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Abstract

Model Transformation By Example (MTBE) is a new branch of
model driven software development. Transducers (automata with out-
put) can be used to abstract model transformation. This form of
abstraction makes possible to consider applications of grammatical
inference algorithms.

In this paper we investigate whether an effective inference proce-
dure can be developed to derive a modified transducer from examples
of desired input/output pairs instead of infering such a transducer
from scratch. The paper starts with the description of our motiva-
tional example. Then we propose an algorithm to infer modifications
of the transducers. Finally, we discuss metrics to evaluate the quality
of such an inference.

1



Contents

1 Introduction 3

2 Formal Description of the Problem 5

3 State of the Art 6

4 Inferring Modification of Finite State Transducers 8
4.1 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
4.2 Trace Modification Based Inference Algorithm . . . . . . . . . 11
4.3 Remarks and Possible Improvements . . . . . . . . . . . . . . 19

5 Evaluation of the Measurement Methods 22
5.1 Structural Metrics of the Transducer Modification . . . . . . . 23
5.2 Behavioral Metrics of the Transducer Modification . . . . . . . 24
5.3 Coverage Metrics of the Transducer Modification . . . . . . . 25
5.4 Goal, Questions, Metrics Paradigm . . . . . . . . . . . . . . . 26
5.5 Metrics of the Intention . . . . . . . . . . . . . . . . . . . . . 28

6 Conclusions 35

2



1 Introduction

Model Driven Software Development (MDSD) is a promising technology to
deliver high quality software efficiently [30]. Software is generated from mod-
els with the help of transformations. Current industrial practice of using
MDSD focuses on the production of the software with the help of out-of-the-
box transformations and provides no efficient support for the development of
new transformations [1, 25]. The lack of efficient support of transformation
development entails a quite steep learning curve of developing custom trans-
formation. Our aim is to reduce effort needed to develop transformations,
by providing automatic correction of them if the developers introduce minor
changes into the result of the transformation.

Figure 1: MDSD Process

The traditional model transformation process can be seen in Figure 1.
The development of the transformation is usually preformed according to
examples. Examples are pairs of source models and expected results. The
transformation is crafted from expected result by inserting and surrounding
instructions into them e.g. generalizing the example to get values from the
source model or make the emitting of certain parts dependent from the source
model. The transformation can be written in general programming languages
e.g. Java, Python, etc. or in special purpose languages e.g. XSLT, Velocity,
etc. After the creation of the initial transformation, it is executed on the
source model of the examples. We compare the results of the execution to
the expected results. If the evaluation is successful, we are done. If it does not
meet our requirements, we have to correct or modify the transformation and
repeat the process from the test run. During the creation of the templates we
often do minor errors e.g. forgetting a white space or a semicolon. Such minor
modifications can be located in the edit script with high precision and the
trace information can be used to map the modification to the control flow
graph of the M2T transformation. Correcting minor errors automatically
may save the effort of several iterations of the re-work cycle.
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Figure 2: Example XSLT correction

To illustrate the basic idea we give as an example (Figure 2) an XML
fragment of a database table description (A) which is transformed into a T-
SQL code (B) by an XSLT transformation (C). This example is a simplified
fragment of the code developed in an industrial project[28, 27]. The T-SQL
code is a fragment from a database code of an enterprise application, which
drops the old stored procedure and creates a new one. The stored procedure
returns a single row of the database table which ID is equivalent to the
input parameter of the stored procedure. We assume some minor errors in
the transformation: the code emits a semicolon after the database column
names instead of a comma, and the ” id” suffix is omitted from the procedure
name (C). We correct these errors in the example T-SQL code and our goal
is to derive the corrected XSLT template (D).

Our goal is to investigate the theoretical background of the inference of
M2T transformation modifications. M2T transformations are modeled with
simple finite-state transducers over strings. We present a general framework
to describe inference of transducer modifications. We describe and evaluate
an inference algorithm.

We aim to develop specialized algorithm to infer transformation modifica-
tions. The main difference of our approach from other grammatical inference
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methods is that we require extra information in form of an existing approxi-
mate solution. According to the theoretical results of the grammatical infer-
ence field we know the inefficiency of algorithmic learning of even relatively
simple grammars, e.g. inferring regular grammars over strings. We expect
that the provided approximate solution helps to reasonably reduce the solu-
tion space of inference process. In the frame of our work we carry through
the following tasks:

• develop algorithms to infer transformation modification by example;

• develop methods (define metrics) to objectively evaluate such inference
algorithms;

• evaluate the developed algorithms with the developed methods and
demonstrate their practical usability.

We start with the investigation of finite state transducers over strings. This
simple transformation model makes easy to develop algorithms, metrics and
evaluate algorithms with the proposed metrics.

In Section 2 we provide a formal description of the problem. In Section 3
we discuss the related work. In Section 4 we give a demonstrative example
and according to this example we describe each step in detail. In Section 5
we define metrics and analyze the results. Finally, in Section 6 we conclude
and summarize further work.

2 Formal Description of the Problem

In a model transformation system we usually generate code g from a spec-
ification s by a given transformation t. The generated code is determined
by the specification and the transformation g = t(s). We may define an
expected result of the transformation g′, which is produced from g by mod-
ification m, i.e. g′ = m(g). Our goal is to investigate whether it is possible
to modify the approximate transformation t to the expected transformation
t′ automatically to generate the modified code g′ from the original specifi-
cation, i.e. g′ = t′(s). With fixed g and no constraints on the t′ the task
is minor, e.g. the algorithm may just learn to give the right answer to the
specified example. In order to get a non-trivial solution, constraints (metrics
of the generalization properties of the algorithm) need to be introduced on
t′.

Therefore we reformulate this problem as depicted in Figure 3. S is
a set of possible specifications. G is a set of generated codes where each
element g of G has a corresponding element s of S such that g = t(s). Take
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a small subset of S and call it Sk. Call Gk the subset of G, containing
the elements of G which correspond to the elements of Sk. Then we may
introduce modification m over the elements of Gk, the result of which will
be the members of the set G′k. Thus the reformulated question is, whether
it is possible to infer algorithmically an optimal transformation t′, which
transforms the elements of Sk to the corresponding G′k elements in such a
way that a certain ”optimality” criterion is satisfied.

To express the optimality of the transformation we have to introduce
metrics. These metrics cannot be computed by t alone, but are also influenced
by other characteristics related to the transformation, e.g. similarity of t to
t′. We also allow to our algorithm to deliver no or multiple results, because
the examples may be contradicting or ambiguous.

Figure 3: Transformation Modification Problem

3 State of the Art

The idea of model transformation by example (MTBE) has been recently
recognized by the model transformation community [4, 44, 40, 21, 19]. In
MTBE the transformation is inferred from examples by various methods,
but they are still considered experimental. These methods are not capable
to handle complex attribute transformations and the degree of automatiza-
tion needs improvement [4]. The main difference in our approach is that we
require an approximate solution from the developer which is automatically

6



or semi-automatically modified to achieve the required result. XML trans-
formation by example is technically the same problem, but operates over the
domain of tree structures instead of graphs [18]. Transformation by example
is implemented by an inference process which produces transformations from
the source schema, target schema and transformation examples. In the case
that no transformation examples are specified the problem is called schema
equivalence which was studied in [32]. The schema equivalence problem can
be extended by specifying partial mappings between elements of the source
schema and target schema as e.g. in IBM’s Clio System [35]. The idea of
programming by examples dates back as early as 1975 [39], but discussed by
others since that time [38].

Research results can be found on the automatic correction of the data
structures [12, 16]. The closest work related to our approach is [13], in which
a dynamic tainting technique is described to locate errors in the input T2M
transformation. This technique adds taints marks to the input which are
traced to localize the input data triggers the incorrect output.

In case of unknown structures of the examples, the schemas can be in-
ferred as well a set of examples is given and a schema (grammar) inferred
from the example space[6, 5, 24]. A decent overview of inferring automata
and transducers can be found in [11]. Two big classes of algorithms exist:
generic search methods (e.g. GA, Tabu search, etc.) and specialized algo-
rithms (e.g. RPNI, L-star, etc.). The RPNI algorithm builds an automaton
which accepts only the given positive examples. Then the algorithm merges
states if the resulting automaton does not accept any of the specified nega-
tive examples. By this way the algorithm delivers the most general solution
respect to the given examples. [34] The L-Star algorithm starts building a
table representation of a grammar by querying acceptance of strings appears
in the table as unknown till the table representation becomes complete and
consistent. If it is so, the algorithm asks the oracle whether the table contains
the required grammar. If the answer is no, the oracle returns a counter ex-
ample. The counterexample is inserted to the table and the algorithm starts
to build again a consistent and complete table. This cycle repeats till the
oracle answer yes to the proposed solution. [3] Application of such grammat-
ical inference range from schema learning of XML documents [2, 22, 23, 41]
to grammar learning of Domain Specific Languages [43].

The inverse problem of the structural inference is the example or test-
case generation, i.e. examples are generated to represent the structure with
respect to some structural coverage consideration. Work related to test case
generation can be found in [7, 14, 37].

Although, we have not found any theoretical work on the inference of
grammar modification by example, applications can be found which use
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heuristics to solve such problems. Typical applications are learning dialects
of a programming language [15] or error tolerant parsing [9, 10, 29, 42].

Automata can be extended to form an abstraction of general purpose pro-
gramming language e.g. in [7] in which an Extended Finite State Machine
described to model VHDL and C languages. Various classes of automata
and transducers are defined to deal with trees and graphs e.g. tree gram-
mars [31], summary of tree automatas and realted thories [8], Tree-to-Graph
transduction [17]. A special area of the grammatical inference is when small
changes are inferred on an existing structure according to examples. Typical
applications are learning dialects of a programming language [15] or error
tolerant parsing [9, 10, 29, 42].

4 Inferring Modification of Finite State Trans-

ducers

In this section we describe the algorithm which was developed to infer finite
state string transducer modification. The algorithm infers a modified trans-
ducer from a set of example pairs and an original transducer. An example
pair contains an input and the corresponding output which is the expected
result of the execution of the modified transducer.

Technically, the only correctness requirement is that the algorithm must
produce the expected output by executing on the example input and the
behavior respect to the rest of the inputs is undefined. Informally we can
formulate two further requirements: introduce the smallest possible mod-
ification on the transducer; and keep the behavior of the transducer with
respect to the specified input as much as possible.

We can modify this transducer in infinitely many ways to produce the
new output. One extreme solution is that we construct a transducer from the
scratch to accept the specified input and to produce the expected output. The
informal requirements provide us with some guidelines. We may formalize
the informal requirements in two ways: we can define metrics and we expect
the sum of these metrics minimal; or we may create the expected modified
transducers and measure the properties of the input by which the algorithm
produce the expected modification of the transducer (by forming a transducer
for each example pair and create an union of them).

In Section 4.1 we define the concepts used to describe the algorithm. In
Section 4.2 we describe the algorithm and explain the intuition behind it.
The algorithm description starts with the brief explanation of the algorithm,
which is followed by the detailed explanation through an example. In Sec-
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tion 4.3 we discuss the properties of the algorithm informally and outline the
possible way of its improvements.

4.1 Definitions

We provide here definitions of the concepts used in this work. We deviate
from the traditional notation in order to make the definitions reusable in
the algorithm as data type definitions. The main difference in our definition
comparing to the classical notation is that we use records instead of tuples.
Input, Output, and State are types of un-interpreted symbols from which the
input alphabet, output alphabet, states formed, respectively.

• A Transition Key (or Guard) is a record of a source state and an input
symbol.

TransitionKey := (source: State, input: Input)

• A Transition Data element is a record of a target state and an output
symbol.

TransitionData := (target: State, output: Output)

• Transition Rules (or Rules or Transitions) are represented by a map
of Transition Keys to Transition Data.

Rules := TransitionKey → TransitionData

• A Transducer is a record of input symbols, output symbols, states,
initial state, transition rules.

Transducer := (input: set(Input), output: set(Output), state:
set(State), init: State, rules: Rules)

• A Trace Step is a state transition record.

TraceStep := (source: State, input: Input, target: State,
output: Output)

• A Trace is a sequence of state transition records.

Trace := TraceStep∗

9



• A Difference Sequence is a sequence of records each of which consists of
an output symbol and its relation to the source string and target string.
The relation can be represented by ” ”, ”-”, or ”+”, which means that
the output appears in both the source and the target, appears in the
source, or appears in the target, respectively.

Diff := (output: Output, mod: {” ”, ”-”, ”+”})∗

• An Usage Counter is a map of the Transitions Keys to the number of
their occurrence in the trace.

UsageCounter := TransitionKey → N

• An Inference Algorithm is an algorithm which takes an Transducer and
a set of input and output pairs as parameter and returns a transducer.

InferenceAlgorithm := (Transducer, Input∗, Output∗)) →
Transducer

The algorithms are represented in a Python like syntax. The main dif-
ferences in our pseudo language are that we declare types to make the data
passed between the algorithms easier to follow. Comments are starts with #.
The notation has three kinds of data structures: record, sequence (list) and
function (dictionary). Operators used over the data structures are defined as
follows:

• Records are used to represent heterogeneous data structures.

– They can be constructed by writing the name of the type and enu-
merating the values in the order of their field definitions enclosed
in parentheses.

– Values of the record can be accessed by ”dot and the name of the
field” notation.

• Lists are used to enumerate ordered values with equivalent type. They
can be constructed by enumerating their elements. The signature of
the access functions as follows:

– list( ): name of T → T∗ (empty list)

– head( ): T∗ → T (first element of the list)

– tail( ): T∗ → T∗ (a list contains all but first element)

– last( ): T∗ → T (last element of the list)
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– allButLast( ): T∗ → T∗ (a list contains all, but first element)

– length( ): T∗ → N (the length)

– + : (T∗, T∗) → T∗ (concatenation of lists)

– [ ]: T → T∗ (one element list)

• Functions are used to represent mappings.

– func( , ): (name of T1, name of T2) → (T1 → T2) (empty
function)

– [ ]= : (T1 → T2, T1, T2)→ (T1 → T2) (define function value
for a key)

– [ ]: ((T1 → T2, T1) → T2 (the value belonging to a key)

– keys( ): (T1 → T2)→ T∗1 (sequence of keys on which the function
is interpreted)

4.2 Trace Modification Based Inference Algorithm

In this section we describe our first inference algorithm. The algorithm starts
by recording the trace of the transducer execution on a given input. The out-
put is extracted from the trace and is compared. According to the result of
the comparison, the algorithm modifies the trace (the algorithm is named
Trace Modification Based Inference, because of this behavior). If an addi-
tional element is expected in the output, a fictional transition is inserted
into the trace which leaves the internal state and the position of the input
string unmodified and produces the expected output. If the expected change
is the deletion of a trace element, the output of the trace step is changed
to an empty sequence. To make the transducer capable to reproduce the
modified trace, new transition rules are added or existing transition rules are
modified. During the addition of new transition rules the algorithm keeps
the transducer deterministic.

Example An example transducer is depicted on Figure 4. The nodes and
the edges represent the states and the transitions, respectively. The arrow
labeled ”a/x” between the node ”A” and ”B” means that if ”a” exists on
the input and the transducer is in state ”A”, an ”x” is produced on the
output and the new state is ”B”. Empty (or λ) input means that the system
changes its state without reading anything from the input. This transducer
produces ”xyywzxywz” from input ”aabaaba”. We can specify the requested
modification by providing a single example pair: the input ”aabaaba” and
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1 inferTransducer ( Transducer trans , Input∗ input ,
2 Output∗ output ’ ) : Transducer
3 Trace t r=execute ( trans , input )
4 Output∗ output=getOutput ( t r )
5 D i f f d i f f=calculateDiff ( output , output ’ )
6 Trace tr ’=modifyTrace ( tr , d i f f , t rans . i n i t )
7 Transducer trans ’=modifyTransducer ( trans , tr ’ )
8 return trans ’

Listing 1: The Main Algorithm

the expected output ”xyyvzxyvz”. The algorithm is expected to infer a new
transducer from the specified transducer and from the example pair.

The Main Algorithm The main structure of the algorithm can be seen
in the Listing 1. It takes the following inputs: a transducer trans, an ex-
ample input input and an expected output output’ and returns the modified
transducer trans’. The algorithm starts with the execution of the input on
the transducer, which produces the trace tr (line 3). The trace is sequence of
trace steps corresponding to executed transition rules. A trace step records
the source state, processed input symbol, target state and produced output
symbol of the corresponding transition. The output is the sequence of the
output elements of the trace sequence (line 4). Then difference sequence diff
is calculated between the output and the expected output by a commonly
used comparison algorithm, described in [36] (line 5). Then the modified
trace tr’ is calculated from the original trace tr and the difference sequence

Figure 4: An Example Transducer
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Figure 5: The Example of the Main Algorithm

diff (line 6). Finally, the new transducer tr’ is built from the modified trace
(line 7).

The function execute(trans, input) initialize its internal state variable
according to the init element of the trans parameter. Then the function
executes the rules in the trans parameter according to the input parameter.
After each transition a new trace step is appended to the trace sequence.
The function getOutput(tr) returns the sequence of the output elements of
the trace sequence tr.

By considering the example described in the beginning of Section 4 we can
follow the variables passed between the intermediate steps of the algorithm.
We present the values here to provide an impression to the reader and the
details of how the values are computed will be explained in parallel with the
description of the functions. The graphical representation of the transducer
trans can be seen in Figure 5. The value of the input parameter is ”aabaaba”
and the output parameter is ”xyyvzxyvz”. The input, the tr, and the output
can be seen in Figure 6a. The result of the diff and the modifiyTrace functions
can be seen on the Figure 6b and Figure 7, respectively. The actual result
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(a)
The Trace

(b)
The Difference Sequence

Figure 6: Processing Steps of the Example

of the algorithm is the rightmost graph of the figure.

The modifyTrace Function We can see the modifyTrace function in List-
ing 2. If the input difference sequence (diff ) is not empty (lines 2-12), the
function processes the first element of the difference sequence and recursively
calls itself to process the rest of the sequence. The result of processing of
the rest is a modified trace which is concatenated to result of processing an
element of the sequence and returned. If the sequence is empty (lines 13-15),
the function returns the trace without modification (it is expected to return
an empty sequence, because the trace must be empty in such case). The pro-
cessing of the element of the difference sequence can happen in three ways
depending on the modification represented by the element:

1. If there is no difference (lines 3-5), the element is copied without mod-
ification.

2. If the element is added (lines 6-8), a new trace step is inserted into the
trace. The value of the source and the target states of the new trace
step is the value the target state of the previous trace step. The new
trace step reads no input and writes the same value which is defined in
the processed element of the difference sequence.

3. If the element is deleted (lines 9-11), the output part of the trace step
is modified to empty.

In Figure 7 the modifications of the trace can be seen. The elements
marked with blue (light gray) ones are the unchanged, the green (gray) ones
are the newly added ones and the red (dark gray) ones are the modified ones.
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1 modifyTrace ( Trace tr , D i f f d i f f , State i n i t S ) : Trace
2 i f l ength ( d i f f ) > 0 :
3 i f head ( d i f f ) . mod== ” ” :
4 Trace tr ’=( head ( t r ) )
5 +modifyTrace ( t a i l ( t r ) , t a i l ( d i f f ) , head ( t r ) . t a r g e t )
6 e l i f head ( d i f f ) . mod== ”+”:
7 Trace tr ’=( in i tS , Empty , i n i tS , head ( d i f f ) . output )
8 +modifyTrace ( tr , t a i l ( d i f f ) , i n i t S )
9 e l i f head ( d i f f ) . mod== ”−”:

10 Trace tr ’=( head ( t r ) . source , head ( t r ) . input ,
11 head ( t r ) . target , ” ”)
12 +modifyTrace ( t a i l ( t r ) , t a i l ( d i f f ) , head ( t r ) . t a r g e t )
13 else :
14 Trace tr ’= t r
15 return tr ’

Listing 2: The modifyTrace Function

Figure 7: Example of the modifyTrace Function,
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The function which infers the transducer modification from the modified
trace uses three auxiliary functions:

• The function isSimilarKey(Rules, TransitionKey): boolean checks,
whether the addition of the specified guard introduce non-determinism
i.e. a rule exists with similar guard as the parameter. A guard of a
transition rule is similar to the parameter if they expect the same input
and in the source states are equal or any of them reads nothing and in
the source states are equal.

• The function getDistinctState(Rules): State returns a new state sym-
bol, which does not occur among the source or target state of the
existing transition.

• The function attachNewState(State, Transition, Trace, UsageCounter):
(State, Transition, Trace, UsageCounter) modifies the transition rule
occurring in the previous trace element to provide the transition to the
newly introduce state. This function is going to be explained later after
the description of main algorithm.

The modifyTransducer Function The function modifyTransducer is
shown in Listing 3. This function is actually a wrapper function which con-
tains data structure initializations and a call of the modifyTransducerImpl
function which contains the actual algorithm. This function takes a step of
the trace and checks whether a transition rule exists for this execution step.
If yes, no modification is necessary; if no, it inserts the step as a transition
rule or modifies an existing one.

The wrapper function initializes the usage counter. This mapping assigns
to each rule the number of its applications (lines 3-5). Then the function
initializes the trace’ which will contain the execution trace of the modified
transducer with respect to the input symbols (lines 6-7). Finally, it executes
the modifyTransducerImpl on each step of the trace.

The modifyTransducerImpl processes the trace step parameter. After
the processing it returns a corrected trace to which the new trace step is
appended. The transducer and the usage counter parameters are modified
according to the processing of the trace step. The algorithm distinguishes
between three cases:

• A transition rule exists for the trace step (lines 20-21). The usage
counter corresponds to the rule is increased. The function returns the
modified usage counter and inserts the trace to the end of the existing
trace.
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1 modifyTransducer ( Transducer trans , Trace t r a c e ) : Transducer
2 i f l ength ( t r a c e )>0:
3 UsageCounter u=func ( Transit ionKey , nat )
4 for guard in keys ( t rans . r u l e s ) :
5 u [ guard ]=0
6 Transducer trans ’= trans
7 UsageCounter u’=u
8 Trace trace ’= l i s t ( TraceStep )
9 for t rStep in t r a c e :

10 ( trans ’ , u ’ , t race ’ )
11 =modifyTransducerImpl ( trStep , t race ’ , trans ’ , u ’ )
12 return trans ’
13 return t rans
14
15 modifyTransducerImpl ( TraceStep trStep , Trace trace ,
16 Transducer trans , UsageCounter u ) : ( State , Trans i t ion ,
17 Trace , UsageCounter )
18 Transit ionKey guard
19 =Transit ionKey ( t rStep . source , t rStep . input )
20 i f i sS imi la rKey ( t rans . ru l e s , guard ) :
21 i f guard in t rans . r u l e s and t rans . r u l e s [ guard ]
22 == Trans it ionData ( t rStep . target , t rStep . output ) :
23 u [ guard ]=u [ guard ]+1
24 return ( trans , u , t r a c e +[ t rStep ] )
25 else :
26 State newS=g e t D i s t i n c t S t a t e ( t rans . r u l e s )
27 Transit ionKey newGuard
28 Transit ionKey (newS , guard . input )
29 t rans . r u l e s [ newGuard ]
30 =Trans it ionData ( t rStep . target , t rStep . output )
31 u [ newGuard]=1
32 (newS ’ , trans ’ , tracePrev ’ , u ’)= attachNewState (newS ,
33 trans , t race , u )
34 TraceStep trStep ’= TraceStep (newS , t rStep . input ,
35 t rStep . target , t rStep . output )
36 return ( trans ’ , u ’ , t r a c e +[ trStep ’ ] )
37 else :
38 t rans . r u l e s [ guard ]
39 =Trans it ionData ( t rStep . t a r g e t , t rStep . output )
40 u [ guard ]=1
41 return ( trans , u , t race ’+[ t rStep ] )

Listing 3: The modifyTransducer Function
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Figure 8: States of the Modifications of the Transducers

• A similar rule exists (lines 23-31). A new state is created and a tran-
sition rule which source state is this new state is added. Then the
function calls the attachNewState function which modifies the existing
trace and the transducer in a way that the target state of the last trace
step be equal with the newly introduced state.

• No rule exists (lines 33-35). A new rule and the corresponding trace
step is created.

We can follow the modifications of the transducer in Figure 8 according
to the tr’ (Trace) which can be seen in Figure 7. Each graph is the state of
the transducer after the call of modifyTransducerInfer function. The solid
black arrows mean unprocessed transitions; solid gray (orange) ones are the
processed; the dotted gray (red) ones are the modified and the dashed gray
(green) ones are the newly inserted. For example on the fourth graph from
the left the state after processing of the third trace step can be seen. The
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rule (A, b)→ (C, y) is processed and the usage counter corresponding to this
transitions (A, b) is set to 1. The forth step of the trace is a newly inserted
element (C, a, D, λ). The corresponding transition rule is the (C, a)→ (D, λ).
Only a similar rule exists, namely (C, a)→ (D, w). In this case the algorithm
introduces a new rule (1, a) → (D, λ) and calls the attachNewState function
to modify the previous transition to (A, b) → (1, y).

The attachNewState Function The attachNewState function can be
seen in Listing 4. The function modifies the transition rule referenced by
the previous trace element to provide the transition to the newly introduce
state. If there are preceding transitions and the transition referenced in the
previous trace step was applied once (lines 5-13), the algorithm modifies the
detestation state to the new state. If the transition referenced by the previous
trace step is applied multiple times, it copies the transition with a modified
source ad target state and decreases the corresponding usage counter (lines
14-18). The target state is modified to the new state provided by the param-
eter newS and the source state is the incremented newS (line 17). Then the
algorithm calls itself recursively to change the target state of the preceding
transition to the increased newS (lines 20-24). This process repeats till the
algorithm finds a transitions applied once or no more preceding trace step
exists. If no more preceding trace step exists, the algorithm modifies the
initial state (line 26). In the worst case the transducer contains as many
states as elements as the length of the example. The example contains only
situations which exercise the first branch. The modifications caused by this
function are marked dotted gray (red) in Figure 8.

4.3 Remarks and Possible Improvements

In this section we analyze our algorithm and the inferred solution for the
described example. In the analysis of the algorithm we describe aspects of
the behavior of the algorithm. In the analysis of the described example we
comment on the quality of the inferred solution and discuss possible ways to
improve the algorithm.

There are four main aspects:

• Each example pair is interpreted as a set of example pairs: as the
example pair itself and as the set of prefixes of the input part of the
example and the corresponding outputs. The connection between the
original and the expected output can be described with a modification
function mod: Output* → Output*. More precisely to each prefix i
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1 attachNewState ( State newS , Transducer trans , Trace∗ tr ,
2 UsageCounter u ) : ( State , Trans i t ion , Trace ,
3 UsageCounter )
4 Transducer trans ’= trans
5 i f l ength ( t r ) > 0 :
6 Trace trPrev=al lButLast ( t r )
7 Transit ionKey guard
8 =Transit ionKey ( l a s t ( t r ) . source , l a s t ( t r ) . input )
9 i f u [ guard ]==1:

10 trans ’ . r u l e s [ guard ]
11 =Trans it ionData ( newState , l a s t ( t r ) . output )
12 TraceStep newTrStep=TraceStep ( l a s t ( t r ) . source ,
13 l a s t ( t r ) . input , newS , l a s t ( t r ) . output )
14 Trace tr ’= trPrev +[newTrStep ]
15 return (newS , trans ’ , tr ’ , u )
16 else : #u [ guard ]>1
17 UsageCounter u’=u
18 u ’ [ guard ]=u ’ [ guard ]−1
19 Transit ionKey newTransGuard=(newS+1, l a s t ( t r ) . input )
20 u ’ [ newTransGuard]=1
21 trans ’ . r u l e s [ newTransGuard ]=(newS , l a s t ( t r ) . output )
22 TraceStep newTrStep=TraceStep (newS+1, l a s t ( t r ) . input ,
23 newS , l a s t ( t r ) . output )
24 ( State , Transducer , Trace , UsageCounter ) (newS ’ ,
25 trans ’ ’ , trPrev ’ , u ’ ’ )= attachNewState (newS+1,
26 trans ’ , trPrev , u ’ )
27 return (newS ’ , trans ’ ’ , trPrev ’+[ newTrStep ] , u ’ ’ )
28 else :
29 trans ’ . i n i t S t a t e=newS
30 return (newS , trans ’ , tr , u )

Listing 4: The attachNewState Function
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of input I, belongs a prefix o’ of the modified output O’ which is the
modified output of the transducer t produced from i.

∀I, O, i’: O=mod(getOutput(execute(t, I))) ∧ prefix(i’, I)
⇒ ∃o’: o’=mod(getOutput(execute(t, i))) ∧ prefix(o’, O)

By an example pair ”aabaaba” and ”xyyvzxyvz” the set of pairs are
”a”, ”x”; ”aa”, ”xy”; ”aab”, ”xyy”; etc.

• The algorithm modifies the transducer immediately to a locally optimal
form after each new trace step is seen. This means that the modified
transducer will not change its behavior with respect to the already
seen example. This also means that examples presented earlier affect
the modification more significantly.

• The algorithm assumes that the state changes are bound to the output
operation. Let us take a part of a trace as an example: (A, a, B, x),
(B, a, C, y). The output ”x, y” is modified to ”x, z, y”. This modifi-
cation is interpreted as (A, a, B, x), (B, λ, B1, z), (B1, a, C, y) by the
current algorithm. Alternatively it can be interpreted as (A, a, B, x),
(B, a, B1, z), (B1, λ, C, y).

• The algorithm infers different solutions to the different results of the
comparison algorithm even if the difference sequences are semantically
equivalent. For example the difference sequence of modifying w to v
can be either (w, -), (v, +) or (v, +), (w, -).

In Figure 9 four transducers can be seen. The original transducer, the
solution which we intuitively expect (Expected A), the solution which we
could still accept from an automated inference process (Expected B), and the
inferred solution which the algorithm delivered can be seen in Figure 9a, Fig-
ure 9b, Figure 9c, and Figure 9d, respectively. The inferred solution produce
the same result as the Expected A and Expected B for every input. The edges
(3, λ) → (4, v), (4, a) → (D, ) and (1, a) → (2, ), (2, λ) → (D, w) are
the result of the missing capability of the comparison algorithm to interpret
the concept of the modification and not only deletion and addition. The
unreachable transition (C, a) → (D, w) and the duplication of the modified
(C, a) → (D, v) transition can be explained by the locally optimal behav-
ior of the modification algorithm. This problem can be worked around by a
clean up procedure which can normalize the solution by deleting unreachable
transitions and merging paths with equivalent behavior.

A possible way to improve the algorithm is to delay the immediate mod-
ifications on the transducer after each step. The algorithm can track the
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(a)
The Original

(b)
The Expected A

(c)
The Expected B

(d)
The Inferred

Figure 9: Different Modifications of the Transducers

modification and consolidate the changes before the modification of the trans-
ducer. This may deliver a result that is closer to our expected solution. This
remedy will be discussed in a subsequent paper. Before visiting the algo-
rithm, we will in next section analyze features according to which the result
of algorithm can be evaluated.

5 Evaluation of the Measurement Methods

We can analyze the quality of the inference algorithms by evaluating the
results manually as we did in the previous section. In this section we focus on
methods which can help to evaluate the quality of the solution automatically.
First, we examine the basic formal properties of the solution, e.g. the number
of new states. Then we introduce a new view-point to evaluate the quality
of the solution, which is closer to our manual evaluation. This view-point is
the effectiness of the inference with respect to the intention of the change.
The metrics which are built according to this view point are explaining the
quality of the solution much better and more intuitively.
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Metrics Expected A Expected B Inferred

Number of new states 0 1 4

Number of deleted states 0 0 0

Ratio of number of new states 0 1/4 1
and number of original states

Ratio of number of deleted states 0 0 0
and number of original states

Number of new transitions 0 1 2

Number of deleted transitions 0 0 0

Number of modified transitions 1 1 4

Ratio of number of new transitions 0 0 1/3
and number of original transitions

Ratio of number of deleted transitions 0 0 0
and number of original transitions

Ratio of number of modified transitions 1/6 1/6 2/3
and number of original transitions

Figure 10: Metrics of the Example

5.1 Structural Metrics of the Transducer Modification

A modification of a transducer can be expressed by metrics as follows:

• the number of new states,

• the number of deleted states,

• the ratio of the number of new states and the number of original states,

• the ratio of the number of deleted states and original states,

• the number of new transitions,

• the number of deleted transitions,

• the number of modified transitions,

• the ratio of the number of new transitions and the number of original
transitions,

• the ratio of the number of deleted transitions and the number of original
transitions,

• the ratio of the number of modified transitions and the number of
original transitions.
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Input Output Output’ Equals

’b’ ’y’ ’y’ True
’a’ ’x’ ’x’ True

’ba’ ’ywz’ ’yvz’ False
’aa’ ’xy’ ’xy’ True
’ab’ ’xy’ ’xy’ True

’bab’ ’ywzy’ ’yvzy’ False
’baa’ ’ywzx’ ’yvzx’ False
’aab’ ’xyy’ ’xyy’ True
’aaa’ ’xyx’ ’xyx’ True
’aba’ ’xywz’ ’xyvz’ False

’baba’ ’ywzywz’ ’yvzyvz’ False
’baaa’ ’ywzxy’ ’yvzxy’ False
’baab’ ’ywzxy’ ’yvzxy’ False
’aaba’ ’xyywz’ ’xyyvz’ False
’aaaa’ ’xyxy’ ’xyxy’ True
’aaab’ ’xyxy’ ’xyxy’ True
’abab’ ’xywzy’ ’xyvzy’ False
’abaa’ ’xywzx’ ’xyvzx’ False

Figure 11: Example Input and Output Pairs with Maximum Length Four

N All/Different Avg. length till Avg. num. of
the first difference changed characters

1 2/0 0 0
2 3/1 2 1
3 5/3 7/3 1
4 8/6 16/6 7/6

Figure 12: Behavioral Metrics with Maximum Length Four

In Figure 10 we can see the metrics of the different modifications shown
in Figure 9. The metrics for the second, the third and the fourth graph are
labeled by ”Expected A”, Expected B” and ”Inferred”, respectively. One
can clearly see that the more intuitive modifications have lower numbers in
the table.

5.2 Behavioral Metrics of the Transducer Modification

The deviation in the behavior of a specific transducer caused by the mod-
ification can be characterized by comparing the output of the original and
of the modified transducer for the same set of input strings. The set of all
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Coverage Type Coverage Amount

Transition coverage 100%
State coverage 100%
Path coverage 100%

Figure 13: Coverage metrics of the example

possible input strings with maximum length n can be generated easily. The
simplest metric which can be defined is the ratio of size of this set and the
number of differences in the output with respect to this set of inputs. We
may measure also:

• the average length of the output until the first difference;

• the average number of changed characters in the modified outputs.

All the three modifications behave in the same way, that is why we have
listed the results only once. In Figure 11 we can see rows of an input, an
original and a modified output. Only rows corresponding to a valid input
are listed (an input is valid if it is accepted by our example transducer). One
can see that the number of the rows grows rapidly by increasing the limit
of the input length. In Figure 12 we can see the behavioral metrics of these
inputs up to length four with respect to the example we have studied.

5.3 Coverage Metrics of the Transducer Modification

In case of white box testing of software, the quality of the test cases is
measured by test coverage [33]. Coverage metrics for transducers can be
defined similarly to traditional code coverage metrics. If the transducers and
the example are known, the coverage metrics can be calculated. We define
the following coverage metrics for transducers:

• Transition coverage shows the percentage of the applied rules out of all
rules (similar to the concept of statement coverage).

• State coverage shows the percentage of the reached states out of all
states.

• Path coverage shows the percentage of the exercised paths out of all
possible paths.

The coverage results of the example can be seen in Figure 13. The in-
put achieves 100% coverage of the original transducer in our example. In
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traditional software testing the aim is to reach approximately 80% program
coverage. This provides the best cost/bug detection ratio. However the ex-
ample needs complete coverage just around the modifications, i.e. a high
coverage of the unmodified parts is not necessary.

5.4 Goal, Questions, Metrics Paradigm

The metrics defined in Section 5.1 can be correlated with the quality of the
inferred solution, but they generally do not provide sufficient information to
judge the quality of a solution. The reason for this phenomenon is that the
inferred solution depends on the properties of the expected modifications and
on the quality of the examples. In this section we use the term of examples to
denote the sequence of input and output pairs. If a single modification of a
non-cyclic path is expected, it can be presented by a simple example and low
values of the transducer modification metrics can be expected. Intuitively,
we have to define metrics to evaluate the quality of the example with respect
to the transducer needs to be modified. To investigate this idea, we ”borrow”
the GQM (goal, quality, metrics) paradigm of software engineering [20].

The GQM paradigm says that the goal of the measurement has to be
formulated clearly, before any metric is defined. Then the defined goal has
to be broken down into questions; the definition of the metrics is just the
final step. In our case the goal is to evaluate how effectively the examples
describe the modification intention of the specifier.

This goal can be formulated by the following questions:

• How many possible interpretation of the examples exist? (How clear
is the intention of the specifier?) This question is related to the num-
ber of possible interpretations of the examples. An interpretation is
a possible way to modify the transducer to make it capable to repro-
duce the examples. This question will be investigated in more detail in
Section 5.5.

• Are the examples minimal? The question whether the examples are
minimal can be decided easily: an example is minimal if there is no
shorter input/output example pair which can be interpreted exactly in
the same way.

• Are the examples consistent? Each example defines a set of the possible
interpretations. We call two examples consistent if the intersection of
the sets of the possible interpretations is not empty. The question can
be determined by producing these sets.
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(a)
The Original

(b)
A single path

is modified

(c)
A set of paths
are modified

(d)
All paths

are modified

Figure 14: Single Point Modifications of Branches

(a)
The Original

(b)
Modified
Before

the Cycle

(c)
Modified at

the Beginning
of the Cycle

(d)
Modified at the

End of the Cycle

(e)
Modified
After the

Cycle

Figure 15: Single Point Modifications of a Cycle
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5.5 Metrics of the Intention

Rationale If we are talking about algorithms which are learning the mod-
ification from examples, it is an important to examine whether it is theoreti-
cally possible to do so. In this section we are going to investigate whether the
modification intention of the specifier can be identified from examples (exam-
ples are sequences of input and output pairs). This investigated property has
two aspects: a combinatorial one and a psychological one. The combinatorial
aspect means that we determine how many interpretations (possible modifi-
cations) exist by a given transducer and set of examples. The psychological
aspect means that how examples would be selected by a person to express his
or her modification intention. In this chapter we focus on the combinatorial
aspect and describe the psychological aspect in short to demonstrate the dif-
ference between the two aspects (we explicitly state that we mean intuition
in sense of the author’s intuition and not in sense of results of psychological
experiments).

First we examine the examples of inference settings: we take example
transducers and their possible modifications. We list all possible example
traces which may be able to demonstrate the modification. Then we inves-
tigate which other modification may be represented by the same example
trace. Finally, we try to generalize the metrics calculated for each examples
to make it possible to determine metrics of the intention for any arbitrary
pair of a transducer and a sequence of examples.

Examples We start our investigation by constructing two sets of modi-
fied transducers. The example transducers and their possible modifications
are selected in a way to represent a class of modifications. The first set
(Figure 14b, 14c, 14d) contains single point modifications of a transducer
containing two states and three edges between these two states (Figure 14a).
We represent the branching constructs in transducers by this set of examples.
We consider three edges enough to represent the general concepts of modi-
fying a single path (one edge), a set of paths (two edges), or all paths (three
paths). The second set (Figure 15b, 15c, 15d, 15e) contains single point
modifications around a loop in a transducer (Figure 15a). We can study the
behavior of cycles in transducers with this set of examples.

We select each modified transducer and generate all sensible examples
to represent the modifications. We do not consider an example sensible if
it does not include at least one modified edge or if it differs only from the
existing examples in the way in which the unmodified paths are selected.
Then we check, which modified transducer from the set can be meant by the
example. We summarize the result of this process in Figure 16 and Figure 17.
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Modification Example Interpretation Comb. Int.

A single path A modified path A single path 1/3 Yes
(a/nx)

A set of paths 1/3 No

All paths 1/3 Maybe

A modified path + A single path 1/2
an unmodified one
(a/nx;c/z)

A set of path 1/2 No

All paths A single path 1 No
(a/nx;b/y;c/z)

A set of paths A modified path A single path 1/3 No
(a/nx)

A set of paths 1/3 Yes

All paths 1/3 No

A modified path + A single path 1/2 No
an unmodified one
(a/nx;c/z)

A set of paths 1/2 No

A set of A set of paths 1/2 Yes
modified path
(a/nx;b/ny)

All paths 1/2 No

All paths A set of paths 1 Yes
(a/nx;b/y;c/z)

All paths A modified path Single path 1/3 No
(a/nx)

A set of paths 1/3 No

All paths 1/3 No

A set of A set of paths 1/2 No
modified path
(a/nx;b/ny)

All paths 1/2 No

All paths All paths 1 Yes
(a/nx;b/ny;c/nz)

Figure 16: The Interpretations of the Examples by the Single Point Modifi-
cations of Branches
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Modification Example Interpretation Comb. Int.

Before the cycle No iteration Before the cycle 1/2 Maybe
(ac/xnz)

After the cycle 1/2 No

One iteration Before the cycle 1/2 No
(abc/xnyz)

In the beginning 1/2 Maybe
of the cycle

Two iterations Before the cycle 1 Yes
(abbc/xnyyz)

In the beginning No iteration In the beginning 1/2 No
of the cycle (ac/xz) of the cycle

In the end 1/2 Maybe
of the cycle

One iteration Before the cycle 1/2 Maybe
(abc/xnyz)

In the beginning 1/2 No
of the cycle

Two iterations In the beginning 1 Yes
(abbc/xnynyz)

of the cycle

In the end No iteration In the beginning 1/2 No
of the cycle (ac/xz) of the cycle

In the end 1/2 No
of the cycle

One iteration After the cycle 1/2 No
(abc/xynz)

In the end 1/2 Maybe
of the cycle

Two iterations In the end 1 Yes
(abbc/xynynz)

of the cycle

After the cycle No iteration Before the cycle 1/2 Maybe
(ac/xnz)

After the cycle 1/2 No

One iteration After the cycle 1/2 No
(abc/xynz)

In the end 1/2 Maybe
of the cycle

Two iterations After the cycle 1 Yes
(abbc/xyynz)

Figure 17: The Interpretations of the Examples by the Single Point Modifi-
cations of a Cycle
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Example Interpretation Int.

A modified path A single path Yes

A set of paths No

All paths Maybe

A modified path + A single path No
an unmodified one

All paths except Yes
the unmodified one

A set of A set of paths Yes
modified paths

All paths Maybe

All paths All paths are modified Yes
as they are shown

Figure 18: Summary of the Interpretations

The first column contains the label of modified transducer. The second col-
umn describes the considered examples, demonstrating the example (we not
list the irrelevant examples like paths only covering the unmodified part of
the transducer). The third column the possible interpretations of the exam-
ple (we also assume that the modification is one of the listed transducers).
The last two columns of the table contain two values: combinatorial unam-
biguousness (comb.) and intuitive unambiguousness (int.). The combinato-
rial unambiguousness is a value between 0 and 1 showing the probability of
choosing the same interpretation as the selected modified transducer. The
intuitive unambiguousness is a value out of the following three possibilities:
yes, no, or maybe which can be interpreted numerically as e.g., 0.8, 0, and
0.2, respectively. This value reflects whether we find the selection of the in-
terpretation intuitive. In Figure 18 we can see the summary of the examples
and the possible interpretation without redundancy. We have to notice that
if the example is described as ”a set of paths is modified”, the example can
be interpreted as ”all except the shown unmodified path” for the general case
(more than three paths).

In Figure 19 two graphs are shown as an example of two transducers
behaving equivalently, i.e. they generate the same output for any valid input.
According to their behaviors we can form equivalence classes of such graphs.
If this kind of variations is possible, we always prefer the graph which has
the smallest number of states.

Generalization To define metrics of the quality of the transducer and
example pairs we have to generalize the concepts of combinatorial unam-
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(a)
Version A

(b)
Version B

Figure 19: Two Transducers with Identical Behavior

(a)
Output Abstraction

(b)
Example Transducer A

(c)
Example Transducer B

Figure 20: The Output Abstraction of the Transducers

biguousness and the intuitive unambiguousness for any arbitrary transducer
and example. We studied how the values corresponding to single point mod-
ifications are calculated. We want to identify the building blocks similar the
examples we studied and combine the values calculated for each building
blocks. Intuitively, we expect that the value respect to multiple modifica-
tions is the product of the values of the single point modifications. (The
values calculated for single point modifications are essentially probabilities
and the combination of independent events can be calculated by multiplying
the probability of each event.) We consider as the basic building block of
such metrics the set of states around which the insertion must occur.

In Figure 20 one can see three graphs. In Figure 20a one can see a
graph which is the output abstraction of the transducers in Figure 20b and
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(a)
Abstraction of
the Branches

(b)
Abstraction
of the Cycle

Figure 21: The States to which the Insertions Belonging

Figure 20c. The edges and the nodes are labeled with output symbols and
states, respectively. The graph in Figure 20a can be the abstraction of any
deterministic transducer having the same states and transitions producing
the same outputs symbols. In Figure 21a and in Figure 21b one can see the
output abstractions of Figure 14a and Figure 15a, respectively.

Consider an arbitrary but fixed transducer t of which the Figure 20a is an
output abstraction. Let i be an input for which t produces a trace between
the states A, M, and F. In this trace the output symbols of two trace steps
are x and w. If we specify a modification by x, n and w in which n is a new
output symbol of a newly inserted edge, the location of the insertion must be
around M (before or after this state). If the node has only a single in and out
edge there are only two possible ways to insert the new edge which prints
n (the decision is irrelevant with respect to the behavior of the modified
transducer). In our case we may interpret the modification intention of t in
several ways:

• a new state has to be inserted with label N, a new transition has to be
inserted from state N to M reading nothing and writing n, the target
state of the transition printing x has to be modified from M to N ;

• a new state has to be inserted with label N, a new transition has to be
inserted from state N to M reading nothing and writing n, the target
state of the transition printing x has to be modified from M to N, the
target state of the transition printing y has to be modified from M
to N ;

• a new state has to be inserted with label N, a new transition has to be
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inserted from state M to N reading the same symbol as the transition
from M to F and writing n, the source state and the input symbol
of the transition printing w have to be modified to N and to empty,
respectively;

• etc.

The amount of the possible variations can be reduced by showing further
paths through the node M in the example. We can summarize the facts
assuming that the output abstraction graph has n in edges and m out edges:

• on both sides 2n and 2m permutations of inserting single point modifi-
cations are possible;

• by constraining the number of modifications to one, then 2n−1+2m−1
permutations are possible (e.g.: consider Figure 20a to which we want
to insert a single point modification before (or after) the node M i.e.
insert a new edge m between x, y, z, (or u, v, w) and M ; this is possible
by connecting a new node N to the M by edge m; then we can connect
x, y, z to the node N or to the node M ; we can do this in 23 − 1
different ways; we can insert the edge n between the node M and the
out-going edges (u, v, w) in a similar way, which leads to additional
23 − 1 permutations; so, the number of possible ways to insert a single
point modification into this example is 23 − 1 + 23 − 1 i.e. 14);

• the number of all possible paths are n*m.

The metrics of the quality of the example with respect to expressing the
intention of the specifier can be imagined as the following. According to the
above description we can calculate the possible number of interpretations in
the combinatorial sense, we call this metrics the combinatorial unambiguous-
ness of the example. We can assign a weight to the selected interpretation
according to the likeliness of the interpretation in sense of human intuition
(to determine the correct weight we need to further study the psychological
aspect of such preferences). This metric can be called intuitive unambigu-
ousness.

The combinatorial unambiguousness metrics can be used to evaluate the
quality of the examples with respect to a given transducer. If the example
is ambiguous i.e. the value of the combinatorial unambiguousness is less
than one, the algorithm may ask questions to clarify the intention or require
the specifier to annotate the example by information that indicates which
modification is expected to be generalized (the annotation can be interpreted
as a selection function for the surrounding edges). Calculating the intuitive
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unambiguousness of the interpretations can help to select the more intuitive
solution from the many possibilities if no interaction with the specifier is
allowed. These metrics may also help to define the expected behavior of the
algorithms.

6 Conclusions

In this paper we investigated the theoretical background of model trans-
formation modification by example. The paper presents our motivation to
develop such an algorithm and the idea of modeling transformations with
transducers. We formulated the theoretical problem in a formal way. The
main contributions of this paper are the detailed description of an inference
algorithm and the proposed metrics to evaluate the effectiveness of similar
algorithms.

An M2T transformation language (XSLT, JET, etc.) can be mapped
to transducers. Such a mapping needs the identification of the control flow
structure and the output operations. The details of mapping XSLT to trans-
ducers can be found in [26] (in the paper we call the transducer abstract
control-flow graph).

In a subsequent paper we will discuss a new algorithm constructed ac-
cording to the lessons learned by constructing this algorithm. We are also
going to revisit the question of the metrics and to compare the two proposed
algorithms.
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