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1. Introduction

Throughout the design process, the design problem and design
solutions may be represented by verbal statements, free-hand
sketches, technical drawings, graphic models, as well as the
internal mental representations that drive human thinking [1].
Simon classified design representations into natural language,
mathematical models, diagrams of physical objects and processes,
and three-dimensional models [2]. Multiple representations may
be used by designers to depict various design contents, appearing
at different design stages, which may be of different levels of
complexity and abstraction [3]. This variety of design representa-
tions can be illustrated in Fig. 1.

The representations shown in Fig. 1 are used, respectively,
in different design stages, which generally include requirements
elicitation and specification, conceptual design, configuration
design and detailed design. The earliest effort in computer aided
design was put on the automation of the detailed design process,
with geometric modelling as a foundation [4]. Over the last few
decades, various geometric models and CAD tools have been
developed [5,6] to have advanced greatly the quality and efficiency
of the detailed design process. Motivated by the success in the
computer aided detailed design and empowered by the progresses
in the areas of design theory and methodology, artificial intelligence,

pattern recognition, database and software engineering, a great deal
of efforts have also been made to scientifically understand and to
computationally support early design activities. During those early
design stages, design information is usually informal and appears in
the form of free-hand sketches, graphic language and verbal
statements. The research results cover functional modelling [7–9],
requirements [3,10–13] and sketches [14–18], among others.
Graphic language like flowchart is often used to describe the
concepts relevant to the research on early design activities. In an
effort to developing deep scientific understanding of the design
process, mathematical models have been investigated to represent
the entire design process, especially the early design stages. Major
milestones in this direction includes general design theory [19,20],
axiomatic set theoretic model [21], formal design theory [22],
science-based design [3] and axiomatic theory of design modelling
[23].

Apart from mathematical language, technical drawings, sketches
and graphic models, natural language as the means for human
thinking plays a significant role in delivering design solutions. Eris
recently studied the role and taxonomy of inquiries in the process of
transformation from design requirements to design concepts [24].
Research has also been done in software engineering field to
transform natural language based design requirements into more
formal and structured specifications [25]. It becomes more and more
evident that natural language processing (NLP) will be a critical
component of the future computer aided design system. The tools
based on NLP would be able to improve the quality of communica-
tions throughout the design process, to facilitate the understanding
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of the customer’s real intention, and to elicit precise and complete
product requirements. As the first step toward this objective, this
paper proposes a graphic language – recursive object model (ROM) –
to represent a natural language.

The rest of this paper is organized as follows: Section 2
introduces the mathematical foundation and basic elements of the
recursive object model. Section 3 shows that the ROM is sufficient
to represent the statements in the English language by developing
a mapping from the linguistic structure of English to the symbols in
the ROM. Section 4 demonstrates the usefulness of the ROM in
engineering applications through three examples: the under-
standing of a natural language based description of a design
problem, transformation of design scenarios into UML diagrams,
and formulation of ISO standards. Section 5 concludes this paper
and indicates the future directions of this research.

2. Recursive object model

This section starts with a brief review of the axiomatic theory of
design modelling [23], which is the mathematical foundation of this
present research. Then the linguistic structure of English is formally
studied by the axiomatic theory of design modelling in Section 2.2.
Recursive object model, the graphic language for representing
natural language, is proposed in Section 2.3. This graphic language
fits into the recursive logic of design naturally [26]. The ROM was
initially developed in ref. [27] and further refined in ref. [28]. The
model presented in this paper is developed based on the application
of the initial models to various design problems, including
mechanical design, software design, algorithm design, and process
design through industry projects and graduate design courses.

2.1. Mathematical foundation

Axiomatic theory of design modelling is a logical tool for
representing and reasoning about object structures [23]. It
provides a formal approach that allows for the development of
design theories following logical steps based on mathematical
concepts and axioms. The primitive concepts of universe, object,
and relation are used in the axiomatic theory of design modelling,
based on which two axioms are defined in the axiomatic theory of
design modelling.

Axiom 1. Everything in the universe is an object.

Axiom 2. There are relations between objects.

Structure operation is developed in the axiomatic theory of
design modelling to model the structure of complex objects.
Structure operation, denoted by the symbol �, is defined by the
union ([) of an object and the interaction (�) of the object with itself.

�O ¼ O[ ðO�OÞ: (1)

where �O is the structure of an object O. Both the union and
interaction are specific relations between objects.

Since the object O may include other objects, Eq. (1) indeed
implies a recursive representation of an object. Suppose that an
object O includes m subobjects Oi (i = 1, 2, . . ., m).

O ¼
[m
i¼1

Oi; (2)

where m is a finite natural number. The structure of the object O,
�O, can be expanded as

�O ¼ O[ ðO�OÞ ¼
[m
i¼1

�Oi

 !
[

[m
i¼1

[m
j¼1
j 6¼ i

ðOi�OjÞ

0
BB@

1
CCA: (3)

Eq. (3) renders the structure of an object recursive and hierarchical,
as is shown in Fig. 2. In this hierarchical structure, O(k,ik,jk�1)
represents the node at the ikth position in the kth layer with a
parent node at the j(k�1)th position in the (k�1)th layer. Each node
can be an object or a relation between objects. This tree-like
structure indeed implies network structures frequently seen in
various applications in that the relations between network nodes
are nodes in the tree structure.

Due to the capacity of human cognition and the scope of an
application, a group of primitive objects can always be defined
as

M ¼
[n
i¼1

Oa
i ; (4)

where Oa
i is a primitive object, for which the following condition

holds,

�Oa
i ¼ Oa

i : (5)

Eq. (5) means that a primitive object is an object that cannot or
need not be further decomposed.

2.2. Representation of natural language using axiomatic theory of

design modelling

Language is a symbol system human beings used to describe the
universe. By common agreement among its users, its symbols
(letters and words) usually stand for ideas in the mind or objects in

the environment [29]. The symbols in a language may also fulfil
certain structural functions in the language pattern so that ideas
and objects can be combined to form more complex meanings
[29]. In delivering a message, sentences are the basic construct
carrying the complete meaning. By comparing the description of a
language given by Turner with the axiomatic theory of design
modelling, it can be seen that both ‘‘ideas in the mind’’ and
‘‘objects in the environment’’ are objects in the universe. The
‘‘structural functions’’ are indeed relations between words,
phrases, sentences and paragraphs. Thus, an implicit mapping
exists between a natural language and the axiomatic theory of
design modelling.

Fig. 2. Hierarchical object representation [23].

Fig. 1. Representations for describing design information.
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For the sake of simplicity, we will limit the scope of our
discussions to a paragraph and its constituents. An entire
document can be easily analyzed based on the analysis of a
paragraph. Denoting a paragraph by P, which is composed by a
group of sentences denoted by S1, S2, . . ., Sn, we have,

P ¼
[n
i¼1

Si: (6)

By applying the structure operation given in Eq. (1)–(6), the
structure of a paragraph is extended as follows:

�P ¼ �
[n
i¼1

Si

 !
¼

[n
i¼1

ð�SiÞ
 !

[
[n
i¼1

[n
j¼1
j 6¼ i

ðSi�SjÞ

0
BB@

1
CCA: (7)

Eq. (7) shows that the structure of a paragraph is composed of the
structures of its constituent sentences (�Si) and the relations
between the sentences (Si�Sj).

If each sentence is taken as a whole, then the relations between
sentences are punctuations such as the comma, the colon, the
semi-colon, the period, question mark, etc. A sentence can also be
made as a combination of a collection of phrases Gk as follows:

Si ¼
[mi

k¼1

Gk: (8)

As a result, the relation between two sentences can be further
refined as:

Si�Sj ¼
[mi

k¼1

Gk

 !
�

[m j

l¼1

Gl

 !
¼

[mi

k¼1

[m j

l¼1

ðGk�GlÞ
 !

: (9)

This process can continue by decomposing phrases into a
collection of words Wo as follows:

Gk ¼
[mk

o¼1

Wo: (10)

Therefore,

Gk�Gl ¼
[mk

o¼1

Wo

 !
�

[ml

p¼1

Wp

 !
¼

[mk

o¼1

[ml

p¼1

ðWo�WpÞ
 !

: (11)

It should also be noted that another component in Eq. (7) is the
structures of each sentence, �Si. Again, according to Eq. (8), we
have

�Si ¼ �
[mi

k¼1

Gk

 !
¼

[mi

k¼1

ð�GkÞ
 !

[
[mi

a¼1

[mi

a¼1
a 6¼ b

ðGa�GbÞ

0
BB@

1
CCA: (12)

In Eq. (12), the relations between phrases, (Ga�Gb), constitute the
syntactic grammar rules of the language whereas the structure of a
phrase implies the lexical grammar rules. By substituting (10) into
the two components in (12), we get

�Gk ¼ �
[mk

o¼1

Wo

 !
¼

[mki

o¼1

ð�WoÞ
 !

[
[mk

c¼1

[mk

d¼1
c 6¼d

ðWc�WdÞ

0
BB@

1
CCA: (13)

For our study, words can be taken as the most primitive objects.
Therefore, �Wo = Wo.

In summary, the following relations exist between sentences in
a paragraph: (1) punctuations, (2) relation between phrases, and
(3) relations between words. In addition, the following relations
exist between phrases and words in a single sentence: (1) lexical

rules; and (2) syntactic rules. The next subsection will propose a
graphic language for representing the relations summarized above.

2.3. Recursive object model: graphic representation of linguistic

structure

According to Axiom 1 in the axiomatic theory of design
modelling, everything in the universe is an object. Therefore, the
basic unit in the ROM is an object represented by a solid box as
shown in Fig. 3.

A more complex object, such as �O, can be represented as a
compound object, which is shown in Fig. 4. A compound object is
an object that includes at least two objects in it.

According to Axiom 2 in the axiomatic theory of design
modelling, there are relations between objects. The following
relations are defined in the ROM: constraint, connection and
predicate.

Constraint (j) is a descriptive, limiting, or particularizing
relation of one object to another. It is represented by an arrow with
a dotted head, as is shown in Fig. 5. The arrow always points to the
object to be constrained.

Mathematically, a constraint relation j can be represented as an
interaction from the constraining object Oi to the constrained
object Oj.

j�Oi�Oj: (14)

Table 1 shows a few examples of the constraint relation in the
English language.

Connection relation (i), represented by a dashed arrow as is
shown in Fig. 6, is to connect two objects that do not constrain each
other. The arrow is optional, depending on the semantics of the
relation.

Mathematically, a connection relation i can be represented as
an interaction of one object Oi with another object Oj.

i�Oi�Oj: (15)

Connections can be further classified into spatial, temporal and
logical. Examples of connection relation include ‘‘and’’, ‘‘or’’,
‘‘onto’’, ‘‘to’’, ‘‘from-to’’, ‘‘if’’, ‘‘then’’, ‘‘therefore’’, etc., which are
shown in Table 2.

Predicate relation (r), represented by a solid arrow as is shown
in Fig. 7, is the relation that describes an act of an object on another

Fig. 5. Constraint relation.

Fig. 3. Graphic symbol for object.

Fig. 4. Graphic symbol for a compound object.
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or that describes the state of an object. Predicate relation includes
many specific forms, such as action and statement.

Mathematically, a predicate relation r can be represented as an
interaction of one object Oi with another object Oj.

r�Oi�Oj: (16)

Table 3 shows examples of the predicate relation in the English
language.

2.4. Summary

The recursive object model is comprised of two kinds of objects:
object and compound object; and three kinds of relations:
constraint, connection, and predicate. They are summarized in
Table 4.

It can be seen from Table 4 that ROM is a very simple graphic
language. Two important questions have to be answered before it
can be put into use. First, is it sufficient to represent a natural
language? Secondly, what is its usefulness? The next two sections
will address these two issues, respectively.

3. Sufficiency of ROM in representing technical English

The purpose of this subsection is to show that the graphic
symbols proposed in the ROM are sufficient to represent all the
linguistic elements in the technical English. By technical English, we
mean that only statements are involved. Other types of sentences are
not our current concern, though they can be obviously included in
the ROM by adding a few symbols and/or rules.

3.1. Words

Words are the most fundamental units that have meanings in a
language. The English language has eight traditional parts of
speech for the words in its grammar: noun, verb, adjective, adverb,
pronoun, determiners, preposition, and conjunction. All words are
objects and can be represented by the solid box as shown in Fig. 3.

A noun is a word used to name an object such as a person, place,
thing, quality, idea, or action in the universe. In a sentence, it tells
who or what did the action or was acted upon by the verb.
Pronouns are used as replacements or substitutes for nouns and
noun phrases in a sentence.

Fig. 6. Connection relation.

Table 2
Examples of connection relation

establish, implement and 

maintain 

maintain 

implement establish ,

and ,

From one location to another 
location 

one another from-to

The car will not move if its 

engine is not started 
its engine is not started The car will not move if

linings onto shoes linings shoesonto 

Table 1
Examples of constraint relation

an expensive tool tool an expensive 

the riveting tool tool the riveting 

a tool in the box in the box tool a

the cost of the tool of the tool cost the 

location at the start at the start location 

open easily easily open

a tool that is convenient for use that is convenient for use tool a

Fig. 7. Predicate relation.

Y. Zeng / Computers in Industry 59 (2008) 612–625 615
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A verb is a word used to indicate the action from/to/on an object
or the state of an object. There are four principal verb types:
linking, transitive, intransitive, and auxiliary. Examples of linking
verbs include ‘‘is’’, ‘‘am’’, and ‘‘are’’. A transitive verb shows actions
from one object to another. Examples of transitive verbs include
‘‘move’’, ‘‘change’’, ‘‘rivet’’, etc. An intransitive verb only involves
one object. It describes a relation on itself, which indicates a state
of a noun. Examples of intransitive verb include ‘‘stay’’, ‘‘fly’’,
‘‘walk’’, etc. These three types of verbs are predicate relations. In
contrast, auxiliary verbs shade the meaning of the main verb in
some desired manner. Thus, they are constraints on the main verb.
Examples include ‘can’, ‘do’, ‘may’, ‘shall’, etc. Table 5 lists the
graphic representations of each type of verb.

An adjective describes or modifies a noun or pronoun whereas
an adverb describes or modifies a verb or a verb phrase or an
adjective. Determiners are words that are necessary in the
sentence but that do not describe. All of those aforementioned
parts of speech constrain the word that they modify; therefore,
they imply a constraint relation. They are shown in Table 6.

Prepositions always appear in a sentence as the first word of a
prepositional phrase. A preposition by itself does not represent a
clear idea; therefore, its representation in the ROM will be
addressed in the context of phrase. A conjunction is a word which
joins two or more words or two or more phrases that do not modify
each other. It belongs to the connection relation, which was shown
in Fig. 6, Eq. (15), and Table 2.

Table 3
Examples of predicate relation

Action: records 

data 

the 

processrecords 

the 

protocol design 

Example: The protocol data records the design 

process. 

Statement: is 

transportation 

is

object 

an

to move 

from-to

location another one 

Example: Transportation is to move an object 

from one location to another.  

Action: rivet 

tool 

the 

rivets brake 

linings 

shoes 

onto 
Example: The tool rivets brake linings onto 

brake shoes. 

Table 4
Elements of recursive object model (ROM)

Type
Graphic

Representation
Definition

Object 
Object O Everything in the universe is an object. 

Compound Object O
It is an object that includes at least two other 

objects in it. 

Relations

Constraint
It is a descriptive, limiting, or particularizing 

relation of one object to another. 

Connection ι
It is to connect two objects that do not 

constrain each other. 

Predicate ρ
It describes an act of an object on another or 

that describes the states of an object. 

Y. Zeng / Computers in Industry 59 (2008) 612–625616
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3.2. Phrases

The next linguistic unit in the English language is phrase, which
is a group of related words that lacks a subject, or a predicate, or

both. A phrase functions as a single part of speech in a sentence.
Each phrase forms a compound object. There are five types of
phrases: noun phrase, verb phrase, verbal phrase, gerund phrase,
and prepositional phrase. They can be modelled according to their
parts of speech. Table 7 gives the composition and the linguistic
functions of each phrase.

As an example, the complex phrase ‘‘the likelihood of introducing
food safety hazards to the product through the work environment’’
includes noun, gerund, and prepositional phrases. As is shown in
Fig. 8, each phrase constitutes a compound object.

3.3. Sentences

In a natural language, sentences are the basic construct carrying
the intended meaning. There are four different kinds of sentences
in English: declarative, interrogative, imperative, and exclamatory.
In the context of engineering applications, different than in that of
imaginative literature, engineers directly refer to objects in
engineering systems rather than use metaphors; and they only

Table 5
Relation defined by verbs

Type  Graphic Representation Example 

Linking noun 1 noun 2 
linking 

verb 

The user is a mechanic. 

user mechanic is

the a

Transitive noun 1 noun 2 
transitive 

verb 

The organization implements the plan. 

organization planimplements 

the the 

Intransitive noun
intransitive 

verb 

The machine stops. 

machine stops the 

Auxiliary auxiliary verb main verb 
shall conform  

shall conform 

Table 6
Relation defined by adjective, adverb, and determiner

Part of Speech Graphic Representation Example 

Adjective

adjective noun garbage-bin clean 

noun as adjective noun harzard safety 

Adverb

adverb verb operate safely 

adverb adjective easy relatively 

Determiner determiner noun machine the 

Table 7
Composition and functions of phrases

Type Composition Part of speech

Noun phrase A noun or pronoun and its modifiers Noun

Verb phrase A verb and any auxiliary verbs Verb

Verbal phrase

Infinitive An infinitive and its object, plus any

modifiers

Adjective, adverb,

or noun

Participial A participle and its object, plus any

modifiers

Adjective

Gerund phrase A gerund and its objects, plus any

modifiers

Noun

Prepositional

phrase

A preposition and its objects and

modifiers

Adjective, adverb

Y. Zeng / Computers in Industry 59 (2008) 612–625 617
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make statements. In this paper, only statements will be considered.
Questions can be processed in the same manner. Therefore, only
declarative sentences will be considered in formulating the states
of engineering design.

A sentence expresses a complete thought. If a sentence
expresses only one complete thought, it is called a basic sentence.
The basic English sentence takes the following structure:
subject + predicate. The subject of a sentence is made up of a
noun phrase, which performs the action expressed in the predicate
of the sentence. The predicate is the part of the sentences that is not
the subject. Since the subject of a sentence is relatively simple, the
sentence patterns can be further classified in terms of the structure

of the predicate of the sentence. Table 8 shows five main sentence
patterns and their respective ROM representations.

The object of a sentence is a noun phrase that receives the
action of a verb or that is influenced by a transitive verb, verbal, or a
preposition. There are direct and indirect objects. The direct object
receives the action of a verb or verbal. The indirect object tells for
whom, to whom, or to what something is done.

The complement of sentence is a phrase that completes
the meaning of a subject, an object, or a verb. The subject
complement follows a linking verb and modifies or refers to the
subject. It can be a noun or an adjective. The object complement
follows and modifies or refers to a direct object. The verb

Fig. 8. ROM structure of a complex phrase.

Table 8
Sentence patterns of the English language

Pattern# Sentence Structure ROM Representation 

Pattern 1 Subject + intransitive verb subject
intransitive 

verb 

Pattern 2 
Subject + linking verb + subject 

complement 
subject subject complement 

linking 
verb 

Pattern 3 
Subject + transitive verb + direct 

object
subject object 

transitive 
verb 

Pattern 4 
Subject + transitive verb + indirect 

object + direct object 

subject direct object 
transitive 

verb 

indirect object 

Pattern 5 
Subject + transitive verb + direct 

object + object complement 

subject direct object 
transitive 

verb 

object complement 

ιNote :  
The connection ι can be ‘to’, 
‘for’, or nothing.  

Table 9
Subordinating conjunctions [30]

Indicates time Indicates place,

people, object

Indicates manner Indicates reason Indicates condition Indicates concession

After, before, since,

when, whenever, while,

until, as, once, as long as

Where, wherever,

who, which, that

As if, as though, how Because, since, so that, why,

in order that, now that, as, so

If, unless, until, in case (that),

provided that, assuming that,

even if, only if, if only, whether

or not, that

Although, though, even

though, while, whereas,

rather than

Y. Zeng / Computers in Industry 59 (2008) 612–625618



Author's personal copy

complement is a noun phrase that acts as the direct or indirect
object of a verb.

3.4. Complex sentences and paragraph

Sections 3.1–3.3 have related the lexical and syntax rules to the
three relations defined in ROM as are given in Table 4. This
subsection will be focused on the relations between sentences,
which include punctuations, relation between phrases, and
relations between words according to the mathematical deriva-
tions conducted in Section 2.2. The relations between sentences
constitute the foundation for understanding the semantics of
complex sentences and paragraph. The modelling of a paragraph
can be reduced to that of complex sentences.

3.4.1. Relations between clauses

A complex sentence consists of one or more clauses capable of
presenting a thought in a manner, which is logically and
grammatically acceptable. Clauses are simple sentences that
follow the basic sentence patterns presented in Table 8. There
are independent and dependent clauses. The independent clause
can stand by itself as a complete sentence whereas the dependent
ones cannot. The sentence ‘‘The user of this tool is a car mechanic’’

is an example of independent clause. The clause ‘‘which has
specified equipments’’ is dependent.

3.4.2. Relations between independent clauses

Two independent clauses are usually joined by punctuation
with an optional coordinating conjunction [30]. In general, they
can be represented by a connection relation in the ROM, as is
shown in Fig. 9.

For the example ‘‘It will affect the movement of the passenger’s
legs if the garbage bin is put under the table; thus, the only place is
under the seats.’’, the ROM diagram is shown in Fig. 10.

3.4.3. Relations between independent and dependent clauses

A dependent clause is joined to an independent one by a
subordinating conjunction such as who, where, why, because,
when, once, until, while, though, and if. Dependent clauses are
introduced by using a subordinating conjunction, which is a word
joining a dependent clause and an independent clause together.
Table 9 summarizes subordinating conjunctions [30].

A dependent clause can be a modifier to a noun or verb in a
sentence or is logically related to the independent clause through a
connection relation defined by the subordinating conjunction. All
types of conjunctions shown in Table 9 can be divided into two
groups: (1) those indicating place, people and object, (2) those
indicating time, manner, reason, condition and concession. The
first group modifies a noun whereas the second group modifies a
verb. Both can be modelled by constraint relation. Fig. 11 shows
two examples demonstrating the two cases, respectively.

3.4.4. Relations between words in two clauses

According to Halliday and Hasan [31], there are three types of
cohesive relationships between words and sentences: reference,
substitution and ellipsis. Reference is a semantic relation
(identification or comparison) between a reference item and its
referent. It is a relation between two words (or phrases) with one
word retrieving information from the other. Substitution is a
grammatical relation between linguistic items in case of non-
identity of referents. Typical substitutes are one, some, any, do, so,
not. The distinction between substitution and reference is that the
substitution is a relation in the wording rather than in the
meaning. Substitution is divided into nominal, verbal and clausal

Fig. 10. Relations between independent clauses: an example.

Fig. 11. Relations between independent and dependent clauses: examples.

Fig. 9. Relations between independent clauses.
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substitutions. Ellipsis is replacement by zero. Its basic function is to
create cohesion by leaving out, under definite rules, what can be
taken over from the preceding discourse, making explicit only
what contrasts with it. Comparing with substitution which is the
replacement of one item by another, ellipsis can be interpreted as a
form of substitution in which the item is replaced by nothing. All
these three types of cohesive relationships are connection relation
in the ROM. Fig. 12 gives such an example.

3.5. Summary

This section shows by enumeration how a text composed of
declarative sentences (statements) can be modelled by the ROM
diagrams. It covers the basic parts of speech, sentence structures,
and cohesions between words and sentences. This demonstrates
that the ROM is sufficient to model the technical English.

4. Applications of ROM

A software system, ROMA, has been developed to support the
transformation of natural English text into ROM diagrams. The
ROMA system takes a paragraph of text as input and output its
corresponding ROM diagrams. The system can handle most of
grammatically correct complex and simple sentences. An auto-

matic layout algorithm can produce a relatively well organized
diagram such as that shown in Fig. 13. A user interface has
functions to interact with the generated ROM diagrams so that any
problems made by the automatic transformation and layout can be
corrected in a user-friendly manner.

The ROM has been tested in and applied to different problems,
such as the iterative and automatic generation of questions
for eliciting product requirements [32] and the quantification of
designer’s mental stress during the conceptual design process [33].
This section will present three other applications to demonstrate
the usefulness of the ROM in design. The first example is about the
capturing of semantics of a natural language text that describes
product requirements in the early design stage; the second
example shows that design scenarios can be transformed into UML
diagrams through ROM diagrams; and the last one is for the
formulation of ISO standards.

4.1. Understanding of product requirements

The objective of this application is to capture the semantics of a
design problem through its corresponding ROM diagrams. An
example adapted from the book by Hubka et al. [34] is used to
illustrate how the ROM can be used in this context. The task of this
problem can be described as:

Fig. 12. Cohesive relationships between words and sentences: examples.

Fig. 13. ROM diagram of the design problem description.
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Design a tool for riveting brake linings onto brake shoes for internal

drum brake. The user of this tool is a car mechanic. The working height

of the user should follow ergonomic standards. The use of this tool

should conform to the related industry safety standards. The service

life of this tool should be around 5 years. The tool should be easy for

transportation and maintenance. It will be manufactured in a specific

workshop, which has specified equipments. The cost of this tool cannot

be over US$ 190.00.

Fig. 13 shows the ROM diagram of the requirements text given
above. It is composed of single words and their mutual relations.
Based on the definition of the ROM and its correspondence to the
linguistic elements of English as given in Section 3, the structure of
this diagram will be the only correct one in this level of details. As
can be seen from this figure, the highlighted word ‘‘tool’’ is the

centre of this ROM diagram since it has the most relations. This
diagram can be used to generate questions for eliciting and refining
the product requirements for this design problem [32].

However, if human interaction is required, the diagram shown
in Fig. 13 would be rather difficult for effective use. In this case,
single words, which are primitive objects, can be merged into
compound objects. Figs. 14 and 15 are two such cases built on the
ROM diagram given in Fig. 13.

If Eqs. (8)–(13) are substituted into Eq. (7), then a paragraph can
be represented as

�P ¼ �
[nw

i¼1

Wi

 !
¼

[nw

i¼1

ð�WiÞ
 !

[
[nw

i¼1

[nw

j¼1
j 6¼ i

ðWi�WjÞ

0
BB@

1
CCA: (17)

Fig. 14. ROM diagram of the design problem description with compound objects: case 1.

Fig. 15. ROM diagram of the design problem description with compound objects: case 2.
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Fig. 16. ROM diagram of a design scenario [38].

Fig. 17. Use case diagram corresponding to the design scenario [38].
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where the symbol Wi is a word. Indeed, Fig. 13 is the graphic
presentation of the mathematical form in Eq (17) for the product
requirements text given in this section. Figs. 14 and 15 are also
representations of �P, but the subjects include not only words but
also phrases and sentences.

It should be noted that though the ROM diagram shown in
Fig. 13 should be of only one structure, there exist multiple ways to
merge words into compound objects. As a result, the ROM
diagrams composed by compound objects can be different. Figs. 14
and 15 are two such cases. This is one of the major advantages of
the ROM over the existing graphic tools such as E-R diagrams [35]

and concept map [36]. The ROM has a flexible structure to acco-
mmodate the randomness and fuzziness of natural language.

4.2. Transformation of design scenario into UML diagrams

The objective of this application is to transform design scenarios
described by natural language into existing graphic tools such as
UML [37]. The details of this application can be found in ref. [38]. A
benchmark example from software engineering is used to
illustrate how the ROM can be used in this context. This example
gives a small requirement text describing the scenarios of a POS

Fig. 18. Domain diagram (class diagram) corresponding to the design scenario [38].

Fig. 19. ROM diagram of a clause in ISO22000.
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management system in a common supermarket environment as
follows:

The customer arrives at a POS checkout with goods. The cashier

starts a new sale. The cashier enters item identifier. The system records

sale-line’s item and presents item description. The cashier repeats

steps 2 and 3 until it indicates it’s done. The system presents total price

with taxes. The cashier tells the total price to the customer and asks for

payment. The customer pays and the system handle payment. The

system logs the completed sale. The system sends sale and payment

information to the external Inventory Systems. The system presents

the receipt. The customer leaves with the receipt and the goods.

The text above shows an entire check-out process occurred in
most of the stores. From the system design point of view, the
product underlying this design scenario is a system and there are
also external and internal actors to the system. By analyzing this
text, the designer can identify the customers and some basic
functions of this system.

Fig. 16 shows the ROM diagram of the design scenario, which
was generated by the ROMA system. The ROM diagram can be
further used to automatically generate the UML diagrams
corresponding to the given design scenarios [38]. Figs. 17 and
18 show the use case and class diagrams, respectively.

4.3. Formulation of quality standards

It is usually problematic for an enterprise to interpret an ISO
standard correctly for its effective implementation. The main
reason lies in the semantic ambiguity of the standards. However,
by formalizing the clauses in a standard, the meaning of the clauses
can be captured and communicated more easily. The following
example is clause 7.2.1 in ISO22000, the standard for quality
assurance of food production [39]:

The organization shall establish, implement and maintain
PRP(s) to assist in controlling

� the likelihood of introducing food safety hazards to the product
through the work environment,
� biological, chemical and physical contamination of the pro-

duct(s), including cross contamination between products, and
� food safety hazard levels in the product and product processing

environment.

Fig. 19 shows the ROM diagrams of the clause above. It should be
noted that the current version of ROMA is not able to analyze the
complex structure above because of the limitation of the syntax
analysis tool we used. In generating the ROM diagram, we have
manually divided the original clause into a few sentences, for each of
which a ROM diagram is generated. All the ROM diagrams are then
merged into a single ROM diagram.

A few things can be immediately understood by looking at
Fig. 19. For example, this clause is about ‘‘controlling the
contamination, the likelihood and the levels’’; there are biological,
chemical, and physical contaminations, which are on the food
product and may come from the interactions between the
products; the food safety hazards are introduced through the
working environment in which the product is processed. The
effectiveness of the ROM diagram on human understanding of the
meaning of a text is under further investigation.

5. Conclusion

In this paper, a graphic language, recursive object model, is
proposed to represent the linguistic information appearing in the
engineering design process. The ROM includes only five symbols
to represent the following elements: object, compound object,

constraint relation, predicate relation and connection relation.
With the axiomatic theory of design modelling as its mathema-
tical foundation, the ROM represents effectively the ideas in a
language and the functional relationships between different ideas
in the language. By enumeration, it is shown that the ROM is
sufficient to represent technical English, which is composed of
statements. By using a ROM analysis system ROMA, which
transforms English text into a ROM diagram, three examples are
used to demonstrate the usefulness of the ROM in engineering
design. The first one is the capturing of semantics from natural
language based design problem description, through which a
product and its environment components can be identified. This
can be taken as the foundation for further elicitation of product
requirements. The second one is the transformation of a design
scenario into UML diagrams through ROM analysis. The third one
is the formulation of ISO standards. It shows that the ROM diagram
corresponding to a clause in the standard makes the meaning of
the clause easy to be understood.

Based on ROM analysis, our research group is currently
developing a new requirements elicitation methodology by asking
the right questions [32]. We are also developing an experiment tool
to analyze data from cognitive experiments on creative design
activities. The ROM is a foundation of a new design methodology,
environment-based design, which we have been developing in our
research group. A separate paper will address the differences and
similarities of the ROM with a few existing graphic languages such
as UML [37], E-R diagrams [35], and concept map [36].
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