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Exploiting Labels in Structural Operational Semantics’

Peter D. Mosses

BRICS& Department of Computer Science, University of Aarhus
IT-parken, Aabogade 34, DK-8200 Aarhus N, Denmark
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1.

Structural Operational Semantics (SOS) [24] is a well-known framework that can be used for specifying
the semantics of concurrent systems [1, 11] and programming languages [12]. It has been widely taught,
especially at the undergraduate level [6, 23, 24, 25, 27], and it is generally found to be significantly more

Abstract. Structural Operational Semantics (SOS) allows transitions to be labelled. This is fully ex-
ploited in SOS descriptions of concurrent systems, but usually not at all in conventional descriptions
of sequential programming languages.

This paper shows how the use of labels can provide significantly simpler and more modular descrip-
tions of programming languages. However, the full power of labels is obtained only when the set of
labels is made into a category, as in the recently-proposed MSOS variant of SOS.

Keywords: Structural operational semantics, SOS, modularity, MSOS, natural semantics

Introduction

accessible to students than denotational semantics.

In general, labels on transitions in SOS represent interaction possibilities, such as communication
and/or synchronization between concurrent processes. In the usual interleaving SOS of CCS, for in-
stance, labels are (atomic) actions equipped with a complementation operation, together with a special
label = that represents unobservable transitions [11]; for a non-interleaving SOS of CCS, labels can

record also the locations of actions.

*Expanded version of a paper with the same title appearing in SAC’'04, Proc. 2004 ACM Symposium on Applied Computing,

ACM, 2004. http://doi.acm.org/10.1145/967900.968195.
TBasic Research in Computer Sciengew. brics.dk), funded by the Danish National Research Foundation.



2 P. D. Mosses/ Exploiting Labels in SOS

When using SOS to define the semantics of sequential programming languages, however, labels are
typically not used at all: all auxiliary information (such as environments and stores) is incorporated in
the configurations of the transition system.

This paper shows how labels can be exploited in SOS descriptions of sequential languages to a much
greater extent. As a somewhat unexpected bonus, we shall see how labels allow us to give a big-step SOS
for constructs that involve interleaving — something that was commonly believed to be impossible. The
presented techniques for using labels were all developed in connection with a modular variant, MSOS
[16, 20, 21], of the conventional SOS framework. However, improved modularity is not the only benefit
of the techniques, which can also be exploited when modularity is of no concern.

Compared with SOS, MSOS goes to the opposite extreme regarding labels when describing sequen-
tial programming languages: they are exploited as much as possible. Configurations in MSOS are simply
abstract syntax trees (together with computed values), so the labels on transitions have to incatporate
auxiliary entities.

Taking environments and stores out of configurations and putting them in labels gives a clear sepa-
ration between syntactic entities and those representing semantic information: configurations in MSOS
always represent what remains to be computed (as usual in the SOS of concurrent systems), and the label
on a transition represents all the “information processing” associated with it: the information available
for inspection, any updates to that information, and any new information produced by the transition itself.

The information processing of transitions in a computation is subject to the obvious constraint that
the part of it available for inspection remains stable, except when updated by the transitions themselves.
This constraint is represented in MSOS by taking the labels to be the arrows of a category, and requiring
labels on adjacent transitions to be composable. The objects of the label category correspond to states of
the processed information. Identity arrows are naturally used to label unobservable (silent) transitions.

It appears that this way of combining the familiar notions of labelled transition system and category
is novel, and has not previously been exploited in connection with operational semantics of programming
languages and concurrent systems.

The rest of the paper is organized as follows: Section 2 recalls the definition of MSOS from [16, 20],
pointing out the differences from the conventional SOS framework. Sections 3, 4, and 5 give simplified
examples of MSOS, illustrating how labels are used. Section 6 explains how these simple examples can
be combined, and how a high degree of modularity can be obtained. Section 7 shows how interleaving can
be described in a variant of so-called big-step SOS (Natural Semantics). Section 8 discusses bisimulation
equivalence in MSOS. Section 9 explains the relationship of the work presented here to previous work.

2. Modular SOS

The conventional SOS framework is based on labelled transition systems (LTS):

Definition 2.1. A labelled transition systeni 7S is a quadrupleI’, A, —,T") consisting of a sel’
of configurationsy, a setA of labels«, a ternary relation— C T" x A x I' of labelled transitions
((y,a,7') € — is writteny % ~/), and a sefl’ C T of terminal configurations, such that-= ~/
implies~y ¢ T.

A computationin an LTS (from ) is a finite or infinite sequence of successive transitigns—
Y1 (writtenyy =5 ~; =2 ...), such that when the sequence terminates wijtive havey, € 7.
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Thetrace of an infinite computation, — ~; — - - - is the sequence; as . . .; the trace of a finite
computationy, — --- % ~,, is the sequence; . . . &, Yn.

There are no restrictions on the set of configuratibrd an LTS: the (abstract) syntax of programs and
their parts (expressions, declarations, commands, etc.) and the values that they compute are allowed as
components of configurationse T', but there may also be further components. The set of labefaan
LTS is entirely unconstrained. A computation of an LTS is either infinite, or terminates in a distinguished
setT C T of final configurations.

In the MSOS variant of SOS, configurations are constrained, the set of labels is given some structure,
and computations are required to respect that structure. The following kind of generalized transition
system was introduced in [18]:

Definition 2.2. A generalized transition syste® 7S is a quadruplel’, A, —, T') whereA is a cate-
gory with morphisms4, such thatT", A, —, T') is a labelled terminal transition system LTS.

A computationin a GTS is a computation in the underlyinT'S such that its trace is a path in the
categoryA: whenever a transition labelled is followed immediately by a transition labelled, the
labelsa, o’ are required to be composabledn

MSOS does not allow auxiliary information in configurations. Thus the initial configuration of a
computation is always just an abstract syntax tree, and the final configuration (if any) is just a com-
puted value. (As in SOS, intermediate configurations generally involve mixtures of abstract syntax and
computed values, where some nodes have been replaced by the values that they have already computed.)

In MSOS, the set of labela € A of an LTS is made into the set affrows of a categoryA by
equipping it with a partial composition, writtem; ; ao, and by distinguishing a set identity labels
I C A, satisfying the usual axioms: composition is associative (when defined) and identities are left and
right units. The elements d@fare taken as thebjectsof the categonA. The set of arrows between two
objectsay, ap € 1 consists of alkv such that bothy; ; o anda ; oo are defined.

In MSOS, computations are restricted to those whose labels trace (possibly infinite) paths through
the label category: when a transition labeltedis followed immediately by a transition labelled, the
compositiona; ; ag must be defined.

In some other approaches to operational semantics, transitions between configurations, rather than
labels on transitions, are taken as the arrows of a category. This requires the transition relation to be
both transitive and reflexive, neither of which is appropriate for MSOS. (Transitivity would make it
problematic to describe constructs which rely on atomicity, such as test-and-set, and reflexivity would
imply that computations could always be continued with ‘stuttering’ transitions.)

Proposition 2.1. For each GTSI', A, —,T), an LTS(I'*, A*, —*,T"*) can be constructed such that
for each computation of the GTS, there is a computation of the LTS with the same trace, and vice versa.

This result is proved in [21]. The construction is straightforward: each configuration of the LTS is a pair
consisting of a configuration of the LTS and an object of the label category, and the transition relation is
defined accordingly.

'Generalized transition systems were called “arrow-labelled” in [16].
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3. Environments

The current bindings of identifiers during a computation are usually represented by enviropments
Env, whereEnwv is a set of finite maps.

In SOS, environments are usually taken as components of configurationd; e:g.;- x Env, SO
transitions might go fron{. .., p) to (..., p’). In practice, transitions never change the environment, and
the notationp - (...) —% (...) is usually introduced to abbreviate. ., p) — (..., p).

An alternative to taking environments as components of configurations in SOS is to incorporate them
in labels Here is an example, illustrating how a (small-step) SOS for some simple expressions would
look when written this way:

Numbers neN = {0,1,2,...}
Truth-values teT = {tt, ff}
Identifiers xeld = {xo,x1,X2,...}
Binary Ops. bop € Bop = {+,—,*,...,<,=}
Constants con € Con == t|n
Expressions e € Exp = con|eg bop ey |
x|letz =epine; | ...
ComputedValues T = NUT
Bound Values BV = NUT
Environments p € Env = Id —g, BV
Labels A = Emnw
P
€ — € 1
R 1)
ep bop e1 — e bop eq
P
7 p (2)
eo bop e; — eg bop €]

bop=+, n=ng+n

3)

0
ng bopni —n

p(x)p = con @)

r — Ccon

P /

(5)

letx = epine; - letz = epine;

plz=cong] ,
eg —— €}

(6)

. 14 .
let x = conpine; — letz = congine)

let x = congin cony L, cony (7
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Unfortunately, the above example daes give the intended operational semantics in conventional SOS,
since the environments used as labels on successive transitions are unconstrained. In MSOS, however,
we can accurately reflect that the environment does not change from one transition to the next by taking
the label category for environments to tiscrete all arrows of the category are identities, and the
compositionp ; o’ is defined only whep = p'.

4. Stores

The values currently stored at memory locations during a computation are represented by abstract stores
o € S, whereS is a set of finite maps.

In SOS, stores are usually taken as components of configurationd, e=g.; - x S, S0 a transition
goes from(...,o) to (..., o’), where the difference betweenands’ corresponds to the (observable)
updates made by the transition. For constructs that can inspect but not update the stored information,
o=o0o.

An alternative to taking stores as components of configurations is to incorpaigef stores(o, ')
in labels. The store represents information that can be inspected at the beginning of the transition, and
o’ the possibly-updated information left at the end of the transition. Let us see how a small-step SOS for
some familiar commands would look when written this way. (For simplicity, we disregard environments
here, and for uniformity, we assume that expressions could have side-effects when evaluated.)

Locations le L = A{lo,11,1,...}
Expressionse € Ezp == | con
Commandsc € Com == mil|l:=e|cy;c |
ifethencpelsec | ...

Computed Values T = NUT U {nil}
Stored Values SV = N
Stores ceS = L—z SV
Labels A = SxS

LUES ®)

| ———n

; ©)
lime 27, eyl
(o,0") /
CO - — CO (11)

(00")
Co;C1 — Gl

nil ; ¢; —w—’a—)—> cl (12)



6 P. D. Mosses/ Exploiting Labels in SOS

— (13)
if ethen ¢y else c; ——— if ¢/ then cyelse ¢y
if tt then ¢g else ¢; ﬂ co (14)
if ff then ¢y else ¢; ﬂ c1 (15)

Obviously, the above example doest give the intended operational semantics in conventional SOS,
since the pairs of stores used as labels on successive transitions are unconstrained, whereas we should
require that ther’ at the end of each transition in a computation is identical tastla¢ the beginning of
the following transition — assuming that the stored information does not change spontaneously between
transitions.

In MSOS, we can accurately reflect the above requirement by making into apreordercategory
in the obvious way: the identities are of the fofm o), corresponding to single stores, and composition
is defined by(o, ') ; (¢/,0") = (o,0”), otherwise undefined.

5. Abrupt Termination

Abrupt termination occurs when the execution of the program reaches a construct that requires the normal
flow of control to be abandoned. Such constructs include commands for breaking out of the (smallest)
enclosing loop, returning from a procedure activation, jumping to a label, raising an exception, or simply
stopping the program prematurely. Other constructs allow particular forms of abnormal termination to be
detected and handled, whereupon the normal flow of control may be continued. All remaining constructs
are said tgoropagateabrupt termination, terminating abruptly whenever one of their components does.

In SOS, abrupt termination of a part of the program is usually represented by its computation reach-
ing some abnormal final configuration. Rules for constructs that detect and handle abrupt termination
distinguish abnormal final configurations from those that can arise due to normal termination. A rule is
needed for each possibility of propagation of abrupt termination; unfortunately, such rules can be quite
numerous, and rather tedious to specify.

The following technique was discovered by B. Klin (BRICS, Univ. of Aarhus) in connection with
MSQOS, but it is directly applicable also in conventional SOS.

An alternative to the conventional use of final configurations to distinguish between normal and
abrupt termination is to let thiabel on each transition indicate whether or not abrupt termination is
required. Such labels can be propagateiormlyto the enclosing constructs, thus avoiding the need for
tedious extra rules.

To illustrate this novel technique, let us take a minimalistic example involving a stop-command
which, when executed, is supposed to stop the execution of the enclosing program immediately. We
introduce a constructprogram ¢’ indicating the top of the entire program, and a corresponding final
configuration for program computationssnd’. (The description of breaks, returns, and exceptions
would be quite similar; that of jumps to labels is complicated only in respect of specifying the binding
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of labels to “local continuations”.) For simplicity, let us disregard environments and stores here.

Commands ce€ Com == mnil|cy;c; |stop]...
Programs p € Prog = programc |end
Computed Values T = {nil,end}
Labels acA = {stopped, ()}
co — ¢
0 0
@ / (16)
Chp;C1 — CO ;C1
nil ; ¢; —()—> cl (17)
stop M c (18)
O
c——C
0 (29)
program ¢ —— program ¢
stopped ,
c—— ¢
(20)
O
program c —— end
program nil O, end (21)

The above example gives the intended semantics both in conventional SOS and in MSOS, since no con-

straint on the labels of successive transitions is needed. The semantics specifiasbfis analogous

to that of a signalling action in a concurrent system; thatgfosgram ¢ corresponds to a kind afyn-

chronizationbetween the entire program and the first executed occurrenstpfin its body. Notice

that the label carries the abrupt termination signal upwards through the derivation of a single transition.
In MSOS, we represent the lack of constraints on adjacent labels by making the set of labels into

amonoid considered as a category, a monoid has a single object, hence its composition is total. For

the above example, it is enough to take a two-element monoid with biaihd non-unitstopped. (The

MSOS of interactive input and output requires label categories to be free monoids; these could be used

here too, although sequences with more than etwped’ would never arise in the specified computa-

tions.)

6. Combinations

The examples given in the preceding sections have illustrated the use of various techniques separately,
for simplicity. But what if we want to use all the proposed techniques at once, in the same description?
This requires labels that can incorporate several components.

For combining abstract syntax with environments and stores in SOS, Cartesian products are used.
One can do the same in SOS for combining separate components of labels, for instance takbe
Env x S x S x {(), stopped }, and writing labels in rules &, o, o', ).
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Recall that in MSOS, we use different kinds of label category for environments, stores, and abrupt
termination. The obvious way of combining these separate label categories into a single category is to
form a product category, where composition is defined component-wise: the composition of the tuples is
defined if and only if the composition of each corresponding pair of components is defined.

It is possible to construct label categories incrementally (starting from the trivial category) using
label category transformers [16], which are loosely analogous to simple monad transformers [8, 13]. An
alternative is to specify the desired product category directly, given notation for the three basic ways of
constructing the component label categories from sets, e.qg.:

A = Discrete(Env) x Pair(S) x {stopped}’

It is clearly desirable to avoid the need for large-scale reformulation of rules when adding new,
unforeseen components to labels: e.g., when adding exceptions to a language, we would not want to
have to add explicit propagation of the corresponding label component to all the existing rules.

In fact, rules for constructs concerned only with normal flow of control (sequencing, conditionals,
iterations, etc.) are naturally formulated without concern for components of labels. Let the meta-variable
X range over arbitrary arrows s, andU over the subset of identity arrows. Then the following rules
for sequential commands subsume those previously given in both Sects. 4 and 5:

co = ¢
0 0
e (22)
CosC1 — ¢y
nil ; ¢; Y, cl (23)

In (22) above, the use of both in the premise and in the conclusion ensures that the transitiong for
and for ‘cq ; ¢;” have the same label, whatever components that label might have. The restriction of the
labelU to an identity arrow in (23) means that the transition fieil'; ¢;” must leave any store component
unchanged, and any component used for indicating abrupt termination must be vaglexpected for
a transition that should be completely unobservable. If labels have an environment component, (22) also
requirescy have the same environment agc;’.

Some rules involve setting or inspecting particular components of labels. Given the definition of the
label categon, tuple patterns could be used for this, e.qg.:

<p[l‘:cono},(0,0'/),oc> Vi
(&) 61

. (p,(0,0"),) .
let x = congine; —————— letz = congine]

(24)

However, this notation is quite tedious when there are many components, but only one or two of them
are relevant the rule concerned. Moreover, adding a further component would require its insertion in all
rules that use the tuple patterns.

Another possibility is to definsetand get operations o, with symbolic indices as arguments,
as in [16]. This corresponds closely to usingiadexedproduct category, where the components are
unordered. The arrows of such a category correspond to records in programming languages. ML provides
a suggestive notation for record patterns, using ‘...’ as a variable to stand for any number of indexed
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components; this allows (24) above to be written as follows:

{p=polz=cono],...}

(25)
. . {p=po0,---} . .
let x = congine; —————— letx = congine]
Here, in contrast to in ML, different occurrences of ‘...’ in the same rule stand faaimeset of record

components. Restrictions of (parts of) labels to identity arrows need to be stated as premises, e.g.:

pO(fL’) = con, U= {p:p07 .. }

U (26)
x — con

oo(l) =n, U ={o=0y,...}

7] (27)
Il —n
U ={o=00,0'=0y,...}

I {o=00,0'=00[l=n],...} . (28)

=n nil

U={d=(),...

{o'=0),.. .} 29)

{a’=stopped,...}
stop ———— = ¢

The remaining rules that need to refer to particular components of labels do not require any extra
premises:

{o'=(),.}
c——¢
{o'=0),--} (30)
program c ——~—— program ¢
{o/=stopped,...}
c— ¢
(31)

{/=(),...}

programc¢ ——— end

Note the systematic use of primes on the indexes of the records: an index that occurs only unprimed
(such as above) refers to a component from a discrete category; one which occurs both unprimed and
primed (such as) refers to the first, resp. second, component of a pair coming from a preorder category;
and an index which occurs only primed (suchcggefers to a component from a monoid category. An
unprimed index thus always refers to information available abiggnningof a transition, and a primed
index refers to information determined at thied of a transition.

In MSOS, the description of each programming construct can often be given definitively, once and for
all. The degree of modularity can be so high that the rules given for each construct sbgaldequire
reformulation when other constructs are added to (or removed from) the described language. This comes
entirely from the use of label categories together with notation allowing particular components of labels
to be set or inspected independently of the presence of other components (such as that provided together
with label category transformers [16], or the record notation illustrated above, which was borrowed from
ML).

The novel technique described in Sect. 5 avoids the need for a lot of extra rules when adding con-
structs that involve abrupt termination.
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The notational overhead of MSOS compared to conventional SOS is quite minor (in fact the MSOS
rules for many constructs areoreconcise than the corresponding SOS rules) and is in any case com-
pletely outweighed by the possibility of reusing MSOS rules in the semantic descriptions of many dif-
ferent programming languages.

7. Modular Natural Semantics

All the illustrations of MSOS given above have been formulated in the so-cadtedl-stepstyle, where

a computation is a sequence of transitions from an initial configuration through intermediate config-
urations, leading either to a final configuration or to nontermination. For sequential programs, each
transition generally involves aingle construct, such as the application of an arithmetic operation or

an assignment command, where at least some of its components have already been replaced by their
computed values. Only for programs involving synchronization does a transition involve two (or more)
constructs in different parts of the program.

In fact MSOS can be used for the big-step style of SOS too. This style of SOS is also known as
Natural Semantics [7], and it was used for the definition of Standard ML [12].

Like the small-step style of SOS, Natural Semantics (NS) uses rules to specify computations, and
auxiliary entities such as environments and stores to represent the information processed by computa-
tions. However, it doesn't involveequencesf transitions at all: a computation goes straight from the
syntax of a construct to its computed value — depending on computations for some or all the compo-
nents of the construct. Nonterminating computations are ignored altogether, since they would require
infinitely-deep derivations.

The evaluation relation of an NS can be regarded as a degenerate transition relation where there are
no intermediate configurations. The same label categories that were used for environments and stores
in MSOS can be used to obtain a modular variant, say MNS, of NS. Now, however, the rule for the
evaluation of a construct often involves the evaluation of several components, and the labels used for
these sub-evaluations have to be composed. Here is an example:

Xo . X1 .
co —— nil, ¢ ——nil, X =Xy;X
0 1 0 1 (32)

X .
cop;c1 — nil

Notice that the explicit composition ofy and X; above makes it clear that the intended order of com-
putation ofcy ande; is from left to right — independently of the order in which the premises of the rule
are written. Similarly in the following rule for evaluation of addition expressions:

X, X
eo ——ng, € ——mny, X=2Xo;X1 (33)

X
egp+er — ng+nq

Although one can easily specify that expression evaluation is a nondeterministic choice between left-
to-right and right-to-left (by adding a rule identical to (33) except for specifying= X; ; Xp), it is not
so straightforward to specify that arbitrary interleaving of sub-expression evaluations is allowed. The
difficulty of specifying interleaving in conventional NS is generally regarded as motivation for using the
small-step style of SOS when describing languages where any construct involves interleaving. In MNS,
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however, we may exploit an unorthodox label category where (in essence) we take the monoid category
(S x S)* (instead of the usudPair (S x S)) as the component for stores. The computation of an atomic
construct always gives a single pair of stores, but sequencing of constructs gives rise to longer sequences
of pairs. The point of this is that now we can define also an operatitniecavings(Xy, X1) on labels

that produces the set of labels with all possible interleavings of the sequences of pairs of siges in
and.X;. A rule for interleaved expression evaluation is then specified as follows:

€o Ko, ng, €1 TN ny, X € interleavings(Xo, X1) (34)

X
eo+er — np+m

The lack of insistence on composability (in the usual sense) of the pairs of stores in these sequences
reflects that interleaving may cause a completely arbitrary update to the store between any two transitions.
When a construct (such as an entire program) is protected from external interleaving, all that is needed
is to select those labels with sequences that can be composed to give a single pair of stores.
Unfortunately, the discovery of how to specify interleaving in MNS remedies only one of several
drawbacks of the big-step style in relation to the small-step style of MSOS: apart from the lack of
reflection of nonterminating computations in MNS, the novel technique illustrated for abrupt termination
in Sect. 5 is not applicable in MNS. (To see this, consiplesgram c wherec is stop ; ¢; ande; is any

nonterminating command. Since there isXipsuch thai; X, nil, rule (32) cannot be used to derive
any transition at all for. Thus no big-step rules fggrogram c would be able to distinguish between
andc;. This implies that thetop command does not stop the program.)

Thus the recommendation is to use small-step (M)SOS for constructs whenever their operational
semantics involves (or might later be extended to involve) either nontermination or abrupt termination.
For constructs thaihherentlyinvolve only normal termination (e.g., decimal notation for unbounded
integers, and type expressions), the order of evaluation of component constructs is often irrelevant, and
MNS may then be preferable to MSOS.

8. Equivalence in MSOS

The development of MSOS has so far been focussed on establishing appropriate foundations for modular
specifications of programming languages, and on developing an appropriate meta-notation for writing
such specifications. The study of equivalences based on MSOS is still at an early stage. Although
the standard definitions carry straight over from SOS to MSOS, and allow proofs of general algebraic
properties, it is questionable whether the resulting equivalences are large enough to allow reasoning
about the MSOS of specific programs.

8.1. Strong Bisimulation

An MSOS defines a generalized transition syst@ffiS = (I', A, —,T") with an underlying labelled
transition system.7S = (I', A,—,T), where A is the set of morphisms of the label categadty
Adjacent labels in computations are required to be composaldie iret us first recall the usual notion

of strong bisimulation for ordinary labelled transition systems [10], adjusted to take account of terminal
configurations:
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Definition 8.1. Let LTS = (I'y A,—,T) be a labelled transition systemk C T' x I" is astrong
bisimulationiff (y1,~2) € Rimplies, for alla € A,

e whenevery; — | then for somey,, 7o —— ~5 and (v}, ) € R;
e whenevery, — ~4 then for somey|, v —— ~} and(y/,~4) € R; and

e whenevery; € T or v, € T theny; = ~s.
~1, 2 arestrongly bisimilar written~; ~ s, iff (71,72) € R for some strong bisimulatiof.

The above definition of strong bisimulation carries over unchanged from LTS to GTS, and the usual
proof techniques are available. Since the configuratipo$the GTS defined by an MSOS are purely
syntax and computed values, we obtain bisimulation and bisimilarity relations on programs (and parts
of programs) without the need to quantify explicitly over auxiliary entities such as environments and
stores. In fact an MSOS for a programming language resembles an SOS for a process algebra, the main
difference being in the nature of the labels.

This straightforward definition of strong bisimulation for GTS is insensitive to whether adjacent
labels in computations are composable or not, since for each pair of configurations, we consider all
possible labels on their next transitions, without regard to the labels on the transitions that led to those
configurations. For general algebraic properties (e.g. commutativity, associativity) such insensitivity
clearly does not matter: one has to prove that syntactically-distinct programs do in fact have the same
possibilities for the flow of control between their unknown parts, regardless of the information which is
processed by those parts.

Suppose, however, that we are to prove equivalence of programs involving specific bindings of iden-
tifiers to values, or specific assignments of values to variables, where the combination of the syntactic
configuration and the auxiliary information carried by the labels can determine the future flow of control.

In this case, the relevant point is that the labels on transitions ralleedmponents of the information

being processed: two programs can only be in a bisimulation when they start from the same environment,
and make exactly matching changes to the store at each transition. The fact that stores are included in
labels ensures that bisimilar programs always have the same store at each transition.

The original definition of strong bisimulation for MSOS [16] was based on the reduction from GTS
to LTS, and involved binary relations between pairs consisting of GTS configurations and objects of the
label category. It now appears that it was unnecessarily complicated.

A full treatment should take account of the fact that environments in practice often have syntactic
components, for instance closures representing functions with static scopes for bindings. Since environ-
ments occur as components of labels in MSOS, it’s too restrictive to insist on labelsitenigal in
connection with bisimulation: their syntactic components should be allowed be in the bisimulation re-
lation themselves. The same goes for the computed values, which may also have syntactic components.
Thus ahigher-orderbisimulation is needed, similar to that defined for use with higher-order process alge-
bra where processes can be passed as values. (There has as yet been no experience of using higher-order
bisimulation to prove properties of languages specified in MSOS, so we omit the definition here.)

8.2. Weak Bisimulation

An MSOS for a programming language involves many unobservable transitions, for instance arising due
to applying arithmetic operations to the values of sub-expressions. Sometimes, one can avoid unobserv-
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able transitions by taking account of the case when a component construct is making a transition to a
final state, as in the SOS rules for command sequencing in Plotkin's notes [24], but it is not clear that
the extra bother of doing that is worthwhile. For a general notion of equivalence, it is desirable to allow
(finite sequences of) unobservable transitions to be ignored.

In studies of process algebra, many variations on the theme of weak bisimulation have been defined,
based on the assumption that unobservable transitions are always being labelled with a special silent
action, conventionally writterr. In MSOS, we generally have a large set of labels for unobservable
transitions: all the identity morphisms of the label categaryso we do not need to addto our labels.
Moreover, definitions of weak bisimulation don’'t depend orbeing a constant (we could regard it
formally as a meta-variable ranging over the set of identity morphisms).

Thus the standard definition of weak bisimulation [10] is formulated for MSOS as follows (branching
and other varieties of bisimulation would be defined analogously):

Definition 8.2. Let(I', A, —,T") be a generalized transition system, ahthe set of morphisms of the
categoryA. R C T' x I' is aweak bisimulationff (v;,72) € R implies, for alla € A,

o whenevery; =% +/ then for somey, 72 == 4 and(+},~}) € R;

o whenevery, =% +} then for somey|, 71 == ~/ and(~},~}) € R; and
e whenevery; € T or vy, € T theny; = ..
where:

e == is defined as the compositioa—* -2+ —*,
o =% is defined as—* whena is an identity morphism, otherwise a&s,

e — is the union of-°- for all identity morphismsy/, and

e —* is the reflexive transitive closure ef—.

9. Related Work

The present paper shows how MSOS arises as a natural consequence of greater exploitation of labels in
SOS descriptions of programming languages. The original presentation of MSOS [15, 16] focusses on
foundational aspects, such as the generalization of labelled transition systems and bisimulation to cate-
gories of labels; it also demonstrates that MSOS rules for some pure functional programming language
constructs do not require any reformulation when expressions are enriched so as to allow side-effects
and/or concurrency. A full case study [19] on the use of MSOS to describe the core of Concurrent ML
provides a basis for comparison between an MSOS and a reduction semantics for the same language. A
recent presentation of MSOS [20] addresses pragmatic aspects: it introduces a more perspicuous nota-
tion for labels (the notation used in the present paper incorporates further refinements, notably the use
of ML's record patterns), it explains how MSOS descriptions can be transcribed into (equally-modular)
interpreters in Prolog, and it gives a wide range of illustrative examples of MSOS rules, including those
for ML-style exceptions.
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The development of MSOS was stimulated by the need for a modular definition of the action notation
used in action semantics [14, 22, 26] (see [5] for a more recent presentation). The original definition of
action notation was given using SOS [14]; the redefinition in MSOS is reported in [17]. Braga [2] investi-
gates the possibility of prototyping languages according to their action semantics via an implementation
of MSOS in Maude; see also [3, 4]. Braga and Meseguer [9] propose an alternative modular form of
SOS, and explain its relationship to MSOS.

10. Conclusion

The novel techniques presented here show how labels can be exploited to a much greater extent than
usual in the operational semantics of programming languages. The incorporation of environments and
stores in labels requires the use of the label categories provided by MSOS, but the novel treatment of
abrupt termination is applicable also in conventional SOS.

Despite the somewhat surprising possibility of giving a big-step MSOS for interleaving constructs,
the small-step style is still recommended for all constructs whose semantics might involve abrupt termi-
nation or nontermination.
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