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Abstract. A semi-visual framework for the specification of syntax and
semantics of imperative programming languages, called Montages, was
proposed in an earlier work by the authors. The primary aim of this
formalism is to assist in recording the decisions taken by the designer
during the language design process. The associated tool Gem-Mex allows
the designer to maintain the specification and to inspect the semantics
to verify whether the design decisions have been properly formalized.
Experience with full-scale case studies on Oberon, Java, and domain
specific languages showed the close relationship to Finite State Machines
(FSMs). This paper gives a new definition of Montages based on FSMs. It
confers to the formalism enhanced pragmatic qualities, such as writabil-
ity, extensibility, readability, and, in general, ease of maintenance.

1 Introduction

The aim of Montages is to document formally the decisions taken during the
design process of realistic programming languages. Syntax, static and dynamic
semantics are given in a uniform and coherent way by means of semi-visual
descriptions. The static aspects of a language are diagrammatic descriptions of
control flow graphs, and the overall specifications are similar in structure, length,
and complexity to those found in common language manuals.

The departure point for our work has been the formal specification of the
C language [10]', which showed how the state-based formalism Abstract State
Machines [8,9,13] (ASMs), formerly called Evolving Algebras, is well-suited for
the formal description of the dynamic behavior of full-blown practical languages.
In essence, ASMs constitute a formalism in which a state is updated in discrete
time steps. Unlike most state-based systems, the state is given by an algebra, that
is, a collection of functions and universes. The state transitions are given by rules
that update functions pointwise and extend universes with new elements. The
model presented in [10] describes the dynamic semantics of the C language by

! Historically the C case-study was preceded by work on Pascal [8], and other lan-
guages, see [5] for a commented bibliography on ASM case studies.



presuming on an explicit representation of control and data flow as a graph. This
represents a major limitation for such a model, since the control and data flow
graph is a crucial part of the specification. Therefore, we developed Montages
which extend the approach in [10] by introducing a mapping which describes
how to obtain the control and data flow graph starting from the abstract syntax
tree.

The formulation of Montages [17] was strongly influenced by some case stud-
ies [16, 18] where the object—oriented language Oberon [26] has been specified.
Montages have been used also in other case studies, such as the specification
of the Java [25] language, the front-end for correct compiler construction [11],
and the design and prototyping of a domain-specific languages in an industrial
context [19]. The experience showed that the underlying model for the dynamic
semantics, namely the specification of a control flow graph including conditional
control flow and data flow arrows and its close relationship to the well known
concept of Finite State Machines, shortens the learning curve considerably. In
this paper a new FSM based definition of Montages is given. Complete references,
documentation and tools can be obtained via [4].

2 Montages

In our formalism, the specification of a language consists of several components.
As depicted in Fig. 1, the language specification is partitioned into three parts.

1. The EBNF production rules are used for the context-free syntax of the spec-
ified language L, and they allow to generate a parser for programs of L.
Furthermore, the rules define in a canonical way the signature of abstract
syntax trees (ASTs) and how the parsed programs are mapped into an AST.
Section 2.1 contains the details of this mapping. In Fig. 1 the dotted arrow
from the EBNF rules visualizes that this information is provided from the
Montage language specification.

2. The next part of the specification is given using the Montage Visual Language
(MVL). MVL has been explicitly devised to extend EBNF rules to finite state
machines (FSM). A MVL description associated to an EBNF rule defines
basically a local finite state machine and contains information how this FSM
is plugged into the global FSM via an inductive decoration of the abstract
syntax trees. To this end, each node is decorated with a copy of the finite
state machine fragment given by its Montage. The reference to descendents
in the AST defines an inductive construction of a global structured FSM. In
Section 2.2 we define how this construction works exactly.

3. Finally, any node in the FSM may be associated with an Abstract State
Machine (ASM) rule. This action rule is fired when the node becomes the
current state of the FSM. As shown in Fig. 1, the specification of these rules
is the third part of a Montages specification.

The complete language specification is structured in specification modules,
called Montages. Each Montage is a “BNF-extension-to-semantics” in the sense
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Fig. 1. Relationship between language specification and instances.

that it specifies the context-free grammar rule (by means of EBNF), the (local)
finite state machine (by means of MVL), and the dynamic semantics of the
construct (by means of ASMs). The special form of EBNF rules allowed in a
specification and the definition of Montages lead to the fact that each node in
the abstract syntax tree belongs exactly to one Montage.

As an example the Montage for a nonterminal with name Sum is shown in
Fig. 2. The topmost parts of this Montages is the production rule defining the
context-free syntax. The remaining part defines static aspects of the construct
given by means of an MVL description. Additionally, the Montage contains an
action rule, which is evaluated after the two operands, i.e. when the control
reaches the sum node.

The definition of Montages usually contains a fourth section which is devoted
to the specification of static analysis and semantics. After working with fixed
traversal orders and non-local attributions, we found that Reference Attribute
Grammars [12] are most suited for our purpose. They allow us to abstract from
the traversal order while not restricting the use of non-local references. The result
of the attribution can be used to define firing conditions in the global FSM.

The combination of attribute grammars for static analysis and semantics is
standard technique. In [12] it is shown how reference attribute grammars define
static properties of an object oriented languages in a simple and concise way.
Further [22] uses a corresponding functional system in combination with ASMs
and shows how to describe static and dynamic aspects of full-blown languages.
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Fig. 2. Montage components.

In contrast to these works, Montages has an elaborated visual formalism for the
specification of sequential control flow by means of FSMs. These aspects are
going to be presented in the next sections.

2.1 From Syntax to AST

In this section, the first step in Fig. 1 is described. As a result of this step
we get the abstract syntax tree of the specified program. But we also compose
the Montages corresponding to the different constructs of the language. This

composition of the partial specifications is done based on the structure of the
AST.

EBNF rules The syntax of the specified language is given by the collection of
all EBNF rules. Without loss of generality, we assume that the rules are given
in one of the two following forms:

Az:=BCD (1)
E =F|G|H (2)

The first form defines that A has the components B, C, and D whereas the
second form defines that F is one of the alternatives F', G, or H. Rules of the first
form are called characteristic productions and rules of the second form are called
synonym productions. We guarantee that each non-terminal symbol appears in
exactly one rule as the left-hand-side. Non-terminal symbols appearing on the
left of the first form of rules are called characteristic symbols and those appearing
on the left of synonym productions are called synonym symbols.

Composition of Montages Each characteristic symbol and certain terminal
symbols define a Montage. A Montage is considered to be a class® whose in-
stances are associated to the corresponding nodes in the abstract syntax tree.

2 In this context we consider class to be a special kind of abstract data type, having
attributes and methods (actions) and, most important for us, where the notion of
sub-typing and inheritance are predefined in the usual way.



Symbols in the right-hand side of a characteristic EBNF rule are called (direct)
components of the Montage, and symbols which are reachable as components of
components are called indirect components. In order to access descendants of a
given node in the abstract syntax tree, statically defined attributes are provided.
Such attributes are called selectors and they are unambiguously defined by the
EBNF rule. In the above given rule, the B, C, and D components of an A in-
stance can be retrieved by the selectors S-B, S-C, and S-D. In Fig. 3 a possible
representation of the A-Montage as class and an abstract syntax tree (AST)
with two instances of A and their components are depicted.

class A
attributes
S-B of type B
S-C of type C
S-D of type D ni€A

methods S-B S-D
static-semantics s

dynamic-semantics ng€B nz€C ng€D

ngEA

S-B S-D
S-C

ngEB npeC ng€D

AST

Fig. 3. Montage class A, instances in the AST, selectors S-B, S-C, S-D

Synonym rules introduce synonym classes and define subtype relations. The
symbols on the right-hand-side of a synonym rule can be further synonym classes
or Montage classes. Each class on the right-hand-side is a subtype of the intro-
duced synonym class. Thus, each instance of one of the classes on the right-hand
side is an instance of the synonym class on the left-hand-side, e.g. in the given
example, all F-, G-, and H-instances are E-instances as well. In the AST, each
inner node is an an instance of arbitrarily many (possibly zero) synonym classes
and of exactly one Montage.

Terminals, e.g. identifiers or numbers, do not correspond to Montages. The
micro-syntax can be accessed using an attribute Name from the corresponding
leaf node. The described treatment of characteristic and synonym productions
allows for an automatic generation of AST from the concrete syntax given by
EBNF, see also the work in [21].

Induced structures Inside a Montage class, the term self denotes the current
instance of the class. Using the selectors, and knowledge about the AST, we can
build paths w.r.t. to self. For instance, the path self.S-B.S5-H.S-J denotes a node
of class J, which can be reached by following the selectors S-B, S-H, and then



S-J, see Fig. 4. The use of such a path in a Montage definition imposes a number
of constraints on the other EBNF rules of the language. The example self.S-B.S-
H.S-J requires that there is a B component in the Montage containing the path.
Further, every subtype of B must have an H component, and every subtype of
H must have an J component. In other words, the path self.S-B.S-H.S-J must
exist in all possible ASTs.

imposed constraints:

A :=BCD B=B1|B2]|...
Blu=...H...
meA B2:=... H.
self.S-B.S-H.S-J s.B .-
H =H1|H2|
no€B, ... Hl o=...J.
=...J.

H2 ::
KI
ng€H, ...
/‘S‘-J
nio€J, ... AST

Fig. 4. Montage A using path self.S-B.S-H.S-J, situation in AST, and constraints on
EBNF rules of B, H.

Example As a running example we give a small language S. The expressions
in this language potentially have side effects and must be evaluated from left
to right. The atomic factors are integer constants and variables of type integer.
The start symbol of the EBNF is Expr, and the remaining rules are

Expr =  Sum | Factor

Sum == Factor “4+” Expr
Factor = Variable | Constant
Variable == Ident

Constant ::= Digits

The following term is an S-program:
2+x+1

As a result of the generation of the AST we obtain the structure represented
in Fig. 5. In particular, the nodes from 1 to 8 represent instances of the Montage
classes and the edges point to the successors of a particular node. The edges
are labeled with the selector functions which can be used in the Montage corre-
sponding to the source node to access the Montage corresponding to the target
node. The nodes themselves show the class hierarchy starting from the synonym
class and ending with the Montage class. The leaf nodes contain the definition
of the attribute Name, i.e. the micro-syntax.
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Fig. 5. The abstract syntax tree and composition of Montages for 2 + x + 1

2.2 From AST to Control Flow Graphs

According to Fig. 1, the next step in building the data structure for the dynamic
execution is the inductive decoration of the AST with a number of finite state
machines. Again, this process is described rather informally here.

As we have seen in Fig. 2, the second part of a Montage contains the neces-
sary specifications given in form of the Montage Visual Language (MVL). The
Montages for the productions Variable and Constant are given in Fig. 6. Two
kinds of information are represented in the second part of a Montage: (a) the
local state machine to be associated to the node of the AST and (b) informa-
tion on the embedding of this local state machine. Using our running example,
Fig. 7 just represents the MVL sections of the Montages as they are associated
to the corresponding nodes of the abstract syntax tree. The hierarchical state
transition graph resulting from the inductive decoration is shown in Fig. 8 for
the running example.

Variable ::= Ident Constant ::= Digits

1= > looknp - T - >CaotValie > >

@lookup:
value :=
CurrentStore(S-Ident.Name)

@set Value:
value := S-Digits.Name

Fig. 6. The Montages for the language S.
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Fig. 7. The finite state machines belonging to the nodes.

Montage Visual Language Now, the elements of the MVL and their seman-
tics can be described as follows:

There are two kinds of nodes. The oval nodes represent states in the gener-
ated finite state machine. These states are associated to the AST node cor-
responding to the Montages. The oval nodes are labeled with an attribute. It
serves to identify the state, for example if it is the target of a state transition
or if it points to a dynamic action rule.

The rectangular nodes or boxes represent symbols in the right hand side of
the EBNF rule and are called direct components of a Montages, see Section
2.1. They are labeled with the corresponding selector function. Boxes may
contain other boxes which represent indirect components. This way, paths
in the AST are represented graphically.

The dotted arrows are called control arrows. They correspond to edges in
the hierarchical state transition graph of the generated finite state machine.
Their source or target can be any box or oval. In addition, their source or
target can be either the symbol I (I stands for initial) or T (T stands for
terminal), respectively. In a Montage, at most one symbol of each, I and T,
is allowed. If the I symbol is omitted, the states of the Montage can only be
reached using a jump, if the 7" symbol is omitted, the Montages can only be
left using a jump.

As in other state machine formalisms (such as Harel’s StateCharts), pred-
icates can be associated to control arrows. They are simply terms in the
underlying ASM formalism and are evaluated after executing the action rule
associated to the source node. Predicates must not be associated to control
arrows with source I.

There are additional notations not used in this paper — for example data
flow edges representing the mutual access of data between Montages and box
structures representing lists in an effective way. Moreover, in this section of a
Montage, one may specify further action rules to be performed in the static
analysis phase, for example building up data structures necessary for the
static and dynamic semantics.
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Fig. 8. The constructed hierarchical finite state machine.

It remains to show how the hierarchical finite state machine, for example

Fig. 8 is built and how its dynamic semantic is defined.

Hierarchical FSM Building the hierarchical FSM is particularly simple. The
boxes in the MVL are references to the corresponding local state transition
graphs. Remember that nested boxes correspond to paths in the AST. Therefore,
there are references to children only, i.e. to other state transition graphs along
the edges of the AST. After resolving the references, a representation as in Fig. 8
is obtained.

Dynamic Semantics After the static analysis phase action rules are executed
which define the dynamic semantics of the language.

States of the finite state machines are visited sequentially.

The action rule associated to a visited state is executed. The specification
of these actions is based on the ASM formalism

The control is passed to the next state along a control arrow whose predicate
evaluates to true. The control predicate, i.e. a term in the ASM formalism,
is evaluated after executing the action associated to the source node.

If there is more than one possible next state, the system behaves like a
nondeterministic FSM. Up to now we did not use nondeterministic FSMs.
If the target of a control arrow is a 7', then a control arrow leaving the
corresponding box in the enclosing parent state machine is followed. The
term parent refers to the partial ordering of local state machines as imposed
by the AST.

If the target of a control arrow is a box, the corresponding local state machine
corresponding to it is entered via the symbol I.

More formally, the arrows from I and to the T symbols define two unary

functions, Initial and Terminal denoting for each node in the AST the first,
respectively last state that is visited. According to the above description, the
inductive definition of these functions is given as follows.

For each state s in the finite state machines,

s.Initial = s (3)

s.Terminal = s (4)



and for each instance n of a Montage N whose MVL-graph has an edge from I
to a component denoted by path tgt,

n.Initial = n.tgt.Initial

and for each instance m of a Montage M whose MVL-graph has an edge from a
component denoted by path src to T,

m.Terminal = m.src. Terminal

Using these definitions, the structured finite state machine can be flattened.
The arrows of the flat finite state machine are given by the following equations
defining the relation ControlArrow. For each instance n of a Montage N and
each edge e in the MVL-graph of N,

ControlArrow(n.src. Terminal, n.tgt. Initial)) = true

where src is the path of the source of e and tgt is the path of the target of e.

Fig. 9. The flat finite state machine and its relation to the AST.

Applying these definitions to the running example results in the flat state
machine of Fig. 9. In the same figure the dotted lines denote the relation of a state
to its corresponding Montage, which is accessible as self. Using the Montages
shown in Figs. 2 and 6 and their action rules, we can track how the ASM rule
associated with the add states can access the AST-nodes of its left and right
arguments as self.S-Factor and self.S-FExpr. The results of calculations performed
by the actions are stored in the additional attributes wvalue. The add action
accesses the values of its arguments using the selectors, and defines its own
value field to be the sum of the arguments. Assuming that CurrentStore maps
x to 4, the execution of the flat or structured finite state machine sets the value
of node two to the constant 2, sets the value of node five to the current store at
x, sets the value of node six to 1, sets the value of node three to the sum of 4
and 1, and finally sets the value of node one to the sum of 2 and 5.



3 Gem-Mex: The Development Environment for
Montages

The development environment for Montages is given by the Gem-Mex tool [2,
3]. The intended use of the tool Gem-Mex is, on one hand to allow the de-
signer to ‘debug’ her/his semantics descriptions by empirical testing of whether
the intended decisions have been properly formalized; on the other hand, to
automatically generate a correct (prototype) implementation of programming
languages from the description, including visualization and debugging facilities.

Gem-Mex is a system which assists the designer in a number of activities
related with the language life cycle, from early design to routine programmer
usage. It consists of a number of interconnected components

— a specialized graphical editor allows to enter and manipulate Montages in a
convenient way;

— frames for the documentation of the specified languages are generated auto-
matically;

— the Montages executable generator (Mex) generates a correct and efficient
interpreter of the language;

— the generic animation and debugger tool visualizes the static and dynamic
behavior of the specified language at a symbolic level; source programs writ-
ten in the specified language and user-defined data structures can be ani-
mated and inspected in a visual environment.

3.1 Generation of Language Interpreters

Using the formal semantics description given by the set of Montages and a num-
ber of ADTs, the Gem-Mex system generates an interpreter for the specified lan-
guage. The core of the Gem-Mex system is Aslan [1], which stands for Abstract
State Machine Language and provides a fully-fledged implementation of the
ASM approach. Aslan can also be used as a stand-alone, general purpose ASM
implementation. The process of generating an executable interpreter consists of
two phases:

— The Montages containing the language definition are transformed to an in-
termediate format and then translated to an ASM formalization according
to the rules presented in the previous Sections.

— The resulting ASM formalization is processed by the Aslan compiler gener-
ating an executable version of the formalization, which represents an inter-
preter implementing the formal semantics description of the specified lan-
guage.

Using Aslan as the core of the Gem-Mex system provides the user the possibility
to exploit the full power of the ASM framework to enrich the graphical ASM
macros provided by Montages with additional formalization code.



3.2 Generation of Visual Programming Environments

Besides pure language interpreters, the Gem-Mex system is able to generate
visual programming environments for the generated ASM formalization of the
programming language semantics®. This is done by providing a generic debugging
and animation component which can be accessed by the generated executable.
During the translation process of the Montages/ASM code special instructions
are inserted that provide the information being necessary to visualize the exe-
cution of the formalization. In particular, the visual environment can be used
to debug the specification, animate the execution of it, and generate documents
representing snapshots of the visualization of data structures during the execu-
tion. The debugging features include stepwise execution, textual representation
of ASM data structures, definition of break points, interactive term evaluation,
and re-play of executions.

3.3 Library of Programming Language Features

A concept for providing libraries of programming language features is currently
under development. With this concept is shall be possible, to reuse features of
programming languages that have already been specified in other Montages. Ex-
amples for this kind of features are arithmetic expressions, recursive function call,
exception handling, parameter passing techniques, standard control features etc.
The designer of a new language can then import such a feature and customize it
according to his or her needs. The customization may range from the substitu-
tion of keywords up to the selection among a set of variants for a certain feature,
like different kinds of inheritance in object-oriented languages, for example. In
the Verifix project [11], a number of reusable Montages has been defined with the
intention to reuse not only the Montages but as well an associated construction
scheme for correct compilers.

4 Related Work

Denotational semantics has been regarded as the most promising approach for
the semantic description of programming languages. But its problems with the
pragmatics have been discovered already in case studies of the scale of Pascal and
C [23]. Moreover domain definitions often need to be changed when extending
the language with unforeseen constructs, for instance a change from the direct
style to the continuation style when adding gotos [20].

Other well known meta-languages for specifying languages are Natural Se-
mantics [14], ASF+SDF [24], and Action Semantics [20]. For somebody knowing
mathematical logic, Natural Semantics are pretty intuitive and we used it for
the dynamic semantics of Oberon [15]. Although we succeeded due to the excel-
lent tool support by Centaur [7], the result was much longer and more complex

% This feature is again available to all kind of ASM formalizations implemented in
Aslan not only to those generated from a Montages language specification



then the Montages counterpart given in [18], since one has to carry around all
the state information in the case of Natural Semantics. Similar problems exist
if ASF+SDF is applied to imperative languages. Action Semantics solves these
problems by providing standard solutions to the main concepts used in pro-
gramming languages. Unfortunately the set of standard solutions is not easily
extendible.

Using ASMs for dynamic semantics, the work in [22] defines a framework
comparable to ours. For the static part, it proposes occurrence algebras which
integrate term algebras and context free grammars by providing terms for all
nodes of all possible derivation trees. This allows such an approach to define all
static aspects of the language in a functional algebraic system. Since reference
attribute grammars [12] correspond to occurrence algebras the static aspects of
our formalisms are almost identical to those in [22].

None of the discussed approaches uses visual descriptions of control flow
and none of them supports structuring of all specification aspects in a vertical
way, e.g. in self-contained modules for each language construct. This way of
structuring is novel with respect to existing frameworks, as far as we know. In
combination with refinements of involved semantic functions, and renaming of
the vocabulary, it allows to reuse large parts of language specifications directly
in other specifications. Programming language specifications can be presented
as a series of sub-languages, each reusing its predecessor and extending it with
new features. This specification structure has been used in ASM case studies [6,
10] and was adapted to the Montages case study of Oberon [18]. Our experience
with Montages shows, that such sub-languages are useful, working languages,
that can be executed, tested, and explained to the user in order to facilitate
understanding of the whole language. The design and prototyping of a language
is much more productive if such a stepwise development and testing is possible.
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