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1. Introduction

Mazurkiewicz traces, or just traces,! are quotient monoids over sequences (or words) [2,23,4]. The theory of traces has
been utilized to tackle problems from diverse areas including combinatorics, graph theory, algebra, logic and especially
concurrency theory [4].

As a language representation of finite partial orders, traces can sufficiently model “true concurrency” in various aspects
of concurrency theory. However, some aspects of concurrency cannot be adequately modelled by partial orders (cf. [8,10]),
and thus cannot be modelled by traces. For example, neither traces nor partial orders can model the “not later than” rela-
tionship [10]. If an event a is performed “not later than” an event b, then this “not later than” relationship can be modelled
by the following set of two step sequences x = {{a}{b}, {a, b}}; where step {a, b} denotes the simultaneous execution of a and
b and the step sequence {a}{b} denotes the execution of a followed by b. But the set x cannot be represented by any trace
(or equivalently any partial order), even if the generators, i.e. elements of the trace alphabet, are sets and the underlying
monoid is the monoid of step sequences (as in [29]).

To overcome these limitations, Janicki and Koutny proposed the comtrace (combined trace) notion [11]. First the set of all
possible steps that generates step sequences is identified by a relation sim, which is called simultaneity. Second a congruence
relation is determined by a relation ser, which is called serializability and is in general not symmetric. Then a comtrace is
defined as a finite set of congruent step sequences. Comtraces were invented to provide a formal linguistic counterpart of
stratified order structures (so-structures), analogously to how traces relate to partial orders.

A so-structure [5,9,11,12] is a triple (X, <, C), where < and L are binary relations on the set X. So-structures were
invented to model both the “earlier than” (the relation <) and the “not later than” (the relation ) relationships, under the
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assumption that all system runs are modelled by stratified partial orders, i.e., step sequences. They have been successfully
applied to model inhibitor and priority systems, asynchronous races, synthesis problems, etc. (see for example [11,26,17-
20]).

The paper [11] contains a major result showing that every comtrace uniquely determines a labeled so-structure, and
then use comtraces to provide a semantics of Petri nets with inhibitor arcs. However, so far comtraces are used less often
than so-structures, even though in many cases they appear to be more natural than so-structures. Perhaps this is due to the
lack of a sufficiently developed quotient monoid theory for comtraces similar to that of traces.

However, neither comtraces nor so-structures are enough to model the “non-simultaneously” relationship, which could
be defined by the set of step sequences {{a}{b}, {b}{a}} with the additional assumption that the step {a, b} is not allowed.
In fact, both comtraces and so-structures can adequately model concurrent histories only when paradigm w3 of [10,12] is
satisfied. Intuitively, paradigm 3 formalizes the class of concurrent histories satisfying the condition that if both {a}{b} and
{b}{a} belong to the concurrent history, then so does {a, b} (i.e., these three step sequences {a}{b}, {b}{a} and {a, b} are all
equivalent observations).

To model the general case that includes the “non-simultaneously” relationship, we need the concept of general-
ized stratified order structures (gso-structures), which were introduced and analyzed by Guo and Janicki in [6,8]. A gso-
structure is a triple (X, <=, ), where < and [C are binary relations on X modelling the “non-simultaneously” and
“not later than” relationships respectively, under the assumption that all system runs are modelled by stratified partial
orders.

To provide the reader with a high level view of the main motivation and intuition behind the use of so-structures as
well as the need of gso-structures, we will consider a motivating example (adapted from [8]).

1.1. A motivating example

We will illustrate our basic concepts and constructions by analyzing four simple concurrent programs. Three of these
programs will involve the concepts of simultaneous executions, which is essential to our model. We would like to point out
that the theory presented in this paper is especially for models where simultaneity is well justified, for example for the
models with a discrete time.

All four programs in this example are written using a mixture of cobegin, coend and a version of concurrent guarded
commands.

Example 1.
Pl: begin int x,y;
a: begin x:=0; y:=0 end;
cobegin b: x:=x+1, c: y:=y+1 coend
end P1.

P2: begin int x,y;
a: begin x:=0; y:=0 end;
cobegin b: x=0 — y:=y+1, c: x:=x+1 coend
end P2.

P3: begin int x,y;
a: begin x:=0; y:=0 end;
cobegin b: y=0 — x:=x+1, c¢: x=0 — y:=y+1 coend
end P3.

P4: begin int x;
a: x:=0;
cobegin b: x:=x+1, c: x:=x+2 coend
end P4.

Each program is a different composition of three events (actions) called a, b, and c (a;, b;, ¢c;, i=1,...,4, to be exact, but
a restriction to a, b, ¢ does not change the validity of the analysis below, while simplifying the notation). Transition systems
modelling these programs are shown in Fig. 1.

Let obs(P;) denote the set of all program runs involving the actions a, b, c that can be observed. Assume that si-
multaneous executions can be observed. In this simple case all runs (or observations) can be modelled by step sequences.
Let us denote o = {a}{b}{c}, 0» = {a}{c}{b}, 03 = {a}{b, c}. Each o; can be equivalently seen as a stratified partial order
0;j = ({a, b, c}, 0—’5) where:
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Fig. 1. Examples of causality, weak causality, and commutativity. Each program P; can be modelled by a labeled transition system (automaton) A;. The step
{a, b} denotes the simultaneous execution of a and b.
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We can now write obs(P1) = {01, 02,03}, obs(Py) = {01, 03}, obs(P3) = {03}, obs(P4) = {01, 02}. Note that for every i =
1,...,4, all runs from the set obs(P;) yield exactly the same outcome. Hence, each obs(P;) is called the concurrent history
of P;.

An abstract model of such an outcome is called a concurrent behavior, and now we will discuss how causality, weak
causality and commutativity relations are used to construct concurrent behavior.

1.1.1. Program Py

In the set obs(Pq), for each run, a always precedes both b and c, and there is no causal relationship between b and c.
This causality relation, <, is the partial order defined as <= {(a, b), (a, ¢)}. In general < is defined by: x < y iff for each run
o we have x %> y. Hence for Pq, < is the intersection of 01, 0 and 03, and {01, 02, 03} is the set of all stratified extensions
of the relation <.

Thus, in this case, the causality relation < models the concurrent behavior corresponding to the set of (equivalent) runs
obs(P1). We will say that obs(P1) and < are tantamount? and write obs(P1) = {<} or obs(P1) < ({a, b, c}, <). Having obs(P1)
one may construct < (as an intersection of all orders from obs(P1)), and then reconstruct obs(P1) (as the set of all stratified
extensions of <). This is a classical case of the “true” concurrency approach, where concurrent behavior is modelled by a
causality relation.

Before considering the remaining cases, note that the causality relation < is exactly the same in all four cases, i.e.,
<i={(a,b), (a,c)}, fori=1,...,4, so we may omit the index i.

1.1.2. Programs P, and P3

To deal with obs(P;) and obs(P3), < is insufficient because o0, ¢ obs(P3) and o1, 02 ¢ obs(P3). Thus, we need a weak
causality relation T defined in this context as x C y iff for each run o we have —(y 2> x) (x is never executed after y).
For our four cases we have = {(a, b), (a,c), (b,c)}, C1=Ca=~<=, and "3 ={(a,b), (a,c), (b,c), (c,b)}. Notice again that
for i = 2, 3, the pair of relations {<, C;} and the set obs(P;) are tantamount as each is definable from the other. (The set

2 Following [8], we are using the word “tantamount” instead of “equivalent” as the latter usually implies that the entities are of the same type, as

” o«

“equivalent automata”, “equivalent expressions”, etc. Tantamount entities can be of different types.



1358 R. Janicki, D.T.M. Lé / Information and Computation 209 (2011) 1355-1389

obs(P;) can be defined as the greatest set PO of partial orders built from a, b and ¢ satisfying x < y = Yo € PO.x 2> y and
XCiy = VYoeP0.—(y L x).)

Hence again in these cases (i =2, 3) obs(P;) and {<, Cj} are tantamount, obs(P;) =< {<, Cj}, and so the pair {<, C;},
i = 2,3, models the concurrent behavior described by obs(P;). Note that ; alone is not sufficient, since (for instance)
obs(P3) and obs(Py) U {{a, b, c}} define the same relation .

1.1.3. Program P4

The causality relation < does not model the concurrent behavior of P4 correctly? since 03 does not belong to obs(P4).
The commutativity relation <> is defined in this context as x <> y iff for each run o either x <> y or y %> x. For the set
obs(P4), the relation <=4 looks like <=4 =1{(a, b), (b, a), (a,c), (c,a), (b, ), (c,b)}. The pair of relations {<>4, <} and the set
obs(P4) are tantamount as each is definable from the other. (The set obs(P4) is the greatest set PO of partial orders built
from a, b and c satisfying x <4 y = Vo € PO.x 2> y vy % x and x < y = Yo € PO.x %> y.) In other words, obs(P4) and
{<>4, <} are tantamount, so we may say that in this case the relations {<>4, <} model the concurrent behavior described
by obs(Py).

Note that <1 =<U <"1 and the pair {<>1, <} also model the concurrent behavior described by obs(P1).

1.14. Summary of analysis of Py, P2, P3 and P4
For each P; the state transition model A; and their respective concurrent histories and concurrent behaviors are sum-
marized in Fig. 1. Thus, we can make the following observations:

1. obs(P1) can be modelled by the relation < alone, and obs(P1) =< {<}.

2. obs(P;), for i =1, 2,3 can also be modelled by the appropriate pairs of relations {<, T}, and obs(P;) < {<, Ci}.

3. All sets of observations obs(P;), for i =1,2,3,4 are modelled by the appropriate pairs of relations {<>;, C;}, and
obs(P;) < {<>i, Ci}.

Note that the relation < is not independent from the relations <, [, since it can be proven (see [10]) that <=<>NLC.
Intuitively, since <> and [ are the abstraction of the “earlier than or later than” and “not later than” relations, it follows
that their intersection is the abstraction of the “earlier than” relation.

1.1.5. Intuition for comtraces and generalized comtraces

We may also try to model the concurrent behaviors of the programs Pi, P, P3 and P4 only in terms of algebra of
step sequences. To do this we need to introduce an equivalence relation on step sequences such that the sets obs(P;), for
i=1,...,4, interpreted as sets of step sequences and not partial orders, are appropriate equivalence classes. A particular
instance of this equivalence relation should depend on the structure of a particular program, or its labeled transition system
representation.

It turns out that in such an approach the program P4 needs to be treated differently than P, P, and P3. In order to
avoid ambiguity, we will write obsstep(P;) to denote the same set of system runs as obs(P;), but with runs now modelled
by step sequences instead of partial orders.

For all four cases we need two relations sim; and serj, i =1,...,4, on the set {a, b, c}. The relations sim;, called simul-
taneity, are symmetric and indicate which actions can be executed simultaneously, i.e. in one step. It is easy to see that
simy = simy = sims = {(b, ¢), (c, b)}, but simg = . The relations ser;, called serializability, may not be symmetric, must satisfy
ser; C sim;, and indicate how steps can equivalently be executed in some sequence. In principle if (¢, 8) € ser then the
step {a, B} is equivalent to the sequence {«}{B}. For our four cases we have ser; = sim; = {(b, ¢), (c,b)}, ser = {(b, )},
ser3 = serq = (.

Let A, B, C be steps such that A=BUC and BN C = ¢. For example A = {b, c}, B = {b} and C = {c}. We will say that the
step A and the step sequence BC are equivalent, A =; BC, if B x C C sim;. For example we have {b, c} =; {b}{c} fori=1,2
and {b, ¢} =; {c}{b} for i = 1. The relations ~3 and ~4 are empty.

Let =; be the smallest equivalence relation on the whole set of events containing =;, and for each step sequence
Aq... A, let [Aq... Ag]=, denote the equivalence class of =; containing the step sequence Aq ... Ay.

For our four cases, we have:

{a}{b}{c}]=, = {{a}{b}{c}, {a}{c}{b}, {a}{b, c}} = obSstep(P1) < 0bs(P1).
{a}{b}{c}]=, = {{a}{b}{c}, {a}{b, c}} = obsstep(P2) < 0bs(P2).
{a}{b}{c}]=; = {{a}{b, c}} = obsstep(P3) < 0bs(P3).

{a}{b}{c}]=, = {{a}{b}{c}} # obsstep(P4).

—_ ———

1.
2.
3.
4,
Strictly speaking the statement obsstep(P;) = 0bs(P;) is false, but obviously 0bsstep(P;) =< 0bs(P;), fori=1,...,4.

3 Unless we assume that simultaneity is not allowed, or not observed, in which case obs(P1) = obs(P4) = {01, 02}, 0bs(P3) = {01}, obs(P3) = .
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Fori=1,...,3, equivalence classes of each relation =; are generated by relations sim; and ser;. These equivalence classes
are called comtraces (introduced in [11] as a generalization of Mazurkiewicz traces) and can be used to model concurrent
histories of the systems or programs like P1, P> and Ps.

In order to model the concurrent history of P4 with equivalent step sequences, we need a third relation inly on the set
of events {a, b, c} that is symmetric and satisfies inly Nsim4 = @. The relation inly is called interleaving, and if (x, y) € inl then
events x and y cannot be executed simultaneously, but the execution of x followed by y and the execution of y followed
by x are equivalent. For program P4 we have inly = {(b, ¢), (c, b)}.

We can now define a relation =, on step sequences of length two, as BC =, CB if B x C Cinl, which for this simple
case gives ~,= {({b}{c}, {c}{b}), ({c}{b}, {b}{c})}. Let =4 be the smallest equivalence relation on the whole set of events
containing ~4 and ~,. Then we have

[ta}{b}c}]_, = {{a}{b}{c}, {a}{c}{b}} = obsstep(P4) < 0bS(P4).

Equivalence classes of relations like =4, generated by the relations like simy, sers and inly are called generalized comtraces
(g-comtraces, introduced in [15]) and they can be used to model concurrent histories of the systems or programs like Py.

1.2. Summary of contributions

This paper is an expansion and revision of our results from [15,21]. We propose a formal-language counterpart of gso-
structures, called generalized comtraces (g-comtraces). We will revisit and expand the algebraic theory of comtraces, especially
various types of canonical forms and the formal relationship between traces and comtraces. We analyze in detail the prop-
erties of g-comtraces, their canonical representations, and most importantly the formal relationship between g-comtraces
and gso-structures.

1.3. Organization

The content of the paper is organized as follows. In the next section, we review some basic concepts of order theory and
monoid theory. Section 3 recalls the concept of Mazurkiewicz traces and discusses its relationship to finite partial orders.
Section 4 surveys some basic background on the relational structures model of concurrency [5,9,11,12,6,8].

Comtraces are defined and their relationship to traces is discussed in Section 5, and g-comtraces are introduced in
Section 6.

Various basic algebraic properties of both comtrace and g-comtrace congruences are discussed in Section 7. Section 8
is devoted to canonical representations of traces, comtraces and g-comtraces. In Section 9 we recall some results on the
so-structures defined by comtraces. The gso-structures generated by g-comtraces are defined and analyzed in Section 10.
Concluding remarks are made in Section 11. We also include two appendices containing some long and technical proofs of
results from Section 10.

2. Orders, monoids, sequences and step sequences
In this section, we recall some standard notations, definitions and results which are used extensively in this paper.
2.1. Relations, orders and equivalences

The powerset of a set X will be denoted by g (X). The set of all non-empty subsets of X will be denoted by ©\?(X). In
other words, o\ (X) £ o (X)\ {#}.

Let f:A — B be a function, then for every set C C A, we write f[C] to denote the image of the set C under f, i.e.,
FICIE{f®) |xeC}.

We let idy denote the identity relation on a set X. We write R o S to denote the composition of relations R and S. We
also write R™ and R* to denote the (irreflexive) transitive closure and reflexive transitive closure of R respectively.

A binary relation R € X x X is an equivalence relation on X iff it is reflexive, symmetric and transitive. If R is an
equivalence relation, we write [x]g to denote the equivalence class of x with respect to R, and the set of all equivalence
classes in X is denoted as X/R and called the quotient set of X by R. We drop the subscript and write [x] to denote the
equivalence class of x when R is clear from the context.

A binary relation <C X x X is a partial order iff R is irreflexive and transitive. The pair (X, <) in this case is called a
partially ordered set (poset). The pair (X, <) is called a finite poset if X is finite. For convenience, we define:

~.2{@byeXxX|aAbabAa}  (incomparable),
~<2{@b)e X x X |ax~_.bAa#b} (distinctly incomparable),
<" 2{(abyeXxX|a<bva~-b} (notgreater).

A poset (X, <) is total iff ~_ is empty; and stratified iff ~_ is an equivalence relation. Evidently every total order is
stratified.
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Let <1 and <> be partial orders on a set X. Then <j is an extension of <1 if <1 C <». The relation <3 is a total extension
(stratified extension) of <y if < is total (stratified) and < C <3.
For a poset (X, <), we define

Totalx (<) = {<1 C X x X | < s a total extension of <}.
Theorem 1. (See Szpilrajn [28].) For every poset (X, <), <= () qetotaly (<) <+ O

Szpilrajn’s theorem states that every partial order can be uniquely reconstructed by taking the intersection of all of its
total extensions.

2.2. Monoids and equational monoids

A triple (X, %, 1), where X is a set, % is a total binary operation on X, and 1 € X, is called a monoid, if (axb)*c =ax*(bxc)
andax1=1x*a=a, for all a,b,c € X.

An equivalence relation ~C X x X is a congruence in the monoid (X, *, 1) if for all elements ai,ay, by,by of X, a; ~
by Aay ~ by = (a1 xaz) ~ (b1 x by).

The triple (X/~, ®, [1]), where [a] ® [b] = [a = b], is called the quotient monoid of (X, *, 1) under the congruence ~. The
mapping ¢ : X — X/~ defined as ¢ (a) = [a] is called the natural homomorphism generated by the congruence ~. We usually
omit the symbols * and ®.

Definition 1 (Equation monoid). Given a monoid M = (X, *, 1) and a finite set of equations EQ ={x; = y; |i=1,...,n}, define
=gg to be the least congruence on M satisfying

Xi=Yi = Xi=EQli

for every equation x; = y; € EQ. We call the relation =gq the congruence defined by the set of equation EQ, or EQ-
congruence. The quotient monoid M=, = (X/=gq, ®, [1]), where [x] ® [y] = [x* y], is called an equational monoid.

The following folklore result shows that the relation =g can also be uniquely defined in an explicit way.

Proposition 1. (Cf. [21].) Given a monoid M = (X, %, 1) and a set of equations EQ, define the relation ~C X x X as:

d
Xy <:f) dx1,x € X.3(Uu=wW) €EQX=X{ xUxXQ AY =X * W * X2,

then the EQ-congruence = is (=~ U ~~1)*, the symmetric irreflexive transitive closure of =. O

We will see later in this paper that monoids of traces, comtraces and generalized comtraces are all special cases of
equational monoids.

2.3. Sequences, step sequences and partial orders

By an alphabet we shall understand any finite set. For an alphabet X, let X* denote the set of all finite sequences of
elements (words) of X, A denotes the empty sequence, and any subset of X* is called a language. In the scope of this paper,
we only deal with finite sequences. Let the operator _- _ denote the sequence concatenation (usually omitted). Since the
sequence concatenation operator is associative and A is neutral, the triple (X*, -, 1) is a monoid (of sequences).

Consider an alphabet S € p\?}(X) for some alphabet . The elements of S are called steps and the elements of S*
are called step sequences. For example if S = {{a, b, ¢}, {a, b}, {a}, {c}} then {a, b}{c}{a, b, c} € S* is a step sequence. The triple
(S*, -, 1), is a monoid (of step sequences), since the step sequence concatenation is associative and A is neutral.

We will now show the formal relationship between step sequences and stratified orders. Let t = A;... A be a step
sequence in S*. We define |t|q, the number of occurrences of an event a in t, as |t|q = [{A; | 1 <i <k Aa € Aj}|, where |X|
denotes the cardinality of the set X.

e We can uniquely construct its enumerated step sequence t as
t2A1... Ay, where A; £ [eA1-AimtletD) | o ¢ Al

We call such o = e® € A; an event occurrence of e. E.g., if t = {a, b}{b, c}{c, a}{a}, then t = {a®, bD}{p? cD}a®@,
c@}{a®} is its enumerated step sequence.

o Let X = Ule A; denote the set of all event occurrences in all steps of t. For example, when t = {a, b}{b, c}{c, a}{a}, we
have %, = {a.a® a®, b _p@ D) @)y,
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e Define I: Xy — X to be the function that returns the label of an event occurrence. In other words, for each event
occurrence o = e®, I(or) returns the label e of «. From an enumerated step sequence ¢ = A7 ... A, we can uniquely
recover its step sequence as t = I[A1]...I[[Ag].

e For each a € X, let pos;(«v) denote the index number of the step where o occurs, i.e., if @ € A_] then pos; (o) = j. For
our example, pos;(a®) =3, pos,(b®) =2, etc.

Given a step sequence u, we define two relations <, ~,C X, x X, as:

o<y B é pos, () <pos,(B) and o=~y B é pos, () = pos, (B).

Since < is the union of <, and —~,, we have

a<y B <= (a#BAposy(a)<posy(B)).

The two propositions below are folklore results (see [21] for detailed proofs), which are fundamental for understanding why
stratified partial orders and step sequences are two interchangeable concepts. The first proposition shows that <, is indeed
a stratified order.

Proposition 2. Given a step sequence u, the relation =, is an equivalence relation and <, is a stratified order. O

We will call <, the stratified order generated by the step sequence u. Conversely, let < be a stratified order on a set X.
Then the second proposition says:

Proposition 3. If <1 is a stratified order on a set X and A, B are two distinct equivalence classes of >, then either A x B C < or
BxAC< O

In other words, Proposition 3 implies that if we define a binary relation < on the quotient set ¥/~ as

A28 <& AxBca«,
then < totally orders X/~ into a sequence of equivalence classes 24 = B1...By (k > 0). We will call the sequence 24
as the step sequence representing <.

Since sequences are a special case of step sequences and total orders are a special case of stratified orders, the above
results can be applied to sequences and finite total orders as well. Hence, for each sequence x € X*, we let <y denote the
total order generated by x, and for every total order <, we let £24 denote the sequence generating <. Furthermore, Xy will
denote the alphabet of the sequence x.

3. Traces vs. partial orders

Traces or partially commutative monoids [2,4,23,24] are equational monoids over sequences. In the previous section we
have shown how sequences correspond to finite total orders and how step sequences correspond to finite stratified orders.
In this section we discuss the relationship between traces and finite partial orders.

The theory of traces has been utilized to tackle problems from diverse areas including combinatorics, graph theory,
algebra, logic and, especially (due to the relationship to partial orders) concurrency theory [4,23,24].

Since traces constitute a sequence representation of partial orders, they can effectively model “true concurrency” in various
aspects of concurrency theory using simple and intuitive means. We will now recall the definition of a trace monoid.

Definition 2. (See [4,24].) Let M = (E*, %, A) be a monoid generated by finite E, and let the relation ind C E x E be an
irreflexive and symmetric relation (called independency or commutation), and EQ £ {ab = ba | (a, b) € ind}. Let =;,q, called
trace congruence, be the congruence defined by EQ. Then the equational monoid M=, , = (E*/=jn4, ®, [A]) is @ monoid of

traces (or a free partially commutative monoid). The pair (E, ind) is called a trace alphabet.
We will omit the subscript ind from trace congruence and write = if it causes no ambiguity.

Example 2. Let E = {a, b, c}, ind = {(b, ¢), (c, b)}, i.e., EQ = {bc = cb}.* For example, abcbca = acchba (since abcbca ~ achbca ~
acbcba ~ accbba). Also we have t; = [abcbca] = {abcbca, abccba, acbbea, acbcba, abbcca, accbba}, t, = [abc] = {abc, acb} and
t3 = [bca] = {bca, cha} are traces. Note that t; =t; ® t3 since [abcbca] = [abc] ® [bca].

4 Strictly speaking EQ = {bc = cb, cb = bc} but standardly we consider the equations bc = cb and cb = bc as identical.
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Fig. 2. Partial order generated by the trace [abcbca].

Each trace can be interpreted as a finite partial order. Let t = {x1,...,x;} be a trace, and let <, denote the total order
induced by the sequence x;, i =1, ..., k. Note that Xy, = Zy; foralli,j=1,...,n, so we can define X = Xy, i=1,...,n.
For example, the set of event occurrences of the trace t; from Example 2 is S, = {a®®, b, ¢ a® p@ @}, Each «; is
a total order on X;. The partial order generated by t can then be defined as <¢= ﬂle <y In fact, the set {<y,,..., <}

consists of all total extensions of < (see [23,24]). Thus, the trace t; = [abcbca] from Example 2 can be interpreted as the
partial order <, depicted in Fig. 2 (arcs inferred from transitivity are omitted for simplicity).

Remark 1. Given a sequence s, to construct the partial order <s; generated by [s], we do not need to build up to expo-
nentially many elements of [s]. We can simply construct the direct acyclic graph (Zpq, <s), where x® < y0) iff x® occurs
before y() on the sequence s and (x, y) ¢ ind. The relation <; is usually not the same as the partial order <[s]- However,
after applying the transitive closure operator, we have <[5y =~<g (cf. [4]). We will later see how this idea is generalized to
the construction of so-structures and gso-structures from their “trace” representations. Note that to do so, it is inevitable
that we have to generalize the transitive closure operator to these order structures.

From the concurrency point of view, the trace quotient monoid representation has a fundamental advantage over its
labeled poset representation when studying the formal linguistic aspects of concurrent behaviors, e.g.,, Ochmanski’s char-
acterization of recognizable trace language [25] and Zielonka’s theory of asynchronous automata [30]. For more details
on traces and their various properties, the reader is referred to the monograph [4]. The reader is also referred to [1] for
interesting discussions on the trade-offs: traces vs. labeled partial order models that allow auto-concurrency, e.g., pomsets.

4. Relational structures model of concurrency

Even though partial orders are one of the main tools for modelling “true concurrency”, they have some limitations.
While they can sufficiently model the “earlier than” relationship, they can model neither the “not later than” relationship
nor the “non-simultaneously” relationship. It was shown in [10] that any reasonable concurrent behavior can be modelled
by an appropriate pair of relations. This leads to the theory of relational structures models of concurrency [12,6,8] (see [8] for a
detailed bibliography and history).

In this section, we review the theory of stratified order structures of [12] and generalized stratified order structures of [6,
8]. The former can model both the “earlier than” and the “not later than” relationships, but not the “non-simultaneously”
relationship. The latter can model all three relationships.

While traces provide sequence representations of causal partial orders, their extensions, comtraces and generalized com-
traces discussed in the following sections, are step sequence representations of stratified order structures and generalized
stratified order structures respectively.

Since the theory of relational order structures is far less known than the theory of causal partial orders, we will not
only give appropriate definitions but also introduce some intuition and motivation behind those definitions using simple
examples.

We start with the concept of an observation:

An observation (also called a run or an instance of concurrent behavior) is an abstract model of the execution of a concur-
rent system.

It was argued in [10] that an observation must be a total, stratified or interval order (interval orders are not used in this
paper). Totally ordered observations can be represented by sequences while stratified observations can be represented by
step sequences.

The next concept is a concurrent behavior:

A concurrent behavior (concurrent history) is a set of equivalent observations.

When totally ordered observations are sufficient to define whole concurrent behaviors, then the concurrent behaviors
can entirely be described by causal partial orders. However if concurrent behaviors consist of more sophisticated sets of
stratified observations, e.g., to model the “not later than” relationship or the “non-simultaneously” relationship, then we
need relational structures [10].
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4.1. Stratified order structure

By a relational structure, we mean a triple T = (X, Ry, Ry), where X is a set and R, R, are binary relations on X.
A relational structure T’ = (X', R}, R}) is an extension of T, denoted as T € T', iff X = X', Ry SR} and Ry C R),.

Definition 3 (Stratified order structure). (See [12].) A stratified order structure (so-structure) is a relational structure S =
(X, <, D), such that for all a, b, c € X, the following hold:

S1: aZa, S3: aChbCcAra#c — acLc,

S2: a<b = aCh, S4: aChb<cva<bCc = a<=c.

When X is finite, S is called a finite so-structure.

Note that the axioms S1-S4 imply that (X, <) is a poset and a < b = b [Z a. The relation < is called causality and
represents the “earlier than” relationship, and the relation C is called weak causality and represents the “not later than”
relationship. The axioms S1-S4 model the mutual relationship between “earlier than” and “not later than” relations, provided
that the system runs are modelled by stratified orders.

The concept of so-structures were independently introduced in [5] and [9] (the axioms are slightly different from S1-54,
although equivalent). Their comprehensive theory has been presented in [12]. They have been successfully applied to model
inhibitor and priority systems, asynchronous races, synthesis problems, etc. (see for example [11,26,17,18,16,19,20]). The
name follows from the following result.

Proposition 4. (See [10].) For every stratified order <1 on X, the triple S 4 = (X, <, <7) is a so-structure. 0O

Definition 4 (Stratified extension of so-structure). (See [12].) A stratified order <1 on X is a stratified extension of a so-structure
S=(X,<,0) if for all o, B € X,

¢<pf — a<f and oCBf — o< B

The set of all stratified extensions of S is denoted as ext(S).

According to Szpilrajn’s theorem, every poset can be reconstructed by taking the intersection of all of its total extensions.
A similar result holds for so-structures and stratified extensions.

Theorem 2. (See [12, Theorem 2.9].) Let S = (X, <, ) be a so-structure. Then

S:(X, N < N <1A>. O

<eext(S) <leext(S)
The set ext(S) also has the following internal property that will be useful in various proofs.

Theorem 3. (See [10].) Let S = (X, <, C) be a so-structure. Then for every a,b € X,
(F<eext(S).a<ab) A(I<eext(S).b<a) = IFgeext(S)a—~gb. O

The classification of concurrent behaviors provided in [10] says that a concurrent behavior conforms to the paradigm’®
mr3 if it has the same property as stated in Theorem 3 for ext(S). In other words, Theorem 3 states that the set ext(S)
conforms to the paradigm 3.

4.2. Generalized stratified order structure

The stratified order structures can adequately model concurrent histories only when the paradigm 3 is satisfied. For
the general case, we need gso-structures introduced in [6] also under the assumption that the system runs are defined as
stratified orders.

Definition 5 (Generalized stratified order structure). (See [6,8].) A generalized stratified order structure (gso-structure) is a rela-
tional structure G = (X, <>, C) such that C is irreflexive, < is symmetric and irreflexive, and the triple S¢; = (X, <¢, O),
where <¢ = <> N, is a so-structure, called the so-structure induced by G. When X is finite, G is called a finite gso-structure.

5 A paradigm is a supposition or statement about the structure of a concurrent behavior (concurrent history) involving a treatment of simultaneity. See
[8,10] for more details.
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The relation <> is called commutativity and represents the “non-simultaneously” relationship, while the relation C is
called weak causality and represents the “not later than” relationship.
For a binary relation R on X, we let R%™ £ R U R~! denote the symmetric closure of R.

Definition 6 (Stratified extension of gso-structure). (See [6,8].) A stratified order <t on X is a stratified extension of a gso-
structure G = (X, <, C) if for all , B € X,

a<>f = a<¥"B and aCB = o< B

The set of all stratified extensions of G is denoted as ext(G).

Every gso-structure can also be uniquely reconstructed from its stratified extensions. The generalization of Szpilrajn’s
theorem for gso-structures can be stated as the following.

Theorem 4. (See [6,8].) Let G = (X, <>, ) be a gso-structure. Then

G:(X, N <" N <A>. O

<eext(G) <eext(G)

The gso-structures do not have an equivalent of Theorem 3. As a counter-example consider G = ({a, b, c}, <=4, C4) wWhere
<>4 and (4 are those from Fig. 1. Hence ext(G) = obs(P4) = {01, 02}, where 01 = {a}{b}{c} and o, = {a}{c}{b}. For this gso-
structure we have b =% ¢ and ¢ -2 b, but neither 0; nor o, contains the step {b, c}, so Theorem 3 does not hold. The lack
of an equivalent of Theorem 3 makes proving properties about gso-structures more difficult, but they can model the most
general concurrent behaviors provided that observations are modelled by stratified orders [8].

5. Comtraces

The standard definition of a free monoid (E*, %, 1) assumes that the elements of E have no internal structure (or their
internal structure does not affect any monoidal properties), and they are often called ‘letters’, ‘symbols’, ‘names’, etc. When
we assume the elements of E have some internal structure, for instance that they are sets, this internal structure may be
used when defining the set of equations EQ. This idea is exploited in the concept of a comtrace.

Comtraces (combined traces), introduced in [11] as an extension of traces to distinguish between “earlier than” and
“not later than” phenomena, are equational monoids of step sequence monoids. The equations EQ are in this case defined
implicitly via two relations: simultaneity and serializability.

Definition 7 (Comtrace alphabet). (See [11].) Let E be a finite set (of events) and let ser C sim C E x E be two relations called
serializability and simultaneity respectively and the relation sim is irreflexive and symmetric. Then the triple (E, sim, ser) is
called a comtrace alphabet.

Intuitively, if (a, b) € sim then a and b can occur simultaneously (or be a part of a synchronous occurrence in the sense
of [17]), while (a, b) € ser means that a and b may occur simultaneously and also a may occur before b (i.e., both executions
are equivalent). We define S, the set of all (potential) steps, as the set of all cliques of the graph (E, sim), i.e.,

S2{A|A#£0AVa,beA(a=bV (a,b) esim)}.
Definition 8 (Comtrace congruence). (See [11].) Let 6 = (E, sim, ser) be a comtrace alphabet and let =g, called comtrace
congruence, be the EQ-congruence defined by the set of equations

EQ2{A=BC|A=BUCeSABxCCser}.
Then the equational monoid (S* /=g, ®, [A]) is called a monoid of comtraces over 6.

Since ser is irreflexive, for each (A = BC) € EQ we have B N C = (. By Proposition 1, the comtrace congruence relation
can also be defined explicitly in non-equational form as follows.

Proposition 5. Let 6 = (E, sim, ser) be a comtrace alphabet and let S* be the set of all step sequences defined on 6. Let ~so; C S* x S*
be the relation comprising all pairs (t, u) of step sequences such that t = wAz and u = wBCz, where w, z € S* and A, B, C are steps
satisfying BU C = A and B x C C ser. Then =ser= (Rger U z;el)*. O

We will omit the subscript ser from comtrace congruence and =, and only write = and = if it causes no ambiguity.
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Example 3. Let E = {a, b, c} where a, b and c are three atomic operations, where

a y:=x+y, b: x:=y+2, c. y=y+1.

Assume simultaneous reading is allowed, but simultaneous writing is not allowed. Then the events b and ¢ can be performed
simultaneously, and the execution of the step {b, c} gives the same outcome as executing b followed by c. The events a and b
can also be performed simultaneously, but the outcome of executing the step {a, b} is not the same as executing a followed
by b, or b followed by a. Note that although executing the steps {a,b} and {b, c} is allowed, we cannot execute the step
{a, c} since that would require writing on the same variable y.

Let E = {a,b,c} be the set of events. Then we can define the comtrace alphabet 6 = (E,sim, ser), where sim =
{(a,b), (b,a), (b,c), (c,b)} and ser = {(b, c)}. Thus the set of all possible steps is

So = {{a}, {b}, {c}. {a. b}, {b, c}}.

We observe that the set t = [{a}{a, b}{b,c}] = {{a}{a, b}{b, c}, {a}{a, b}{b}{c}} is a comtrace. But the step sequence
{a}{a, b}{c}{b} is not an element of t because (c, b) ¢ ser.

Even though traces are quotient monoids over sequences and comtraces are quotient monoids over step sequences (and
the fact that steps are sets is used in the definition of quotient congruence), traces can be regarded as a special case of
comtraces. In principle, each trace commutativity equation ab = ba corresponds to two comtrace equations {a, b} = {a}{b}
and {a, b} = {b}{a}. This relationship can formally be formulated as follows.

Let (E,ind) and (E, sim, ser) be trace and comtrace alphabets respectively. For each sequence x =ay ...a, € E*, we define
x!' ={aq}...{an} to be its corresponding step sequence, which in this case consists of only singleton steps.

Lemma 1.

1. Assume ser = sim. Then for each comtrace t € S* /=, there exists a step sequence x = {a1} ... {ax} € S* such that t = [X]=,,,.
2. If ser = sim = ind, then for each x, y € E*, we have X =jpq y <= x{} =g, yll.

Proof. (1) follows from the fact that if ser = sim, then for each A ={aj,...,ax} €S, we have A = {a1}...{ax}. (2) is a
simple consequence of the definition of x!!. O

Let t be a trace over (E,ind) and let v be a comtrace over (E,sim,ser). We say that t and v are tantamount if sim =
ser =ind and there is x € E* such that t=[x]=, , and v= [x!)]=.... If a trace t and a comtrace v are equivalent we will write

t “Z°v. Note that Lemma 1 guarantees that this definition is valid.

ser *

Proposition 6. Let t, r be traces and v, w be comtraces. Then

Proof. 1. ttgcv means that there is x € E* such that t=[x]-,, and v= [x} = and tth%w means that there is y € E*
such that t=[y]=,, and w= [yl . Since t=[x]=,, = [y]=,, then x =y y and by Lemma 1(2), !} =¢; yU}, ie. v=w.

2. Similarly as (1). O

Equivalent traces and comtraces generate identical partial orders. However, we will postpone the discussion of this issue
to Section 9. Hence traces can be regarded as a special case of comtraces.

Note that comtrace might be a useful notion to formalize the concept of synchrony (cf. [17]). In principle, events a1, ..., a
are synchronous if they can be executed in one step {aq, ..., a,} but this execution cannot be modelled by any sequence of
proper subsets of {aj,...,ax}. Note that in general ‘synchrony’ is not necessarily ‘simultaneity’ as it does not include the
concept of time [15]. It appears, however, that the mathematics to deal with synchrony are close to that to deal with
simultaneity.

Definition 9 (Independency and synchrony). Let (E, sim, ser) be a given comtrace alphabet. We define the relations ind, syn
and the set Sy, as follows:
e ind C E x E, called independency, and defined as ind = ser Nser—1,
e syn C E x E, called synchrony, and defined as:

(a, b) € syn é} (a,b) € sim\ ser¥Y™,
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o Ssyn €S, called synchronous steps, and defined as:

A € Sgyn é A#DA (Ya,be A.(a,b) €syn).

If (a,b) €ind then a and b are independent, i.e., executing them either simultaneously, or a followed by b, or b followed
by a, will yield exactly the same result. If (a, b) € syn then a and b are synchronous, which means they might be executed in
one step, either {a, b} or as a part of bigger step, but such an execution of {a, b} is not equivalent to either a followed by b,
or b followed by a. In principle, the relation syn is a counterpart of ‘synchrony’ (cf. [17]). If A € Ssyn, then the set of events
A can be executed as one step, but it cannot be simulated by any sequence of its subsets.

Example 4. Assume we have E = {a, b, c,d, e}, sim = {(a, b), (b, a), (a, c), (c,a), (a,d), (d,a)}, and ser = {(a, b), (b,a), (a,c)}.
Hence, S = {{a, b}, {a, c}, {a, d}, {a}, {b}, {c}, {e}}, and

ind={(@,b), b,o)}, syn={(@.d),d o)}, Syn={{a.d}}.

Since {a,d} € Ssyn, the step {a,d} cannot be split into smaller steps. For example the comtraces X1 = [{a, b}{c}{a}], xo =
[{e}a, d}{a, c}], and x3 = [{a, b}{c}{a}{e}{a, d}{a, c}] are respectively the following sets of step sequences:

X1

{{a, b}{c}a}, {a}{b}{cHa}, (bHa}{c}a}, {b}{a, cHa}},
{{e}a, d}a, c}, {e}{a, d}{a}{c}},
{a. b}{cH{aHe}a, dHa, c}, {a}{b}{cHa}{e}{a, dHa, c},
{b}{a}{cHa}{e}{a.dHa.c}. {b}{a. c{a}{e}{a.dHa.c},
{a, b}{c}{aHeHa. d}{aH{c}. {a}{bHcHa}{e}{a, dH{a}{c},
{bH{a}{cHa}e}{a. dH{a}{c}. {bHa. cHa}{e}{a, dH{a}{c}

We also have x3 = X1 ® Xp. Note that since (c, a) ¢ ser, {a, ¢} =ser {a}{c} Fser {c}{a}.

X2

We can easily extend the concepts of comtraces to the level of languages, with potential applications similar to traces.
For any step sequence language L, we define a comtrace language [L]e (or just [L]) to be the set {[u] | u € L}. The languages
of comtraces provide a bridge between operational and structural semantics. In other words, if a step sequence language L
describes an operational semantics of a given concurrent system, we only need to derive the comtrace alphabet (E, sim, ser)
from the system, and the comtrace language [L] defines the structural semantics of the system.

Example 5. Consider the following simple concurrent system Priority, which comprises two sequential subsystems such that

the first subsystem can cyclically engage in event a followed by event b,

the second subsystem can cyclically engage in event b or in event c,

the two systems synchronize by means of handshake communication,

there is a priority constraint stating that if it is possible to execute event b, then ¢ must not be executed.

This example has often been analyzed in the literature (cf. [13]), usually under the interpretation that a = ‘Error Message’,
b = ‘Stop And Restart’, and ¢ = ‘Some Action’. It can be formally specified in various notations including Priority and Inhibitor
Nets (cf. [9,12]). Its operational semantics (easily found in any model) can be defined by the following step sequence lan-
guage

Leriority 2 Pref (({c}* U {a}{b} U {a, c}{b})"),

where Pref(L) £ Uwer{u € L|3v.uv = w} denotes the prefix closure of L.

The rules for deriving the comtrace alphabet (E,sim, ser) depend on the model, and for Priority, the set of possible
steps is S = {{a}, {b}, {c}, {a, c}}, and ser = {(c,a)} and sim = {(a, ¢), (c, a)}. Then, [Lpyority] defines the structural comtrace
semantics of Priority. For instance, the comtrace [{a, c}{b}] = {{c}{a}{b}, {a, c}{b}} is in the language [Lpriority].

6. Generalized comtraces

There are reasonable concurrent behaviors that cannot be modelled by any comtrace. Let us analyze the following exam-
ple.

Example 6. Let E = {a,b, c} where a, b and c are three atomic operations defined as follows (we assume simultaneous
reading is allowed):
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a: x:=x+1, b: x:=x-+2, c. y=y+1

It is reasonable to consider them all as ‘concurrent’ as any order of their executions yields exactly the same results (see
[10,12] for more motivation and formal considerations as well as the program P, of Example 1). Assume that simultaneous
reading is allowed, but simultaneous writing is not. Then while simultaneous executions of {a, c} and {b, c} are allowed, we
cannot execute {a, b}, since simultaneous writing on the same variable x is not allowed.

The set of all equivalent executions (or runs) involving one occurrence of the operations a, b and ¢, and modelling the
above case,

- { {aH{b}{c}, {aH{c}{b}, {b}{a}{c}, {b}{cHa}, {cHa}{b}, }
{cH{bMa}, {a, c}{b}, {b, cHa}, {bHa, c}, {a}{b,c} |’
is a valid concurrent history [10,12]. However x is not a comtrace. The problem is that we have {a}{b} = {b}{a} but {a, b} is
not a valid step, so comtrace cannot represent this situation.

In this section, we will introduce the generalized comtrace notion (g-comtrace), an extension of comtrace, which is also
defined over step sequences. The g-comtraces will be able to model “non-simultaneously” relationship similar to the one
from Example 6.

Definition 10 (Generalized comtrace alphabet). Let E be a finite set (of events). Let ser, sim and inl be three relations on E
called serializability, simultaneity and interleaving respectively satisfying the following conditions:

e sim and inl are irreflexive and symmetric,
e ser C sim, and
e simNinl=47.

Then the triple (E, sim, ser, inl) is called a g-comtrace alphabet.

The interpretation of the relations sim and ser is as in Definition 7, and (a, b) € inl means a and b cannot occur simulta-
neously, but their occurrence in any order is equivalent. As for comtraces, we define the set S of all (potential) steps as the
set of all cliques of the graph (E, sim).

Definition 11 (Generalized comtrace congruence). Let ® = (E, sim, ser, inl) be a g-comtrace alphabet and let = iny, called
g-comtrace congruence, be the EQ-congruence defined by the set of equations EQ = EQ; U EQ,, where

EQ; £{A=BC|A=BUCeSABXxCCser},
EQ; 2{BA=AB|AcSABeSAAxBCinl}.

The equational monoid (S*/=(ser iy, ®, [A]) is called a monoid of g-comtraces over ©.

Since ser and inl are irreflexive, (A = BC) € EQ; implies BN C =@, and (AB = BA) € EQ, implies AN B = (. Since
inl N sim = @, we also have that if (AB = BA) € EQ,, then AUB ¢ S.
By Proposition 1, the g-comtrace congruence relations can also be defined explicitly in non-equational form as follows.

Definition 12. Let ® = (E, sim, ser, inl) be a g-comtrace alphabet and let S* be the set of all step sequences defined on 6.
e Let ~1 C S* x S* be the relation comprising all pairs (t, u) of step sequences such that t = wAz and u = wBCz where
w,z e S* and A, B, C are steps satisfying BUC = A and B x C C ser.
e Let =y C S* x S* be the relation comprising all pairs (t, u) of step sequences such that t = wABz and u = wBAz where
w,z € S* and A, B are steps satisfying A x B Cinl.
We define =ser iny a5 ~{ser,iny=~1 U 2.
Proposition 7. For each g-comtrace alphabet ® = (E, sim, ser, inl)
— (e~ . 1 *
=({ser,inl}= (N{ser,ml} U N{ser,inl}) .
Proof. Follows from Proposition 1. O
The name “generalized comtraces” comes from the fact that when inl = ¢}, Definition 11 coincides with Definition 8 of

a comtrace monoid. We will omit the subscript {ser, inl} from =g jnjy and =(ser iy, and write = and ~ when causing no
ambiguity.
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Example 7. The set x from Example 6 is a g-comtrace, where we have E = {a, b, c}, ser = sim = {(a, ¢), (c, a), (b, c), (c, b)},
inl={(a,b), (b,a)}, and S = {{a, c}, {b, c}, {a}, {b}, {c}}.

It is worthnoting that there is an important difference between the equation ab = ba for traces, and the equation {a}{b} =
{b}{a} for g-comtrace monoids. For traces, the equation ab = ba, when translated into step sequences, corresponds to two
equations {a, b} = {a}{b} and {a, b} = {b}{a}, which implies {a}{b} = {a, b} = {b}{a}. For g-comtrace monoids, the equation
{a}{b} = {b}{a} implies that {a, b} is not a step, i.e., neither the equation {a,b} = {a}{b} nor the equation {a, b} = {b}{a}
belongs to the set of equations. In other words, for traces the equation ab = ba means ‘independency’, i.e., executing a and
b in any order or simultaneously will yield the same consequence. For g-comtrace monoids, the equation {a}{b} = {b}{a}
means that execution of a and b in any order yields the same result, but executing of a and b in any order is not equivalent
to executing them simultaneously.

7. Algebraic properties of comtrace and generalized comtrace congruences

Algebraic properties of trace congruence operations such as left/right cancellation and projection are well understood.
They are intuitive and simple tools with many applications [24]. In this section we will generalize these cancellation and
projection properties to comtrace and g-comtrace. The basic obstacle is switching from sequences to step sequences.

7.1. Properties of comtrace congruence

Let us consider a comtrace alphabet 6 = (E, sim, ser) where we reserve S to denote the set of all possible steps of 6
throughout this section.

For each step sequence or enumerated step sequence x = X; ... Xy, we define the step sequence weight of x as weight(x) £
Zi-‘:] |X;|. We also define |{(x) £ 2‘21 Xi.

Due to the commutativity of the independency relation for traces, the mirror rule, which says if two sequences are
congruent, then their reverses are also congruent, holds for trace congruence [4]. Hence, in trace theory, we only need a right
cancellation operation to produce congruent subsequences from congruent sequences, since the left cancellation comes from
the right cancellation of the reverses.

However, the mirror rule does not hold for comtrace congruence since the relation ser is usually not commutative. Exam-
ple 3 works as a counter-example since {a}{b, c} = {a}{b}{c} but {b, c}{a} # {c}{b}{a}. Thus, we define separate left and right
cancellation operators for comtraces.

Llet ace E, A €S and w € S*. The operator =, step sequence right cancellation, is defined as follows:

(w+pa)A ifa¢A,
rpa2a, wA+Raﬁ{w if A= {a},
w(A\ {a}) otherwise.

Symmetrically, a step sequence left cancellation operator | is defined as follows:

A(w+pa) ifa¢A,
Asra=a, AW+La£{w if A ={a},
(A\ {a})w otherwise.

Finally, for each D C E, we define the function mp : S* — S*, step sequence projection onto D, as follows:

7p(w) ifAND =9,

() =4, o (wA) = { np(w)(AN D) otherwise.

The algebraic properties of comtraces are similar to those of traces [24].

Proposition 8.

u = v —> weight(u) = weight(v)
LU=V =ulg =1Vl
U=V=—U-+-RA=V Rda
Uu=sv=—u-—-pa=v-=-ya
LU=V & Vs,t €S*sut=svt

. u=v=—mpUu)=mp(v)

step sequence weight equality),
event-preserving),

right cancellation),

left cancellation),

step subsequence cancellation),
projection rule).

ST IV

Proof. The proofs use the same techniques as in [24]. We would like recall only the following key observation that simplifies
the proof of this proposition: since = is the symmetric transitive closure of =, it suffices to show that u ~ v implies the
right-hand side of (1)-(6). The rest follows naturally from the definition of comtrace ~ and the congruence =. O
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Note that (w ~ga) =g b= (w =g b) - a, so we define
wg{ag,...,q)= (((W +Rd1) =R (12)...) +~Rrag, and
WgAl.. A2 (...((W+R A1) +Rr Az)..‘) =R Ag.
We define dually for —;. Hence Proposition 8(4) and (5) can be generalized as follows.
Corollary 1. For all u, v, x € S*, we have

LU=SVvV=—UuU-+RX=V-RX
2usv=u-+X=v-+ x. O

7.2. Properties of generalized comtrace congruence

Using the same proof technique as in Proposition 8, we can show that g-comtrace congruence has the same algebraic
properties as comtrace congruence.

Proposition 9. Let S be the set of all steps over a g-comtrace alphabet (E, sim, ser, inl) and u, v € S*. Then

u = v — weight(u) = weight(v)
LU=Vv=Uu|lg=|Vla
U=V=—U--RA=V Rda
Usv=—u-=-pa=v-=-pa

. U=V <= Vs,teS*sut=svt

. u=v—=—mpu)=mp(v)

step sequence weight equality),
event-preserving),

right cancellation),

left cancellation),

step subsequence cancellation),
projection rule).

S I NN
P,

Corollary 2. For all step sequences u, v, x over a g-comtrace alphabet (E, sim, ser, inl),
LU=SV=—U-RX=VRX

2Uu=sv=u-+ X=v-+rXx. 0O

The following proposition ensures that if any relation from the set {<, >, <, >, =, #} holds for the positions of two event
occurrences after applying cancellation or projection operations on a g-comtrace [u], then it also holds for the whole [u].

Proposition 10. Let u be an enumerated step sequence over a g-comtrace alphabet (E, sim, ser,inl) and o, 8, y € X, such that
y ¢{a, B} Let R € (<, >, <, >, =, #}. Then

1. if Vv € [u = y].posy (@)R posy(B), then VW € [u].posy ()R posw (B),

2. if Vv € [u +g y].posy (@) R posy (B), then VW € [u].posg ()R posw (B),

3. if S € Xy such that {o, B} C S, then

(VV € [mrs(@)].posg ()R posy(B)) == (YW € [i].pos ()R posg (B))-
Proof. 1. Assume that
Vv € [u =1 y].posy ()R posy (B). (7.1)

Suppose for a contradiction that 3w € [u].—(posy (@) R posw (B)). Since y ¢ {«, B}, we have —(POS, y ()R POSg-,, (B)).
But w € [u] implies w ~ y =u <+ y. Hence, W = y € [u + y] and —(pOSig.+,y ()R Pposg-,, (B)), contradicting (7.1).

2. Dually to part (1).
3. Assume that

vV € [ms(i1)].posy (o) R posg (B). (7.2)

Suppose for a contradiction that 3w € [u].—(posy ()R posy(B)). Since {a, B} € S, we have —(pos; () ()R PoSz,w)(B))-
But w € [v] implies 7s(W) = 7s(i1). Hence, 7ws(W) € [7ws(1)] and —(posy (i) ()R oSz w)(B)), contradicting (7.2). O

Clearly the above results also hold for comtraces as they are just g-comtraces with inl = @.
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8. Maximally concurrent and canonical representations

In this section, we show that traces, comtraces and g-comtraces all have some special representations, that intuitively
correspond to maximally concurrent execution of concurrent histories, i.e., “executing as much as possible in parallel”. This kind
of semantics is formally defined and analyzed for example in [3]. However such representations are truly unique only for
comtraces. For traces and g-comtraces, unique (or canonical) representations are obtained by adding some arbitrary total
ordering on their alphabets.

In this section we will start with the general case of g-comtraces and then consider comtraces and traces as a special
case.

8.1. Representations of generalized comtraces

Let ® = (E,sim, ser,inl) be a g-comtrace alphabet and S be the set of all steps over ®. We will start with the most
“natural” definition which is the straightforward application of the approach used in [3] for an alternative version of traces
called “vector firing sequences” (see [14,27]).

Definition 13 (Greedy maximally concurrent form). A step sequence u = A1 ... A, € S* is in greedy maximally concurrent form
(GMC-form) if and only if for eachi=1,...,k:

(Biyi=Ai...Ar) = |Bil<|Ail
where for all i =1,...,k, A;, Bj €S, and y; € S*.

Proposition 11. For each g-comtrace u over ® there is a step sequence u € S* in GMC-form such that u = [u].

Proof. Let u = A;p...Ag, where the steps Ay, ..., Ay are generated by the following simple greedy algorithm:

1: Initialize i <~ 0 and ug < u

2: while u; # A do

3: i<i+1

4: Find A; such that there exists y such that A;y =u;_1 and for each Bz= A;y =uj_1, |B| < |Ai|
5: Uj < Uj—1 ~1 Aj

6: end while

7 k<—i—1.

Since weight(u;y1) < weight(u;) the above algorithm always terminates. Clearly u = Aj...Ag is in GMC-form and
ueu 0O

The algorithm from the proof of Proposition 11 used to generate A1, ..., Ay justifies the prefix “greedy” in Definition 13.
However the GMC representation of g-comtraces is seldom unique and often not “maximally concurrent”. Consider the
following two examples.

Example 8. Let E = {a, b, c}, sim = {(a, ¢), (c, a)}, ser =sim and inl = {(a, b), (b, a)} and u = [{a}{b}{c}] = {{a}{b}{c}, {b}{a}{c},
{b}{a, c}}. Note that both {a}{b}{c} and {b}{a, c} are in GMC-form, but only {b}{a, c} can intuitively be interpreted as maxi-
mally concurrent.

Example 9. Let E = {a, b, c,d, e}, and sim = ser, inl be as in the picture below, and let u = [{a}{b, c,d, e}]. One can easily
verify by inspection that {a}{b, c,d, e} is the shortest element of u and the only element of u in GMC-form is {b, e, d}{a}{c}.
The step sequence {b, e, d}{a}{c} is longer and intuitively less maximally concurrent than the step sequence {a}{b, c,d, e}.

Hence for g-comtraces the greedy maximal concurrency notion is not necessarily the global maximal concurrency notion,
so we will try another approach.

Let x=A;... A, be a step sequence. We define length(A; ... Ax) =2 k. We also say that A; is maximally concurrent in x
if Bjyi = A;...Ax = |Bi| < |A;|. Note that Ay is always maximally concurrent in x, which makes the following definition
correct.

For every step sequence x = Aq ... Ay, let mc(x) be the smallest i such that A; is maximally concurrent in x.
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Definition 14. A step sequence u = A1 ... Ay is maximally concurrent (MC-) iff

1. v=u = length(u) < length(v),
2. foralli=1,...,k and for all w,

(u,~ = Ai... Ay =w Alength(u;) = length(w)) — mc(uj) <mc(w).
Theorem 5. For every g-comtrace u, there exists a step sequence u € u such that u is maximally concurrent.

Proof. Let u; € u be a step sequence such that for each v, v =uy; = length(u1) < length(v), and (v = u1 A length(uy) =
length(v)) = mc(u1) < mc(v). Obviously such uq exists for every g-comtrace u. Assume that u; = A;wy and length(ui) = k.
Let uy be a step sequence satisfying uy = w1, upy = v = length(uy) < length(v), and (v = uy A length(uy) = length(v)) —
mc(uz) < mc(v). Assume that up; = Ayws. We repeat this process k — 1 times. Note that uy = A, € S. The step sequence
u=Aj... A is maximally concurrent and ueu. O

For the case of Example 8 the step sequence {b}{a, c} is maximally concurrent and for the case of Example 9 the step
sequence {a}{b,c,d, e} is maximally concurrent. There may be more than one maximally concurrent step sequences in a
g-comtrace. For example if E = {a, b}, sim =ser =0, inl = {(a, b), (b,a)}, then the g-comtrace t = [{a}{b}] = {{a}{b}, {b}{a}}
and both {a}{b} and {b}{a} are maximally concurrent.

Having a canonical (unique) representation is often useful in proving properties about g-comtraces since it allows us to
uniquely identify a g-comtrace. Furthermore, to be really useful in proofs, a canonical representation should be easy to con-
struct and manipulate. For g-comtraces, it turns out that a natural way to get a canonical representation is: fix a total order
on the alphabet, extend it to a lexicographical ordering on step sequences, and then simply choose the lexicographically
least element.

Definition 15 (Lexicographical ordering). Assume that we have a total order <g on E.

1. We define a step order < on S as follows:

A< B <L Al> BV <|A| — |B|AA%B Amin(A\ B) <g min(B\A)),
<E <E

where min.; (X) denotes the least element of the set X C E w.r.t. <g.

2. Let Ay...A, and Bj ... By, be two sequences in S*. We define a lexicographical order <'® on step sequences in a natural
way as the lexicographical order induced by <%, i.e.,

Ar. An<By . Bn <L 3k>0 Vi<k(Ai=BiA (A< B vn<k<m)).

Directly from the above definition, it follows that <S¢ totally orders the set of possible steps S and <& totally orders the
set of possible step sequences S*.

Example 10. Assume that a <g b <g ¢ <g d < e. Then we have {a, b, ¢, e}<*{b, c, d} since {a, b, c,e}\ {b, c,d} = {a}, {b, c,d}\
{a,b,c,e}={d}, and a <g d. And {a, c}{b, c}{d}{d, ¢} <'**{a, c{{b}{c,d, e} since [{b, c}| > |{b}].

Definition 16 (g-canonical step sequence). A step sequence x € S* is g-canonical if for every step sequence y € S*, we have
(Xx=y Ax#£y) = x<=y,

In other words, x is g-canonical if it is the least element in the g-comtrace [x] with respect to the lexicographical
ordering <'e*.

Corollary 3.

1. Each g-canonical step sequence is in GMC-form.
2. For every step sequence x € S*, there exists a unique g-canonical sequence u =x. 0O

All of the concepts and results discussed so far in this section hold also for general equational monoids derived from the
step sequence monoid (like those considered in [15]). We will now show that for both comtraces and traces, the GMC-form,
MC-form and g-canonical form correspond to the canonical form discussed in [2,3,11,15].
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8.2. Canonical representations of comtraces

First note that comtraces are just g-comtraces with an empty relation inl, so all definitions for g-comtraces also hold for
comtraces.

Let 6 = (E, sim, ser) be a comtrace alphabet (i.e. inl = @) and S be the set of all steps over 6. In principle, (a, b) € ser
means that the sequence {a}{b} can be replaced by the set {a, b} (and vice versa). We start with the definition of a relation
between steps that allows such replacement.

Definition 17 (Forward dependency). Let FID €S x S be a relation comprising all pairs of steps (A, B) such that there exists
a step C € S such that

CCBAAXxCCsernCx (B\C)Cser.

The relation FD is called forward dependency on steps.

Note that in this definition C € S implies C # ¢, but C = B is allowed. The next result explains the name “forward
dependency” of FD. If (A, B) € FD, then some elements from B can be moved to A and the outcome will still be equivalent
to AB.

Lemma 2. (A, B) e FD <« (3C € p\?(B).(AUC)(B\ C)=AB) v AUB = AB.

Proof. (=) If C =B then AU B ~ AB which implies AUB = AB. If C Cc B and C # ¢ then we have (AU C)(B\ C) ~
AC(B\C)~ AB, i.e. (AUC)(B\C) = AB.

(<) Assume AU B = AB. This means AU B €S and consequently ANB =@, A x B Cser. Let a € A, b € B. By Propo-
sition 8(6), {a, b} = mq,p)(A U B) = 7(qp)(AB) = {a}{b}. But {a, b} = {a}{b} means (a,b) € ser. Therefore A x B C ser, i.e.
(A, B) e FD.

Assume C C B, C# ¢ and (AUC)(B\ C) = AB. This implies AUCeS and ANC=@. Let ae A and c € C. By Propo-
sition 8(6), {a, ¢} = myq,c} (AU C)(B \ C) = myq,c}(AB) = {a}{c}. But {a, c} = {a}{c} means (a, c) € ser. Hence A x C C ser. Let
be B\ C and c € C. By Proposition 8(6), {c}{b} = mp,c;(AUC)(B\ C) = myp ;(AB) = {b, c}. Thus {c}{b} = {b, c}, which means
(c,b) eser, ie. C x (B\C) Cser. Hence (A,B) e FD. 0O

We will now recall the definition of a canonical step sequence for comtraces.

Definition 18 (Comtrace canonical step sequence). (See [11].) A step sequence u = Aj ... Ay is canonical if we have (A;, Aj1+1) ¢
FD for all i, 1 <i<k.

The next results show that a canonical step sequence for comtraces is in fact “greedy”.

Lemma 3. For each non-empty canonical step sequence u = A ... A, we have

Ai={a|3Iweulw=Cy...ChraeCq}).

Proof. Let A={a|3w € [ul.w=Cq...Cy Aa € Cq}. Since u € [u], A; € A. We need to prove that A C Ay. Definitely
A=Ay if k=1, so assume k > 1. Suppose that a e A\ A, ac Aj, 1 < j <k, and a ¢ A; for i < j. Since a € A, there is
v = Bx € [u] such that a € B. Note that Aj_1A; is also canonical and u’' = Aj_1Aj = (U +g (Aj41...Ap) =1 (A1...Aj-2).
Let v/ = (v +Rg (Ajt1...Ar)) =1 (A1...Aj—2). We have v/ = B’X’ where a € B’. By Corollary 1, u’=v’. Since u’ = Aj_1Aj is
canonical then 3c € Aj_1.(c,a) ¢ ser or 3b € Aj.(a, b) ¢ ser.

e For the former case: myqc}(u') = {c}{a} (if c ¢ Aj) or mq,, (') ={cHa,c} (if c € Aj). If myq,c;(u') = {cHa} then m(q (V')
equals either {a,c} (if c € B’) or {a}{c} (if c ¢ B’), i.e, in both cases g c}(t') % mia,)(v'), contradicting Proposi-
tion 8(6). If myq,c}(u’) = {c}{a, c} then m (V') equals either {a, c}{c} (if c € B") or {a}{c}{c} (if c ¢ B"). However in both
cases 7q,c}(U’) # myq,cy(v), contradicting Proposition 8(6). For the latter case, let d € Aj_1. Then myqp g)(u") = {dHa, b}
(if d ¢ Aj), or mgpa)(u) = {d}{a,b,d} (if d € Aj). If mqpay’) = {d}{a,b} then mpa (V') is one of the following
{a,b,d}, {a, b}{d}, {a, d}{b}, {a{{b}{d} or {a}{d}{b}, and in either case 7 p a} (') # 7(q,p.4y(v), again contradicting Propo-
sition 8(6).

o If migpay(u’) = {d}{a,b,d}, then we know mp (V') is one of the following {a,b,d}{d}, {a, bH{d}{d}, {a,d}{b,d},
{a, d}{b}{d}, {a, d}{d}{b}, {a{{b}{d}{d}, {a}{d}{b}d}, or {a}{d}{d}{b}. However in any of these cases we have 7wy p q4)(u) #
T(a,b,d}(V'), contradicting Proposition 8(6) as well. O

We will now show that for comtraces the canonical form from Definition 18 and GMC-form are equivalent, and that
each comtrace has a unique canonical representation.
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Theorem 6. A step sequence u is in GMC-form if and only if it is canonical.

Proof. (<) Suppose that u = Aq... Ay is canonical. By Lemma 3 we have that for each B1yi; = A1... Ak, |B1| < |A1]l.
Since each A;... A is also canonical, A,... Ay is canonical so by Lemma 3 again we have that for each Byy) = A;... Ag,
|By| < |Az]. And so on, i.e. u = Aj...Ag is in GMC-form.

(=) Suppose that u = Aq...A is not canonical, and j is the smallest number such that (A;, Aj;q1) € FD. Hence
A1...Aj_1 is canonical, and, by (<) of this theorem, in GMC-form. By Lemma 2, either there is a non-empty C C Ajq
such that (A;UC)(Aj1\B)=AjAjy1,0r AjUAj 1 =AjAj;q. In the first case since C# ¢, |[AjUC| > |Aj|; in the second
case [AjUAj 1| > |Aj], s0 Aj... A is not in GMC-form, which means u = Ay ... A is not in GMC-form either. O

Theorem 7. (Implicit in [11].) For each step sequence v there is a unique canonical step sequence u such that v =u.

Proof. The existence follows from Proposition 11 and Theorem 6. We only need to show uniqueness. Suppose that u =
Aq...Ar and v = Bq...Bp are both canonical step sequences and u = v. By induction on k = |u| we will show that u =v.
By Lemma 3, we have B1 = A;. If k =1, this ends the proof. Otherwise, let u’ = A, ... A, and w' =B, ...By, and u’, v’ are
both canonical step sequences of [u’]. Since |u’| < |u|, by the induction hypothesis, we obtain A; = B; for i =2,...,k and
k=m. O

The result of Theorem 7 was not stated explicitly in [11], but it can be derived from the results of Propositions 3.1,
4.8 and 4.9 of [11]. However Propositions 3.1 and 4.8 of [11] involve the concepts of partial orders and stratified order
structures, while the proof of Theorem 7 uses only the algebraic properties of step sequences and comtraces.

Immediately from Theorems 6 and 7 we get the following result.

Corollary 4. A step sequence u is canonical if and only if it is g-canonical. O
It turns out that for comtraces the canonical representation and MC representation are also equivalent.
Lemma 4. If a step sequence u is canonical and u = v, then length(u) < length(v).

Proof. By induction on length(v). Obvious for length(v) =1 as then u = v. Assume it is true for all v such that length(v) <
r—1, r>2. Consider v=B1{B;,...B, and let u = A1A,... A, be a canonical step sequence such that v=u. Let v{ =v +|
A1 =Cq...Cs. By Corollary 1(2), vi=u -+ A1 = A;... Ay, and A, ... A is clearly canonical. Hence by induction assumption
k—1=length(A,...Ar) <s.By Lemma 3, By C A1, hence vi=v <+ A1 =B;,...B;+ A1 =Cq...Cs, which means s <r—1.
Therefore k — 1 <s<r —1, i.e. k <r, which ends the proof. O

Theorem 8. A step sequence u is maximally concurrent if and only if it is canonical.

Proof. (<) Let u be canonical. From Lemma 4 it follows the condition (1) of Definition 14 is satisfied. By Theorem 6, u is
in GMC-form, so the condition (2) of Definition 14 is satisfied as well.

(=) By induction on length(u). It is obviously true for u = Aj. Suppose it is true for length(u) = k. Let u =
A1Ay...ArAk+1 be maximally concurrent. The step sequence Aj...Ag4q is also maximally concurrent and canonical by
the induction assumption. If AjAz...Ak4q is not canonical, then (A1, Ay) € FD. By Lemma 2, either there is non-empty
C C B such that (A; UC)(A2\ C) = A1A2, or A1 U Ay = A1B;. Hence either (A1 UC)(A2\ O)A3... A1 =A1...Agp1=u or
(AU Ap)As ... Aks1 = A1 ... Ags1 = u. The former contradicts the condition (2) of Definition 14, the latter one contradicts
the condition (1) of Definition 14, so u is not maximally concurrent, which means (A1, A2) ¢ FD, so u = Aq...Ay4q is
canonical. O

Summing up, as far as canonical representation is concerned, comtraces behave quite nicely. All three forms for g-
comtraces, GMC-form, MC-form and g-canonical form, collapse to one comtrace canonical form if inl = @.

8.3. Canonical representations of traces

We will show that the canonical representations of traces are conceptually the same as the canonical representations
of comtraces. The differences are merely “syntactical”, as traces are sets of sequences, so “maximal concurrency” cannot be
expressed explicitly, while comtraces are sets of step sequences.

Let (E,ind) be a trace alphabet and (E*/=, ®, [1]) be the corresponding monoid of traces. A sequence x=aj...ay € E*
is called fully commutative if (a;,a;) eind for all i # j and i, j e {1,...,k}.

Corollary 5. If x =ay ...a, € E* is fully commutative and y = a;, ... a;, is any permutation of a ...ay, thenx=y. O
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The above corollary could be interpreted as saying that if x=a;...a; € E* is fully commutative than the set of events
{ai,...,a,} can be executed simultaneously.

Definition 19 (Greedy maximally concurrent form for traces). (See [2,3].) A sequence x € E* is in greedy maximally concurrent
form (GMC-form) if x=A or x =x7...X,; such that

1. each x; is fully commutative, fori=1,...,n,
2. for each 1 <i<n—1 and for each element a of x;;1 there exists an element b of x; such that (a, b) ¢ ind.

Often the form from the above definition is called “canonical” [3,14,15].
Theorem 9. (See [2,3].) For every trace t € E* /=, there exists x € E* such that t = [x] and x is in the GMC-form. O

The GMC-form as defined above is not unique, a trace may have more than one GMC representation. For instance the
trace t; = [abcbca] from Example 2 has four GMC representations: abcbca, acbbca, abccba, and acbcba. The GMC-form is
however unique when traces are represented as vector firing sequences® [3,14,27], where each fully commutative sequence
is represented by a unique vector of events (so the name “canonical” used in [3,14] is justified). To get uniqueness for
Mazurkiewicz traces, it suffices to order fully commutative sequences. For example, we may introduce an arbitrary total
order on E, extend it lexicographically to E* and add the condition that in the representation x = x;...x,, each x; is
minimal w.r.t. the lexicographic ordering. The GMC-form with this additional condition is called Foata canonical form.

Theorem 10. (See [2].) Every trace has a unique representation in the Foata canonical form. 0O

We will now show the relationship between GMC-form for traces and GMC-form (or canonical form) for comtraces.

Define S, the set of steps generated by (E, ind) as the set of all cliques of the graph of the relation ind, and for each fully
commutative sequence x =dj ...ay, let st(x) ={a1,...,as} €S be the step generated by x.

For each sequence x = X ...x, in GMC-form in (E,ind), we call the step sequence x'M3} = st(x;)...st(x;) € S*, the
maximally concurrent step sequence representation of x. Note that by Theorem 10, the step sequence x(™3! is unique. The
name is formally justified by the following result (which also follows implicitly from [3]).

Proposition 12.

1. A sequence X = X1 ...xXp is in GMC-form in (E, ind) if and only if the step sequence x™3} = st(x1) ... st(x;) is in GMC-form (or
canonical form) in (E, sim, ser) where sim = ser = ind.

2. K= B [ximax))

=ind Sser*
Proof. 1. If x=x;...x, is not in GMC-form then by (2) of Definition 19, there are x;, x;1+1 and b € st(x;+1) such that for all
a € st(x;), (a, b) € ind. Since ser = ind this means that (st(x1), st(xi4+1)) € FD, so x!™®! is not canonical. Suppose that x(™®} is
not canonical, i.e. (st(x1), st(x;+1)) € FD for some i. This means there is a non-empty C C st(x;+1) such that st(x;) x C C ser
and C x (st(xj+1) \ C) C ser. Let a € st(x;) and b € C C st(x;y1). Since ind = ser, then (a,b) € ind, so x =Xx1...x, is not in
GMC-form.

2. Clearly [x]<,,
Hence, for each sequence x, x! =g (M} e, [x1}]_, =[x

_ e [x“]zm. Let a;...a, be a fully commutative sequence. Since ser =ind, {a1}...{an} =ser {a1, ..., an}.

ser* ]

Hence we have proved that the GMC-form (or canonical form) for comtraces and GMC-form for traces are semantically
identical concepts. They both describe the greedy maximally concurrent semantics, which for both comtraces and traces is
also the global maximally concurrent semantics.

9. Comtraces and stratified order structures
In this section we will recall the major result of [11] that shows how comtraces define appropriate so-structures. We
will start with the definition of (-closure construction that plays a substantial role in most applications of so-structures for

modelling concurrent systems (cf. [11,19,17,18]).

Definition 20 (Diamond closure of relational structures). (See [11].) Given a relational structure S = (X, R1, R2), we define S9,
the O-closure of S, as

6 Vector firing sequences were introduced by Mike Shields in 1979 [27] as an alternative representation of Mazurkiewicz traces.
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s© £ (X, <Ry,Ry» TRy R

where <R1,Rzé (R1{UR2)* o Rq0o(R;URy)* and ERLRzé (R1 URp)* \ idyx.

The motivation behind the above definition is the following. For ‘reasonable’ R; and Ry, the relational structure
(X, Ry, R2)® should satisfy the axioms S1-S4 of the so-structure definition. Intuitively, {-closure is a generalization of
the transitive closure constructions for relations to so-structures. Note that if Rq = R, then (X, Ry, R2)? = (X, RT, RT). The
following result shows that the properties of ()-closure are close to the appropriate properties of transitive closure.

Theorem 11 (Closure properties of {-closure). (See [11].) For a relational structure S = (X, Ry, R3),

1. if Ry is irreflexive, then S € S9,

2. (590 =59,

3. S is a so-structure if and only if <Rry,R;,= (R1 UR2)* o R1 o (R1 U Rp)* is irreflexive,
4. if S is a so-structure, then S = S°. O

Every comtrace is a set of equivalent step sequences and every step sequence represents a stratified order, so a comtrace
can be interpreted as a set of equivalent stratified orders. From the theory presented in Section 4 and the fact that comtrace
satisfies paradigm 3, it follows that this set of orders should define a so-structure, which should be called a so-structure
defined by a given comtrace. On the other hand, with respect to a comtrace alphabet, every comtrace can be uniquely
generated from any step sequence it contains. Thus, we will show that given a step sequence u over a comtrace alphabet,
without analyzing any other elements of the comtrace [u] but u itself, we will be able to construct the same so-structure as the
one defined by the whole comtrace. Formulations and proofs of such results are done in [11] and depend heavily on the
{O-closure construction and its properties.

Let 6 = (E, sim, ser) be a comtrace alphabet, and let u € S* be a step sequence and let <, C X, x X, be the stratified
order generated by u as defined in Section 2.3. Note that if u = w then X, = X¥\,. Thus, for every comtrace X = [u] € S*/=,
we can define Xy = X,

We will now show how the {-closure operator is used to define a so-structure induced by a single step sequence u.

Definition 21. Let u € S*. We define the relations <, T, C Xy X Xy as:

La<uf <L aayfad@),l(B) ¢ser,

2. aCu B <L a < BAUB). @) ¢ ser.

Lemma 5. (See [11, Lemma4.7].) Forallu,v € S*,ifu=v, then <y =<y, and C, =C,. O

Definition 21 together with Lemma 5 describes two basic local invariants of the elements of Xy. The relation <, captures
the situation when o always precedes 8, and the relation [, captures the situation when « never follows S.

Definition 22. Given a comtrace u = [u] € S*/=. We define

S{u}é(2u7<u,zu)oa sué<2u,ﬂ<1)um<];\>-

Xeu Xeu

The relational structure S} is the so-structure induced by the single step sequence u and Sy is the so-structure defined
by the comtrace u. The following theorem justifies the names and summarizes some nontrivial results concerning the so-
structures generated by comtraces.

Theorem 12. (See [11,12].) For all u, v € S*, we have

1. S and Sy are so-structures,
2.u=v <= S =50,

3. s =5y,

4. ext(Spp) ={<x |x€ul}. O

Theorem 12 states that the so-structures S™! and Sy,; from Definition 22 are identical and their stratified extensions are
exactly the elements of the comtrace [u] with step sequences interpreted as stratified orders. However, from an algorithmic
point of view, the definition of S} is more interesting, since building the relations <, and C, and getting their {-closure,



1376 R. Janicki, D.T.M. Lé / Information and Computation 209 (2011) 1355-1389

sim ser

Fig. 3. An example of the relations sim, ser on E = {a,b,c,d}, and the so-structure (X,~<,) defined by the comtrace [{a,b}{c}{a,d}]=

{{a. b}{c}{a. d). {a}{b}{c}a. d}. {a}ib. c}a, d}, (b}a}(cHa. d}}. -

which in turn can be reduced to computing transitive closure of relations, can be done efficiently. In contrast, a direct use
of the S, definition requires precomputing up to exponentially many elements of the comtrace [u].
Fig. 3 shows an example of a comtrace and the so-structure it generates.

10. Generalized stratified order structures generated by generalized comtraces

The relationship between g-comtraces and gso-structures is in principle the same as the relationship between comtraces
and so-structures discussed in the previous section. Each g-comtrace uniquely determines a finite labeled gso-structure.
However the formulations and proofs of these analogue results for g-comtraces are more complex. The difficulties are
mainly due to the following facts:

e The definition of gso-structure is implicit, it involves using the induced so-structures (see Definition 5), which makes
practically all definitions more complex (especially the counterpart of {-closure), and the use of Theorem 4 more
difficult than the use of Theorem 2.

e The internal property expressed by Theorem 3, which says that ext(S) conforms to paradigm 3 of [10], does not hold
for gso-structures.

e Generalized comtraces do not have a ‘natural’ canonical form with a well understood interpretation.

e The relation inl introduces plenty of irregularities and increases substantially the number of cases that need to be
considered in many proofs.

In this section, we will prove the analogue of Theorem 12 showing that every g-comtrace uniquely determines a finite
gso-structure,

10.1. Commutative closure of relational structures

We will start with the notion of commutative closure of a relational structure. It is an extension of the concept of {-
closure (see Definition 20) which was used in [11] and the previous section to construct finite so-structures from single
step sequences or stratified orders.

Definition 23 (Commutative closure). Let G = (X, R1, Ry) be any relational structure, and let R3 =R N R;. Using the notation
from Definition 20, the commutative closure of the relational structure G is defined as

G™ = (X, (<Rrsr)Y™ UR1, CRryRy)-

The motivation behind the above definition is similar to that for {-closure: for ‘reasonable’ R; and Ry, (X, Ry, Ry)™
should be a gso-structure. Intuitively the s<-closure is also a generalization of transitive closure for relations. Note that if
R1 = R; then (X, R1, Ry)™ = (X, (RT)Sym, RT). Since the definition of gso-structures involves the definition of so-structures
(see Definition 5), the definition of m<-closure uses the concept of {-closure.

Note that we do not have an equivalent of Theorem 11 for s<-closure. The reason is that m<-closure is tailored to simplify
the proofs in the next section rather than to be a closure operator by itself. Nevertheless, ~a-closure satisfies some general
properties of a closure operator.

The first property is the monotonicity of s<-closure.

Proposition 13. If G1 = (X, Ry, R2) and G2 = (X, Q1, Q2) are two relational structures such that G1 C G, then GT* C G5,
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Proof. Since Ry € Qq and R C Q; then R3 C Q3, and (X, R3, R2)® € (X, Q3, Q2)°, i.e. <psr, € <Q30, and Cryr, S 050,
which immediately implies G7* C G5*. O

Another desirable property of s<-closure is that gso-structures are fixed points of <.
Proposition 14. If G = (X, <=, ) is a gso-structure then G = G™.

Proof. Since G is a gso-structure, by Definition 5, S¢ = (X, <, C) is a so-structure. Hence, by Theorem 11(4), S¢g = s9,
which implies C = (<¢ U C)* \ idx. But since S¢ is a so-structure, <¢c CC. So C=C* \idx. Let <= <> N C*. Then since <>
is irreflexive,

<=< NC*=< N(C*\idx) =< NC=<g.
Hence, (X, <, ) = (X, <¢, ) is a so-structure. By Theorem 11(4), we know (X, <, C) = (X, <, ©)°. So from Definition 23,
G~ = (X, <%MU <, ). Since < is symmetric and < C<>, we have <¥"U < =<>. Thus, G=G™. O

10.2. Generalized stratified order structure generated by a step sequence

We will now introduce a construction that derives a gso-structure from a single step sequence over a given g-comtrace
alphabet. The idea of the construction is the same as S'! from the previous section. First we construct some relational
invariants and next we will use s<-closure in the similar manner as {-closure was used for S}, However the construction
is more elaborate and requires full use of the notation from Section 2.3 that allows us to define the formal relationship
between step sequences and (labeled) stratified orders. We will also need the following two useful operators for relations.

Definition 24. Let R be a binary relation on X. We define the

e symmetric intersection of R as R™ 2 RNR~!, and
o the complement of R as R® £ (X x X) \ R.

Let ® = (E, sim, ser, inl) be a g-comtrace alphabet. Note that if u = w then ¥, = X, so for every g-comtrace s = [s] €
S*/=, we can define X5 = X.

Definition 25. Given a step sequence s € S*.

1. Let the relations <>, Cs, <sC X5 x X be defined as follows:

a<sp <L (I(), 1(B)) € inl, (10.1)
atsp <L a<ar A (IB).1@)) ¢serUinl, (10.2)
(), 1(B)) ¢ ser Uinl
’ Vi, B)e<sNUCHMo <F o (CHM

a<sB = a<spA (), 1(B)) € ser . (10.3)

8 <5y AB),1(y)) ¢ ser )
35 .
n30.Y € 5( ANQCESCEBAaCyCEB

2. The triple
Gh & (s, <s U <5, <s ULs)™

is called the relational structure induced by the step sequence s.

The intuition of Definition 25 is similar to that of Definition 21. Given a step sequence s and g-comtrace alphabet
(E, sim, ser, inl), without analyzing any other elements of [s] except s itself, we would like to construct the gso-structure that
is defined by the whole g-comtrace. So we will define appropriate “local” invariants <>, s and < from the sequence s.

(a) Eq. (10.1) is used to construct the relationship <=5, where two event occurrences o and 8 might possibly be commu-
tative because they are related by the inl relation.

(b) Eq. (10.2) defines the not later than relationship and this happens when « occurs not later than 8 on the step sequence
s and {«, B} cannot be serialized into {}{«}, and o and S are not commutative.

(c) Eq. (10.3) is the most complicated one, since we want to take into consideration the “earlier than” relationships which
are not taken care of by the commutative closure. There are three such cases:
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(i) @ occurs before 8 on the step sequence s, and two event occurrences o and 8 cannot be put together into a single
step ((«, B) ¢ ser) and are not commutative ((«, 8) ¢ inl).

(ii) o and B are supposed to be commutative but they cannot be commuted into 8 and « because « is “synchronous”
with some y and g is “synchronous” with some §, and (y, §) is not in inl (“synchronous” in a sense that they must
happen simultaneously).

(iii) (ar, B) is in ser but they can never be put together into a single step because there are two distinct event occur-
rences § and y which are “squeezed” between « and B such that (8, y) ¢ ser, and thus § and y can never be put
together into a single step.

After building all of these “local” invariants from the step sequence s, all other “global” invariants which can be inferred
from the axioms of the gso-structure definition are fully constructed by the commutative closure.

The next lemma will show that the relations from G} really correspond to positional invariants of all the step sequences
from the g-comtrace [s].

Lemma 6. Let s € S*, G5} = (%5, <, 0), and <= < NC.Ifo, B € T, then

@ < B = Vu e [s].pos, (@) # pos,(B),
. XC B <= a#pBAVuels].pos,(a) < pos,(p),
o < B < Vue|[s]l.pos,(x) < pos,(B),

. if (@) =1(B) and poss(a) < poss(B), then a < B.

Eventhough the results of the above lemma are expected and look deceptively simple, the proof is long and highly
technical and can be found in Appendix A.

Note that Lemma 6 also implies that we can construct the relational structure induced by the step sequence G'S! (we
cannot claim that it is a gso-structure right now) if all the step sequences of a g-comtrace are known. We will first show
how to define the gso-structure induced from all the positional invariants of all the step sequences of a g-comtrace.

Definition 26. For every s € S*/=, we define Gg = (X, ﬂues <lf,ym, ﬂues <)

Note that Theorem 4 does not immediately imply that G is a gso-structure. It needs to be proved separately.

We will now show that given a step sequence s over a g-comtrace alphabet, the definition of G*! and the definition of
G[s) yield exactly the same gso-structure.

Theorem 13. Let s € S*. Then G} = G,

Proof. Let G = (X5, <, C) and «, B € . Then by Lemma 6(1, 2), we have

a<p < Vuelslpos,@ #pos,(p) = (@ pe ()<
uels]
aCp < (a#PBAVuelslpos,(@) <pos,(B)) < (o, p)€ ﬂ (<)
uels]

Hence, G = (%5, <. 0) = (%, mue[s] S mue[s] G =G. O
We will next show that G*! is indeed a gso-structure.
Theorem 14. Let s € S*. Then G} = (X5, <, ) is a gso-structure.

Proof. Since < = (5 <’ and <’ is irreflexive and symmetric, < is irreflexive and symmetric. Since = ("), (s <o
and < is irreflexive, C is irreflexive.

Let <= <> N[, it remains to show that S = (X, <, C) satisfies the conditions S1-S4 of Definition 3. Since C is irreflex-
ive, S1 is satisfied. Since < C [, S2 is satisfied. Assume o C 8 C ¥ and o # y. Then

CCBCYAaFEY
= (@pe()<AB.y) e[ <y Aa#y  (Theorem13)

uels] ue(s]
= Vu €[s].pos, (o) < pos,(B) < pos,(y) Aa #y (Definition of <)

= aCy (Lemma 6(2)).
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Hence, S3 is satisfied. Next we assume that o < 8 s y. Then

a<BCYy
= (@pe (N ArB.y)e()(< Nn<y™) (Theorem13)

uels] uels]
= (Vu e[s].pos, () < pos,(B) A pos,(cr) # pos,(B))
A (Yu € [s].pos, (B) < pos,(¥) A pos,(B) # pos,(¥)) (Definition of <)
= VYu e/|s].pos,(x) < pos,(y)
= a<y (Lemma 6(3)).

Similarly, we can show o C 8 < y = a < y. Thus, S4 is satisfied. O
Theorem 14 justifies the following definition.
Definition 27. For every step sequence s, G = (X, <s U <35, <; U Cs)™ is the gso-structure induced by s.

At this point it is worth discussing the roles of the two different definitions of the gso-structures generated from a given
g-comtrace. Definition 25 allows us to build the gso-structure by looking at a single step sequence of the g-comtrace and
its g-comtrace alphabet. On the other hand, to build the gso-structure from a g-comtrace using Definition 26, we need
to know either all the positional invariants or all elements of the g-comtrace. By Theorem 13, these two definitions are
equivalent. However, in our proof, Definition 25 is more convenient when we want to deduce the properties of the gso-
structure defined from a single step sequence over a given g-comtrace alphabet. On the other hand, Definition 26 will be
used to reconstruct the gso-structure when positional invariants of a g-comtrace are known.

10.3. Generalized stratified order structures generated by generalized comtraces

In this section, we want to show that the construction from Definition 25 indeed yields a gso-structure representation
of comtraces. But before doing so, we need some preliminary results.

Proposition 15. Let s € S*. Then <5 € ext(G'sh).

Proof. Let G = (X, <, C). By Lemma 6, for all o, 8 € X,

a<pf = posg@)#poss(f) = a<BVH<sa = o<y B,
aCB = poss(@)<posg(B) = a<; B

Hence, by Definition 6, we get <5 € ext(G*}). O
Proposition 16. Let s € S*. If <1 € ext(G'S}), then there exists u € S* such that < = <.

Proof. Let G*! = (X, <, ) and 24 = B; ... B. We will show that u =I[B1]...I[Bk] is a step sequence such that <= <.

Suppose «, 8 € B; are two distinct event occurrences such that (I(«),l(B8)) ¢ sim. Then poss(a) # poss(B), which by
Lemma 6 implies that o < B. Since <1 € ext(G}), by Definition 6, o <1 8 or 8 <« contradicting that «, 8 € B;. Thus, we
have shown for all B; (1 <i<k),

a,peBirna#p = (l(@),Il(B)) esim. (10.4)

By Proposition A.1(2) (in Appendix A), if e, e € 5 and i # j then Vu € [s].pos, (e®) # pos,(e¥)). So it follows from
Lemma 6(1) that e) < e, Since <1 € ext(G'*}), by Definition 6,

if e eB, and e™ eB,, then ko#my < k#m. (10.5)

From (10.4) it follows that u is a step sequence over 6. Also by (10.5), pos;l[{i}] = B; and |I[B;]| = |B;| for all i. Hence,
24 = 24,, which implies <=<,. O

We want to show that two step sequences over the same g-comtrace alphabet induce the same gso-structure iff they
belong to the same g-comtrace (Theorem 15 below). The proof of an analogous result for comtraces from [11] is simpler
because every comtrace has a unique natural canonical representation that is both greedy and maximally concurrent and
can be easily constructed. Moreover the canonical representation for comtraces correspond to the unique greedy stratified
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extension of appropriate causality relation < (see [11]). Nothing similar holds for g-comtraces. For g-comtraces both natural
representations, GMC and MC, are not unique. The g-canonical representation (Definition 16) is unique but its uniqueness
is artificial and induced by some step sequence lexicographical order <! (Definition 15). Nevertheless this lexicographical
order <'¢ will be the basic tool used in the next lemma. The lack of natural unique representation will make our reasoning
a bit harder.

Lemma 7. Let s be a step sequence over a g-comtrace alphabet (E, ser, sim, inl) and <g be any total order on E. Letu = A1 ... Ay, be the
g-canonical representation of [s] (i.e., u is the least element of the g-comtrace [s] w.r.t. <'¥). Let G' = (X, <, D) and <= < NC.
For each X C X, let mins (X) denote the set of all minimal elements of X w.r.t. < and define

ZX) 2 {Y Sminsc(X) | (Yo, BeY.~(@ < B)A(YaeY, VBeX\Y.~(BC o)}

Letil = A1 ... A, be the enumerated step sequence of u. Then A; is the least element of the set {I[[Y]|Y € Z(X \ Lﬂ(A_1 L AZ))
w.r.t. the ordering <.

Before presenting the proof, we will explain the intuition behind the definition of the set Z(X). Let us consider Z(X')
first. Then A; in this lemma is the least element of the set {[[Y]|Y € Z(X)} w.r.t. the ordering <. Our goal is to construct
A1 by looking only at the gso-structure G without having to construct up to exponentially many stratified extensions of G.
The most technical part of this proof is to show that A; actually belongs to the set Z(X). Recall that to show that Y € Z(X),
we want to show that Y satisfies the following conditions:

(i) no two elements in Y are commutative,
(ii) for an element « € Y and B € ¥\ 'Y, it is not the case that § is not later than «.

Note that we actually define Z(X) instead of Z(X'), because we want to apply it successively to build all the steps A; of
the g-canonical representation u of G}, This lemma can be seen as an algorithm to build the g-canonical representation of
[s] by looking only at G!.

Proof of Lemma 7. First notice that by Lemma 6(3), for every non-empty X C X, since X is finite, we know that mins (X) is
non-empty and finite. Furthermore by Lemma 6(4), if e®, e € ¥ and i < j, then e® < e, Hence, for all &, B € mins(X),
where X C ¥, we have () # I(B). This ensures that if Y € Z(X) and X € X, then |Y| = |I[Y]].

For all & € A7 and B € ¥, pos¢(B) > pos(c). Hence, by Lemma 6(3), —=(8 < «). Thus,

A1 C mins<(X). (10.6)
For all «, B € Ay, since pos,(8) = pos,(c), by Lemma 6(1), we have

(o < B). (10.7)
For any @ € A{ and B € X'\ Ay, since pos,(8) < pos(a), by Lemma 6(2),

—(BC ). (10.8)

From (10.6), (10.7) and (10.8), we know that A{ € Z(X). Hence, Z(X) # . This ensures the least element of {[[Y]|Y €
Z(X)} wrt. <% is well defined.

Let Yo € Z(X) such that Bg =1[Yo] is the least element of {[Y]|Y € Z(X)} w.r.t. <. We want to show that A; = By.
Since <% is a total order, we know that A;<% By or Bg<StA; or A1 = Bg. But since A7 € Z(X) and By be the least element
of the set {I[[B] | B € Z(X)}, —(A1<%Bg). Hence, to show that A; = By, it suffices to show —(Bo<A1).

Suppose that Bg<®'A;. We first want to show that for every non-empty W C Yy there is an enumerated step sequence
v such that

V=WoVg=A;...A, and W C Wy CYy. (10.9)
We will prove this by induction on |W|.

Base case. When [W| =1, we let {og} = W. We choose V1 = Ep...Ey1 = A1...A; and og € E; (k > 0) such that for all

\7=E6...E_,’<,y’15A1...A_n and ap € E,,, we have

(i) weight(Eg...Ep) < weight(E_{)...I:"_,’c,), and
(ii) weight(Ex_1 Ex) < weight(E}, ,Ej,).

We then consider only W = Eg...E;. We observe by the way we chose V7, we have VB8 € H(W).(8 # ag = Vt €
[w].pos;(B) < pos;(ap)). Hence, since W = u g Vy, it follows from Proposition 10(1, 2) that

VB e H—J(W).(ﬂ # 0g => Vt € [A1 ... Agl.pos;(B) < pos; ().
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Then it follows from Lemma 6(2) that V8 € |H(W).(8 # oo = B C «p). But by the way Yo was chosen, we know that
Ya e Yo.VB e X\ Yo.—(B C «). Hence,

lH@w) = (Eou--- UE) S Yo. (10.10)
We next want to show
Vo € E;.VB e EjfaHpl={a, B} (0<i<j<k). (10.11)

Suppose not. Then either [{a}{8}] = {{a¢}{B}} or [{a}{B}] = {{«}{B}, {BHc}}. In either case, we have Vt € [{I(a)}{l(B)}].

pos;(ct) # pos;(B). Since {a}{B} = m(q,py (1), by Proposition 10(3), Vt € [u].pos; (&) # pos;(B). So by Lemma 6, @ <> . This

contradicts that Yo € Z(¥) and «, 8 € ¥ (W) C Yo. Thus, we have shown (10.11), which implies that for all « € E; and

/3 € E, (0<i<j<k), ((@),I(B)) eser. Then Eg...Ex = U?:o E;. Hence, by (10.10) and (10.11), there exists a step sequence
v} such that v’{ = (Uf=0 ENyi=A:...A; and {ag} C Ui'(zo Ei € Yo.

Inductive step. When |W| > 1, we pick an element gy € W. By applying the induction hypothesis on W\ {0}, we get a step
sequence v, such that v; = Foy; = Aq...A; where W\ {80} S Fg C Yo. If W C FO, we are done. Otherwise, proceedmg like
the base case, we construct a step sequence v3 such that v3 = FoF1y3 = A7 ... A, and {Bo} € F1 C Yo. Since Fg C Yo, we
have W C FQUF; C Yo. Then similarly to how we proved (10.11), we can show that Yo € Fo.VB € F1.{a}{B} = {a, B}. This
means that for all & € Fg and 8 € Fq, (I(a), 1(B)) € ser. Hence, FoF1 = Fo U F1. Hence, there is a step sequence v4 such that
Va=(FoUF)ya=A1...An and W C (Fo U Fy) C Y.

Thus, we have shown (10.9). So by choosing W = Y, we get a step sequence v such that v = Wovg = A ... A, and
Yo € Wo C Yo. Hence, v = Wovg = A7 ...A,. Thus, v = Bgvg = A1 ... An. But since Bo<®'Aq, this contradicts the fact that
A1 ... Ay, is the least element of [s] w.r.t. <! Hence, A; is the least element of {I[Y]|Y € Z(X)} w.r.t. <.

We now prove that A; is the least element of the set {{[Y]|Y € Z(Z \ W(A7...A;_1))} w.rt. <* by induction on n,
the number of steps of the g-canonical step sequence u = Ap...A,. If n =0, we are done. If n > 0, then we have just
shown that A; is the least element of {I[[Y]|Y € Z(X)} w.rt. <. By applying the induction hypothesis on p = A;...A,,
X=X\ A1, and its gso-structure (Xp, <= N(Zp x Xp), CN(Zp x Xp)), we get A; is the least element of the set {I[Y] |
YeZ(Z\ WA ... A1)} wrt. <t foralli>2. O

Theorem 15. Let s and t be step sequences over a g-comtrace alphabet (E, sim, ser, inl). Then s =t iff G*} = G{8},

Proof. (=) If s =t, then [s] = [t]. Hence, by Theorem 13, G} = G{t}.

(<) By Lemma 7, we can use G'S} to construct a unique element wy such that wy is the least element of [s] w.r.t. </e
and then use G to construct a unique element w that is the least element of [t] w.r.t. <'¢*. But since G} = G{}, we get
wi=Wwy. Hence, s=t. O

Theorem 15 justifies the following definition:

Definition 28. For every g-comtrace [s], G = Gl = (X5, <s U <5, <s U )™ is the gso-structure induced by the g-
comtrace [s].

To end this section, we prove two major results. Theorem 16 says that the stratified extensions of the gso-structure
induced by a g-comtrace [t] are exactly those generated by the step sequences in [t]. Theorem 17 says that the gso-structure
induced by a g-comtrace is uniquely identified by any of its stratified extensions.

Lemma 8. Let s, t € S* and < € ext(G!"). Then G} = G0},

The proof of the above lemma uses Definition 25 heavily and thus requires a separate analysis of many cases and was
moved to Appendix B.

Theorem 16. Let s, t € S*. Then ext(G!) = {<1, | u € [s]}.
Proof. (C) Suppose <1 € ext(G's}). By Proposition 16, there is a step sequence u such that <1, = <. Hence, by Lemma 8, we
have G} = G!$}, which by Theorem 15 implies that u = s. Hence, ext(G'}) C {<, | u € [s]}.

(2) If u € [s], then it follows from Theorem 15 that G/} = G}, This and Proposition 15 imply <1, € ext(G's}). Hence,
ext(GhY D {«y |ue[s]). O

Theorem 17. Let s, t € S* and ext(G®") Next(G'8) £ ¢ Then s =t.
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d 4@ 4
ser < C <g=< NELC

Fig. 4. A g-comtrace alphabet (E,sim,ser,inl), where E = {a,b, c,d}, the gso-structure G = (X, <, C) and <¢=<> N C defined by the g-comtrace
[{a, bH{cHa, d}] = {{a, bH{cHa. d}, {a{{bHcHa, d}, {a}{b, c}{a, d}, {bHa}{c}a, d}, {bH{cHa}{a,d}, {b,c}, {a}{a,d}}.

Proof. Let <1 € ext(G'}) Next(G!h). By Proposition 16, there is a step sequence u such that <1, = <i. By Lemma 8, we have
G = G = GO, This and Theorem 15 yield s=t. O

Summing up, we have proved the analogue of Theorem 12 for g-comtraces. In fact, Theorem 12 is a straightforward
consequence of this section for inl = @.
Fig. 4 shows an example of a g-comtrace and the gso-structure it generates.

11. Conclusion and future work

The comtrace concept is revisited and its extension, the g-comtrace notion, is introduced. Comtraces and g-comtraces
are generalizations of Mazurkiewicz traces, where the concepts of simultaneity, serializability and interleaving are used to
define the quotient monoids instead of the usual independency relation in the case of traces. We analyzed some alge-
braic properties of comtraces and g-comtraces, where an interesting application is the proof of the uniqueness of comtrace
canonical representation. We study the canonical representations of traces, comtraces and g-comtraces and their mutual
relationships in a more unified framework. We observe that comtraces have a natural unique canonical form which corre-
sponds to their maximal concurrent representation,” while the unique canonical representation of g-comtrace can only be
obtained by choosing the lexicographically least element.

The most important contribution of this paper, Theorem 16, shows that every g-comtrace uniquely determines a labeled
gso-structure. We believe the reason why the proof of Theorem 16 is more technical than the similar theorem for comtraces
is that both comtraces and so-structures satisfy paradigm 3 while g-comtraces and gso-structures do not. Intuitively, what
paradigm 3 really says is that the underlying structure consists of partial orders. For comtraces and so-structures, we
did augment some more priority relationships into the incomparable elements with respect to the standard causal partial
order to produce the not later than relation, and this process might introduce cycles into the graph of the “not later than”
relation. However, it is important to observe that any two distinct elements lying on a cycle of the “not later than” relation
must belong to the same synchronous set since the “not later than” relation is a strict preorder. Thus, if we collapse each
synchronous set into a single vertex, then the resulting “quotient” graph of the “not later than” relation is a partial order.
The reader is referred to the second author’s recent work [22] for more detailed discussion on the preorder property of the
“not later than” relation and how this property manifests itself in the comtrace notion. When paradigm 3 is not satisfied,
as with g-comtraces or gso-structures, we have more than a partial order structure, and hence the usual techniques that
depend too on the underlying partial order structure of comtraces and so-structures are often not applicable.

Despite some obvious advantages, for instance, handy composition and no need to use labels, quotient monoids (perhaps
with some exception of traces) are less popular for analyzing issues of concurrency than their relational counterparts such
as partial orders, so-structures, occurrence graphs, etc. We believe that in many cases, more sophisticated quotient monoids,
e.g., comtraces and g-comtraces, can provide simpler and more adequate models of concurrent histories than their relational
equivalences.

Much harder future tasks are in the area of comtrace and g-comtrace languages where major problems like recognizabil-
ity [25], acceptability [30], etc. are still open.
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Appendix A. Proof of Lemma 6

Proposition A.l. Let u be a step sequence over a g-comtrace alphabet (E, sim, ser,inl) and o, 8 € X, such that l(a) = I(B) and
o # B. Then

1. pos, () # posy (B),
2. if pos, (o) < pos, (B) and v is a step sequence satisfying v = u, then pos, («) < pos, (B).

Proof. 1. Follows from the fact that sim is irreflexive.
2. Follows from Proposition 7 and that ser and inl are irreflexive. O

From the definition of g-comtrace =5 iy (Definition 12), we can easily show the following proposition, which aims to
describe the intuition that if an event o occurs before (or simultaneously with) g in the first step sequence and « occurs
later than 8 on the second step sequence congruent with the first one, then there must be two “immediately congruent”
step sequences, i.e., related by the relation ~sr jn;y (Written as just ~), where this commutation (or serialization) of & and
B occurs.

Proposition A.2. Let u, w be step sequences over a g-comtrace alphabet (E, sim, ser, inl) such that u(= U ~~1)w. Then

1. if pos, (&) < pos, (B) and pos,, (B) < pos,,(ct), then there are x, y, A, B such that i = XABy (=~ U~"1)XxBAy =w and « € A,
B € B. We also have (I(x), I(8)) € inl,

2. if pos, () = pos, (B) and pos,, (B) < pos,, (@), then there are x, y, A, B, C such that it = XAy ~XBCy = w and 8 € B and
o € C. This also means (I(B), l(w)) e ser. O

Proposition A.3. Let s be a step sequence over a g-comtrace alphabet (E, sim, ser, inl). If o, 8 € X, then

1. o <5 B == Vu € [s].pos, () # pos, (B),
2. a Cs p = Yu € [s].pos, (o) < pos, (B),
3. o <5 B = Vu € [s].pos, () < pos,(B),

and « # B in all three cases.

Proof. 1. Follows from the fact that inl N sim = @.
2. Assume that o s 8. Suppose that Ju € [s].pos, (@) > pos,(B). Then there must be some u1, uj € [s] such that uj(=
U~"1u, and posy,, (&) < posy, (B) and posy, (@) > pos,, (B). There are two cases:

(i) If pos,, (@) < pos,, (B) and pos,, (a) > pos,,(B), then by Proposition A.2(1), (((«),l(B)) € inl, contradicting that o Cs B.
(i) If posy, (@) = pos,, (B) and pos,, (@) > pos,,(B), then it follows from Proposition A.2(2), (I(8),l(a)) € ser, contradicting
that o ¢ B.

3. Assume that o < B. Suppose that Ju € [s].pos, (&) > pos,(B8). Then there must be some uj,u; € [s] such that u;(=
U~"Nu, and posy, (&) < pos,, (B) and pos,, (&) > pos,, (B). There are two cases:

(i) If pos,, (&) < pos,, (B) and pos,, (o) = pos,,(B), then it follows from Proposition A.2(2) that (I(@),I(B)) € ser and
— (o <=5 B). Hence, it follows from (10.3) that

poss(8) < poss(y) A (1(8),1(y)) ¢ ser)

38,y € X.
Y S< ANUCESCEBAQCIy B

By (2) and transitivity of <, we have
y #8A 1), I(y)) ¢ ser
A (Yu € [s].pos, (&) < pos, (8) < pos,(B))
A (Yu € [s].pos, (o) < posy () < posy(B))

But since pos,, (@) = pos,, (B), we get pos,, (¥) = pos,, (8). Since we assumed poss(8) < poss(y), it follows from Propo-
sition A.2(2) that (I(8),I(y)) € ser, a contradiction.
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(ii) If pos,, (&) < pos,, (B) and pos,, (a) > pos,, (B), then by Proposition A.2(1), (), (B)) € inl. Since we already assumed
a <5 B, by (103), (o, B) e<>s N((CHM o =T 0 (TH™). So there are y, § such that a(CH™y <$8(=¥)™B. Observe that
a@cHmy
= a5y Ay CHa
= Vu € [s].pos, (o) < pos,(y) A Vu € [s].pos, (y) < pos, ()  (by(2))
= VYu € [s].pos, () =pos, (V)
= {a,y}CA (since « € A).
Similarly, since §(C*)™8, we can show that {8, 8} C B. Since XABy (=~ U ~~1)xBAY, we get A x B Cinl. So (I(y),1(8)) €
inl. But y<>508 implies that (I(y),[(8)) ¢ inl, a contradiction. O
Immediately from Proposition A.3, we get the following proposition.

Proposition A.4. Let s be a step sequence over a g-comtrace alphabet (E, sim, ser, inl) and G'! = (X5, <, 0). If o, B € X, then

1. @« < B = Vu € [s].pos, () # pos, (B),
2. o CB= (0 # B AVue|[s].pos,(a) < pos,(B)). O

Definition A.1 (Serializable and non-serializable steps). Let A be a step over a g-comtrace alphabet (E,sim, ser,inl) and let
a € A then:
1. Step A is called serializable iff
3B, Cep\"(A).BUC=AAB x CCser.

Step A is called non-serializable iff A is not serializable. Every non-serializable step is a synchronous step as defined in
Definition 9.
2. Step A is called serializable to the left of a iff

3B, Ce W (A).BUC=AAaeBABxC Cser.

Step A is called non-serializable to the left of a iff A is not serializable to the left of a, i.e., VB, C € p\?'(A).(BUC =
AnaeB)=BxC{ser.
3. Step A is called serializable to the right of a iff

3B,Cep' P (A).BUC=AAaeCABxCCser.
Step A is called non-serializable to the right of a iff A is not serializable to the right of a, i.e., VB,C € @\WJ} (A).(BUC=
AnaeC)= B xC{ser.

Proposition A.5. Let A be a step over a g-comtrace alphabet (E, sim, ser, inl). Then

1. if A is non-serializable to the left of (ct) for some o € A, then o C, Bforall g e A,
2. if A is non-serializable to the right of I(8) for some B € A, then o C) Bforalla e A,
3. if A is non-serializable, then Vo, B € A.« ch B

Before we proceed with the proof, since for all o, 8 € A, (I(), [(8)) ¢ inl, observe that
aCaB < poss(@) <poss(B) A (I(B),l(a)) ¢ ser.

Proof of Proposition A.5. 1. For any f € A, we have to show that « T B. We define the C4-right closure set of « inductively
as follows:

RC%) 2 {a}, RC"(@)2{6€A|Iy eRC™ N (@)AyCad}.

Then by induction on n, we can show that |[RC™1 ()| > |RC™(a)| or RC" () = A. So if A is finite, then for some n < |A|,
we must have RC"(«) = A and B € RC™"(w). It follows that o Ch B.

2. Dually to (1).

3. Since A is non-serializable, it follows that A is non-serializable to the left of I(c) for every o € A. Hence, the assertion
follows. O
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The existence of a non-serializable sub-step of a step A to the left/right of an element a € A can be explained by the
following proposition.

Proposition A.6. Let A be a step over an alphabet ® = (E, sim, ser, inl) and a € A. Then

1. there exists a unique B C A such that a € B, B is non-serializable to the left ofa,and A# B— A= (A \ B)B,
2. there exists a unique C C A such that a € C, C is non-serializable to the right ofa,and A# C=— A=C(A\ C),
3. there exists a unique D C A such that a € D, D is non-serializable, and A = xDy, where x and y are step sequences over ©.

Proof. 1. If A is non-serializable to the left of a, then B = A. If A is serializable to the left of a, then the following set is not
empty:

t2{Dep'P(A)|3Cep(A).(CUD=ANaeDACxDCsen}.

Let B € ¢ such that B is a minimal element of the poset (¢, C). Let B € ¢ such that B is a minimal element of the poset
(¢, C). We claim that B is non-serializable to the left of a. Suppose for a contradiction that B is serializable to the left
of a, then there are some sets E, F € o\ (()B) such that EUF =B AaeFAE x F Cser. Since B € X, there is some set
G e p\W(()A) such that GUB=AAaeBAG x B Cser. Because G x B C ser and F C B, it follows that G x F C ser. But
since E x F C ser, we have (GUE) x F Cser. Hence, (GUE)UF=AAaeFA(GUE) x F Cser.So E € ¢ and E C B. This
contradicts that B is minimal. Hence, B is non-serializable to the left of a.

By the way the set ¢ is defined, A= (A \ B)B. It remains to prove the uniqueness of B. Let B’ € ¢ such that B’ is a
minimal element of the poset (¢, C). We want to show that B =B’.

We first show that B C B’. Suppose that there is some b € B such that b #a and b ¢ B’. Let « and B denote the event
occurrences a and b" in X, respectively. Since a € B and b is non-serializable to the left of a and a # b, it follows from
Proposition A.5(1) that o T[4 8. Hence, by Proposition A.3(2), we have

Yu € [A].pos, () < pos,(B). (A1)

By the way B’ is chosen, we know A= (A\ B)B’ and b ¢ B’. So it follows that b € (A \ B’). Hence, we have (A \ B’)B’ € [A]
and posa\pp (B) < Pos(a\pp (@), which contradicts (A.1). Thus, B C B'. By reversing the roles of B and B’, we can prove
that B D B’. Hence, B=B'.

2. Dually to (1).

3. By (1) and (2), we choose D to be non-serializable to the left and to the right of a. O

Lemma A.l. Let s be a step sequence over a g-comtrace alphabet (E,sim, ser,inl) and G = (I, <, ). Let <=C U <. If
o, B € X, then

(Yu € [s].pos, (@) # pos, (B))
1. A (Qu € [s].pos, (@) < pos,(B)) | = a < B,
A (Ju € [s].pos, () > pos, (B))

2. (Vu € [s].pos, (o) < pos,(B)) = « < B,
3. (@ # B AVu € [s].pos, (o) < pos,(B)) = a C B.

Proof. 1. Assume the left-hand side of the implication. Then by Proposition A.2(1), (I(«),l(8)) € inl, which by (10.1) implies
that o <> B. By Definitions 23 and 25, it follows that o < 8.

2, 3. Since statements (2) and (3) are mutually related due to the fact that < C [, we cannot prove each statement
separately. The main technical insight is that, to have a stronger induction hypothesis, we need prove both statements
simultaneously.

Assume Yu € [s].pos, () < pos,(8) and « # B. Hence, we can choose ug € [s] where ilg = XoE1 ... Exyo (k> 1), Eq, Ey
are non-serializable, « € Eq, 8 € Ey, and

u)=x,E, .. .E,yp na €cE; AB€E],
Vuy € [s]. (g ot "k Yo " 1,’3_,’<)_/ ) (A.2)
= weight(Ey ... Ey) < weight(E] ... E}))
We will prove by induction on weight(E; ... Ey) that
(Vu € [s].pos, () < pos,(B)) = o <}, (A3)

(a # B AVu € [s].pos, (o) < pos,(B)) = o LCpB. (A4)
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Base case. When weight(E7 ... Ey) = 2, then we consider two cases:

o If o # B, Yu € [s].pos, (o) < pos,(B) and Ju € [s].pos, (&) = pos, (B), then
- Ulg = Xo{e, B}Yo, or
- o =Xo{aH{B}Yo = Xo{c, B}Yo.
But since Vu € [s].pos, () < pos,(B), in either case, we must have {l(«),[(8)} is not serializable to the right of I(8).
Hence, by Proposition A.5(2), o(C)*B. This by Definitions 23 and 25 implies that o C 8.

o If Vu € [s].pos, (o) < pos,(B), then it follows tip = xo{ct}{B}yo and (I(x),l(B)) ¢ ser U inl. This, by (10.3), implies that
o <s . Hence, from Definitions 23 and 25, we get o < 8.

Since < C [, it follows from these two cases that (A.3) and (A.4) hold.

Inductive step. When weight(E ... Ex) > 2, then iig = XoE1 ... Exyo where k > 1. We need to consider two cases:

Case (i): If o # B and Vu e [s].pos, (@) < pos,(B) and Ju € [s].pos, (cr) = pos, (B), then there is some vq Vo = WoEZg
and «, B € E. Either E is non-serializable to the right of I(8), or by Proposition A.6(2) Vg = WoEZg = wyE'z; where E’ is
non-serializable to the right of I(8). In either case, by Proposition A.5(2), we have o T} 8. So by Definitions 23 and 25,
aCB.

Case (ii): If Yu € [s].pos, (&) < pos,(B), then it follows iig = XpE1 ... Exyo where k >2 and « € E1, B € Ey. If (I(@),1(B)) ¢
ser U inl, then by (10.3), o < B. Hence, from Definitions 23 and 25, we get o < 8. So we need to consider only when
(I(),1(B)) € ser or (I(x),l(B)) € inl. There are three cases to consider:

(@) If g = XgE1E2y0 where E1 and E» are non-serializable, then since we assume Yu e [s].pos, () < pos,(B), it follows
that Eq x Ey gZ ser and E1 x E; ¢ inl. Hence, there are oy, a3 € E{ and By, B2 € E; such that (I(ar1),1(B1)) ¢ inl and
(I(a2),1(B2)) ¢ ser. Since E1 and E are non-serializable, by Proposition A.5(3), o1 Cf oz and B CF Bi. Also by Def-
inition 25, we know that oy <5 82 and o <>§3 B1. Thus, by Definition 25, we have o1 <5 2. Since E; and E; are
non-serializable, by Proposition A.5(3), o C§ o1 <s B2 Ci B. Hence, by Definitions 23 and 25, o < B.

(b) If ilg =XgE1 ... Exyo where k >3 and (I(«), [(B)) € inl, then let y € E;. Observe that we must have

g =XoE1... ExYo=X1E1 W1 FZ1Exy1 = X E1 W2 FZ2E 2
such that ¥ € F, F is non-serializable, and weight(E1w71F), weight(FZ;E}) satisfy the minimal condition similarly to

(A.2). Since from the way ug is chosen, we know that Yu € [s].pos, (o) < pos,(y) and Vu € [s].pos,(y) < pos,(B), by
applying the induction hypothesis, we get

aCyLCpB. (A.5)
So by transitivity of —, we get o T B. But since we assume (I(),[(8)) € inl, it follows that <= B. Hence, (&, 8) €
CN< =<,

(c) If ig =XgE ... Exyo where k >3 and (I(«), (B)) € ser, then we observe from how ug is chosen that

Vy € |H(Er ... Ep).(Yu € [s].p0s,, (@) < posy, (¥) < posy,(B)).
Similarly to how we show (A.5), we can prove that

vy elgEr. . Bo\ e placy Cp. (A6)
We next want to show that

35,y € [HJ(E1 ... Eo)-(posy, (8) < posy, (1) A (16),1()) ¢ ser). (A7)
Suppose that (A.7) does not hold, then

V8,y € E—J(ET .. E1).(posy, (8) < pos,, (y) = (1(3),1(y)) € ser).

It follows that ifg = XgE;...Exyo = XoEyo, which contradicts that VYu e [s].pos,(a) < pos,(B). Hence, we have
shown (A.7).

Let 8,y € \§(E1...Ex) be event occurrences such that p0s,,(8) < pos,,(y) and (I(8),1(y)) ¢ ser. By (A6), a(C U
idx,)8(C Uids,)B and a(C Uids,)y(C Uidx)B. If ¢ <8 or § < B or a <y or y < B, then by S4 of Definition 3,
a < f. Otherwise, by Definitions 23 and 25, we have o C§ 6 C5 8 and o C§ ¥ Ty 8. But since pos,, (§) < pos,,(y) and
(1(8),1(y)) ¢ ser, by Definition 25, o < 8. So by Definitions 23 and 25, we have o < B.

Thus, we have shown (A.3) and (A.4) as desired. O
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Lemma 6. Let s be a step sequence over a g-comtrace alphabet (E, sim, ser, inl). Let G' = (X5, <>, ), and let < = <> N . Then for
every o, B € X, we have

o < B <= Vu e [s].pos, (&) # pos,(B),

. 0C B < a#pBAVuels]l.pos,(a) < pos,(B),
o < f <= Vue|[s].pos,(x) < pos,(B),

. ifl(a) =1(B) and poss(ct) < posg(B), then o < B.

Proof. 1. Follows from Proposition A.4(1) and Lemma A.1(1, 2).
2. Follows from Proposition A.4(2) and Lemma A.1(3).
3. Follows from (1) and (2).
4, Follows from Proposition A.1(2). O

Appendix B. Proof of Lemma 8
Lemma 8. Let s, t € S* and < € ext(G'"}). Then G} = Gt}

Proof. To show G = G}, it suffices to show that <>; = <=5, <; =~<s and C; = since this will imply that
G = (2, =t U=, CrU =)™ = (T, <5 U <5, Cs U <o) =GB

(<>t =<>5) Trivially follows from Definition 25.

(C¢=0s) If @ ¢ B, then by Definitions 23 and 25, o T B. But since <5 € ext(G!}), we have « < B, which implies
posg(a) < posg(B). But since o ¢ B, it follows by Definition 25 that (I(8), l(c)) ¢ ser U inl. Hence, by Definition 25, o Cs B.
Thus,

C¢CCs. (B.1)

It remains to show that Cs C ;. Let o Cs 8, and we suppose that —(o C; B). Since « Cs 8, by Definition 25, posg(a) <
poss(B) and ((B),l(a)) ¢ ser Uinl. Since we assume —(« C ), by Definition 25, we must have pos;(8) < pos,(c). Hence, by
Definitions 23 and 25, 8 <; @ and B < «. But since <5 € ext(G{1), we have 8 <i; . So poss(B) < posg(a), a contradiction.
Thus, s € ;. Together with (B.1), we get C; =;.

(< =<s) If o <; B, then by Definitions 23 and 25, o < 8 (of G!I}). But since < € ext(G!!), we have o <5 8, which
implies

poss(a) < posg(B). (B.2)

Since « <; B8, by Definition 25, we have

(I(), 1(B)) ¢ ser Uinl
Vi, e<N((CHMo <o (@HM)

(), l(B)) € ser
Ay e (POSt(r?) <posi () A(®),l(y)) ¢ SeT)
ANXCISCfBAQCEY B

We want to show that o <; 8. There are three cases to consider:

(a) When (I(), l(B)) ¢ ser Uinl, it follows from (B.2) and Definition 25 that o <; .

(b) When (a, 8) € <t N((CH™ 0 <C o (CH)™), then o <; B and there are 8,y € ¥ such that a(C)™8 <Cy(CH)MB.
Since C¢ =5 and <> = <>5, we have & < § and a(C})™8 <C y ()™ B. Thus, it follows from (B.2) and Definition 25
that o <; B.

(c) There remains only the case when (I(«),[(8)) € ser and there are §, y € X; such that

(post(é) < pos;(Y) A ((8),1(y)) ¢ ser)
ANUCFSCfBAafyCfB '

Since Cy=Cs, we also have  Cf § Cf B A CTf y Ti B. Since (I(8),1(y)) ¢ ser, we either have (I(5),I(y)) € inl or

1(8),1(y)) ¢ serUinl.

o If (I(8),I(y)) € inl, then poss(8) # poss(y). Thus, (poss(8) < poss(y) A (1(8),I(y)) ¢ ser) or (poss(y) < posg(8) A
((y),1(8)) ¢ ser). So it follows from (B.2) and Definition 25 that o <g B.

e If (1(8),1(y)) ¢ inl, then (I(8),I(y)) ¢ ser U inl. Hence, by Definition 25, § <; y, which by Definitions 23 and 25, § < y.
But since <5 € ext(G!}), we have § <15y, which implies pos,(8) < poss(y). Since poss(8) < poss(y) and (I(8),1(y)) ¢ ser,
it follows from (B.2) and Definition 25 that « <; .
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Thus, we have shown that o < 8. Hence,

<t C<s. (B.3)

It remains to show that <; C <. Let o < B. Suppose that —(« <; B). Since « < 8, by Definition 25, we need to consider
three cases:

(a) When (I(x),l(B)) ¢ ser U inl, we suppose that —(a <; B). This by Definition 25 implies that pos;(8) < pos;(«). By
Definitions 23 and 25, it follows that 8 C¢ o and B C «. But since <5 € ext(G{}), we have g <17 «, which implies
poss(B) < poss(a), a contradiction.

(b) If (o, B) € <5 N(U(CH™ 0 <& o (CF)™), then since <5=<>; and Cs=0C;, we have (o, ) € < N(CH™ o <Co
(CH™). Since o < B, we have pos;(a) < pos;(B) or pos;(B) < pos.(c). We claim that pos; () < pos,(B). Suppose
for a contradict that pos,(B) < pos;(«). Since («,B) € < N((CH™ o <>§3 o (CH)™) and <> is symmetric, we have
(B, @) € < NUCH™ 0 <F o (ZF)M). Hence, it follows from Definitions 23 and 25 that f <; o and 8 < «. But since
< € ext(G'h, we have 8 <is o, which implies poss(B) < posg(a), a contradiction. Thus, pos,(a) < pos;(B).

Since (@, B) € < N((CH™ o <F o (TH™M), we get o <, B.
(c) There remains only the case when (I(«),(8)) € ser and there are §, y € X such that

(poss(é) < poss(¥) A1), 1(y)) ¢ Ser)
AQCISCEBAaCryCEB '

Since T"s=Cy, we have o T 6 Cf B and « Cf y T B, which by Definition 25 and transitivity of < implies that
pos; () < pos;(8) < posi(B) and pos;(a) < pos,(y) < pos;(B). Since (1(8),1(y)) ¢ ser, we either have (I(8),I(y)) € inl or
1(8),1(y)) ¢ serUinl.

(i) If (1(8),l(y)) € inl, then pos;(8) # pos;(y). This implies that (pos;(§) < pos;(y) A (1(8),1(y)) ¢ ser) or (pos;(y) <
pos;(8) A (I(y), 1(8)) ¢ ser). Since pos;(8) # pos;(y¥) and pos; (@) < pos;(8) < pos;(B) and pos () < pos;(y) < pos;(B),
we also have pos; (o) < pos;(8). So it follows from Definition 25 that « <; B.

(ii) If (1(8),1(y)) ¢ inl, then (I(8),I(y)) ¢ ser Uinl. We want to show that pos,;(8) < pos;(y). Suppose that pos,(8) >
pos,(y). Since (1(8),1(y)) ¢ ser U inl, by Definitions 23 and 25, we have y ; § and y 8. But since < € ext(G{t}),
we have y < 8, which implies poss(y) < posg(8), a contradiction. Since pos;(8) < pos;(y) and pos;(ct) < pos;(8) <
pos;(B) and pos,(a) < pos,(y) < pos;(B), we have pos;(a) < pos;(8). Hence, we have pos;(«) < pos,(8) and

pos;(8) < posy(v) A (1(8),1(y)) ¢ serUinl
( ANQCFSCfBAaCy B )

So it follows that o <; B by Definition 25.
Thus, we have shown <; € <;. This and (B.3) imply <;=<;s. O
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