sBuipaad0id 0002 SV :('Spa) BINOIN 8p % S8SSON  9-00-SN SOIdd

BRICS

Basic Research in Computer Science

Proceedings of the Third International Workshop on
Action Semantics
AS 2000

Recife, Brazil, May 15-16, 2000

Peter D. Mosses
Hermano Perrelli de Moura
(editors)

BRICS Notes Series NS-00-6
ISSN 0909-3206 August 2000




Copyright (© 2000, Peter D. Mosses & Hermano Perrelli de Moura
(editors).
BRICS, Department of Computer Science
University of Aarhus. All rights reserved.

Reproduction of all or part of this work

is permitted for educational or research use
on condition that this copyright notice is
included in any copy.

See back inner page for a list of recent BRICS Notes Series publications.
Copies may be obtained by contacting:

BRICS

Department of Computer Science
University of Aarhus

Ny Munkegade, building 540
DK-8000 Aarhus C

Denmark

Telephone: +45 8942 3360
Telefax:  +45 8942 3255
Internet: BRICS@brics.dk

BRICS publications are in general accessible through the World Wide
Web and anonymous FTP through these URLSs:

http://www.brics.dk
ftp://ftp.brics.dk
This document in subdirectory NS/00/6/



optimization optimization
pass pass

Core
STG Abstract
Intermediate Intermediate c
Code Code
type
check
Haskell | Binary C compiler C
Code Code Code
I nitial Final

Fig. 1. GHC Compiling Process

possible. The evaliation mechannisms of uI"CMC is employed only to comput-
ing complex structures, such as lists and partial functions.

uI’CMC was used to implement the back-end of a Haskell compiler. In or-
der to reduce the implementation efforts the front-end of an existent Haskell
compiler was used. In particular, the front-end of the Glasgow Haskell Compiler
(GHC)[14] was chosen. It translates Haskell code into STG code. As can be seen
in the Figure 2, STG is the interface between GHC and the back-end based on
pI"CMC machine.

. . [ ; . Executable
; Code
Haskell
Code

Fig. 2. Structure of Haskell/uI"CMC compiler

3 The Action Semantics Specification

In this section, we describe the action semantics specification for STG language.
This specification is composed by three parts: abstract syntax, semantic entities
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and semantics functions. In this paper, our focus is on describing how some
characteristics judged more relevant in STG were specified using action nota-
tion. As a consequence, some less relevant parts of the specification are not
shown in this paper. If you would like to see the detailed specification, point to
www.cin.ufpe.br/"fhcj/stgas.tar.gz. The characteristics are:

— Bindings;

— Higher order functions;
— Lazy evaluation;

— Algebraic Values;

— Pattern Matching.

First, we will show the complete abstract syntax of STG and discuss its most
relevant aspects. After this discussion there will be five sections talking about
the characteristics listed above.

3.1 Abstract Syntax

In Fig. 3, we present the abstract syntax of STG. A STG program is a collection
of bindings. One of them is the value of the program and is denoted by main. The
bindings declared at the top-level are called globals while the others, declared in
let or letrec expressions, are called locals. Each binding associates an identifier
to a A-form, which is composed by a list of free variables, an update flag, a list
of arguments and an expression, which denotes, when applied, the value of the
A-form based on the actual values of the formal arguments. As we said earlier,
the free variables and the update flag do not have denotational meaning, only
operational. Their main purpose is to model construction and update of closures
in STG-machine. We will ignore them in the semantic specification.

Note that there is not mesting of expressions. As we discussed in the pre-
vious section, all function and constructor arguments are simple variables or
constants. Programmers should use let bindings to build more complex forms
of expressions. This characteristic makes STG programs very unreadable.

The let expressions build local bindings that will be in the scope of an
expression. The difference from letrec expressions is that the latter supports
mutual recursion among bindings. The case expressions make possible pattern
matching. The selector expression inside a case expression have to be evaluated
strictly and the given value is used in choosing the appropriate case alternative.
The value of the case expression is then the value of the choosen alternative
expression. The default alternative is applied when there is no alternative to
choose. Algebraic values are builded applying a constructor identifier to argu-
ments (literals or variables). For differentiating constructor identifiers from func-
tion identifiers, the former must have an upper case letter as first letter, while
the latter must have a lower case letter in the beginning. The syntax of function
and primary operation application and the syntax of literals are straitforward.

The scope rules of STG are static. The bindings accessed by an expression
are the globals and the locals defined in the let or letrec expressions where it

is defined.
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needs: Data Notation/Characters/ASCII (letter,digit,graphic-character).
closed

grammar:
e Programs
(1) Program = [ Binding ™ I

e Bindings

(2) Binding = [ Var “=" \-Form ]
(3) A-Form =] “{" Vars’ “}” “\"
4 m="u" ] “n"

o “{" Vars’ “}" “— " Expression ] .

e Expressions
(5) Expression

let” Binding+ “in" Expression | |
+ m

letrec” Binding
case” Expression “of” Alternatives | |

=
[
[
[ Var “{" Atoms’ ‘I
[
[
[

in" Expression | |

Constructor “{" Atoms’ I
Prim “{" Atoms “}"] |
Literal ] .

e Case Alternatives X N
(6) Alternatives = [[ Primitive-alternative Default-alternative ] | [ Algebraic-alternative
Default-alternative | .

(7)  Primitive-alternative = [ Literal “— " Expression |
(8) Algebraic-alternative = [ Constructor “{" Vars? “}" “ " Expression J.
(9) Default-alternative = [Var “— " Expression | | ["“default — " Expression | .
e Vars

*
(10) Vars = (Var (“,” Var) ).

*

(11) Var = [ lowercase letter (letter | digit) ] .

e Constructors N
(12) Constructor = [ uppercase letter (letter | digit) ] .

e Primary Functions

(13) Prim = " | =7 ] ] ] e ]
I I I (R

e Atoms %

(14) Atoms = (Atom ( “,” Atom) ).

(15) Atom = [ Var ] | [ Literal ].

e Literals

(16) Literal = [ Numeric-literal || | [ Character-literal J.
(17) Numeric-literal = digit™ 111 digit™ *. digit™ 1.
(18) Character-literal = [ **" graphic-character **" ] .

Fig. 3. Abstract Syntax
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3.2 Bindings

In STG, functions are declared as A\-forms. To allow refering them in the program
code, A-forms are associated to names (identifiers). These associations are called
bindings. A Binding can be global, when declared at the top level of the source
code, or local, when declared in a let or letrec expression. We assume that an
expression, when evaluated, has access to the global bindings and to the local
bindings declared in let or letrec expressions that contain it. The difference
between let and letrec expressions is that in the latter mutual recursion is
allowed. Global bindings are elaborated by the semantic function run, shown
below.

introduces: run _.
e run _:: Program — action [giving value].

(1) run [[B:Bind+]] =

|elaborate—bind—rec B

before

|evaluate [ “main { }" ]

then
|enact the thunk-abstraction of the given thunk.
or
|give the given function

Note that run elaborates global bindings allowing mutual recursion among
them, and then evaluates the identifier main, which must be bound to a param-
eterless A-form which returns the value of the STG program when applied. This
is the semantic of the initialization of a STG program.

The equations of the semantic function evaluate for let and letrec expres-
sions were defined as follows.

(1) evaluate [ “let” B:Bind ™ “in" E:Expression ] =
|e|aborate—bind B
before
|eva|uate E .
(2) evaluate [ “letrec” B:Bind™ “in" E:Expression 1=
|make—indirection B
before
|e|aborate—bind—rec B
before
|eva|uate E .

Essentially, each one in a set of binding declarations is elaborated by the
semantic function elaborate-bind or elaborate-bind-rec and the expression is
evaluated using the elaborated bindings and the other bindings already in scope.
For letrec expressions, indirections are created for allowing mutual recursion.
The equations for semantic-function make-indirection are shown next.

e make-indirection _ :: Bind™ — action [binding].
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(1) make-indirection { B;:Bind Bg:Bind+> =
|make—indirection By
before
|make—indirection Bs .

(2) make-indirection [ I:Var “=" L:A-Form ]| = indirectly bind I to unknown.

The semantic function make-indirection only creates indirections for each
binding, which will be redirected by the semantic function elaborate-bind-rec.
This semantic function and the semantic function elaborate-bind were defined
as follows.

e elaborate-bind _ :: Bind™ — action [binding].

(1) elaborate-bind [ I:Var “=" L:A-Form || =
|e|aborate—function L
then
|recursively bind token of I to the given unevaluated-value.

(2) elaborate-bind ( B;:Bind Bg:Bind+> =
|e|aborate—bind B
before
|e|aborate—bind Bs .

e elaborate-bind-rec _ :: Bind™ — action [binding].

(3) elaborate-bind-rec [ I:Var “=" L:\-Form | =
|elaborate—function L
then
|redirect token of I to the given unevaluated-value.
(4) elaborate-bind-rec ( By:Bind Bg:Bind+> =
|elaborate—bind—rec By
and
|elaborate—bind—rec Bs .

For each binding declaration, elaborate-bind and elaborate-bind-rec call
the semantic function elaborate-function for elaborating an action represen-
tation for a function (A-form), using the reflective facet of action notation (ab-
stractions). We will discuss this representation and the definition of elaborate-
function in the next section (3.3). The identifier of the binding declaration is
bound to the abstraction given by elaborate-function.

3.3 Higher Order Functions

In a programming language, if functions are treated as first class values, allowing
them to be stored in data structures, passed as arguments, and returned as
a result of evaluation of another function, they are referred as higher order
functions [9].

Since A-calculus, the mathematical foundation of functional languages, the
support for higher order functions is one of the most intrinsec characteristics
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of these languages and, as a consequence, their desirable properties to the pro-
gramming practice have been extensively studied. Higher order functions are a
powerful tool for increasing modularity and abstraction of programs.

Except for primitive functions, which must be always saturated, STG pro-
vides support to higher order functions. For that, in our specification, each func-
tion is treated as a curried function, that is, a function with only one argument
that returns, when applied to a value, another curried function, which can be ap-
plied to another argument, or a simple value. Thus, the application of a function
f, with three arguments, can be seen as follows.

Hz,y, 2} ~ (HfeD{yb{z}

The application of the function f can be interpreted as the application of f
to the first argument, returning another function that is applied to the second
argument, returning another function that is finally applied to the third argu-
ment, returning a simple value. In fact, the semantics of application of functions
in STG coincides with the semantics of application of curried functions, unlike
its syntax suggests and in spite of that STG-machine, in a function application,
passes actual arguments all at a time. The support for partial application of
functions allows functions being passed as arguments to other functions.

In the semantic entities definition, we defined a sort, called function, for
encapsulating an abstraction that is an action representation of a function, the
function abstraction.

introduces: function, function of _.

(1) a:action = function of abstraction of a :function.
(2) f = function of a = the function-abstraction of f:function = a.

A function abstraction is elaborated by the semantic function elaborate-
function. It receives a A-form and builds the correspondent function abstraction,
which is bound to the appropriate identifier by elaborate-bind or elaborate-
bind-rec semantic functions, shown later in this paper.

e elaborate-function _ :: A-Form — action [giving a function].

(1) elaborate-function [ “{" F,:Vars “}" “\"m “{" (Ai:Var " A,:Vars) “}" "— "
E:Expression || =
give function of closure abstraction of
|bind token of A; to the given argument
before
|elaborate-function [ “{" F, “}\" @ “{" A, “}" “—=" E].
(2) elaborate-function [ “{" F,:Vars “}" “\"x “{" A:Var “}' “— " E:Expression || =
give function of closure abstraction of
|bind token of A to the given argument
before
|eva|uate E.
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(3) elaborate-function [ “{" F,:Vars “}" “\"7 “{" “}" “—" E:Expression | = evaluate E.

For a A-form with more than one argument, note that its function abstrac-
tion, when enacted, binds the given actual argument to the name of the first
formal argument and then returns another function abstraction that will con-
sume the remaining arguments in the same manner. In the case of a function
abstraction having only one argument, the expression is evaluated, using the
generated bindings for the arguments, local bindings in scope and global bind-
ings. Curried functions are implemented in this way. The following equation
for evaluate semantic function specifies the correspondent action for a function
application.

e evaluate _:: Expression — action [using current bindings][giving an unevaluated-value].

(1) evaluate [ I:Var “{" A:Atoms "} || =
|give the function bound to the token of [
then
|saturate—function A
or
|give the thunk bound to the token of I

(2) evaluate [ I:Var "{" "} | =
|give the thunk bound to the token of I
or
|give the function bound to the token of I

In a function application, when more than necessary actual arguments are
passed to a function, the remaining actual arguments are ignored. The semantic
function saturate-function applies the given arguments, one by one, to the
function abstraction bounded to the identifier. In the case of less than neces-
sary arguments being passed to a function (partial application), the result of
the application is a function abstraction which can consume the remaining ar-
guments when applied. The referred semantic function give-atom only gives,
as a transient, the argument which can be a literal or a “value” bounded to an
identifier.

e saturate-function _ :: Atoms — action [giving unevaluated-value].

(1) saturate-function A:Atom =

|give the given function

and then

|give-atom A

then

enact the application of the function-abstraction of the given function#1
to the given argument+#2 .
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(2) saturate-function ( A:Atom “,” As:Atoms) =
|saturate—function A
then
|give the given thunk
or
|give the given function
then
|saturate-function As .

In the specification, the reader can see that an identifier can be bound to
a function or a thunk. Thus, these are the sort of values that can be given as
transients by give-atom semantic function, when it is applied to an identifier.
This explains how functions are passed as arguments to other functions.

3.4 Lazy Evaluation

There are two main groups of functional languages: the first one contains the
functional languages with strict semantics while the other includes the functional
languages that support non-strict semantics. Respectively, the most important
languages in each group are ML[2] and Haskell. A function with a strict seman-
tics have the following property: whenever one of its arguments has an undefined
value, its value is undefined too (Fig. 4). This is not necessarily true for non-strict
functions. For example, if the value of the undefined argument is not referenced
in the body of the function and the other arguments are defined, the function
value can be defined. In functional languages, non-strict semantic is guaranteed
when normal order reduction from A-calculus is supported while strict semantics
is a characteristic of functional languages that support applicative order reduc-
tion[9]. In modern non-strict functional languages, normal order reduction is
implemented by lazy evaluation mechanism.

fl=1

Fig. 4. Strict Semantics Property

In the lazy evaluation mechanism, the arguments of a function are passed
unevaluated. They are evaluated only when their values are strictly necessary
(Fig. 5 show a simple example of lazy evaluation using a syntax of A-calculus).
Naively implemented, this approach can lead to low performance in respect to
time and space [10]. Fortunately, the recent development in technology for com-
piling lazy functional languages[12], like haskell, has shown that lazy evaluation
can be as efficient as eager evaluation, the technique in which arguments are
evaluated before being applied to the function (mechanism of implementation
of applicative order reduction). In fact, some applications execute faster when
implemented with lazy functional languages[10]. Benchmarks have shown that
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actual compiled functional language code can run fastest as compiled C and
Fortran code for important practical applications [8].

(Azdy — x x y)(x 2 6)(+ 3 2)

= %X (x26) (+23) = (AMdy— xzy)(Xx26)5

= %X (x26)5 = (Axdy— xzy)l25

= x 125 = x 125

= 60 = 60

Lazy Evaluation (Normal) Eager Evaluation (Applicative)
(AxAyrz — + z y)(+220)4 (/10)

= + (+220) 4 = (Azhy — x zy) (+220)4 L

= +404 = 1

= 80

Lazy Fvaluation (Normal) Eager Evaluation (Applicative)

Fig. 5. Two Examples of Evaluation using Lazy and Fager Mechanisms

Many researchers have argued that lazy functional languages are more pow-
erful and general than its eager counterparts because they have some desirable
properties that influences the programming practice[9, 3, 10]:

— independence of the program semantics from the evaluation mechanism;
— support for representation of infinity data structures;
— high degree of modularity.

Because STG was originally developed to be the “abstract machine code” for
an abstract machine that supports implementation of non-strict (lazy) functional
languages (STG-machine), it is natural that STG is non-strict too. In this action
semantics specification, we provide support for unevaluated expressions (thunks).
The evaluate semantic function, when applied to an expression always returns
a thunk or a function, as discussed before. A thunk (unevaluated expression)
is a sort that, like function, encapsulates an abstraction (thunk abstraction),
which returns a value when enacted. A thunk is only enacted when its value is
strictly necessary. Following, we show the specification for thunks contained in
the semantic entities definition.

introduces: thunk, thunk of _.
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(1) a:action a = thunk of abstraction of a :thunk.

(2) t = thunk of a = the thunk-abstraction of ¢:thunk = a.
(3) unevaluated-value = thunk | function. (disjoint)

(4) argument = unevaluated-value.

Note the similarity between the definitions of the sorts thunk and function.
The sort unevaluated-value contains individuals that belongs to the sorts thunk
or function. The same can be said about the sort argument.

As we presented in the previous section, the semantic function run elaborates
the global bindings and evaluates the function main, which have access to the
elaborated global bindings. This evaluation can return a thunk, which can return
a value when its thunk abstraction is enacted, or a function. Another situation
where a thunk must be enacted is when it is applied to primary operations. The
general form of the evaluation of a primary operator application is described
below.

e evaluate _:: Expression — action [using current bindings][giving an unevaluated-value].

(1) evaluate [ P:Prim “{" A:Atoms “}'] =
|give—arguments A
then
|app|y—operator P .

e apply-operator _ :: Prim — action [using given data][giving a thunk].

(2) apply-operator [ bin_oper || =
give the application of the thunk of
abstraction of
|enact the thunk-abstraction of the given thunk#1
and
|enact the thunk-abstraction of the given thunk#2
then
give the action_bin_oper(the given number-value#1,
the given number-value#?2)
to the given data

In this evaluate semantic function equation, all the arguments are given at
the same time to the apply-operator semantic function. The bin_oper argument
is a primitive operation while action_bin_oper is its correspondent action. For
example, sum is the action correspondent to the primary operation “+4”. In
the returned abstraction, the thunks of the actual arguments of the primary
operation are enacted and the values are used for calculating the result of the
operation.

Later in this paper, in Sect. 3.6, when discussing about pattern matching,
we will see that the third point where a thunk is enacted is when scrutinizing
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the selector value of a case expression, by evaluating its selector expression and
enacting the given thunk.

We pointed to the three points in the specification where thunks must be
enacted. In all other cases, values are kept unevaluated in thunk abstractions,
leading to a lazy evaluation schema.

3.5 Algebraic Values

Algebraic data types (ADT’s) can help programmers to increase data abstrac-
tion, whether or not the language is functional. Data abstraction, a disseminated
concept of programming languages in general, improves the modularity, security,
and clarity of programs[9].

In Haskell, an ADT is defined through a data declaration. For example,
following we show the definition of an ADT that represents a tree of values of

type t.

data Tree t = Nil |
Node t (Tree t) (Tree t)

In Fig. 6, we show a binary tree of integers and its representation as a Tree
Int ADT value. See that values are builded by the application of a constructor
(Node or Nil in this case) to component values of a required type.

In STG, there is not a way of declaring ADT’s, like data declarations in
Haskell, but algebraic values can be builded by the application of constructors
to literals or identifiers. In fact, in STG, there is no need for a way of defining
an ADT, because it is proposed to be an intermediate “low level” language
and, in general, type checking and inference should be performed before the
translation of the high level code to it. This is the strategy adopted by GHC
and indirectly adopted by Haskell/uI’CMC compiler, which uses the STG code
generated by GHC. The application of a constructor to its components must
be always saturated (There is not partial application for constructors) and the
components can be scrutinized by pattern matching (case expressions).

In the semantic specification, the evaluation of an application of a constructor
to its components (construction of an algebraic value), gives a thunk which gives
an individual of the sort algebraic-value when enacted. This sort is defined as
follows in the semantic entities definition.

introduces: primitive-value , algebraic-value, value.

' *
(1) algebraic-value = (string, unevaluated-value ).

An algebraic value is represented in action notation as a tuple, where the
first component is the name of the constructor and the others are its compo-
nents. The components are stored as unevaluated values (thunks or functions)
until their values be strictly necessary (lazy evaluation). The equations of the
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NH NH

NH NH N”
/N
Nil Nil

Node 20 (Node 47 Nil Nil) ( Node 58 (Node 72 Nil Nil) (Node 36 (Node 4 Nil Nil)
Nil))

Fig. 6. Tree of Integers and its representation through an algebraic value

semantic function evaluate for application of constructors and the equations of
the semantic function saturate-constructor are presented below.

(1) evaluate [ C:Constructor “{" A:Atoms “}" || =
|give (token of C)
then
|saturate-constructor A .

(2) evaluate [ C:Constructor “{" “}' || =
give the thunk of the provision of the (token of C).

e  saturate-constructor _ :: Atoms — action [giving thunk].

(3) saturate-constructor A:Atom =
|give—atom A
and
|give the given algebraic-value
then
|give (the given algebraic-value, the given unevaluated-value)
then
|give the thunk of provision of the given algebraic-value.
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(4) saturate-constructor { A:Atom “,” As:Atoms) =
|give—atom A
and
|give the given algebraic-value
then
|give (the given algebraic-value, the given unevaluated-value)
then
|saturate-constructor As .

The semantic-function named saturate-constructor builds the tuple that
corresponds to the algebraic value. Note that when the constructor has no com-
ponents, only the name of the constructor is given as transient. In the next
section, when talking about pattern matching we will see how components of an
algebraic value are scrutinized.

3.6 Pattern Matching

Equational reasoning is one of the most important and strongly encouraged
programming methodology in the design and construction of programs. It is
supported intrinsecly by functional languages, which have no side effects[9, 4].
In general, in these languages, equations are part of the syntax and pattern
matching goes along with that, allowing write several equations for defining the
same function, only one of which should be applicable in a given situation.

The mechanism of pattern matching of STG, only by case expressions, makes
STG programs very difficult to understand, but it is general, in the sense that
pattern matching can be seing as the primitive behavior of a case expression.
The general form of a case expression is:

case e of
pat1 — ex;
pata — ea;

paty, — eny;
id — €defalut;

The guard expression e is strictly evaluated. Then, the value scrutinized
should or not match one of the patterns (pat; i = 1,...,n). If a pattern pat;
matches the scrutinized value then the value of the case expression is the value of
e;. If no patterns match the value, it is bounded to the identifier id and the value
of the case expression is ege rquit- There are two kinds of patterns: for primitive
values and for algebraic values. The former corresponds to a value while the latter
has the form C{vy,...,v,}, where C' is a constructor and v; is an identifier. The
components of the algebraic value are bounded to the identifiers of the pattern
that have the same constructor as the scrutinized value constructor. Following
we show the evaluate semantic function equation for case expressions.
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(1) evaluate [ “case” E:Expression “of” A:Alternatives || =
|eva|uate E
then
|enact the thunk-abstraction of the given thunk
then
|exhaust—a|ternatives A.
trap
|give the given thunk.

The selector expression e is evaluated and its thunk is enacted. The se-
mantic function exhaust-alternatives, presented below, try to discover which
pattern (pat;) matches the value and returns the thunk resulted from evalua-
tion of the correspondent expression (e;). Following we also show the seman-
tic functions accept-primitive-alternative, accept-algebraic-alternative,
accept-default-alternative, and bind-vars-to-components, used in testing
each case alternative and in choosing the appropriate one based on the scruti-
nized value in the case selector. The first semantic function is for testing primitive
alternatives and the second is for algebraic ones. The third applies the default
alternative when none of the primitive or algebraic alternatives were choosen.
The fourth only binds the name identifiers from algebraic guards to its cor-
respondent values in a scrutinized and choosen algebraic value. It is used by
accept-algebraic-alternative semantic function.

e exhaust-alternatives _ :: Alternatives — action [giving thunk].

(1) exhaust-alternatives [ P:Primitive-alternative™ D:Default-alternative I =
|accept-primitive-alternative P
and then
|accept—defauIt—alternative D .

(2) exhaust-alternatives [ A:Algebraic-alternative™ D:Default-alternative I =
|accept-algebraic—alternative A
and then
|accept—defauIt—alternative D .

(3) exhaust-alternatives [ D:Default-alternative || = accept-default-alternative D .

e  accept-primitive-alternative _ :: Primitive-alternative ™

— action [giving thunk].
(1) accept-primitive-alternative [ L:Literal “— " E:Expression || =

|check (value of L is the given value)

and then

|eva|uate E

then

|escape with the given thunk.
(2) accept-primitive-alternative ( P;:Primitive-alternative Pg:Primitive—alternative+> =
|accept—primitive—alternative P
and then
|accept-primitive-alternative Ps.

_l’_

e  accept-algebraic-alternative _ :: Algebraic-alternative” — action.
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(1)

(2)

(3)

&)

(2)

(1)

(2)

accept-algebraic-alternative [ C:Constructor “{" I:Vars “}" “— " E:Expression || =

|check (value of C'is the first of the given algebraic-value)
and then
|give the rest of the given algebraic-value
then
|bind—vars—to—components 1
then
|eva|uate E
then
|escape with the given thunk.

accept-algebraic-alternative [ C:Constructor “{" “}" “— " E:Expression || =
|check (value of C'is the first of the given algebraic-value)
and then
|eva|uate E
then
|escape with the given thunk.

accept-algebraic-alternative ( P;:Algebraic-alternative P.:Algebraic-alternative
|accept-algebraic—alternative P
and then
|accept—algebraic—alternative Ps.

accept-default-alternative _ :: Default-alternative — action [giving thunk].

accept-default-alternative [[/:Var “— " E:Expression || =
|bind token of I to the thunk of the provision of the given data
before
|eva|uate E
then
|escape with the given thunk.

accept-default-alternative [ “default — " E:Expression | =
furthermore
|eva|uate E
then
|escape with the given thunk.

bind-vars-to-components _ :: Vars — action.

bind-vars-to-components [:Var =
bind token of I to the first of the given tuple.

bind-vars-to-components ( I:Var “,” Is:Vars) =
|bind—vars—to—components I
and
|give the rest of the given tuple
then before
|bind—vars—to—components Is.
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4 Conclusions and Lines for Future Works

In this paper, we presented an action semantics for STG, a pure non-strict higher
order functional language intended to be an intermediate code for compiling
process of higher level functional languages. In spite of the close relashionship
between STG and STG-machine, a virtual machine that supports implementa-
tion of functional languages, our main goal was to show the meaning of STG
programs independently from how they execute on STG machine, showing how
some important aspects of a non-strict higher order functional language can be
specified using action semantic, like bindings, higher order functions, lazy evalu-
ation (non-strict semantics), algebraic values and pattern matching.

Action semantics was a very useful tool in the specification of STG semantics.
It gave us a very modular and easy to understand and extent documentation
and could allow us to generate a compiler for STG from the specification. With
that, we could use some of the compiler generator systems available[1]. This is a
very useful feature of action semantic formalism that can be used for evaluation,
using a compiler prototype, of semantic and syntax aspects of new developed
languages. For this purpose, we intend to use the compiler generator ABACO[6].
Besides, due to the high degree of modularity provided by action notation, this
work can be seen as an intial step for specification of “higher level” functional
languages, like Haskell. Also, we think that, due to its clear understanding,
action notation is a very useful tool for teaching purposes, allowing programming
languages students in understanding the meaning of the most relevant aspects
of programming languages and paradigms.
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Abstract. The Simple Network Management Protocol version 3 (SN-
MPv3) is the Internet standard management architecture. A system
based on SNMPv3 is composed of management entities which communi-
cate using the management protocol. Entities are composed of an engine,
and a number of standard applications. An entity uses standard applica-
tions to communicate using SNMP. These applications include command
and notification generators and responders. Applications use the services
of the engine to send and receive messages. The specification of SNMPv3
is given informally in a series of IETF documents. This work presents
a formal description of SNMPv3 standard applications using Action Se-
mantics. The main goals of our formal description are to enhance the
understandability of standard applications, as well as to establish the
foundation for the automatic generation of SNMP entities implementa-
tions in the future.

1 Introduction

As networks become larger and more complex the need for effective network
management systems becomes critical. The purpose of these systems is to help
human managers in the tasks of monitoring and controlling computer networks.
The Simple Network Management Protocol version 3 (SNMPv3) is the Internet
standard management architecture. An SNMPv3 system is composed of man-
agement entities which communicate using the management protocol [15,2].
SNMPv3 entities have traditionally been called managers and agents. Managed
nodes contain an agent, i.e. a management entity which have access to man-
agement instrumentation. Each system has at least one Network Management
Station, which runs at least one manager entity. Managers are collections of
user-level applications, which may aim at performance evaluation or fault di-
agnosis, among others. There is currently a very large number of SNMP-based
systems available, both commercial and on the public-domain.

SNMP management entities (figure 1) are composed of an engine, and a
number of standard applications. An entity uses standard applications to com-
municate using SNMP. These applications include the command generator, the
notification generator, the notification generator and the notification responder,
which are all formally specified in this work. This is seen as the first step towards
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fully defining whole management entities, and allowing the automatic generation
of MIB implementations from specifications.

SNMP Entity
g e A
: Aplications
... S\NMPEngine
| | _ Message Security :
L Dispatcher Processing Subsystem |
L Subsystem |

Network

Fig. 1. SNMPv3 Entity.

Currently the semantics of SNMP components is give informally in [4,2].
There is informal English text explaining each object’s behavior. These informal
descriptions are usually vague and incomplete. They are open to misinterpreta-
tion and may lead to inconsistent implementations. In this work we use Action
Semantics [10] to formally describe the semantics of SNMPv3 standard appli-
cations. Action Semantics is a formal framework for semantic description, de-
veloped to provide readable descriptions of real-life languages. Action semantic
descriptions map abstract syntax to semantic entities, which are defined in-
ductively using semantic equations. The semantic entities employed are actions
rather than higher-order functions, used in other formalism, and the essence of
actions is much more computational than that of pure mathematical functions.

In [5] Action Semantics was used to define the semantics of an specific man-
agement entity, the Routing Proxy [6].

The rest of the paper is organized as follows. Section 2 reviews the standard
SNMPv3 architecture, concentrating on the standard applications and how their
role within a management entity. Section 3 presents an introduction to Action
Semantics, the notation we use to formally define the standard applications.
Section 4 is the formal specification of the command and notification generators
and responders. Section 5 contains the conclusions.
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2 SNMPv3 Standard Applications

The Simple Network Management Protocol version 3 (SNMPv3) is the Inter-
net standard management architecture [4]. An SNMPv3 system is composed of
nodes running management entities which communicate using the management
protocol. Each system has at least one Network Management Station, which runs
at least one manager entity. Managed nodes contain an agent, i.e. a management
entity which have access to management instrumentation. There are other kinds
of management entities, like proxies [4].

Each SNMPv3 entity can behave as an agent as well as as a manager [2]. An
SMNP entity is acting as a manager when it initiates a management operation
(i.e. when it generates requests for the operations get, getNext, getBulk, set; or
inform) or when it answers to notifications. A SNMP entity is acting as an agent
when it responds to management operations and when it sends a notification.
The same SNMP entity can act as a manager and as an agent.

The management protocol is used to communicate management information
among SNMP entities. Management information can be seen as a collection
of objects, organized in Management Information Bases (MIB’s). The abstract
syntax of each MIB is defined using a subset of the Abstract Syntax Notation
1 (ASN.1) language [3]. Messages exchanged among entities contain Protocol
Data Units (PDU’s) defined in [1,2].

Inform
M anager Manager
Response
Get Response
GetNext
GetBulk Trep
Set
Agent

Fig. 2. SNMPv3 Interactions.

There are three types of interactions among SNMPv3 entities, as shown in
figure 2. The first one is the request-response, sent when an entity acting as man-
ager sends a requirement to an entity acting as agent. This kind of interaction is
used to retrieve or update management information which is associated to the
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managed device. The second type of interaction is a request-response between
managers. This is called a notification among managers.

The third type of interaction between entities occurs when an entity acting
as an agent sends an alarm trap to a manager. This type of interaction does not
employ acknowledgements, and is used to notify the manager that an exceptional
situation has been detected.

The architecture of a SNMP entity is described in figure 1 [4]. It is composed
of a number of standard SNMP applications, which define the functionality
of that entity. An SNMP engine, which provides services and support to the
applications, such as lower level communication with other entities, including
cryptography, authentication and control over the managed objects.

In this work we consider that standard applications communicate which each
other by sending and receiving PDU’s. In an actual implementation, the commu-
nication is performed at the engine level: SNMP engines receive the PDU’s from
their applications, encoding them into messages which will be sent to adequate
entities.

In the next section, the following four standard SNMP applications are for-
mally specified [9]:

— Command Generators are applications which monitor and manipulate
management data by sending requests and processing replies.

— Command Responders are applications that receive and process requests.
They also generate replies for the received requests.

— Notification Originators are applications that generate messages, which
are based on particular events or conditions.

— Notification Receivers are applications that wait for notification mes-
sages.

An entity is acting as a manager when it contains applications of the type Com-
mand Generator, Notification Originator and Notification Receiver. An entity is
acting as an agent when it contains applications of the type Command Respon-
der and Notification Originator.

3 Action Semantics

Action semantics [10] is a formal framework for the specification of program-
ming concepts. Action Semantics was developed to enhance the readability of
descriptions; it uses English words, in a way that formal descriptions can be
understood by readers not used to with mathematical notation. A number of
real-life languages and applications has been described using action semantics,
among them, we can cite [13,14,8,12].

Action semantics uses a special notation to describe actions. This notation
is called Action Notation, and it is used in action semantic descriptions very
much in the same way as the A-notation is used in denotational semantics [16].
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The symbols used in action notation are intentionally verbose, so that English-
like phrases can be used -completely formally- to express most of the concepts
present in computing.

In Action Semantics, the meaning of each phrase of a language is represented
by special entities called actions. Actions can be performed, yielding various pos-
sible outcomes: normal termination (complete), exceptional termination (escape),
unsuccessful termination (fail) or non-termination (diverge). Action notation pro-
vides some primitive actions, and various combinators for forming complex
actions, corresponding to the main fundamental concepts of programming lan-
guages.

A data notation is used to describe the information processed by actions.
The standard data notation (included in action notation) provides a collection of
algebraically defined abstract data types, including numbers, characters, strings,
sets, tuples, maps, etc.; further data may be specified ad hoc.

There is also a third class of entities in action notation, called yielders.
A yielder is an expression representing unevaluated data, whose value depends
on the current information available to the primitive action in which it occurs.
Yielders are evaluated to yield data. An example of a standard yielder is the value
stored in the given cell, which depends on the current contents of the storage and
the information passed to the action in which the yielder appears.

The behavior of each primitive action and action combinator of Action No-
tation can be classified according to the following facets:

Basic: This facet deals exclusively with flow of control. The control behaviors
contained in this facet include sequential and interleaved composition of
actions, as well as bounded non-deterministic. For example, the basic facet
of the action combinator “A; and Ay” specifies that its left and right sub-
actions are performed in interleaving. The behavior of the action “A; and
then A5” is such that A; must be finished before A, is started. The action
“Aq or Ay” represents a choice between actions; it can be used to describe
if-then-else control structures.

Functional: This facet deals with transient data, which is given to or received
by an action. For example, when the basic action “give the given natural”
receives a natural number as transient data, it completes and gives the re-
ceived natural number as a transient. The compound action “A; then Ay”
performs action A; first, and the transient data produced by A; are supplied
to Ao, which is performed after A; completes.

Declarative: This facet deals with the manipulation of scoped information,
represented by associations of tokens to bindable data. For example, the basic
action “bind “max-length” to 256” completes its performance, producing a
binding that maps the token “max-length” to the natural number 256.

Imperative: Storage handling primitives are provided by this facet. A store,
in the action notation context, is a mapping from cells to storable data. For
example, the action
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‘allocate a cell
then
|store 26 in the given cell

allocates a new cell of the store, and stores a value 26 in it. This action
combines features of both the functional and imperative facets. (Vertical
bars are used to guide the correct association of actions, as an alternative to
parentheses. )

Communicative: This facet provides a system of agents, whose task is to per-
form actions. Agents can communicate using asynchronous message passing.
Each agent has its own communication buffer, in which all the messages sent
to the agent are placed. Communication is reliable, in the sense that no
message is ever lost during transmission; however, there is no bound to the
time taken for a message to arrive to its destination buffer after transmission
begins. Each agent is created with its own store.

Encapsulation of actions as data is also provided within Action Semantics. This
feature gives a simple way to support the description of procedure and function
abstractions in programming languages. For example, the performance of the
action

give abstraction of ‘allocate a cell
then
|store 26 in the given cell

completes, giving an abstraction as a transient. An abstraction is an item of data
which encapsulates an action. Abstractions can be enacted; this operation results
in the performance of the encapsulated action. Both transients and bindings can
be supplied to the abstraction.

For a more detailed description of action notation, the reader can refer to
[11] or [17] (the former covers all the aspects related to the formal system; the
latter does not cover the communicative facet nor the operational semantics of
the notation).

4 SNMPv3 Entities

The purpose of this work is to specify the standard applications within a SN-
MPv3 entity. Four applications are specified: the core of the Command Respon-
der and the Notification Receiver, as well as primitives for the specification of
Command Generators and Notification Originators. The first two applications
are responsible for the reception and processing of incoming requests. The latter
primitives can be used in the formal description of specific client applications.
The other components of SNMPv3 entities, i.e: the SNMP engine, as defined
in [4], are beyond the scope of this work, and are being specified in a companion

paper [7].
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4.1 Command Responder

The action “CommandResponder” below, represents the Command Responder
application. This application awaits for Get, GetNext, GetBulk or Set requisi-
tions. The action defines one case for each type of requisition. The “or” combi-
nator represents a choice among actions. Only one of the “service” actions will
be chosen, depending on a tag of the received PDU.

e CommandResponder :: action

(1) CommandResponder =
unfolding

|accept a message[from any entity][containing a PDU]

then

‘service Get

or

|service GetNext

or

‘service GetBulk

or

|service Set

then

‘unfold

The “CommandResponder” action fetches the communication buffer for a mes-
sage containing a PDU. One of the services will be chosen, depending on a tag,
which is attached to the PDU. The received message is passed to the services as
functional information.

The “unfolding ... unfold” construction represents a loop: Each time “unfold”
is reached, the enclosing action is performed once more, from the point of the
previous, more internal “unfolding” on.

Each of the “service .” actions above corresponds to one SNMPv3 operation,
for an entity acting as an agent.

The general definition of a service can be described as follows:
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e service _ :: tag — action

(2) service Op:tag =
‘give the given PDU tagged with Op
then
‘producePduBindings
hence
|process Op
then
give a PDU containing (the integer bound to “request-id”,
the given integer#1, the given integer#2,
the given VarBindList#3)
then
send a message[to the entity bound to “request-entity"]
[containing the given PDU tagged with Response |

e serviceWithoutResponse _ :: tag — action

(3) serviceWithoutResponse Op:tag =
‘give the given PDU tagged with Op
then
‘producePduBindings
hence
‘process Op

The action “service 7 receives a message as functional information. The prim-
itive action “give 7 will complete, in the case that the PDU in it is of the kind
specified by Op, and will fail otherwise. The combination this checks and the com-
binator “or” (in the Command Responder action) achieves the result of choosing
at most one service for each message received by the application.

After receiving the message, the service must interpret the PDU inside the
message. This is done by “producePduBindings”, which binds standard names to
parts of the contents of the received PDU.

The service is then processed following the informal specification in [2]. These
actions are defined ahead in section 4.2.1.

After the received PDU is processed, a reply must be sent back to the entity
that requested the service. This is done by assembling the corresponding PDU,
which will be sent, within a message, to the requesting entity.

The “serviceWithoutResponse _” action is similar to “service _”. The only dif-
ference is that no reply is composed. This action will be used by the notification
receiver, to process T'raps.

4.2 Notification Receiver

The “NotificationReceiver” waits for Inform and Trap requests. Its description
is similar to that of the command responder:
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e NotificationReceiver :: action
(4) NotificationReceiver =

unfolding
|accept a message[from any entity][containing a PDU]
then
‘service Inform
or
|serviceWithoutResponse Trap
then unfold

4.2.1 Processing services Let us now describe the SNMP services. The
service Get is used to fetch the value of a specific object. This service is defined
in [2, section 4.2.2] as:

Upon receipt of a GetRequest-PDU, the receiving SNMPv2 entity pro-
cesses each variable binding in the variable-binding list to produce a
Response-PDU. All fields of the Response-PDU have the same values
as the corresponding fields of the received request except as indicated
below. Each variable binding is processed as follows:

1. If the variable binding’s name exactly matches the name of a variable
accessible by this request, then the variable binding’s value field is
set to the value of the named variable.

2. Otherwise, if the variable binding’s name does not have an OBJECT
IDENTIFIER prefix which exactly matches the OBJECT IDENTI-
FIER prefix of any (potential) variable accessible by this request,
then its value field is set to ‘noSuchObject’.

3. Otherwise, the variable binding’s value field is set to ‘noSuchln-
stance’.

If the processing of any variable binding fails for a reason other than
listed above, then the Response-PDU is re-formatted with the same val-
ues in its request-id and variable-bindings fields as the received GetRequest-
PDU, with the value of its error-status field set to ‘genErr’, and the value
of its error-index field is set to the index of the failed variable binding.

Otherwise, the value of the Response-PDU'’s error-status field is set to
‘noError’, and the value of its error-index field is zero.

The formal specification of each service is given by the “process 7 actions. There

is one action definition for each possible service of the SNMPv3 entity acting
as an agent. For example, the description of the SNMP Get operation can be
stated:

e process _ :: tag — action
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(5) process Get =

|setError(noError, 0)

and
‘give the VarBindList bound to “variable-bindings”
then
‘proceedList consultVarBind

trap

|setError(genErr, the given integer)

and

‘give the VarBindList bound to “variable-bindings”

The auxiliary action “proceedList” takes an action A as parameter, and per-
forms the action A with each of the elements of a given list as functional in-
formation. The results of the application of A to each element of the list are
assembled in a list, which is the result of “proceedList”.

The action combinator “A; trap As” behaves like the exception handling
mechanisms in programming languages: The action A; is performed; in the case
of an exceptional termination of A, the action A, is performed (otherwise, A,
is ignored).

The action “consultVarBind” corresponds to the numbered items of the infor-
mal specification. It fetches the value stored in a single MIB object.

Let us give another example of the formal description of operations: Get Bulk
is one of the most complex operations of the protocol. It is defined in [2, section
4.2.3].

The formal definition of the operation Get Bulk, using Action Semantics, can
be stated as:
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(6) process GetBulk =
|setError(noError, 0)
and
give min(the integer bound to “non-repeaters”,
count items the VarBindList bound to “variable-bindings”)
and give the VarBindList bound to “variable-bindings”
then
|break(the given list#2, the given integer#1) then give the given list#1
then proceedList consultNextVarBind
and then
‘give the integer bound to “max-repetitions”
and
|break(the given list#2, the given integer#1) then give the given list#2
then proceedListRepetition consultNextVarBind
then give concatenation(the given list#1, the given list#2)
trap
|setError(genErr, the given integer)
and give the VarBindList bound to “variable-bindings”

Some auxiliary actions were used above: the action “break” takes a list L and
an integer N as arguments, returning a pair of lists, such that:

— the concatenation of the two resulting lists is the list L.
— The number of elements of the first resulting list is V.

The auxiliary action “proceedListRepetition” is similar to “proceedList”, with the
only difference that the action A will be performed a given number of times over
each element of a list.

The action “consultNextVarBind” is similar to “consultVarBind”, but fetches
the object which is next to the received object name in the MIB.

Its informal specifications is defined in [2, section 4.2.3] as:

Upon receipt of a GetBulkRequest-PDU, the receiving SNMPv2 entity
processes each variable binding in the variable-binding list to produce a
Response-PDU with its request-id field having the same value as in the
request. Processing begins by examining the values in the non-repeaters
and max-repetitions fields. If the value in the non-repeaters field is less
than zero, then the value of the field is set to zero. Similarly, if the value
in the max-repetitions field is less than zero, then the value of the field
is set to zero.

The values of the non-repeaters and max-repetitions fields in the request
specify the processing requested. One variable binding in the Response-
PDU is requested for the first N variable bindings in the request and
M variable bindings are requested for each of the R remaining variable
bindings in the request. Consequently, the total number of requested
variable bindings communicated by the request is given by N + (M *
R), where N is the minimum of: a) the value of the non-repeaters field

128



in the request, and b) the number of variable bindings in the request;
M is the value of the max-repetitions field in the request; and R is the
maximum of: a) number of variable bindings in the request - N, and b)
zero.

The receiving SNMPv2 entity produces a Response-PDU with up to
the total number of requested variable bindings communicated by the
request. The request-id shall have the same value as the received Get-
BulkRequest-PDU.

If N is greater than zero, the first through the (N)-th variable bindings
of the Response-PDU are each produced as follows:

1. The variable is located which is in the lexicographically ordered list
of the names of all variables which are accessible by this request and
whose name is the first lexicographic successor of the variable bind-
ing’s name in the incoming GetNextRequest-PDU. The correspond-
ing variable binding’s name and value fields in the Response-PDU
are set to the name and value of the located variable.

2. If the requested variable binding’s name does not lexicographically
precede the name of any variable accessible by this request, i.e.,
there is no lexicographic successor, then the corresponding variable
binding produced in the Response-PDU has its value field set to
‘endOfMibView’, and its name field set to the variable binding’s
name in the request.

If M and R are non-zero, the (N + 1)-th and subsequent variable bindings
of the Response-PDU are each produced in a similar manner. For each
iteration i, such that i is greater than zero and less than or equal to M,
and for each repeated variable, r, such that r is greater than zero and
less than or equal to R, the (N + ( (i-1) * R ) + r)-th variable binding
of the Response-PDU is produced as follows:

1. The variable is located which is in the lexicographically ordered list
of the names of all variables which are accessible by this request and
whose name is the first lexicographic successor of the variable bind-
ing’s name in the incoming GetNextRequest-PDU. The correspond-
ing variable binding’s name and value fields in the Response-PDU
are set to the name and value of the located variable.

2. If the requested variable binding’s name does not lexicographically
precede the name of any variable accessible by this request, i.e.,
there is no lexicographic successor, then the corresponding variable
binding produced in the Response-PDU has its value field set to
‘endOfMibView’, and its name field set to the variable binding’s
name in the request.

While the maximum number of variable bindings in the Response-PDU
is bounded by N + (M * R), the response may be generated with a lesser
number of variable bindings (possibly zero) for either of three reasons.

(1) If the size of the message encapsulating the Response-PDU containing
the requested number of variable bindings would be greater than either
a local constraint or the maximum message size of the originator, then
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the response is generated with a lesser number of variable bindings. This
lesser number is the ordered set of variable bindings with some of the
variable bindings at the end of the set removed, such that the size of the
message encapsulating the Response-PDU is approximately equal to but
no greater than either a local constraint or the maximum message size of
the originator. Note that the number of variable bindings removed has
no relationship to the values of N, M, or R.

(2) The response may also be generated with a lesser number of variable
bindings if for some value of iteration i, such that i is greater than zero
and less than or equal to M, that all of the generated variable bindings
have the value field set to the ‘endOfMibView’. In this case, the variable
bindings may be truncated after the (N + (i * R))-th variable binding.

(3) In the event that the processing of a request with many repetitions
requires a significantly greater amount of processing time than a normal
request, then an agent may terminate the request with less than the full
number of repetitions, providing at least one repetition is completed.

If the processing of any variable binding fails for a reason other than
listed above, then the Response-PDU is re-formatted with the same val-
ues in its request-id and variable-bindings fields as the received GetBulk-
Request-PDU, with the value of its error-status field set to ‘genErr’, and
the value of its error-index field is set to the index of the variable binding
in the original request which corresponds to the failed variable binding.
Otherwise, the value of the Response-PDU’s error-status field is set to
‘noError’, and the value of its error-index field to zero.

4.3 Command Generators

Managing entities generate commands to be sent to agents. The function of
each command generator application depends on the purpose of the service to
be offered. In this work, we describe the SNMPv3 operations, which are to be
included in command generator applications.

The “snmpGet(_,_)” action describes the manager side of the Get protocol
operation. It can be specified as follows:

e snmpGet(_, ) :: entity, list of ObjectName™ — action
(7) snmpGet(E:entity, N:list of ObjectName™) =
|generateVarBindList from N
then
|request Get [to E][containing (0, 0, the given VarBindList)]

This action generates a “VarBindList”, in accordance to [2, section 4.2.7], and
then requests the service. The action “request” is defined next:

e request _ [to ][containing (_)] :: tag, agent, (integer, integer, VarBindList) —
action
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(8) request Op:tag [to E:entity][containing (S:integer, I:integer, V:VarBindList)]
| generateRequestID
then
send a message[to F]
[containing a PDU of (the given integer,S,I, V') with tag Op]
then
|accept a message[from E][containing a PDU tagged with Response]
then
‘give (the given integer#3, the given integer#4, the given VarBindList#5)

This action sends a message to the agent responsible for the service and waits
for an answer. As required in the informal specification, the message includes a
request ID. The “request” action returns a triple containing an error-status, an
error-index and a variable-bindings.

The formal specification of the complete set of SMNP operations (including
“snmpGet”, “snmpGetBulk”, “snmpSet”, “snmplnform” and “snmpTrap”) will be
soon available.

4.4 Notification Originators

Notification originators are applications that monitor specific conditions of the
managed devices. These applications send notification messages to specified man-
agers. Notification originators primitives can be specified in the same way as the
operations in section 4.3.

5 Conclusions

Although SNMPv3 is the Internet standard management architecture, the se-
mantics of SNMP components is given informally in the IETF documents. In
this paper we have used Action Semantics to formally describe the semantics
of four SNMPv3 standard applications: the command generator, the command
responder, the notification originator and the notification receiver. All manage-
ment entities based on SNMPv3 use these standard applications to communicate
with other entities using the protocol. Depending of the applications it uses, an
entity may have different roles in the system.

Future work include fully defining the messages the entities exchange and
the services offered by the engine, which the applications use to communicate.
When these basic components are fully defined, it will be possible to produce
formal specifications of the entities themselves. From those formal specifications,
implementations of managers and agents can be generated automatically.
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Maude Action Tool: Using Reflection to Map
Action Semantics to Rewriting Logic
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Abstract. Action semantics (AS) is a framework for specifying the se-
mantics of programming languages, in a very modular and readable way.
Recently, the operational semantics of action notation (action semantics’s
specification language) has been rewritten using Modular SOS (MSOS),
a new modular approach for specifying operational semantics. The new
modular specification of action notation facilitates the creation of exten-
sions to action semantics, to deal with new concepts, such as components.
The Maude Action Tool uses the reflective capabilities of rewriting logic,
implemented on the Maude system, to create an executable environment
for action semantics and its potential extensions.

This is achieved by a mapping between the MSOS and rewriting logic
formalisms which, when applied to the MSOS semantics of each facet
of action notation, yields a corresponding rewrite theory. Such rewrite
theories are executed on action programs, that is, on the action notation
translation of a given program P in a language L, according to L’s action
semantics.

We refer to [1] for a short presentation of the frameworks used in the
mapping and the description of a prototype implemented in the Maude
system. An extended version of [1], with a formal explanation on the
mapping is available as a technical report at PUC-Rio University and can
be requested via email to Christiano Braga, cbraga@inf.puc-rio.br.

References

1. C. de O. Braga, E. H. Haeusler, J. Meseguer, and P. D. Mosses. Maude action tool:
Using reflection to map action semantics to rewriting logic. In AMAST 2000, Proc.
8th Intl. Conf. on Algebraic Methodology and Software Technology, lowa City, lowa,
USA, volume 1816 of LNCS, pages 407—421. Springer-Verlag, 2000.

133



A Modular Implementation of Action Notation
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Abstract. This paper describes the implementation of a modular inter-
preter for the new modular semantics of action notation, the formal nota-
tion used in action semantics. Our interpreter supports nondeterministic
features of action semantics, and allows the user to explore different exe-
cution traces. The implementation is based on a new logic programming
language called PAN. A brief and pragmatic introduction to modular
structured operational semantics is also provided.

1 Introduction

We present here an implementation of a modular interpreter for the new modular
semantics of action notation, the formal notation used in action semantics [8].
Such implementation involves the use of a new logic programming language
called PAN which we specially developed to implement language interpreters,
analysis and verification tools. PAN has several features which are extremely
useful for specifying the operational semantics of programming languages. An
interpreter for action notation is particularly interesting, since it allows us to
experiment in the early stages of the language design, which is very useful to
consolidate our understanding of the language design.

Action Semantics [8] is a framework for the formal description of program-
ming languages. Not only denotational semantics [16,20], but also action se-
mantics are compositional, i.e. the semantics of each phrase is determined by
the semantics of its sub-phrases. The difference is that the semantics of phrases
are actions instead of higher-order functions, which are commonly used in de-
notational semantics descriptions. Thus, action semantics might be regarded as
denotational, where the denotations are actions. Action Notation, the notation
used in action semantics descriptions, has an operational semantics, and nice
algebraic properties [8]. The main concept in action semantics is the concept of
action.

In structural operational semantics (SOS) [13] literature modularity issues
have largely been neglected, and SOS descriptions of programming languages
typically exhibit rather poor modularity. Thus, the original operational seman-
tics of action notation was not modular. Therefore, we would not be able to
reuse the existing semantic description when extending or changing the action
notation. Recently, Mosses described how to obtain a high degree of modularity
in SOS [9], and the SOS of Action Notation is currently being reformulated in
the proposed modular style.
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2 A Brief Introduction to MSOS

In this section we provide a brief introduction to the method of Modular Struc-
tural Operational Semantics (MSOS), which is a modular variation of SOS. SOS
represents computations by means of deductive systems, transforming an ab-
stract machine into a system of logical inferences. SOS definitions are given by
inference rules consisting of conclusions that follow from a set of premises. Such
rules describe possible transitions (small steps) of a computation. Each proof in
the deductive system describes a state transition.

SOS involves abstract syntax, computed values, configurations and inference
rules for (labelled) transitions. A SOS description specifies a labelled transition
system (I, T, A, —), where I’ is a set of configurations, T C I" is a set of terminal
configurations, A is a set of labels, and — C I' x A x [ is a transition relation.
For configuration v,~" € I" and labels a € A, the assertion that (v, «,v’) is in
the transition relation is written as v = ~/.

On the other hand, for our objectives SOS descriptions can be seen as inter-
preters implemented in a logic programming language. The main predicate of
these logical programs is the one which defines the transition relation.

However, most of the SOS descriptions lack modularity. Local modifications
in language semantics usually imply global modifications in SOS descriptions.
This also means that it is almost impossible to reuse SOS descriptions when
defining a new language. To cope with this problem, we use an approach similar
to the one defined in [9]. In this approach, the modularity is achieved by using
encapsulation techniques. Figure 1 shows a small fragment of a modular SOS
description for a simple imperative language. In this example, the configurations
are restricted to abstract syntax trees, where nodes may be replaced by the
values they computed, as in conventional SOS. The initial configurations are pure
syntax, and terminal configurations are simply computed values. Value completed
represents normal termination. All usual semantic components of configurations,
such as stores, are incorporated into the labels on transitions. All labels contain
a pair of stores reflecting the value of the store before and after the transition.
The structure of the label is encapsulated, and should only be accessed by means
of predicates. We can view the label as an object ! and the predicates as the
interface (methods) of the object.

All labels contain a partial composition predicate used to assert whether two
transitions may be adjacent. In the example in Figure 1, this predicate is defined

as:
ay = (storey, stores) A
def

compose(aq, ag, ) = § ag = (stores, stores)/\
a = (storey, stores)

This predicate asserts that label « is the composition of labels c; and as. Notice
that in [9] such predicate is represented by the operation _;_, thus we may see
a = ajg; g as a syntactic sugar for compose(ay, aa, ). Every label can always
be composed on the left and on the right with a specific identity label. The

! Using the object-oriented terminology.
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set-store(a, Id, Val)
Id = Val = completed

skip N completed

Be = Be'
if Be then Sp else Sa = if Be' then Si else So

if true then Sy else Sz — Si if false then Sy else Sz — Ss
while E do S 5 if E then S;while E do S else skip
Sp = 9]
S1;85 5 S1: S,

completed ; Sa 5 Sa

Fig. 1. Modular SOS example

notion of identity labels is defined by the predicate id. In the given example, this
predicate is defined as:

id(a) = (a = (store, store))

We use 7 A ~" as a syntax sugar for:
id(«)
@
vy

As already mentioned, all labels should provide predicates to access their internal
structure. In the given example, the label contains two predicates:

set-store(a, Id, Val) dof o = (S1,S52) A Sy = S1[Id — Val]

get-store(a, Id, Val) o= (S1,S2) A Val = S1(Id)

The predicate set-store “modifies” the value of a given variable in the store. The
predicate get-store “accesses” the value of a given variable.

Using this approach, we do not need to completely modify a SOS description
when we extend or modify the language semantics.

3 The PAN Programming Language

In our implementation, the operational semantics of a language must be specified
in a programming language called PAN. PAN is a logic programming language
specially developed to specify interpreters, program analyzers and verifiers. The
PAN syntax and semantics have some similarities with Prolog [19]. The PAN
compiler uses global analysis to produce code with a performance comparable
to the one produced by imperative language compilers.
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All PAN programs must be properly qualified by providing the kind, type
and mixfix declarations. For instance, consider the following specification of the
concatenation of lists in PAN syntax:

append nil X X.
append (X :: Xs) Ys (X :: Zs) :- append Xs Ys Zs.

This specification contains four variables X, Xs, Ys and Zs, one logical connective,
namely :- for the converse of implication, and three non-logical connectives,
namely nil, :: and append, denoting the empty list, the list constructor, and
the concatenation relation, respectively. Two of these connectives, namely :-
and :: are also used as infix symbols. This specification is only meaningful if
mixfix declarations and type declarations are given for these connectives.

type nil : list A.
type _ :: _ : A -> 1list A -> 1list A {prec 8 r-assoc}.
type append : list A -> list A -> list A -> o.

PAN has a polymorphic type system similar to the type system of ML [7]. In
type declarations, tokens with an initial upper case letter denote type variables.
The type declaration for nil above asserts that for every type A, the symbol nil
is of type (1ist A). The type declaration for _ :: _ asserts that given a term H
of type A, and a term T of type 1ist A, then the term T :: His of type 1list A.
If the target type of a type declaration is o, then the connective is a predicate
symbol. In the above example, append is a predicate symbol that takes three
arguments.

The underbars in connectives like _ :: _ are place holders that indicate
where terms of type A and 1ist A should go, respectively. The precedence at-
tribute prec n tells how tightly a symbol binds. The higher the number the
tighter the symbol binds. The attributes r-assoc and l-assoc tell if a symbol
is right or left associative. Precedence and associativity information is used to
disambiguate the parsing. Notice that the above declarations have introduced
two new constants not in the original specification, namely o and 1ist. These
type constants will need declarations, called kind declarations. Kind declarations
are used to introduce type constructors. An example of kind declaration is:

kind list : type -> type.

Here, 1ist takes a type and returns another type. For example, 1ist (list int)
is the type of a list of lists of integers.

PAN also supports higher orders predicates, i.e. predicates that have other
predicates as arguments. For example:

type map : (A -> B -> o) -> list A -> list B -> o.
map P nil nil.
map P (X :: Xs) (Y :: ¥Ys) :- (P X Y), map P Xs Vs.

The goal (map F Xs Ys) is provable, if Xs and Ys are lists of equal length and
corresponding elements of these lists are related by the predicate P.
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Prolog has various all-solutions predicates (e.g. findall/3), all of them having
semantic problems. PAN has the builtin predicate called solutions. We avoid the
variable scoping problems of most Prolog versions. Rather than taking a goal to
execute and an aliased term holding the resulting value to collect, the predicate
solutions take as input a single higher-order predicate. The declaration of the
predicate solutions is:

type solutions ((A0 -> o) -> (list AO) -> o)

PAN compiler is based on state of the art logic programming compilation
technology [14,18]. The compiler uses several global analyses (mode analyses,
determinism analyses, switch detection, etc) to produce efficient code. It is out of
scope of this article to explain each one of such analyses algorithms. The output
of the PAN compiler is portable C code. Hence, the PAN compiler allows us to
invoke C code from PAN code and vice-versa.

PAN does not have “impure” features like Prolog 2. We avoid the efficiency
problems by using an approach similar to the one found in pure functional lan-
guages [21]. Briefly, the user can decorate the code with uniqueness marks. Such
marks tell the compiler that a given argument of a given predicate can only have
one variable referencing it. As there is only one reference to a given argument,
destructive updates can be safely performed. This safety condition is checked by
the compiler, and if not satisfied produces a warning message. This feature is
used to allow PAN code to invoke C code which performs destructive updates
in a safe way. Figure 2 shows an example of interface between PAN and C code.
The first three lines show how to instruct the compiler to add arbitrary C code
into the produced code. The cdecl declarations tell the compiler that the respec-
tive predicates are implemented by using C code. The marks in and out are
used to indicate which arguments are input or output. The uniqueness marks
are represented by the symbol ung. For instance, the predicate update-array re-
ceives an index, a value and the array that will be updated. The resulting array
is returned in the fourth argument.

The PAN features are extremely useful for specifying the operational seman-
tics of a programming language. The mixfix notation allows us to specify the
abstract syntax of a programming language and to describe the transition rules
in a clear way. For instance, Figure 3 shows part of the abstract syntax definition
of the simple imperative language.

Figure 4 shows part of the translation to PAN of the SOS description of
Figure 1. The symbol |- is an alternative for :- that simplifies the descrip-
tion of SOS rules. It allows us to write a clause as Body |- Head instead of
Head :- Body. The predicate _ -- _ --> _ specifies the transition relation.

4 Implementing Action Notation

Action Notation [8] is a rich algebraic notation for expressing actions, which
are used to represent the semantics of constructs of conventional programming

2 The only non-logical feature of the PAN language is the cut.
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c{{
#include "array.h"

}3C.
kind array : type —-> type.

cdecl create-empty-array : unq out array A -> o {det}

c{{ // C code ... }}C.

cdecl update-array : in int -> in A -> unq in array A ->
unq out array A -> o {det}
C{{ // C code ... }}C.

Fig. 2. Interface with the C language

kind stmt : type.
kind expr : type.

type _ ; _ : stmt -> stmt -> stmt {prec 80 l-assocl}.
type skip : stmt.
type if _ then _ else _ end :

expr -> stmt -> stmt -> stmt {prec 65}.
type while _ do _ end : expr -> stmt -> stmt {prec 70}.

type _ := _ : id -> expr -> stmt {prec 100}.

Fig. 3. Abstract syntax definition
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kind label : type.

kind config : type.

sub stmt : config.

type completed : config.

type _ -- _ -=> _ : config -> label -> config -> o.

S1 -- L --> 8S1°
|-
S1 ; S2 -- L --> S1’ ; S2.

id L
|-
while E do S end -- L --> if E then S ; (while E do S end) end.

(is-val E V), (set-store L ID V)
|-
ID := E -- L --> completed.

Fig. 4. Fragment of language semantics

languages. Such notation is verbose and suggestive, which improves readability
of semantic descriptions.

The performance of an action directly represents information processing be-
havior and reflects the gradual, stepwise nature of computation: each step of an
action performance may access and/or change the current information. Yielders
occurring in actions may access, but not change, the current information.

A performance of an action either: completes, corresponding to normal ter-
mination; or escapes, corresponding to exceptional termination; or fails, corre-
sponding to abandoning an alternative; or diverges.

Action notation consists of several independent parts called facets. AN con-
tains the following facets:

Basic: is used to specify the flow of control in actions;

Functional: is used to specify the flow of the data;

Declarative: is used to specify the scopes of the bindings that are received and
produced by actions;

Imperative: is used to specify the allocation of storage for values of variables;

Reflective: is used to specify procedural abstraction and application;

Communicative: is used to specify message passing.

In our implementation, each facet is coded in an independent PAN mod-
ule. Each module requires some features from the label data structure, i.e.
the label definition module should implement some predicates which provide
the desired services. For example, the basic facet requires the predicates: set-
commitment, get-commitment, set-unfolding, and get-unfolding. Notice that in
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the formal description of action semantics [10], each label provides the opera-
tions set(«, data,d) and get(«, data). In this way, the predicate call

set-commitment (c, committed, o)
used in our description is equivalent to
o = set(a, commitment, committed)

The PAN module action-support (Figure 5) provides the basic definitions
that are used in our implementation. Notice that the predicate _ -- _ -->+
is the transitive closure of the predicate _ -- _ -->

module action-support.

kind action : type.
kind yielder : type.
kind label : type.

// basic label "methods"
type id : label -> o.
type compose : label -> label -> label -> o.

type _ -—— _ -—=> _ : action -> label -> action -> o.

// definition of the transitive closure of _ -- _ --> _
type _ -- _ -->+ _ : action -> label -> action -> o.
type _ -- _ -=> _ : yielder -> label -> yielder -> o.

Al - L —-> A2
| -
Al -- L -->+ A2.

Al -- L1 --> A2, A2 -- L2 -->+ A3, (compose L1 L2 L)

| -
Al -- L —-->+ A3.

Fig. 5. Fragment of the module action-support

The implementation of such modules is almost identical to the formal descrip-
tion of the facets [10]. For example, Figure 6 contains a fragment of the formal
definition of the basic facet. Such fragment was extracted from [10]. As stated
above, it is quite straightforward to code a SOS description in PAN. Figure 7
contains the definition of the abstract syntax tree in PAN. Figure 8 contains
additional definitions. Note that we defined a new predicate called is-terminated
which specifies if an action has been terminated or not. Figure 9 contains the
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implementation of the module. It is clear that such implementation is almost
identical to the formal definition described in Figure 6. The implementation of
the other facets is also straightforward [3].

type Terminated ::= completed | escaped | failed

type Action ::= _ or _(Action; Action) | fail | commit |
_and _(Action; Action) | complete |
indivisibly _(Action) | - and then _(Action;Action) |
unfolding _ (Action) | unfold

sort Terminated | - @ _(Action; Action)

Ay S A Ay S Al
A; or Ay 5 Al or A A or Ay S A or A

completed or As = completed A1 or completed N completed

A 5 AL get(a, commitment) = committed

Al or A2 g A/l

Ay 2 AL get(a, commitment) = committed

Ar or Ay & A

var t : Terminated
A5t

indivisibly A 5 ¢

unfolding A > A @A t@ Ay >t

o' = set(a, unfolding, Ag) A A
A@ A4, > A @ A

get (i, unfolding) = Ao
unfold N Ao

Fig. 6. Fragment of the Basic Facet

The implementation of the label module was also quite simple. Basically, it
contains the context (e.g. transients and bindings), mutable (e.g. storage) and
emitted (e.g. commitment) information. Transients, bindings and storage are
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/] —————————- Abstract Syntax Tree —--—--—--——-----—-

type _ or _ : action -> action -> action {prec 60 l-assoc}.
type _ and _ : action -> action -> action {prec 70 l-assocl}.
type indivisibly _ : action -> action {prec 50 l-assoc}.
type unfolding _ : action -> action {prec 50%}.

type unfold : action.

type diverge : action.

type fail : action.
type complete : action.
type escape : action.
type commit : action.

Fig. 7. Fragment of the abstract syntax tree definition coded in PAN

// values added to the AST

type _ @ _ : action -> action -> action {prec 100 l-assoc}.
type completed : action.

type failed : action.

type escaped : action.

type nothing : yielder.

// auxiliar "method"

type is-terminated : action -> o.
is-terminated completed.
is-terminated failed.
is-terminated escaped.

Fig. 8. Additional definitions
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Al - L --> AY’

Al or A2 ——- L --> A1’ or A2.

A2 -- L --> A2’

Al or A2 —— L --> Al or A2’.

Al - L --> A1’, (get-commitment L committed)
Al or A2 - L -—> A1°.

A2 -- L --> A2’, (get-commitment L committed)
Al or A2 - L --> A2’.

id L, (set-commitment L committed L’)

l;mmit -- L’ --> completed.

A -—- L -—>+ T, (is-terminated T)

l;divisibly A-—-L-->T.

id L

|-

unfolding A -- L --> A @ A.

id L, is-terminated T

$—© A -—-L -->T.

(set-unfolding L AO L’), A -- L’> -—> A’

L-@ A0 -- L --> A’ @ AO.

(get-unfolding L AO)

| -
unfold -- L --> AO.

Fig. 9. Fragment of the Basic Facet coded in PAN
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implemented by using mappings. The performance of our interpreter is improved
by using the C language to implement the mapping data structure.

Notice that was not necessary to implement a parser for action notation,
since the abstract syntax definition was sufficient due to the mixfix capabilities
of the PAN language. For example, if we desire to obtain the result of performing
action

| give 2
then
| give the successor of (the given integer)

we should simply perform the following PAN query

(give 2)

then

(give the successor of (the given integer)) -- L -—>+ T,
is-terminated T.

The label L and the final configuration contains the outcome of the computation,
i.e. transients, bindings and storage. The user may use the predicate display-
results to print such mappings on the screen. It is important to remember that
PAN does not have side effects, therefore we use an approach similar to the one
used in the Haskell [5] language to implement IO. In this way, the signature of
predicate display-results is:

type display-results: unq in io -> unq out io —>
in label -> in config -> o.

The first two parameters represents the state of the “world” (IO devices) before
and after executing the predicate display-results. The uniqueness marks allows
the predicate to perform destructives updates in the “world”, i.e. to print on
the screen.

4.1 Handling the nondeterminism

It is extremely simple to describe nondeterministic and concurrent languages by
using SOS, differently from denotational semantics. Action Notation provides
several nondeterministic combinators such as _or_ and _and_. Therefore, it is
important to define how the nondeterminism will be handled by our interpreter.

We say a language is nondeterministic, when a given state of a given program
written in such language has more than one successor state 3. In other words, a
given program has more than an execution trace. We define trace as a finite or
infinite sequence of states (so, $1,. .., Si,...), where there is a transition from s;
to Si+1-

Thus, one interpreter (simulator) for such kind of language must clearly state
how the successor state is chosen. A naive interpreter always selects a specific

3 We say s’ is a successor of s if there is a transition from s to s’
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trace, and it is not capable of reproducing all possible behaviors of a given
nondeterministic program.

Our implementation provides infrastructure to define different “flavors” of
interpretation starting from the operational semantics. Our framework supports
the following “flavors” of interpretation:

Standard: the successor state is chosen deterministically. The choice is based
on the order in which the rules are described.

Random Selection: the successor state is chosen randomly. For deterministic
languages this “flavor” behaves as the standard interpreter.

Guided: the user chooses the successor state.

Oracle: the user provides a function that chooses the successor state. Notice
that such function may request user interaction in specific points of the
simulation.

Abstractly, all “flavors” described above can be seen as instances of the algo-
rithm described in Figure 10. The only difference is the way the function select
is implemented. It is important to notice that the all possible successors of a
state is obtained by using the builtin predicate solutions.

If desired, the user can also select interpretation algorithms that store the
selected trace during the simulation, saving the history of the computation. We
also provide support for common debugging operations like setting breakpoints
and inspecting the value of program variables. Obviously, none of such features
are described in Figure 10.

interpret (State so)

{

State s = sg;
while (successors(s) # 0)
s = select(successors(s));

Fig. 10. The “abstract” interpretation algorithm

4.2 Interpreting Programs

Although our interpreter may interpret arbitrary actions, it is much more useful
to interpret actions which are denotations of programs. We may use two different
approaches to handle such issue. The first approach uses the actioneer genera-
tor [11]. The actioneer generator is a program that given a semantic description
of a language L, it produces a program P which transforms abstract syntax trees
of programs coded in £ into their denotations (abstract syntax tree ast coded in
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action notation). In order to interpret ast, we must first convert it into a format
of the PAN language. Fortunately, such process is straightforward.

The other approach is similar to the one described in [17]. It is based on
the fact that logic programming languages are extremely useful for applying
programming transformations [19]. The following semantic equations:

execute [ Cy ; Co | = execute C and then execute Cs.
elaborate [var I : T | =

‘allocate a cell

then

‘bind I to the given cell

are coded in PAN as:

type execute [[ _ ]]= _ : Command -> Action -> o.

type elaborate [[ _ ]]= _ : Declaration -> Action -> o.

execute [[ C1 ; C2 ]]= ExecuteCl and then ExecuteC2 :-
execute [[ C1 ]]= ExecuteC1,
execute [[ C2 ]]= ExecuteC2.

elaborate [[ var I : T ]]= (allocate a cell)
then
(bind I to the given cell).

By using such approaches, it is possible to interpret the abstract syntax of
programs coded in a language £. A parser for language £ may be implemented
by using tools such as YACC, allowing us to implement a complete interpreter
for language L. The interpreter coded in PAN may call the generated parser
coded in C.

An interpreter should provide some kind of traceability, i.e. an association
between the abstract syntax tree nodes and the original source code. Such fea-
ture is important if we desire to interact with the interpreter, and to perform
actions such as setting breakpoints and selecting execution traces. Thus, our im-
plementation uses mappings to associate abstract syntax tree nodes with source
code information such as line and column numbers.

5 Future Work (Partial Evaluation)

We are currently developing an automatic partial evaluator for the PAN language
based on the ideas used to implement Miztus 4 [15]. The absence of “impure” fea-
tures in the PAN language avoids several problems found in the implementation
of Mixtus.

Partial evaluation is a program transformation which specializes a program to
a particular context reducing its execution time and, in some cases, its size [6]. A

4 Mixtus is an automatic partial evaluator for Prolog.
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specialization context is defined by assigning values to some subset of a program’s
inputs.

Futamura [4] showed that a partial evaluator applied to an interpreter (for
language X, written in a language Y') given a program will yield a new program
(in language Y'). This is called the first Futamura projection, and is probably
the most useful and widely used aspect of partial evaluation, as the overhead of
the interpreter might be eliminated.

More specifically, consider our interpreter Z for action notation. The inputs
of our interpreter are an action a and an initial state sg (transients, bindings, and
storage). Now, using partial evaluation, we obtain Z, which is a specialization
of 7 with respect to the action a. Notice that, Z, is a PAN program, and our
compiler should be used to convert it in an equivalent C program.

Such process may be used to produce compiled code starting from action
semantics descriptions. A similar approach using Scheme is described in [1].

6 Conclusion

We described a modular interpreter for action notation which was implemented
by using a new logic programming language called PAN. Such interpreter may
be used to obtain action semantics executable specifications.

The interpreter has several features to handle nondeterministic actions, and
it allows the user to explore different execution traces. Such feature is interesting
when handling nondeterministic or concurrent programming language. As far as
we know, previous interpreters and compilers [11,1,12,2] for action notation
are only able to handle deterministic actions, i.e. the nondeterministic action
primitives and combinators are handled (approximated) in a deterministic way.

Due to the modular implementation, new facets may be simply introduced
in our implementation allowing us to extend and modify action semantics. For
example, a new facet seems necessary to provide elegant semantic descriptions
of complex concurrent languages.
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