))
) € Trie)

@ By applying , conclude:

oc AU{atU (A" \ (AU{a})) implies

o1 (a}) /
pe AU U U] o [P Ly 4 gy
nldl) € Tr(e)
for all ¢

Then, by applying set theory, conclude:
AU{a}U(A"\ (AU{a})) C

a1 {q1)
/ (@ Po, (g n)) N
Au{a}u((4 U{in@:? & Tr(m) })\(AU{ )

By applying , conclude:
{(a1®@ - @apn){g) g€ it @ @ay)} CAU(A"\ A)
Then, by applying @, conclude:

{(a1 ® - @ an){q) | g € nit(a; @ -+ - @ ) }
CAU{a}U A"\ (AU{a}))

Then, by applying @, conclude:

{(a1® - ®an)(g) | q € ity ® - ®an>}}
CAU{a}U A"\ (AU{a}))

Aufapu A"\ (Aufa}))

AuU{a}
and ) | (4 P (d)s- . d)
U ((4'U ®-<~-/e§> T éTlr’(.a.).’ ")\ (Au{a}))
a’ﬂ qn

Then, by applying set theory, conclude:

{1 ® - ®@an)(q) | g € Init(a1 @+ @ an)} C

C“1<q/1> /
/ (q P ¢ (ql >>>> Qn)) a
Aufa}u((4 U{i(qﬁ & Tr{o) })\(AU{ H)
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@

By applying , conclude @ € A"\ A. Then, by applying ZFC, conclude
a € A'. Then, by applying , conclude:

acA and A/ C{(a1®@ - @an){q) | ¢ €Stla1 Q@ - @ ay)}
Then, by applying set theory, conclude:
ae{(1® - Qay){g)|geStla1 ® - ®@ayn)}

By applying , conclude A C {(a1 ® - ®@an){q) | g €St(a1 @ - @ ) }.
Then, by applying @, conclude:

AC{a1 ® - ®@an){g)|geStlan ®--- @ ay)}
and a € {(1 ® - Q@ ay){q) | g€ St ® - @ ay)}

Then, by applying set theory, conclude:
AU{a} C{la1 ®@ - @ an)(q) | g€ Stlar ® - @ ap) }

Suppose:

o€{(q) @ @anlq,) [ (¢, P4, (q1, -, q,)) € Tr(a)} for some o
Then, by applying Lemma 13, conclude:

oef(ar® - @an)(qr;-- - qn)) [ (¢ P, (a1, -, ) € Tr()}
Then, by applying classical transformation rules, conclude:
oe{(a @ - ®an){d) (g P ¢, q) € Tr(a)}

Then, by applying set theory, conclude:

[<> =1 ® - ®ap)(¢) and (q,P,$,q¢) € Tr(a)} for some q,q¢', P, ¢

By applying @7), conclude o € {(a1 ® - - ® a,,)(q) | ¢ € St(a1 @ -+ @ a,) }.
Then, by applying set theory, conclude:

a=(u® - @ ay)(q) for some ¢

Suppose:
(¢, P, ¢,q") € Tr(a) for some ¢q,q', P, ¢

Then, by applying , conclude:
(Q7 P7 ¢7 q/) € Tr((al Q- an)<qA>) for some d
Then, by applying Lemma 11, conclude (g, P, ¢,¢') € Tr(a1®- - -®a,,). Then,

by applying Lemma 6, conclude ¢’ € St(a; ® -+ - ® ay, ).
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@ Suppose:
o€{an(g)) @ @anlgy) | (¢, P,¢,(q1, -, q,)) € Tr(a)} for some o
Then, by applying , conclude:
[0= (1 ® - ®ay){(¢) and (¢, P,¢,¢') € Tr(a)] for some q,¢', P, ¢
Then, by applying @, conclude:
o=(1 ® - Qay){¢) and ¢ € St(; ® - R )
Then, by applying set theory, conclude:
oe{(m®@ - @an)(@)|§eStlar @ @an)}
@ By applying @, conclude:

¢ € {a1<qll> Q- ®an<QLL> I (ana¢, (qlla . qu)) € Tr(a)} for all o
implies ¢ € {(a1 ® - @ an){q) | ¢ € Stla1 ® - @ ap)}

Then, by applying set theory, conclude:

{ar(q) @ - @ anlq,) | (¢, P ¢, (q1,-- -, q,,)) € Tr(a)}
C{lar®--- @an){q) | g€ Stlar ®@ -+ @ ay)}

Then, by applying , conclude:

Al7 {a1<q’1> - ®0¢n<%> | (Q7P7 (bﬂ (q/17 tee 7q'¢z)) € TI’(O[)}
C{lar®--@an)(q) [ q €St @+ @an)}

Then, by applying set theory, conclude:

AU {a1<q/1> Q- ®an<qa> | (QVpa ¢7 (qllv' o MI%)) € Tr(a)}
C{lar®---@an)(q) [ q €St @ - @an)}

By applying , conclude:

AU{a} C{la1 ® - @ an)(q) | g€ Stla1 ® --- @ ap)}
Then, by applying @, conclude:

AU{a}, A U{ai{q)) @ - @anlq,) | (¢, P, o, (q1,---,q,)) € Tr(a)}
C{la®@ - @apn){g)|geStlar ® - @ ay)}

@ Suppose:

& € {a} for some &

Then, by applying set theory, conclude & = «. Then, by applying , con-
clude [d =« and a € A"\ A]. Then, by applying classical transformation
rules, conclude & € A"\ A.
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Suppose:

(@€ A and & ¢ AU{a}| for some &

Then, by applying set theory, conclude & € A"\ (AU{a}). Then, by applying
set theory, conclude & € (A’\ A)\{a}. Then, by applying set theory, conclude
ae A\ A

@ Suppose:

a1(qy) / /
~ / (Q7P7¢7(Q17"'7qn)) o or some &

Then, by applying set theory, conclude:

a1 (qy) / ,
e (AU ®1~<-q~fc§ (q’P"’bé(%’@')"qn)) ) and 4 ¢ AU{a}
Qn 4y

Then, by applying set theory, conclude:

041<q/1> ( ’
A / A q7p7¢7(Q17"'
[a ceAor aed ® - ® € Tr(a)

an(qn)

) | and & ¢ AU {a}

Then, by applying classical transformation rules, conclude:

a1 (qy) ’ /
(@€ A and @ ¢ AU{a}] or 6} ®---® (¢, 2.0, (a1, 4n))
anld!) € Tr(w)
Then, by applying , conclude:
a1 (qr)
@EA/\AOF&E ®-® (q,P7¢,(q/1,...7q;))ETF(OZ)
()

Suppose:

[@eAor @A\ Aor aecA)\A] for some &
Then, by applying classical transformation rules, conclude:
acAoracA\A

Then, by applying set theory, conclude & € AU (A’ \ A). Then, by applying

, conclude:

[@= (v ® - ®@ay){q) and g € Reach(y @ --- ® a,)] for some ¢
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Suppose:
[(q, P,¢,q)eTr(a) and a= (a1 ®@ -+ ® an)@ﬂ for some q,4,q, P, ¢
Then, by applying classical transformation rules, conclude:
(¢, P, ¢,q") € Tr((an @ -+ @ an)(q))
Then, by applying Lemma 11, conclude:

(q’Pa¢aq/) ETr(a1®®an) and q:qA

Suppose:

(¢, P,¢,q') € Tr(a) for some q,q’, P, ¢

Then, by applying classical transformation rules, conclude:

(¢, P, ¢, q') € Tr(e)
and a= (a1 ® - ® ay){q) for some §
and ¢ € Reach(a; ® -+~ ® o)

Then, by applying , conclude:

(Q7Pa¢aq/) GTI’(O(l@@O(n) and q:qA
and ¢ € Reach(a; @ -+ ® ay)

Then, by applying classical transformation rules, conclude:
(¢, P,d,q") € Tr(an ® -+ ® o) and ¢ € Reach(ag ® - ®@ ap)
Then, by applying Lemma 16, conclude ¢’ € Reach(a; ® - -+ ® av,).
@ Suppose:

a € {ar(q)) @ @ anlqy) | (g, Py, (q),-..,4,)) € Tr(a)} for some &
Then, by applying , conclude:

[d = ® - ®@ap)(¢) and (q,P,¢,¢) € Tr(a)} for some q,q’, P, ¢
Then, by applyig , conclude:

&= (01 ®- ®a,)l¢) and ¢ € Reach(on ® - ® o)

@ Suppose:

a1(q;) / /
deAU{alU (AU ®-~q-® (q’P’(’jé(?’(“)"q")) )\ (Au{a}))
an{dh) A

for some &
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Then, by applying set theory, conclude:

acA

or & € {a}
a1(qr)

or a e (AU ®-<~-<2>9 (¢, P, ¢, (q1,- -5 qn)) € Tr(a) p) \ (AU {a})
Qp qa

Then, by applying @, conclude:

acA

or ae A\ A
ar{q)

ordE(A’U ®<(g>) (q,P,qb,(q{,...,q;L))ETF(Oz) )\(AU{O[})
an{qy,

Then, by appyling @, conclude:

aeA

or e A\ A
a(q))

or e A\NAor éed ®@--® |(q,P,¢,(dhs.--,4,)) € Tr(a)
n ()

Then, by applying , conclude:

[[a@= (1 ® - ®a,)(g) and ¢ € Reach(oy ® -+ ® a,)] for some ¢]
or a € {a(q) @ @anlqy) | (¢, P,0,(q1,- -, q3)) € Tr(a)}

Then, by applying @, conclude:

[[d: (1 @+ ®an)(q)

and ¢ € Reach(ay ® --- ® Otn)] for some ¢|

or [[@(a1®~~®an)<q>

and ¢ € Reach(ay ® -+ ® an)] for some q]

Then, by applying classical transformation rules, conclude:

[@=(a1®-- @ a,){q) and q € Reach(ay ® -+ ® av,)| for some ¢

@ Suppose:
o' € AU(A"\ A) for some o
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Then, by applying z1), conclude o/ € AU {a} U (4’ \ (AU {a})). Then, by
applying @ conclude:
o e AU{a} U A"\ (AU{a}))
AU{a} U4\ (AU {a}) €

Aud{a}
and ) | Pg,(gh, . dl)
u((A"u ®'<"/<§§> ’ 7é-|—i’('a')" PN\ (Au{al))
a’ﬂ qn

Then, by applying set theory, conclude:

« <q/> ’ /
o € AU{a} U ((A'U ®1-<~-j<§§> (@ F, i(%’@')"q")) )\ (AU {a}))
aniq,

Suppose:
@€ A and (g, P,¢,q') € Tr(&)] for some &,q,q', P, ¢

Then, by applying , conclude:
[/ = (1 @+ ®@an)(¢’) and o/ € AU(A"\ A)| for some o
Then, by applying @, conclude:

o = (0 ®---@an){d)

o € AU{a}
and / al<q£> (QaPan)) (qllaaqa))
U 4"y §n<q;% € Tr() )\ (Au{a}))
@ Suppose:

(¢, P,¢,q') € Tr(a) for some q,q’, P, ¢

Then, by applying @, conclude ¢’ € St(ay ® -+ ®- - -a,). Then, by applying
Lemma 8, conclude ¢’ € St(ay) X - -+ x St(a,). Then, by applying set theory,
conclude [¢' = (¢},...,q,,) for some ¢f,...,q,].

Suppose:
[d € {a} and (¢,P,¢,¢) € Tr(d)} for some &,q,¢, P, ¢
Then, by applying classical transformation rules, conclude:

&=ca and (¢, P,¢,q) € Tr(a)
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Then, by applying classical transformation rules, conclude:
(¢, P, ¢.q") € Tr(c)
Then, by applying set theory, conclude:
(1@ @a,)(d) €{(ar @ ®an)(@)| (G P,¢,d) € Tr(@)}
Then, by applying @, conclude:

(@ -oa)d)e
{1 ® - ® (@) | (@ P.6.¢) € Tr() and § = (@.....4})}

Then, by applying classical transformation rules, conclude:

(01 @ an)(d) € o
far - @an) (@ 6} | (@ P, (@ dL)) € Tr(a)}

Then, by applying Lemma 13, conclude:

(1 ® - ®@an)(q) € o
{a1<ql1> Q- ®an<(j%> | (Q7P>¢7 ((jllv . a(j;L)) € Tr(&)}

Then, by applying classical transformation rules, conclude:

(1 ® @ an)(g) € .
{041<in> - Oén<(i;1> | (qup? ¢7 ((j/la B qA;L)) € Tr(d)}
or (1 ® - ®ap)(¢)eA
Then, by applying set theory, conclude:

(1 ®--- ®an)q) € o
A'U{en (@) © - @ anldn) [ (4 P, 0, (d15 -+, q5)) € Tr(a)}

Then, by applying set theory, conclude:
(1 ®---®an){d) €

O‘1<A/1> ~ D L (Al ~1
AU{a} U ((A'U ®~q.® (@ P60, (@ @) V) (40 {a}))

Then, by applying classical transformation rules, conclude:
[/ = (a1 ® - @ a)(d) ]
o e :
AuU{a}
@,

and o) | (g, Po, (... ])

U(AUl ®@--® " )\ (AU{a}))
an(qy)
L L € Tr(a) 1

for some o’
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@ Suppose:
[d € AU{a} and (¢, P, ¢,q') € Tr(@)] for some &,q,q, P, ¢
Then, by applying set theory, conclude:
[@ €A or ac{a}] and (¢, P, ¢.¢) € Tr(&)
Then, by applying classical transformation rules, conclude:

[d € A and (¢,P,¢,¢) € Tr(d)]
or [a€{a} and (¢, P, ¢,¢) € Tr(a)]

Then, by applying , conclude:

(o' = (a1 @ -~ @ an){q)
e )
AU{a}
4 ) a1,
an al 1 7P’ b MR
sud e [P0 P o)
| n{dn) € Tr(a) |
i for some o/

or [@ € {a} and (¢,P,¢,¢) € Tr(d)]
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Then, by applying , conclude:

[o/ = (1@ @ an)(d)

A= |
AuU{a}
q,
P,
and arlg) || @
U(A' Ul ®---® a, )\ (AU {a}))
an{qy,) S
qn
i € Tr(a) 1]

for some o'

o' = (@ @an)(d)

(o € |
AU{a}
q,
P,
or and ai{q}) ¢
U(A U @ ® @ )\ (AU{a}))
anla) || {rs
qn
i € Tr(a) 1]

for some o

Then, by applying classical transformation rules, conclude:

[0/ = (01 ® -+ ® an)(q) ]
o/ € 1
AuUd{a}
d (q1) .
an Q1441 Poo, | ...,
sarud ene B0 P o gan)
I i andn) € Tr(a) 1]

for some o’

By applying , conclude a € A’\ A. Then, by applying set theory, conclude
a ¢ A. Then, by applying set theory, conclude:

AU {a}] = |A] +1

7



By applying , conclude:
AU{a} C{(m®@---®an)(q) ¢St ® - @ an)}
Then, by applying set theory, conclude:
[Au{a} < {1 ®---®an)(g) g €St ® -+ © an)}
Then, by applying set theory, conclude:
[AUf{a}] <[{glgeStlan®-- @an)}

Then, by applying set theory, conclude |AU {a}| < |St(laq ®@ - ® ap)l.
Then, conclude |St(a; @ -+ ® )| — AU {a}| > 0.

By applying (3, conclude |St(a; ® -+ ® a,,)| — |A| = z. Then, conclude:
ISt ® - @ ay)| — A -1 < 2

Then, conclude [St(a; ® -+ ® a,)| — (JA| + 1) < 2. Then, by applying &),
conclude [St(a; ® - -+ ® ay,)|—|A U {a}| < 2. Then, by applying &9), conclude
0<|St(ln ® - Qay)| — [AU{a}| < 2.

Now, prove the lemma by the following reduction. By applying , conclude:

{1 ® - ®@an){q) | g € Init(a1 @+ @ an)} C

041<q/> ’ /
Au{a}U((A'U ®~<-~j<>§> (q’P’i(%’(&')"q")) )\ (Au{a}))
Oy Qn

Then, by applying , conclude:

{(la1® -+ @ ay)(g) | q € Init(as @+~ ®@ )} C

041<ql> ’ /
AU{a} U (AU ®-<--f<§§> (050 @ @) ) (A ufa)
(079 qn

AU{a}, A" U{ai(q) @ @ anlg,) | (¢, P, (a1, -+, q,)) € Tr(a)}

and C{(a1® - ®an)(g) | q € Stlar ®--- ® ay)}
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Then, by applying @, conclude:

{(a1 ® - @ an){q) | g €nit(fa; @ - R ay)} C

1
Au{a}u((A’u{®-~-1®

and

and

a1(q

an<q

/
[AU{a}, A" U{ai(g)) @

[[a e
AU {a}
a1 (qt)
U((AUg ® - ®
an(qy
implies [{

(@004 0] }) \ (AU {a})

@ an(qy) | (¢, Pd, (q1,-- -5 4q,)) € Tr(a)}
C{la1® - @an){q)|geStlan ® - @ap)}

€ Tr(a

a= (1 ®- @ay)(q)
and ¢ € Reach(a1 ® -+ ®

for all &
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Then, by applying @, conclude:
{{a1® - ®@an){q) | g€ nit(fa; ® -~ @ )} C

041((1’) / ’
AU{a} U (AU { e 1@; po ’qn))}) \(4U{a})
Qn gy
and |AY{eh A U{on(d) @ @ an(q,) [ (¢, P, ¢, (dh, -, q,)) € Tr(a)}
I C{lar® - @an)(q) g €St @+ @ an)}
[Ta e
Aud{a}
a1(q}) / /
U(aui oo (q’P’(bé(%’@')"q"))})\(AU{a}))
and an(q,

o a= (a1 ® - ®an)(qg)
implies [[and q € Reach(ay ® -+ @ ap,) for some q]

for all &

[& € AU{a} and (¢, P, ¢,q¢) € Tr(d)] implies

o/ = (1 @+ @ an)(¢)
(o €
AU{a}

q7

P,

and and a1(qy) ?

U(A U ®---® @, )\ (AU {a}))
an<Q;z> o
an
€ Tr(a)

for some o/

for all &,q,q', P, ¢
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Then, by applying , conclude:

{{a1® - ®@an){q) | g€ nit(fa; ® -~ @ )} C

041((1’) / /
AU{a} U (AU { e Qf po 7%”}) \(4U{a})
Anidy,
and |AY{eh A U{on(d) @ @ an(q,) [ (¢, P, ¢, (dh, -, q,)) € Tr(a)}
i C{lan® - @an)(g) g €St ® -+ @ay)}
[[a €
Aud{a}
a1 () / /
U(aui oo (q’P’(bé(%’@')"q"))})\(AU{a}))
and anlqy,
- a=(a1® - ®an)(q)
implies [Lnd g€ R(leach(al D .- (qg Oén)} for some q]

for all &

[& € AU{a} and (¢, P, ¢,q¢) € Tr(d)] implies

o/ = (1 @+ @ an)(¢)
(o €
AU{a}
q7
P,
and and a1(qy) ?
U(A U ®---® @, )\ (AU {a}))
antd) || |-
an
€ Tr(a)
for some o/

for all &,q,q', P, ¢

and 0 < |St(a1 ® - Qa,)| —|AU{a}| <z
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Then, by applying classical transformation rules, conclude:

{0 ®- - ®an)g) g € Initlas ® - ® )} C

) | (g, Po. (... ql)
AU((AUQ @@ |07l indl by A)
, € Tr(a)
and [AA V{0 (@) @@ anlan) | (. P.6, (... 0,)) € Tr(a)}}
L Clla1 @ @ap){q) | g€ Stla; @+ @ ay)}
Hi 041<q/1> / / |
deAU((A/U R R (q7Pa¢7(QI7'-~7Qn)) )\A)
, € Tr(«)
an<qn>
and
- a= (@ ®an)(q)
_1mp11es [[and ¢ € Reach(ay ®”.®an)] for some (]
| for all & ]
Nl &€ A and (q,P,¢,q) € Tr(&)] implies 17
(o' = (1@ ®an){q) 1]
q,
P,
o) ||
and and o/ € AU((A'US ®@--® q, )\ A)
an{q)) e
n
L € Tr(a) |
L for some o/ 1]
for all &,q,¢', P, ¢

land 0 < [St(a1 @ - - Q@ a)| — |4| < 2
[A:=AU{a}]
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Then, by applying classical transformation rules, conclude:

{1 @ ®@an){q) | g € nitlag ® - @ay)} S AU(A\ A)
and A, A C{a1® - Qan)(q)|geSt(n ® - Qay)}
[ @€ AU(A'\ A) implies

and [ [[ ad=(01® - @an){q) for all cﬂ

and ¢ € Reach(a; ® -+ ® Oén)} for some q]
_[d € A and (q, P, ¢,q¢') € Tr(@)] implies

e | [{a/:(a1®-~-®an)<q'>
| ‘land o/ € AU (A"\ A)

land 0 < [St(a @ --- @ )| — |A] < 2 -

[A" = A U{aa(q)) @ - @an(q,) | (¢, P9, (g1, -, a,)) € Tr(a)}]
[A:=AU{a}]

for all &,q,q’, P, (b]

} for some o/]

Lemma 22

First, assume:

@ invar

ag¢g A"\ A for all «

(q1, P1,01,02), -+ (qh—1, Pr—1, Pr—1,qx) € Tr(a1 @ - - @ a)
g1 € Init(a1 ® -+ - @ )

Next, observe:

@ Suppose:

a€ A"\ A for some «

Then, by applying , conclude [a € A/\A and o ¢ A"\ A]. Then, by
applying classical transformation rules, conclude false.

@ Suppose:
acAU(A\ A) for some «
Then, by applying set theory, conclude [a € Aor a € A"\ A]. Then,
by applying @, conclude [oz € A or false}. Then, by applying classical
transformation rules, conclude « € A.

Now, prove the lemma by the following induction on k > 2.

— Base: k=2
First, observe:

83



@ By applying , conclude ¢; € Init(a; ® -+ ® ). Then, by applying
set theory, conclude:

(1 @ @an){q) € {(ac1 @ - @an){q) | g€ Initla; @+ @ ay)}
Then, by applying 7 conclude:

(1@ @ap)(q1) € {1 @ ®@an)(q) |q € Init(a; ® - @)}
and {(a1 ® - ®@ap){(@) g€ nitfar ® - @ay)} S AU A\ A)

Then, by applying set theory, conclude:
(1 ® - ®ay){q) € AU(A\ A)

Then, by applying @7 conclude (a1 ® - ® a,){q1) € A.

Now, prove the base by the following reduction. By applying , conclude
(q1, P1,01,92)s -+ -5 (qh—1, Pr—1,Px—1,qx) € Tr(a1 ® - -+ @ ). Then, by ap-

plying , conclude:
(q1, P1,01,q2)5 -+ -5 (q2—1, Pa—1,02-1,q2) € Tr(a1 @ -+ @ ap)

Then, conclude (g1, P1, ¢1,42),...,(q1, P1,¢1,92) € Tr(an ® - - - ® o). Then,
conclude (g1, P1,¢1,q2) € Tr(an ® --- ® ay). Then, by applying classical
transformation rules, conclude:

(g1, P1.01.¢2) € Tr(a1 ® -+~ ® ) and ¢y = ¢1] for some Gy

Then, by applying Lemma 11, conclude:
(G1, P1,#1,q2) € Tr((on @ - - ®@ o) (q1)) and ¢1 = q1
Then, by applying classical transformation rules, conclude:
(g1, Pr,61,q2) € Tr((a1 @ - @ o) (q1))
Then, by applying @, conclude:
(q1,P1,01,q2) € Tr((a1 ®@ -+ @ an){q1)) and (a1 ® - @ an){q1) € A

Then, by applying , conclude:

[/ = (1 @+ ®ay)(g2) and o’ € AU(A"\ A)| for some o
Then, by applying classical transformation rules, conclude:

(1 ® - @an)(g2) € AU (A" A)

Then, by applying @7 conclude (a1 ® - - ® a,){g2) € A. Then, by applying

[Base], conclude (a1 ® -+ ® a,)(qi) € A.
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— IH:

invar

and [a ¢ A'\ A for all o]

and (q1, P, ¢1,02),- -5 (q5_1> Pi_1,05_1,95) € Tr(a1 @ -+~ @ ay,)
and ¢; € Init(a; ® - @ ap)

and 2<k <k

implies (o ® - ®@ ap)(q;) € A .
for all k

— Step: k> 2
First, observe:

@ By applying , conclude k& > 2. Then, conclude k£ — 1 > 2. Then,
conclude k >k —1> 2.

@ By applying , conclude (qg—1, Px—1,0k—1,qx) € Tr(ag @ -+ @ a,).
Then, by applying classical transformation rules, conclude:

(qh—1, Pe—1,0r-1,qx) € Tr(a1 ® - - - ® )
and Gr_1 = qr—1

for some ¢4
Then, by applying Lemma 11, conclude:
(Gr—15 Pr—1, 0r-1,qx) € Tr((a1 ® - - @ an)(qr—1)) and Gr—1 = qr—1

Then, by applying classical transformation rules, conclude:

(qr—1, Pr—1, 0r—1,qx) € Tr((a1 ® - - - @ ) (qr—-1))

Now, prove the inductive step by the following reduction. By applying ,
conclude invar. Then, by applying , conclude:

invar and [ ¢ A’\ A for all ]

Then, by applying , conclude:

invar
and [a ¢ A'\ A for all qf
and (q1, P1,¢1,92),- - (@r—2, Pe—2, Pr—2, qr—1) € Tr(ay @ - - @ vy,

Then, by applying @, conclude:
invar
and [a ¢ A'\ A for all af

and (q1, P, ¢1,492)s - -5 (Qh—2, Po—2, O—2,q—1) € Tr(a1 ® - - @ vy,
and 2<k—-1<k
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Then, by applying , conclude (a1®- - @, ){(gx—1) € A. Then, by applying
@, conclude:

(01 ® @ ap){gr_1) € A
and (qr—1, Pr—1,0r—1,qx) € Tr((1 @ - -+ ® o) (qr—1))

Then, by applying , conclude:
[/ = (1 @+ ®an)(qr) and o/ € AU (A"\ A)] for some o
Then, by applying classical transformation rules, conclude:
(1@ @an)(gr) € AU(A\ A)

Then, by applying @, conclude (a1 ® -+ ® ay){qx) € A.

Lemma 23

First, assume:

@ invar

ag¢g A"\ A for all «

Next, observe:

@ Suppose:
(1 ® - ®ay){q) € A’\ A for some ¢

Then, by applying , conclude:
(01 ® - @ap){qg) € A\ A and (a1 @ - @ ay,){q) ¢ A\ A
Then, by applying classical transformation rules, conclude false.

@ Suppose:
q € Init(a; ® - -+ ® ay,) for some ¢

Then, by applying set theory, conclude:
(1@ @ap){g) € {1 ® - ®@ayn)(d) |G € Init(a; @ -+ @ )}
Then, by applying , conclude:

(1 ®@- - @ap){(g) €{(ac1 ® - ®@ap){d) | § € nit(fa; ® - @ ay)}
and {(a1® - ®an)(@)[q € Initfar @ -~ @)} S AU (A" A)

Then, by applying set theory, conclude (a; ® -+ ® ap)(q) € AU (A" \ A).
Then, by applying set theory, conclude:

(a1®"'®an)<Q>€A or (0q®---®ozn)<Q>€A/\A

Then, by applying @, conclude [(al ® - ®ay){q) € A or false]. Then,
by applying classical transformation rules, conclude:

(1 ® - ®an){g) € A
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@ Suppose:

(g1, Pryd1,42)s -5 (=1, Pr—1, O—1,q1) € Tr(a1 @ -+ @ )
and ¢; € Init(a1 ® -+ @ )

for some q1,...,q1, P1,..., Pp,01,..., 0k

Then, by applying , conclude:

(q1, P1,01,42), -, (Qre—1, Pr—1, Pr—1,qx) € Tr(0n @ - -+ @ )
and ¢; € Init(a1 ® -+ @ ay)
and invar

Then, by applying , conclude:

(Q1,P1,¢17Q2)7 sy (Qk—1,Pk—1,¢k—17Qk) S Tr(Oq R an)
and ¢; € Init(a1 ® -+ @ ay)
and invar

and [a ¢ A'\ A for all o]

Then, by applying Lemma 22, conclude (a1 ® -+ - ® a,){qr) € A.

Suppose:

(QI5P17¢17q2)7' ) (Qk—lapk—17¢k—17Qk)
gelq ETrl®- - ®ay) for some ¢

and ¢; € Init(a; ® -+ @ )
Then, by applying set theory, conclude:

q =dqk
and (q1, P, ¢1,92), -5 (@h—1, Po—1, Or—1, i) € Tr(a1 @ - - @ a)
and ¢; € Init(1 ® - @ )

for some qlv"'aqkaplv"'apka¢lv"'7¢k

Then, by applying @, conclude [q = qr and (@1 ® -+ @ a){qk) € A].
Then, by applying classical transformation rules, conclude:

(a1®---®an)<q>€A

@ Suppose:
q € Reach(ay ® - ® ap,) for some ¢

Then, by applying Definition 28 of Reach, conclude:
q € hitlag ® -~ ® ay)

(q17P17¢1aq2>7 ey (Qk—17Pk—17¢k—17Qk)
U< gk ETrla1 ® - ® ay)

and ¢ € Init(; ® -+ - @ )
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Then, by applying set theory, conclude:
g € hnitfa; ® - @ ay)

[(Q17P1,¢1,Q2)7 cee (Qk—17Pk—17¢k—17Qk):|
or q €< qx €ETr(a1 ®- - ®ay)

and ¢; € Init(a1 ® -+ - @ ay)
Then, by applying @, conclude:
(1 ® - ®@ay)q) € A

[(C]1,P1,¢17(I2)7 sy (qklvpklv¢klvqk):|
or q €< q ETr(a1 ®- - @ ap)

and ¢ € Init(; ® - - Q@ )

Then, by applying , conclude:

(1 ®---Qax){gy eAor (1@ - Qay)qg) € A
Then, by applying classical transformation rules, conclude:

(1 ®---®@an){g €A
Suppose:
o€e{(a1® - ®an){q) | ¢ € Reach(o; ® --- ® )} for some ¢
Then, by applying set theory, conclude:
[6=(a1® - ®ay)(q) and g € Reach(a; ® -+ @ )] for some ¢

Then, by applying @, conclude:

o=(1® - Qay){q) and (01 @ - R a,){q) € A
Then, by applying classical transformation rules, conclude ¢ € A.

Suppose:
[<> € A and o= a] for some o, a

Then, by applying classical transformation rules, conclude a € A. Then, by
applying classical transformation rules, conclude:

acAoracA\A

Then, by applying set theory, conclude o € AU (A" \ A). Then, by applying
, conclude:

[@=(a1®-- ®ay,){g) and g € Reach(ay ® -+ ® a,)| for some ¢
Then, by applying set theory, conclude:
ac{(a1® - ®ay){d) | € Reach(a1 ® - @ an)}
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Suppose:

o € A for some ¢

Then, by applying classical transformation rules, conclude:
[0€ A and ¢ = a| for some «
Then, by applying @, conclude:
o=ca and a € {(a1 ® - @ ay){§) | § € Reach(a1 @ -+ ® @)}
Then, by applying classical transformation rules, conclude:
oef{lar ® - ®ap){§) | § €Reach(a1 ® - @ )}
By applying 7 conclude:

[o € {(a1®--@an)(q) | ¢ € Reach(a1 ® -~ @ )}

implies ¢ € A } for all o

Then, by applying , conclude:

[<>€{(a1®--~®an><Q>|q€ReaCh(a1®"'®a")} for all o]
implies ¢ € A
o € A implies

and [[QE{(Q1®.--®an)<q>|q€Reach(a1®"'®0¢n)}} forall o]

Then, by applying set theory, conclude:

{(a1 ® - @ an)(q) | ¢ € Reach(a1 ® - - R )} C A
and AC {(a1 ® - ®@an){q) | ¢ € Reach(a; ® --- @ ) }

Then, by applying set theory, conclude:

{1 ® - @ an)(q) | g € Reach(; ® - - Q@ )} = A

Now, prove the lemma by the following reduction. By applying Definition 29
of ||, conclude:

lar @ @ap] = {(a1 @+ ® a,){q) | ¢ € Reach(ay ® - - ® ap)}

Then, by applying , conclude |a; ® -+ ® o, | = | A.
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