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Abstract

In software engineering a system requirements document
written in a natural language (NL) needs to be translated
into one of the formal specification languages for system
prototyping. When the system is large and complex this
translation, if manually done, is error prone, if not im-
possible. There is the major bottleneck to overcome for
making this translation automated : the ambiguity in
NL and different formalism between requirement docu-
ments and the formal specification. We use Contextual
Natural Language Processing to overcome the ambiguity,
and Two-Level Grammar (TLG) to construct a bridge
between different formalism. The result is a formal rep-
resentation of the informal requirements in NL for pro-
totyping and even for implementation.

1 Introduction

In software development still the natural language (NL)
has remained as the practical choice for the domain ex-
perts to specify the system even with recent active de-
velopment of many formal specification languages. This
is due to the fact that formal specification languages are
hard to master and inappropriate as a communication
medium. However the syntax and semantics of NL, even
with its flexibility and representation power, is not for-
mal enough to be used directly for verification, proto-
typing, or implementation of the system. Therefore the
requirements document in NL is translated, usually man-
ually, into a formal specification. However, when the sys-
tem is very complicated, which is mostly the case when
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one chooses to use formal specification, this conversion is
both non-trivial and error prone, if not implausible. In
addition, the requirements document may be reused for
another similar system (which is a very strong trend in
recent software development) but the manual translation
itself is usually hardly reusable. The major bottleneck of
this conversion is from the inborn characteristic of am-
biguity of NL and the different level of the formalism
between the two domains of NL and the formal specifi-
cation.

To handle this ambiguity problem, some have argued
that the requirements document has to be written in a
particular way to reduce ambiguity in the document [17].
Others have proposed controlled natural languages (e.g.,
Attempto Controlled English (ACE) [7]) which limit the
syntax and semantics of NL to avoid the ambiguity prob-
lem. Another approach to NL requirements analysis is
to search each line of the requirements document for spe-
cific words and phrases for the purpose of quality analysis
[18]. A similar project [8] focuses mainly on the auto-
matic indexing and reuse of the software components in
the requirement documents. However there has been no
attempt to automate the conversion from requirements
documentation into a formal specification language for
implementation.

In our research project, Contextual Natural Lan-
guage Processing (CNLP) [13] is used to handle the
ambiguity problem in NL and Two Level Grammar
(TLG) [16] is used to deal with the different formal-
ism level between NL and formal specification languages
to achieve the automated conversion from NL require-
ments documentation into a formal specification (in our
case VDM++ - an object-oriented extension of the Vi-
enna Development Method [1]). First the requirements
document and its domain knowledge are converted into
Extensible Markup Language (XML) [2] format. Then
a knowledge base is built from the XML requirements
document [12] and domain knowledge using CNLP by
parsing the documentation and storing the syntax, se-
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mantics, and pragmatics information. In this phase, the
ambiguity is detected and resolved, if possible. Once the
knowledge base is constructed, its content can be dis-
played in XML or queried in NL. Next the knowledge
base is converted into TLG by removing the contextual
dependency in the knowledge base. Finally the TLG
code is translated into VDM++ by data and function
mappings. Once VDM++ representation of the specifi-
cation is acquired we can do prototyping of the specifica-
tion using the VDM++ interpreter. Also we can convert
this into a high level language such as Java”™ or C++ or
into a model in the Unified Modeling Language (UML)
[14] using the VDM++ Toolkit [11]. The entire system
structure is shown in Figure 1.

Our system also allows the user to configure and to
fine-tune the automation. This is necessary because our
system carries out a supervised automation iteratively
reflecting the user’s intention and guidance for the au-
tomation. In the sections which follow, we will illustrate
our approach and describe the various system compo-
nents using the simple Automatic Teller Machine (ATM)
example below.

Bank keeps list of accounts. It verifies ID and
PIN giving the balance and updates the balance
with ID. An account has three data fields; ID,
PIN, and balance. ID and PIN are integers and
balance is a real number.

ATM has 3 service types; withdraw, deposit, and
balance check. For each service first it verifies
ID and PIN from the bank giving the balance.

ATM withdraws an amount with ID and PIN giving
the balance in the following sequence. If the
amount is less than or equal to the balance then
it decreases the balance by the amount. And then
it updates the balance in the bank with ID. ATM

deposits an amount with ID and PIN giving the
balance in the following order. It increases the
balance by amount and then updates the balance in
the bank with ID. ATM checks the balance with ID
and PIN giving the balance.

2 Construction of Knowledge
Base from Requirements

The knowledge base is built from a requirements doc-
ument and a domain knowledge document using syn-
tactic, semantic and contextual (discourse) information.
A requirements document usually contains specific in-
formation about how the system should work whereas
a domain knowledge document describes the relation-
ship between components and other constraints which
are usually presumed in requirements documents. For
example, the requirements says “the user inputs the 4
digit PIN number by pressing the buttons.” And the
fact that the set of the buttons is a component of the
ATM machine is implicitly assumed and therefore not
explicitly mentioned in the requirements documents. So
this kind of information is needed to be specified as the
domain specific knowledge. The units of measurements,
who passes what to whom, which synonyms of a word
are used, what each acronym stands for, etc., are some
of the examples of the domain specific knowledge that
can supplement to the requirements documents.

First these documents are converted into Extensible
Markup Language (XML) [12] by dividing the document
into sections, subsections, paragraphs, and finally sen-
tences. The requirements documents can vary in their
formats and styles depending on the organization or even
on each individual who writes it. Therefore by convert-
ing them into XML the documents can have one stan-
dard format. Our system supports a tool for the user
to rearrange the structure of the document by allowing
the user to drag, drop, edit, and search the sentences,
sections, and chapters anywhere in the document with
ease.

Once the document is formatted in XML, each sen-
tence is read by the system and each sentence is parsed.
This linguistic procedure is necessary not only to build
the knowledge base with contextual information but also
to be used later to identify the classes and their opera-
tions at the time of the conversion of the knowledge base
into TLG. Usually the subjects are good candidates for
the classes and the verbs usually indicate what kind of
operations the classes carry out given the parameters
(the objects of the sentence).

At the syntactical level, the part of speech (e.g. noun,
verb, adjective) and the part of sentence (e.g. subject,
object, complement) of each word are determined. In
this phase the corpora of statistically ordered parts of



speech (frequently used ones being listed first) of about
85000 words from [9] are used to resolve the syntactic
ambiguity. In other words, when there is more than one
valid parsing tree for a sentence, this corpora is used to
break the tie.

Elliptical compound phrases, comparative phrases,
compound nouns, and relative phrases are handled as
well. This is to ensure that the input documents in NL
is as less restricted as possible. Also the system allows
the user to guide the parsing instead of being forced to
rephrase the sentence. For example if the system mis-
takes the part of speech of the word ‘keeps’ as a noun in
the sentence “Bank keeps list of accounts” the user can
make the system remember that the part of speech of
‘keeps’ is verb in this specific context instead of rephras-
ing the sentence into “Bank maintains list of accounts”
for instance.

Using the semantic information and the syntactical
information gathered from the previous phase, anaphoric
references (pronouns) are identified. A pronoun can rep-
resent a word, a sentence, or even another context. This
is done according to the recency constraints (the recent
word has a higher priority than less recent ones) and the
discourse focus (the co-referred one has a higher priority
than ones that aren’t) [3] [10].

Once the references of pronouns are determined, each
sentence is stored into the proper context in the knowl-
edge base. This involves the syntactic, semantic, and
most importantly the contextual information. This part
of the project is the most challenging part because if
a sentence is located in a long context, the meaning of
the sentence can totally change from what is originally
meant. This process is sensitive to how the sentences
are divided and arranged in the original document and
heavily depends on the words (e. g. “the following pro-
cedure” and “in the above condition”) which are used to
indicate the discourse relationships between sentences.

A contextual knowledge base is formalized as a tree-
like data structure not only to store each sentence in its
right context but also to make a smooth conversion from
the knowledge base to TLG. Meta-level context (con-
text for context) determines where to put each sentence
in the tree according to the discourse level information.
The current context is created or switched dynamically
according to the discourse level information (sections,
subsections, and paragraphs) in XML and semantics in-
formation in sentences. For instance, in the ATM exam-
ple the phrase “in the following sequence” indicates that
the following sentences are likely to stay in the current
context. The contextual structure of the knowledge base
is shown in Figure 2.

The black ovals indicate the contexts that hold the
data type information whereas the gray ovals indicate
the contexts that contain the functional information.
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Figure 2: Knowledge base for ATM.

Note the location of the sentence “For each service first it
verifies ID and PIN from the bank giving the balance”. Tt
is positioned under the same context with the sentences
of the withdraw, deposit, and balance check service op-
erations to be used for each service definition later. If it
were located in any other context, the sentence couldn’t
operate as originally intended. The system also allows
the user to reconstruct the resulting knowledge base as
well. When a sentence is misplaced by the automation
because the contextual information for the sentence is
too weak or too implicit.

Once the knowledge base is built into database tables
from the document, its content can be displayed in XML.
This enables the user to see the structured context infor-
mation of the system. Because both the context in the
knowledge base and XML data have the tree-like struc-
ture, the knowledge base in XML visualizes the same
structure of the knowledge base shown in Figure 2.

Also the content of the knowledge base can be queried
by the user in natural language. The following dialogue
between the system and a user shows some example
queries about ATM.

User : What does the bank keep?
System : Bank keeps list of accounts.
User : How does the ATM deposit the amount?
System : ATM deposits amount with ID and PIN
giving balance in following order,
ATM increases balance by Amount,
then ATM updates balance in bank with ID

Because the requirements are stored in a structural for-
mat according to the context, the relevant other infor-
mation is also retrieved as shown in the answer for the
second query.

In summary, the syntactic, semantic, and contextual
information is used to build up the contextual knowledge
base from the requirements documentation.



3 Conversion from Knowledge
Base to TLG

Two-Level Grammar (TLG) may be used to achieve
translation from an informal NL specification into a for-
mal specification. Even though TLG has NL-like syntax
its notation is formal enough to allow formal specifica-
tions to be constructed using the notation. It is able not
only to capture the abstraction of the requirements but
also to preserve the detailed information for implemen-
tation. The term “two level” comes from the fact that a
set of domains may be defined using context-free gram-
mar, which may then be used as arguments in predicate
functions defined using another grammar.

The combination of these two levels of grammar pro-
duces Turing equivalence [15] and so TLG may be used
to model any type of software specification. The basic
functional/logic programming model of TLG is extended
to include object-oriented programming features suitable
for modern software specification [4].

The syntax of the object-oriented TLG is:

class Class_Name.
Data_Name {, Data_Name} :: Data_Type {, Data_Type}.
Rule_Name : Rule_Body {, Rule_Body}.

end class [Class_Name].

where the term that is enclosed in the curly brackets
is optional and can be repeated many times, as in Ex-
tended Backus-Naur Form (EBNF). The data types of
TLG are fairly standard, including both scalar and struc-
tured types, as well as types defined by other class def-
initions. The rules are expressed in NL with the data
types used as variables.

The conversion from the knowledge base to TLG
flows very nicely because the knowledge base is built
with the structure taking this translation into consider-
ation. The root of each context tree becomes a class.
And then the body of each class is built up with the sen-
tence information in the sub-contexts of the root. The
knowledge base of the ATM example would be translated
into the following TLG specification.

class Bank.

Accounts_List :: AccountlList.

ID :: Integer.
PIN :: Integer.
Balance :: Float.

verify ID and PIN giving Balance.
update Balance with ID.

end class.
class Account.

ID :: Integer.
PIN :: Integer.

Balance :: Float.
end class.
class ATM.
Balance :: Float.
Amount :: Float.

ID :: Integer.
PIN :: Integer.

withdraw Amount with ID and PIN giving Balance :
verify ID and PIN from Bank giving Balance,
if Amount <= Balance then

Balance := Balance - Amount,
update Balance in Bank with ID
endif.

deposit Amount with ID and PIN giving Balance :
verify ID and PIN from Bank giving Balance,
Balance = Balance + Amount,
update Balance in Bank with ID.

check balance with ID and PIN giving Balance :
verify ID and PIN from Bank giving Balance.

end class.

Observe that the sentence that increases or decreases
the balance is mapped into the TLG assign statement.
NL has a fairly large size vocabulary whereas TLG
uses specific words for the language-defined operations.
Therefore there is a many-to-one mapping between a NL
expression and a specific TLG operation just like the
assign operation example. As seen in the above TLG
specification of ATM, TLG has flexibility with its NL-
like syntax as well as formality with its strong typing
and formal semantics.

4 Translation from TLG to

VDM-++

The object-oriented extension of the Vienna Develop-
ment Method meta-language, VDM++ [6], has been se-
lected as a target specification language which is trans-
lated from TLG, because VDM++ has many similarities
in structure to TLG and also has a good collection of
tools for analysis and code generation.

Although TLG and VDM++ are both formal spec-
ification languages, the translation from TLG into
VDM++ is not simply a direct mapping between them.
TLG is a procedural specification as well as a logi-
cal specification whereas VDM++ is only procedural.
Therefore TLG supports non-deterministic rule firing
through the substitution and resolution mechanisms just
like other logical programming languages. There are
other differences between the two languages that pro-
vide challenges in the translation such as function over-
riding, non-determinism, and the like. We have defined



translation schemes from various TLG constructions to
corresponding VDM++ constructions. This translation
is carried out in three levels : class level, data type dec-
laration level, and finally operational level. For more de-
tails on this translation we refer the readers to [5]. The
VDM++ specification of the ATM example is shown be-
low.

class Bank

instance variables
private Accounts_List : seq of Account := []
operations
public verify : int * int ==> real
verify (ID, PIN) ==
(dcl Balance : real := 0;
return Balance);

public update : real * int ==> ()
update (Balance, ID) ==
return

end Bank
class Account

instance variables
private ID : int ;
private PIN : int ;
private Balance : real

end Account
class ATM

instance variables
private CBank : Bank := new Bank()

operations
public withdraw : real * int * int ==> real
withdraw (Amount, ID, PIN) ==
(dcl Balance : real;
Balance := CBank.verify(ID, PIN);
if Amount <= Balance then
(Balance := ( Balance - Amount ) ;
CBank.update(Balance, ID));
return Balance);

public deposit : real * int * int ==> real
deposit (Amount, ID, PIN) ==
(dcl Balance : real;
Balance := CBank.verify(ID, PIN);
Balance := ( Balance + Amount );
CBank.update(Balance, ID);
return Balance);

public checkBalance : int * int ==> real
checkBalance (ID, PIN) ==
(dcl Balance : real;
Balance := CBank.verify(ID, PIN);
return Balance)

end ATM

Once we have translated the TLG specification into
a VDM++ specification we can convert this into a high

Account ATM
(from Generated classes) (from Generated classes)
®<<instance variable>> ID : int
%< <instance variable>> PIN : int %< <operation>> deposit()
%< <instance variable>> Balance : real| | *<<operation> > withdraw()
< <operation>> checkBalance()

-Accounts_List
0..n {ordered}

-CBank

Bank
(from Generated classes)

%< <operation>> update()
*<<operation>> verify()

Figure 3: UML for ATM.

level language such as Java™™ or C++, using the code
generator that the VDM++ Toolkit? provides. Not
only is this code quite efficient, but it may be executed,
thereby allowing a proxy execution of the requirements.
This allows for a rapid prototyping of the original re-
quirements so that these may be refined further in fu-
ture iterations. Namely the inconsistencies, contradic-
tions, and ambiguities hidden in the informal description
can be discovered in the formal representation using the
VDM++ Toolkit. Another advantage of this approach is
that the VDM++ Toolkit also provides for a translation
into a model in the Unified Modeling Language (UML)
using a link with Rational Rose’™ (Figure 3).

5 Summary and Conclusion

This research project is developed as an application of
formal specification and linguistic techniques to auto-
mate the conversion from a requirements document writ-
ten in NL to a formal specification language. The knowl-
edge base is built up from a NL requirements docu-
ment and a domain knowledge document in order to
capture the contextual information from the document
while handling the ambiguity problem and to optimize
the process of its translation into a TLG specification.
Well structured and formalized data representations es-
pecially for the context are used to make smooth transla-
tions from NL requirements into the knowledge base and
then from the knowledge base into a TLG specification.
Due to its NL-like syntax and flexibility without losing
its formalism, TLG is chosen as a formal specification to
fill the gap between the different level of formalisms of
NL and formal specification language.

The system can currently handle the presented ex-
ample completely, as described. We are performing ad-
ditional evaluations of the system for other requirements
documents, including some requirements documents de-



scribing actual U. S. Army systems. It is expected that
the technology we are developing will be applicable to
these requirements documents as well. If successful, this
will provide a very useful tool to assist software engineers
in moving from the requirements document to the formal
specification. Our future work is to continue developing
the system to improve system usability and robustness
with respect to its coverage of requirements documents.
When finalized, it is expected that by using the formal-
ized context in CNLP and TLG as a bridge between the
requirements document and a formal specification lan-
guage, we can achieve an executable NL specification for
a rapid prototyping of requirements, as well as develop-
ment of a final implementation.
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