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(57) Abstract: A computer-implemented method for translating computer programs from a source language into a target language
comprises translation of a first abstract syntax tree (AST) representing the source language program into a second AST representing
the target language program. Translation of the first AST is achieved through applying translation rules. The first AST is a graph
typed over a type graph representing the source language grammar, whereas the second AST will be a graph typed over a type graph
representing the target language grammar. Fach translation rule, when applied, yields a substructure of the second AST, which is in
accordance with the target language grammar, i.e. after each translation step, the graph generated on the target side is typed over the
target language type graph. The translation rules, which are triple rules, also build a correspondence graph between the first AST and
the graph built on the target side.
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COMPUTER-IMPLEMENTED METHOD FOR COMPUTER PROGRAM
TRANSLATION

Technical field

[0001] The present invention generally relates to software translation, i.e. to the
transfer of source code available in one programming language to corresponding

source code of another programming language.

Background Art

[0002] System migration is an important but complex task, especially for
enterprises that are highly depending on the reliability of their running systems.
Such system migrations often involve the need for translating computer code
written in a first programming language into a second programming language
(more) compatible with the new system to be set up. Software translation may also
be desirable out of other considerations. Irrespective of the reasons for migration,
from an application point of view, several requirements have to be met. These
include, e.g., automation, usability, maintainability, and, most importantly,
reliability, which means that the translated computer code shall not alter the

original behaviour of the software.

[0003] Up to now, this problem was addressed based on manually written
converters, parser generators, compiler-compilers or meta-programming

environments using term rewriting or similar techniques.

Technical problem

[0004] It is an object of the present invention to provide an improved method for
translation of computer programs, which facilitates validating the translation
routines and thus contributes to achieving a high level of fidelity, precision and

correctness. This object is achieved by a method as claimed in claim 1.

General Description of the Invention

[0005] The method for translating computer programs from a source
programming language into a target programming language is implementable by

computer and comprises the translation of a first abstract syntax tree (AST)
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representing the computer program in the source language into a second AST
representing the computer program in the target language. The translation is
achieved by executing a model transformation based on triple graph grammars.
Specifically, the translation of the first AST comprises providing a set of predefined

translation rules, of which each translation rule, when applied, results in

o generation of a substructure (i.e. a set of one or more nodes and/or one or
more edges) of the second AST, the substructure of the second syntax tree
being a translation of a predefined specific substructure of the first AST,;

o generation of a correspondence indicator indicative of correspondence
between the substructure of the first AST and the generated substructure of
the second AST; and

o associating with the substructure of the first AST a marking indicating that

the substructure of the first AST has been translated.

Each translation rule is associated with an applicability condition, the applicability
condition defining which substructure of the first AST and which substructure of
the second AST and which correspondence indicator is a prerequisite for applying
the translation rule. The translation of the first AST further comprises attempting to
apply a translation rule of the set of translation rules, the attempting comprising
checking whether the applicability condition of the translation rule is satisfied, and,
if the applicability condition is satisfied, applying the translation rule, or, if the
applicability condition is not satisfied, attempting to apply another translation rule

of the set of translation rules.

[0006] As will be appreciated, the translation of the first AST into the second AST
is achieved by executing a model transformation based on triple graph grammars

(TGGs), eventually yielding the AST of the target language.

[0007] Basic concepts of triple graphs are provided in the following. A triple graph
G is an integrated model consisting of a source model, a target model and explicit
correspondences between them. More precisely, it consists of three graphs Gs, G,
and Gy, called source, correspondence, and target graph, respectively, in

combination with two mappings (graph morphisms) s,:G° —G® and

t,:G° — G". Attribute values of nodes and edges are defined as links to the
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actual values according to [EEHP09, EEPTO06]. The two mappings in G specify a
correspondence relation between elements of G° and elements of G”. Triple graph

morphisms m:G=(G*,G°,G")—>H=(H*,H ,H") [Sch94] specify mappings
between triple graphs and consist of three graph morphisms, m®:G® — H?,
m¢:G° = H and m" :G" — H", that preserve the associated correspondences,
i.e., the diagrams below commute (diagrams are said to commute if all directed

paths in the diagram with the same start and endpoints lead to the same result by

composition of the corresponding morphisms).

PR I w0 o N
G= (G -G =G
m . omS . wcd ‘ )T:‘T\:’_
H = (HS S HE H! )
iH T

[0008] Triple graphs are “typed over” a type triple graph 7G by a triple graph

morphism #ype. :G — TG, such that TG plays the role of a metamodel. It is

required that morphisms between typed triple graphs preserve the typing. For
TG =(IG* < TG - TG"), VL(TG), VL(TG®) and VL(TG") denote the classes of all
graphs typed over TG, TG® and TG', respectively.

[0009] A triple rule t=(t*,tr“,tr")is an inclusion of triple graphs, represented

L—R. It specifies how a given consistent integrated model (triple graph) can be
extended simultaneously on all three components, yielding again a consistent
integrated model. A triple rule is applied to a triple graph G via a match morphism
m:L— G, resulting in the triple graph H, where L is replaced by R in G. This
means that match morphism m specifies an occurrence of the left hand side L of
rule tr within G, where m maps each element (node, edge, or attribute) in L to an
element in G. This mapping is consistent with typing and the internal graph
structure. The transformation step may be defined by a pushout diagram [EEPTO0G]

tr,m

and it may be denoted by G= H . Triple rules may be extended by negative
application conditions (NACs) for restricting their application to specific matches
[EEHPO09, HEGO10].
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[0010] A triple graph grammar 7GG =(TG,S,TR) consists of a type triple graph

TG, a start triple graph S and a set TR of triple rules, and generates the triple graph
language VL(TGG) c VL(TG) containing all consistent integrated models.

[0011] The first AST mentioned hereinabove is a graph typed over a type graph
representing the grammar of the source programming language, whereas the
second AST (to be generated) will be a graph typed over a type graph
representing the grammar of the target programming language. Each translation
rule, when applied, yields a substructure of the second AST, which is in
accordance with the grammar of the target language, i.e. after each translation
step, the graph generated on the target side (i.e. the second AST in construction)
is typed over the type graph representing the grammar of the target language. The
correspondence indicators generated by the translation rules form a
correspondence graph between the first AST and the graph built on the target
side. The translation rules used for translating the first AST into the second AST
are thus triple rules. A translation rule is only applicable if the triple graph
(comprising the first AST, the correspondence graph formed by the
correspondence indicators, and the graph being built on the target side) generated
till the current step provides an occurrence of the left hand side (LHS) of the
translation rule. In this regard, it shall be noted that the “left hand side” of a graph
production rule (in particular of a translation rule) designates the context graph (i.e.
the graph on which the rule is applicable), whereas the “right hand side” (or RHS)
designates the graph resulting from the application of the rule. Elements appearing

only on the RHS of a rule form the “produced graph”.

[0012] To ascertain that each element (node edge or attribute) or substructure of
the first AST is translated only once, each translation rule, when applied,
generates a marking indicating that the element or substructure of the first AST
has already been translated. Before a translation rule is applied (again) it is first
checked whether the substructure that it would translate has not yet been
translated. Only if the translation marker is absent may the translation rule be
applied. In other words, the presence of the translation marker may be considered
as a NAC.
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[0013] The present method provides an efficient tool for ensuring that the
individual translation rules together form a consistent set which correctly translates
any computer code which is well-formed (syntactically correct) under the grammar
of the source programming language. The method furthermore facilitates ensuring
the syntactical correctness of the graph generated on the target side, since the
translation rules enforce conformity of the substructure of the second AST with the
type graph representing the grammar of the target programming language.
Nonconformity of a translation rule can be easily detected at the draft stage. The
method also helps to guarantee the completeness of the translation because
residual untranslated elements of the first AST have neither an associated
translation marker nor a correspondence indicator. Since each translation rule
establishes a one-to-one correspondence between a substructure of the first AST
and a substructure of the second AST, the desired behaviour of each substructure
can be validated. Syntactical correctness of the complete program in the target
language is then guaranteed through the compliance with the grammar of the
target language and the correct behaviour of the complete program can be
inferred from the validation of the substructure translation rules. Once a complete
set of translation rules has been defined, each translation of a specific computer
program available in the first programming language can be executed fully

automatically, without requiring user interaction during the translation itself.

[0014] According to a preferred embodiment of the invention, the method
comprises parsing the source computer program so as to generate the first AST.
Parsing is executed by a parser using the grammar of the source language

provided in a convenient format.

[0015] Preferably, the method comprises serializing (inverse parsing) the second
AST. Serialization uses the grammar of the target language.

[0016] Prior to attempting to apply the translation rules (i.e. in a so-called
initialization phase), the first abstract syntax tree is preferably extended with
additional elements (nodes, edges and/or attributes) that may be used during the
translation phase. For instance, during the initialization phase, one or more
identifiers may be inserted into the first AST, in such a way as to disambiguate
different instances of a same statement. Such identifiers are especially useful on
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elements of the first AST, the translation of which involves the ad-hoc naming of a
construct (node, edge, attribute and/or a more complex AST substructure) in the
second AST. Such situations may arise, for instance, if the substructure in the
second AST is more complex than its antecedent in the first AST and involves the
generation of nodes, edges and/or attributes, which, individually, have no direct
counterpart in the first AST. Translation rules translating such substructure of the
first AST preferably take the identifiers to name constructs within the substructure
of the second syntax tree.

[0017] According to a preferred embodiment of the invention, during the
initialization phase, (e.g. Boolean-valued) translation attributes are inserted into
the first AST, each translation attribute being associated with a node or an edge of
the first AST and each translation attribute being initialized with a value indicating
that the associated node or edge has not yet been translated. In this case, the
action of associating of a marking with a substructure of the first AST being
translated comprises giving the translation attributes of any node and edge of the
substructure of the first AST a value indicating that the associated node or edge

has been translated.

[0018] The action of checking the applicability condition associated with a
translation rule is preferably carried out as a pattern matching step. Before a
specific substructure can be translated by application of the corresponding
translation rule, all information needed for the correct translation must be
available, especially in the target graph. Through checking the applicability
condition of each rule, it is made sure that a certain substructure is ready for
translation. Intuitively, the translation of a parent node of the first AST requires that
any child node of that parent node has been translated previously (unless parent
and child node belong to a substructure, which is always translated as a whole) in
order for the translation rule to be able to link the translated child node to the
translated parent node with an appropriate edge. From this it follows that certain

translation rules may typically be executed earlier than others.

[0019] This is advantageously used for runtime optimization of the translation.
The most inefficient part in graph transformation is the matching phase, i.e.,
finding an occurrence of the left hand side of a translation rule within the current
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host graph. The basic approach to the execution of a model translation via TGGs
is to take the complete set of translation rules and apply them as long as possible.
Thus, for each translation step, the search for the next rule to apply can be very
inefficient, since, in the worst case, all rules have to be checked for valid matches
until a valid match is found. The translation rules are thus preferably distributed in
at least a first and a second subset of the set of translation rules. During the
translation phase, it is then attempted to apply translation rules of the second
subset of translation rules only if the applicability condition of each of the
translation rules of the first subset of translation rules is no longer satisfied. The
first subset comprises the translation rules that are applied first. Among these
translation rules are preferably those, which translate terminal nodes of the first
AST into terminal nodes of the second AST. The rules of the second subset are
only translated after those of the first subset have been exhaustively applied.
Among the translation rules of the second subset are preferably those, which
translate residual non translated edges of the first AST into edges of the second
AST. It is worthwhile noting that there may be more than two classes (subsets) of
translation rules, which are applied one after the other. For software translation,
there are usually several translation rules that show cyclic dependencies. This is
the case for example for translation rules concerning expression structures. When
distributing the translation rules into the different subsets that determine the order
of their application during the translation, the translation rules are preferably
analyzed according to their potential dependencies. This includes the case of rules
that have application conditions. The automatic dependency analysis may e.g. be
performed using the tool AGG, e.g. its critical pair analysis engine. If there are
cyclic dependencies, then all rules involved in one cycle are placed in one group
(subset). Rules that do not belong to a cycle are placed in a separate group. All
resulting groups are ordered according to the dependency relation on the rules.
The execution of the translation is then preferably performed as follows: start with
the first subset and iterate over all subsets according to the dependency order of
the subsets; apply the rules of the current subset as long as possible until no rule
of this subset is applicable.

[0020] Model translation based on TGGs may encounter efficiency problems that

are caused by defining translation rules that translate a graph node together with
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all possible attribute values. The problem concerning efficiency is that for each
combination of possible attribute values, one may need to define a separate
translation rule. Therefore, the amount of rules increases. Moreover, if some
attribute values are not mandatory in the corresponding model domain, some rules
may need to be extended with additional application conditions (in particular, with
negative application conditions). Application conditions are likely to increase the
complexity for the matching process, making it less efficient. Therefore, in
accordance with a preferred embodiment of the invention, if several rules are used
to translate one node type together with the contained attributes, then these rules
are replaced by a set of rules that translate each attribute and the node separately.
The resulting rules are potentially smaller in size and amount. This reduces the

amount of execution time needed for the matching and execution.

[0021] Model translation based on TGGs may apply the translation rules directly
to the given input model. In some cases, however, it may be important to preserve
the ordering of elements from the source domain model and to propagate the
ordering to the resulting output model in the target domain. If the ordering needs to
be preserved in the target domain to avoid corruption of the resulting output
model, the ordering of elements is preferably rendered explicit in the input model
by explicit edges connecting a predecessor with its successor node. According to
a preferred embodiment of the invention, a pre-processing phase may be carried
out, during which the graph representation of the input model (which is the
abstract syntax tree to be translated) is traversed. The pre-processing preferably
creates a link from each parent node to the first child node. Additional links
between all child nodes may be created to obtain an explicit list structure. This
structure can be a doubly linked list (next and previous pointers) to improve
efficiency for matching. Additionally, if the child lists are grouped in several node
types, further pointers can be created to mark the beginning of the sub lists. The
extended input model is then used for the translation. The translation rules use the
additional explicit links to specify the order between the elements that is
propagated to the target domain. As an alternative to this pre-processing, one
could extend the graph transformation tool in the matching component and the
user interface to allow for the explicit specification of ordering information between

rule elements. However, this would come at the cost of reduced efficiency of the
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matching engine and the translation rules would need additional application
conditions to specify that an element has either no predecessor or no successor.
This would most probably slow down the translation engine as well.

[0022] A further aspect of the present invention relates to a computer program
comprising computer-executable instructions, which when executed by a
computer, cause the computer to implement a method as described herein.
Another aspect of the invention relates to a data processing installation comprising
a memory and a processor, the memory having stored therein instructions
executable by the processor, which when executed by said processor, cause the
processor to implement a method as described herein and to produce output data
representing the translated computer program, i.e. the computer program in the
target language.

Brief Description of the Drawings

[0023] A preferred embodiment of the invention will now be described with
reference to a compact running example relating to the translation from one very
simple programming language to another. The running example is illustrated by
the accompanying drawings in which:

Fig. 1 is a block schematic diagram of a preferred method for translating computer

code from one programming language to another;

Fig. 2 is an illustration of the grammar of the source programming language of the

example;
Fig. 3 is an illustration of the EMF model corresponding to the grammar of Fig. 2;

Fig. 4 is an illustration of the abstract syntax tree corresponding to the example

computer program in the source language;

Fig. 5 is an illustration of the grammar of the target programming language of the

example;
Fig. 6 is an illustration of the EMF model corresponding to the grammar of Fig. 5.

Fig. 7 is a block schematic diagram illustrating different sub-phases of a preferred

AST conversion process;
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Fig. 8 is a representation of the initialization rules used in the translation example;

Fig. 9 is a representation of a first part of translation rules used in the translation

example;

Fig. 10 is a representation of a second part of translation rules used in the

translation example;

Fig. 11 is a representation of a third part of translation rules used in the translation

example;

Fig. 13 is a representation of the refactoring rules used in the translation example;
Fig. 14 is an illustration of the abstract syntax tree corresponding to the example
computer program in the target language.

Description of Preferred Embodiments

[0024] Introduction of an example translation

[0025] The running example is based on the two simple programming languages
“Lrepeat. (sOuUrce domain) and “Lwhie” (target domain). The example program, which
will be referred to hereinafter, is the following:

1 I# “myloop” #/

2 REPEAT

3 READ a

4 READ b

5 READ c

6 UNTIL  ((a EQ b) AND
7 (b EQc))

[0026] Language Lrepeat cONtains logical expressions (comparisons EQ of two
variables, composed by connectives AND, OR, NOT and grouped by
parentheses), assignments (:=) to variables, READ statements and comments
(/#...#]).

[0027] The example program is to be translated into language Lunie, Which
contains conditions with connectors && (logical AND), || (logical OR), ! (logical
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negation), variables, comparisons (==), assignments to variables (=), input()
functions and comments (/#...#/). Liepeat furthermore allows defining and calling

functions without parameters.

[0028] The main task is to translate REPEAT-UNTIL-loop structures into while
structures. It has to be taken into account that, whereas the termination condition
of a REPEAT loop is checked after executing the loop body, the termination
condition of a while loop is checked before. It must also be taken into account that
loops can be nested.

[0029] The main idea for the translation from Liepeat t0 Lunie @ccording to the
example program is to create a while loop in the target domain for each REPEAT
loop occurring in the given source code in Liepeat. IN Order to preserve the
semantics of the REPEAT loop, the translated loop body has to appear once
before the translated loop to ensure at least one execution of the body (as in the
source programming language). In order to avoid code duplication, the body of the
loop is encapsulated in an external function, which will be called at the appropriate
places, i. e., before starting the while loop and within the body of the same loop. In
this example, the function name is generated out of the prefix “ f* extended by
user comments, which are placed directly below the REPEAT statement in the
source language, or extended by an automated numbering created during a so-
called initialisation phase.

[0030] Furthermore, the translation will refactor the source code in the target
domain by applying De Morgan laws in order to evaluate the negated condition
into a simpler statement. The resulting desired source code of the translation
including is the following:

1 I# “myloop” #/

2 def fO() {

3 a = input() ; b = input() ; ¢ = input() ;
4 1

5 _f0();

6 while((!(a ==b) || (b ==¢))) {
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7 _f00;}

[0031] Phases of the translation

[0032] The solution concept in Fig. 1 illustrates the successive steps of the
translation. Software written in the source language is parsed, resulting in a first
AST that represents the whole source code (phase 1). In the second phase (AST
conversion), graph transformation rules are applied to the first AST, yielding a
graph that contains an AST (second AST) of the program in the target language.
This phase comprises of three sub-phases, which will be addressed in more detalil
hereinafter. The last phase is the serialisation of the second AST, whereby the

corresponding source code in the target language is generated.

[0033] The software translation is preferably based on the Eclipse Modeling
Framework (EMF) tools Xtext [Xte12] and Henshin [Hen11]. Xtext supports the
syntax specification of textual domain specific languages (DSLs), in particular of
programming languages. Based on the Extended Backus-Naur Form (EBNF)
grammar specification of a DSL, the Xtext framework may generate the
corresponding parser and serialiser. Henshin is an Eclipse plugin supporting the

visual specification and execution of EMF transformation systems.

[0034] Grammar of the source language

[0035] Fig.2 shows the Xtext grammar of language Lrepeat. Based upon this
grammar, Xtext is able to generate a parser (and a serialiser) based on the Eclipse
Modeling Framework (EMF). Fig. 3 represents the EMF model of language Lepeat.
Each production rule of the Xtext grammar (Fig. 2) is mapped to a node in the
EMF model in Fig. 3 with the non-terminal of the left hand side (LHS) as name.
Each labelled non-terminal symbol on the right hand side (RHS) of a rule is
mapped to an edge in the EMF model with the label as name, the node of the rule
as source and the node of that rule which is referenced by the non-terminal as
target. Each unlabelled non-terminal symbol on the RHS of a rule is mapped to an
inheritance relation in the EMF model with the node of the rule as source and the
node of that rule which is referenced by the non-terminal as target. The last rule of
the Xtext grammar depicted in Fig. 2 specifies an abstract node type “Source”,
which allows reducing the amount of TGG rules required for the translation.
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[0036] Given an input file of the source language, the parser yields an EMF
instance conforming to the EMF model of the source language, which is contained
in the generated parser plugin. Additionally, the parser checks that the input
source code is well-formed (i.e. in conformity with the provided grammar). After
parsing the source code in language Liepeat, USING the generated Xtext parser
plugin, one obtains the first AST, illustrated in Fig. 4. The first AST is a concrete
graph typed over the EMF model (type graph) of language Lrepeat Shown in Fig. 3.
The first AST is used as input for the AST conversion, leading to an AST (the

second AST) of the target domain language Luhile-

[0037] Grammar of the target language

[0038] Fig. 5 shows the Xtext grammar, Fig. 6 the EMF model (type graph) of

language Luyhie-

[0039] The first line of the grammar defines its name and specifies the import of
additional terminal production rules “ID” and “STRING” from grammar
org.eclipse.xtext.common. Terminals which are provided by Xtext. Rule “ID” allows
alphanumerical sequences not starting with a number and rule “STRING” allows
arbitrary sequences of characters. Programs written in language Luyhie cOnsist of a
list of fragments. Start production rule “Wprogram” in line 5 denotes the root
element of each target program and refers to the first fragment list element of the
program with relation “fst”. Each fragment can optionally refer to its succeeding
fragment with relation “next” in line 6. The unlabelled non-terminal symbols
‘While®, “Var_Def*, “Fn_Call”, “Fn_Def” and “Comment” of rule “Fgmnt_LST_Elem”
define while statements, variable definitions, function calls, function definitions and
comments as being special types of fragments. Rule “While” claims that each
while statements contains a Boolean expression “expr” as termination condition
and at least one fragment “fgmnts” in the body of the loop. Boolean expressions
can be of type unary or binary as indicated by production rules “Expr’ and
“Expr_T". Production rule “Unary” defines unary Boolean expressions as either
logical negations, Boolean variables or input commands that return a Boolean
value when being executed. Rule “Neg” allows negating each logical expression
“‘expr”’. Rule “Var” defines variables as alpha-numerical sequences not starting
with a number. Input commands are of the form input() as defined by rule “Input”.
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Binary Boolean expressions contain a first expression “fst” as left argument, a
second expression “snd” as right argument and an infix operand “&&”, “||” or “=="
as defined by rule “Binary”. Variable definitions are composed of a variable on the
left and a Boolean expression on the right side that are connected by an equality
terminal symbol as depicted by rule “Var_Def” in line 8. Production rule “Fn_Call”
defines function calls as the name of the function “nameF” which is being called,
followed by opening and closing brackets and a semicolon. Function definitions
contain the name of the function “nameF” consisting of an alpha-numerical
sequence not starting with a number and at least one fragment as the body of the
function definition as depicted by rule “Fn_Def’. Comments consist of arbitrary
strings enclosed by a “/#” terminal on the left and a “#/” terminal on the right side.
To define the correspondences between source and target language elements in
the operational translation rules, rule “Target” specifies an abstract type, from
which all other types in the target language inherit, i.e., target programs
("“Wprogram”), fragments (‘Fgmnt_LST_Elem”), Boolean expressions (“Expr”) and

expression types (“Expr T”) as elements of the target programming language.

[0040] As for the source language, Xtext may be used to automatically generate
an EMF model out of the defined Xtext grammar for the target language. The EMF
model serves as type graph restricting the creation of instance models of that
language. For the target language Lunie, the type graph presented in Fig. 6 is
created according to the corresponding grammar in Fig. 5. Each production rule of
the Xtext grammar is mapped to a node in the EMF model, whereas the name of
the node is taken from the name of the non-terminal in the LHS of the production
rule. Labels for non-terminal symbols of the production rules are mapped to edges
in the EMF model connecting two nodes, i.e., between two non-terminals. The
source of the edge is the node of the rule corresponding to the LHS of the rule, the
target of the edge is given by a node corresponding to the referenced non-terminal
symbol. Unlabeled non-terminal symbols are mapped to inheritance relations in
the EMF model, where the source of the inheritance relation is given by the node

of the rule. The target is given by the referenced node.

[0041] Based upon this grammar, Xtext is able to generate a serialiser (and a
parser) based on the EMF. Once the second AST has been generated, that
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serialiser may be used to generate the source code of the program in the target
language (here Lynike)-

[0042] AST conversion

[0043] Fig. 7 schematically shows the different sub-phases of the AST conversion
according to a preferred embodiment of the invention. The first sub-phase,
referred to as “initialization”, extends the given source AST (ASTs) of the source
language Ls with additional elements that provide information derived from ASTs
leading to an extended graph Gs. The added elements are useful for the
subsequent sub-phase, i.e. the AST translation, during which a model
transformation based on triple graph grammars (TGGs) is executed, yielding the
corresponding AST (second AST or ASTT) representing the computer program in
the target language Lt. The final sub-phase (called refactoring) refines the second
AST in order to satisfy certain coding guidelines that may be required in the target
domain, while preserving the behaviour of the program in the target language.
Moreover, refactoring rules may be used for optimization of the code in terms of
execution time. It is worthwhile noting that the refactoring sub-phase may normally

be considered optional.

[0044] Each step of the TGG model transformation in the translation sub-phase
(i.e. each application of a translation rule) takes some substructure of the given
source model and creates the corresponding structure in the target domain. All
information needed to translate a substructure must be available in a single
transformation step (an instance of application of a specific translation rule) in the
translation sub-phase, because each element of the source model is translated
exactly once. This requirement means that the matching process for a TGG
transformation rule must ensure that all the relevant information for performing a
correct translation step is available. A match of a graph transformation rule (such
as a translation rule) is restricted by the LHS of the rule and by optional additional
application conditions [EEPT06, EEHPQ09]. Thus, matching can take into account
some bounded context of the structure to be translated. However, information that
depends on more complex expressions, such as path expressions, cannot be
computed in this phase.
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[0045] For this reason, the initialisation sub-phase precedes the application of the
translation rules. During the initialization sub-phase, a set of graph transformation
rules is applied to compute this information. In the running example, the
initialisation rules are used to compute a disjoint numbering of the loops and to
store this information in additional comments in the first AST. These numbers
serve as unique identifiers of the generated function names in the resulting target

program.

[0046] Moreover, translation markers are added during the initialization sub-
phase. Each element (node, edge or attribute) of the first AST is extended by a
Boolean valued translation attribute. Intuitively, translation attributes serve to mark
the elements that have been translated so far. All the translation attributes (“tr”)
are initially set to “false”. During the translation phase, each translation rule marks
the element(s) of the first AST it translates by changing its (their) translation
attribute(s) to “true”. This marks each translated element of the first AST as having
been translated and prevents that any of the translated elements is translated
again, since it is one of the applicability conditions of each translation rule that
elements to be translated must not contain the marking that they have already

been translated.

[0047] Fig. 8 presents the initialisation rules, which are applied to graphs in the
source domain, i.e., graphs typed over the source type graph shown in Fig. 3.
Rules “init_TR”, “init_ TR_fst” and “init_TR_next” are applied exactly once, such
that for each initially found match, the rules are executed. They create translation
attributes that are used in the AST translation sub-phase.

[0048] Rule “init_TR” creates translation attributes within each node derived from

the node “Source”.

[0049] Henshin does not provide the specification of attributes for edges,
because this feature is not available for EMF instance models. For this reason, the
rules “init_ TR fst” and “init. TR_next” generate nodes for each edge “fst’” and
“‘next”, respectively, containing translation attributes for those edges. This
encoding has to be handled carefully, since it has to be ensured that for each

edge, exactly one marker is created.

[0050] As indicated above, all translation attributes are initially set to “false”.
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[0051] Rule “init_Program_Counter” creates an extra node containing a counter
value initially set to “0”. This counter is used for annotating REPEAT statements in
order to achieve unique function names, which will be generated in applying rule
“t_Repeat2While” in Fig. 9 during the translation sub-phase in order to externalize
the body of each REPEAT loop. The negative application condition (NAC)
prevents the generation of more than one counter node. Note that it is assumed
that each graph contains exactly one program, i.e., one node of type "RProgram”,
to guarantee valid results when applying rule “init_ Repeat Counter”. Rule
“init_Repeat_Counter” numbers each REPEAT statement in copying the value of
the program counter and in creating a comment node containing the newly created
identifier for the REPEAT loop, i.e., for creating a unique function name during the
translation sub-phase. In addition, this rule increases the program counter. If the
REPEAT statement already has a comment, the value of this comment will be
used as identifier for the function (c.f. NAC). Then, this rule will not be applied.

[0052] Figs. 9, 10 and 11 show forward translation rules for translating statements
of source programming language Liepeat to fragments of target programming

language Luyhie-

[0053] The translation rules presented in this document are shown in short
notation, which means that the LHS and the RHS of the rule are depicted in one
and the same ftriple graph. The LHS (context graph) comprises all elements
(nodes and edges) not labeled “++”, the produced graph comprises all elements
labeled “++”, whereas the RHS of the rule comprises the entire graph shown in the

respective figure.

[0054] Rule “t_RProgram2Wprogramet” concerns the translation of the program
root element. When applying the rule, the untranslated root element “Rprogram” in
the source domain is matched and the corresponding root element “Wprogram” is
created in the target domain together with an explicit correspondence (node of
type “Corr”). The translation attribute of the root element “Rprogram” is updated to

“true”.

[0055] Rule "t Comment2Commentrr” translates comments by matching the
untranslated comment “Comment” with content “c” in the source domain and

creating the corresponding comment “Comment” with the same content “c” in the
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target domain together with an explicit correspondence (node of type “Corr”) when
being applied. Finally, the translation attribute of the source comment “Comment”
is updated to “true”.

[0056] Rule "t Asg2Var_Defrr” translates assignment statements of the source
domain to variable definitions of the target domain. The application of the rule
leads to the matching of the untranslated assignment statement "Asg” and the
creating of the corresponding variable definition “Var_Def” in the target domain
together with an explicit correspondence (node of type “Corr”). The translation
attribute of the assignment statement “Asg” is updated to “true”. The variable “Var”
that corresponds to the already translated right symbol “Sym” of the assignment
statement “Asg” is taken as the right expression of the variable definition “Var_Def”
by creating an expression “Expr” of type “Var” which is connected by edge “right”
with node “Var_Def” in the target domain. Analogously, the corresponding variable
of the left symbol of the assignment statement is taken as the left element of the
variable definition by creating edge “left” in the target domain.

[0057] Translation rule "t Repeat2Whilerr” translates the repeat loop of the
source language Liepeat into the while loop of the language Luwnie. For rule
"t_Repeat2Whilerr” to be applicable, the translation attribute of the elements to be
translated (in this case the node “Repeat” and the edges “stmnt” and “expr”) must
initially be “false”. It is further required that the “Comment” context element
containing the loop number and the “Log_Expr” logical expression for the
termination condition have already been translated (tr is “true”, corresponding
translated elements are present on the target side and correspondence nodes are
present in the correspondence graph). When applying the rule, an untranslated
"Repeat” loop structure in the source domain is matched and the corresponding
"While” loop structure is created in the target domain together with an explicit
correspondence (node of type “Corr”). The translation attribute of the “Repeat”
node is updated to "true”. As can be seen from Fig.9, a more complex
substructure is generated in the target domain. Specifically, a function definition is
created together with function calls before as well as inside the While loop.
Furthermore, the “Expr” conditional expression in the target domain is negated
(Neg) and attached to the “While” node as its termination condition. The translation
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of the actual body and the translation of the remaining parts of the program are
handled by further translation rules.

[0058] Rule “t Read2Var Defer” translates a read statement of the source
domain to a variable definition in the target domain and requires that the
parameter symbol “Sym” is already translated (translation attribute “tr” is “true”).
When applying the rule, an untranslated read statement “Read” in the source
domain is matched and the corresponding variable definition “Var_Def” is created
in the target domain together with an explicit correspondence (node of type
“Corr”). The translation attribute of the read statement “Read” is updated to “true”
and in the target domain, an expression of type “input” is created as the right
parameter of the variable definition “Var_Def” to represent the “read” command of

the source domain in the target domain.

[0059] Fig. 10 shows the forward translation rules for translating logical
expressions of source programming language Liepeat t0 Boolean expressions of

target programming language Lynile-

[0060] Rule “t_Sym2Varer” translates symbols of the source domain to variables
of the target domain. When applying the rule, an untranslated symbol “Sym” with
label “x” in the source domain is matched and the corresponding variable “Var”
with the same label “x” is created in the target domain together with an explicit
correspondence (node of type “Corr”). The translation attribute of the symbol

“Sym” is updated to true.

[0061] Rule “t_Log_Neg2Negrr” concerns the translation of a logical negation
and requires that the logical expressions “Log_Expr”, which is being negated is
already translated (translation attribute “tr” is “true”). When applying the rule, an
untranslated negation “Log_Neg” in the source domain is matched and the
corresponding negation “Neg” is created in the target domain together with an
explicit correspondence (node of type “Corr”). The translation attribute of the
negation “Log_Neg” is updated to “true” and in the target domain, the translated
negation “Neg” is referenced to the already translated expression “Expr” by
creating edge “expr”.

[0062] Rule “t Log Expr Binary2Binaryrr” concerns the translation of binary

logical expressions of the source domain to binary Boolean expressions of the
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target domain. The rule requires that both logical expressions “Log_Expr”, i.e., the
first and second expression, that are referenced by a binary logical expression
“‘Log_Expr_Binary” with edges “fst” and “snd” are already translated (translation
attribute “tr” is “true”). When applying the rule, an untranslated binary logical
expression “Log_Expr_Binary” in the source domain is matched and the
corresponding binary expression “Binary” is created in the target domain together
with an explicit correspondence (node of type “Corr”). The operator of the binary
expression is mapped as follows by the expression in node “Binary” of the target
domain: Operator “AND” is mapped to “&&”, “OR” to “||” and “EQ” is mapped to
“=="_ Alternatively, the rule can be splitted into three rules, i.e., one rule for each
operator. The translation attribute of the logical binary expression
“‘Log_Expr_Binary” is updated to “true”. The expression “Expr” that corresponds to
the already translated first logical expression “Log_Expr’ is taken as first
expression of binary expression “Binary” by creating edge “fst” in the target
domain. Analogously, the corresponding expression “Expr” of the second logical
expression “Log_Expr” is taken as the second expression of the binary expression

“Binary” by creating edge “snd” in the target domain.

[0063] Rule “t_Log_ Expr2Exprer” translates the root of a logical expression and
requires that the logical expression “Log_Expr_T”, which can be of an arbitrary
type, is already translated to expression “Expr_T” (translation attribute “tr” is
“true”). When applying the rule, the root “Log_Expr” in the source domain is
matched and the corresponding root “Expr” is created in the target domain
together with an explicit correspondence (node of type “Corr”). The translation
attribute of the root “Log_Expr” is updated to “true” and the translated root “Expr”
in the target domain is referenced to the corresponding already translated
expression “Expr_T” by creating edge “type” in the target domain. Note that logical
negations “Log_Neg”, symbols “Sym” and binary logical expressions
“‘Log_Expr_Binary” are special types of logical expression “Log Expr T’ as
indicated by the EMF model in Fig. 3 so that expressions “Log Expr T’ are
translated by rules “t_Sym2Vargr’, “t_Log Neg2Negrt” and
“t_Log_Expr_Binary2Binarygt”.
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[0064] Fig. 11 relates to the translation rules for translating residual non
translated edges at the end of the translation sub-phase.

[0065] Both translation rules “t Next2Nextrr” and “t_Next2Next Repeatrr” create
an edge “next’” in the target domain between two nodes of the type
‘Fgmnt_LST_Elem”. Rule “t Next2Nextrr” produces edges for all nodes of type
‘Fgmnt_LST _Elem”, which are connected to a node of the type
“Stmnt_LST_Elem” through a node “Corr” and where the edge “next” between the
nodes “Stmnt_LST Elem” is not translated, which is indicated by the translation
attribute “tr” within the corresponding node “TR_next”. The rule “t_Next2Nextrr”
will not be applied if the target “Stmnt_LST_ Elem” is a node of the specialised type
“‘Repeat” because, to translate the edge “next” leading to a “Repeat” node, also
function definitions and function calls need to be inserted before the corresponding
node “While”. This will be achieved by executing rule “t Next2Next Repeatrr”. In
applying both rules, the corresponding translation attribute of the edge “next” in the
source domain is set from “false” to “true” in the corresponding node “TR_next”.

[0066] Rule “t_Fst2Fstrr” translates the edge “fst” on the source side, which is
situated between the node “Rprogram” and a node of the type “Stmnt_LST_Elem”,
by generating a corresponding edge “fst” from the node “Wprogram” to a node of
the type “Fgmnt_LST Elem” in the target domain. This rule will by applied once,
because the translation attribute “tr” in the node “TR_fst” will be set to “true”, which
indicates the translation attribute of the edge “fst” in the source domain. The edge
“fst” occurs only once, because it is assumed that there exists only one node
“‘Rprogram” (and “Wprogram?”, respectively).

[0067] The graph resulting from the application of the translation rules conforms
to the type graph of the target domain. In order to ensure that it forms an abstract
syntax tree, the TGG translation rules have to ensure that the tree structure of the
first AST is preserved by the model transformation. By definition, TGG rules (such
as the translation rules) preserve the source model and the execution ensures that
elements are translated exactly once. These properties massively simplify the
challenge of ensuring that the target graph forms an AST. Intuitively, each path or
sub-tree of the source AST is translated into a path or sub-tree in the target graph
and attached to the corresponding parent node.
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[0068] Fig. 12 illustrates refactoring rules applied during the refactoring sub-

phase.

[0069] The refactoring rules are applied to the second AST obtained after the
translation rules have been applied exhaustively. By applying the refactoring rules,
the second AST is simplified and optimised, which will be reflected in the resulting

source code obtained by serialization.

[0070] Rules “refactor_deMorgan_NEGAND” and “refactor_deMorgan_NEGOR”
reflect the application of De Morgan laws to logical expressions, i.e., in the
example, to the condition within the while loop. These rules will be applied as long
as possible to the condition.

[0071] The rules “refactor_Repeat Counter” and “refactor_Program_Counter’
remove temporary comments used for unique identification of the loops. Rule
“refactor_Repeat_Counter” removes comments containing all unique function
names, but the comment will only be removed if it is numeric. This is achieved by
adding the JavaScript attribute condition “lisNaN(parselnt(c))” to that rule in
Henshin. After processing all initialisation and translation rules, a node “Comment”
containing the program counter is always directly attached to the node
“Wprogram” by edge “fst”. Rule “refactor_Program_Counter” removes this first
node “Comment” and connects the next fragment node “Fgmnt_LST_Elem”
directly to “Wprogram”. Consequently, the internal program counter will be

removed by applying refactoring rule “refactor_Program_Counter”.

[0072] Fig. 13 shows the EMF instance model (second AST) of the example
program in the target language, which is obtained at the end of the graph
conversion phase (initialization, translation and refactoring). The second AST is

typed over the EMF model (type graph) of Fig. 6.

[0073] The corresponding source code in the target language is obtained by
serializing the second AST using the generated Xtext plugin based upon the Xtext
grammar of Fig. 5.

[0074] While a specific example has been described in detail, those skilled in the
art will appreciate that various modifications and alternatives to those details could
be developed in light of the overall teachings of the disclosure. Accordingly, the
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particular arrangements disclosed are meant to be illustrative only and not limiting
as to the scope of the invention, which is to be given the full breadth of the

appended claims and any and all equivalents thereof.
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Claims

1.

Computer-implemented method for translating a computer program from a
source programming language into a target programming language,
comprising;
translating a first abstract syntax tree representing said computer program in
said source language into a second abstract syntax tree representing said
computer program in said target language;
characterized in that said translation is achieved by executing a model
transformation based on triple graph grammars, said translation comprising
providing a set of predefined translation rules,
of which each translation rule, when applied, results in
o generation of a substructure of said second abstract syntax tree,
said substructure of said second syntax tree being a translation of
a predefined specific substructure of said first abstract syntax tree;
o generation of a correspondence indicator indicative of
correspondence between said substructure of said first abstract
syntax tree and said substructure of said second abstract syntax
tree;
o associating with said substructure of said first abstract syntax tree
a marking indicating that said substructure of said first abstract
syntax tree has been translated;
and of which each translation rule is associated with an applicability
condition, said applicability condition defining which substructure of
said first abstract syntax tree and which substructure of said second
abstract syntax tree and which correspondence indicator is a
prerequisite for applying said translation rule;
attempting to apply a translation rule of said set of translation rules, said
attempting comprising checking whether the applicability condition of said
translation rule is satisfied, and, if said applicability condition is satisfied,
applying said translation rule, or, if said applicability condition is not
satisfied, attempting to apply another translation rule of said set of

translation rules.
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The method as claimed in claim 1, comprising parsing the source computer
program so as to generate said first abstract syntax tree.

The method as claimed in claim 1 or 2, comprising serializing said second
abstract syntax tree.

The method as claimed in any one of claims 1 to 3, wherein, prior to
attempting to apply said translation rules, one or more identifiers are inserted
into said first abstract syntax tree, said identifiers being inserted in such a way
as to disambiguate different instances of a same statement.

The method as claimed in claim 4, wherein said one or more of said
translation rules take said identifiers to name constructs within said
substructure of said second syntax tree.

The method as claimed in any one of claims 1 to 5, wherein, prior to
attempting to apply said translation rules, translation attributes are inserted
into said first abstract syntax tree, each translation attribute being associated
with a node or an edge of said first abstract syntax tree and each translation
attribute being initialized with a value indicating that the associated node or
edge has not yet been translated.

The method as claimed in claim 6, wherein the associating of a marking with
said substructure of said first abstract syntax tree comprises giving the
translation attributes of any node and edge of said substructure of said first
abstract syntax tree a value indicating that the associated node or edge has
been translated.

The method as claimed in claim 6 or 7, wherein said translation attributes are
Boolean valued.

The method as claimed in any one of claims 1 to 8, wherein checking the
applicability condition associated with a translation rule is carried out as a
pattern matching.

The method as claimed in any one of claims 1 to 9, wherein said set of
translation rules comprises at least a first and a second subset of translation
rules and wherein it is attempted to apply translation rules of said second
subset of translation rules only if the applicability condition of each of the
translation rules of the first subset of translation rules is not satisfied.
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The method as claimed in claim 10, wherein said first subset of translation
rules comprises translation rules, which translate terminal nodes of said first
abstract syntax tree into terminal nodes of said second abstract syntax tree.
The method as claimed in claims 10 or 11, wherein said second subset of
translation rules comprises translation rules, which translate residual non
translated edges of said first abstract syntax tree into edges of said second
abstract syntax tree.

Computer program comprising computer-executable instructions, which when
executed by a computer, cause said computer to implement a method as
claimed in any one of claims 1 to 12.

Data processing installation comprising a memory and a processor, said
memory having stored therein instructions executable by said processor,
which when executed by said processor, cause said processor to implement
the method as claimed in any one of claims 1 to 12 and to produce output data
representing said computer program in said target language.
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1l |grammar lu.uni.snt.source.Repeat with org.eclipse.xtext.common.Terminals
2 |generate scurce "http://www.uni.lu/snt/source/Repeat"
3 |RProgram : fst=Stmnt_LST Elem;
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?;
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6 |Asg : left=Sym ’:=" right=Sym;
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8 |Comment : T /#7 comment=STRING "#/';
9 |Log_Expr : type=Log_Expr_ T;
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12 |Log_Expr_Binary : ' {’ fst=Log_Expr operator=('AND’ | ‘OR’ | 'EQ’) snd=
Log_Expr ')*;
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16 tr?='false’?;
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Fig. 5
1 |grammar lu.uni.snt.target.While with org.eclipse.xtext.common.Terminals
2
3 |generate target "http://www.uni.lu/snt/target/While"
4
5 |WProgram fst=Fgmnt_LST_Elem;
6 |Fgmnt_LST_Elem : (While | Var_Def | Fn_Call | Fn_Def | Comment) (next=
Fgmnt_LST_Elem) ?;
7 |While "while” ' (" expr=Expr ")’ ' {' fgmnt=Fgmnt_LST_Elem "}’;
8 |Var_Def left=Var "=’ right=Expr ’;’;
9 |Frn_Call nameF=ID (' ")" ’';';
10 |Fr_Def "def’ nameF=ID ‘(' 7)’ ’'{’ body=Fgmnt_LST Elem ’}* ’;’;
11 |Comment "/#' comment=STRING ’"#/;
12 |Expr type=Expr_T;
13 |Expr_T Unary | Binary;
14 |Unary Neg | Var | Input;
15 |Binary " (' fst=Expr operator=("&&’ | ’||" | '==') snd=Expr ')’;
16 |Neg "1’ expr=Expr;
17 |Var label=1D;
18 | Input {Input} "input’ (' ’')’;
19
20 |Target WProgram | Fgmnt_LST_Elem | Expr | Expr_T;
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Fig. 12
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