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Abstract

The dichotomy resulting from tangled and untan-
gled representations may prove beneficial with re-
spect to the manipulation and analysis of system re-
quirements. This paper describes an invertible ap-
proach to weaving requirements documents that is
based onβ-conversion as defined in theλ-calculus.

1 Overview

Aspect-orientation provides two distinct repre-
sentations of an artifact: untangled and tangled. In
its untangled form, an artifact is partitioned into as-
pects and non-aspects. In the tangled representa-
tion, aspects and non-aspects are woven together.
Both representations serve useful purposes. For ex-
ample, at the source code level the untangled rep-
resentation can help programmers understand and
manage the complexity of a software system. On
the other hand, when in tangled form, the source
code has a representation that reflects the computa-
tion to be performed during execution of the soft-
ware.

In recent years, the abstractions made possible
by aspects have been lifted to the design and re-
quirements phases of software engineering. The di-
chotomy resulting from tangled and untangled rep-
resentations may prove beneficial with respect to
the manipulation and analysis of system require-
ments expressed at this level of abstraction. For
example, a software requirements team may find
it beneficial to perform an analysis on a set of re-
quirements documents and to then manually trans-
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late the requirements into an untangled form. The
untangled form could then be the initial document
presented to the design team. On the other hand,
in tangled form the requirements may be more suit-
able for review by the customer. The rationale why
this might be the case presumes that system require-
ments may originate from a number of sources.
Requirements originating from one source (e.g.,
stakeholder) may overlap with requirements com-
ing from another source. In this framework, sources
need not be aware of each other and it is easy to
envision a situation where a set of requirements
is generated in which requirements between docu-
ments have numerous interrelationships and cross-
cutting concerns.

To date, the majority of research in AOP has
viewed weaving as unidirectional translation. Here,
we consider an invertible weaving function. We
propose a framework where an initial set of tan-
gled requirementsT0 is manually translated into an
untangled formU1 during a preliminary analysis
phase. In untangled form, a requirements document
U1 consists of two components: (1) an untangled
requirements document, and (2) a set of aspects.

GivenU1, a tangled representationT1 can then
be obtained automatically using a weaver. For-
mally, we will denote this translation byU1

weave−−−−→
T1. Ideally,

weave−−−−→ will produce a set of require-
mentsT1 that is sufficiently similar to the original
requirementsT0 that its correctness can be certified
by an appropriate source, such as the customer or
a domain expert. Given that such a link can be es-
tablished one can also consider the development of
an inverse-weaver

unweave←−−−−−−. The development of
unweave←−−−−−− establishes a formal, and bidirectional,

link between the tangled and untangled forms of
the requirements. LetM denote a meaning func-
tion from requirements documents to their mean-
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ing. The essential property that must hold in this
framework is:

MJT0K ≡MJU1K ∧

U1
weave−−−−→ T1 ∧ U1

unweave←−−−−−− T1

(1)

Formula 1 asserts that the manual translation ofT0

must produce a requirements documentU1 that is
semantically equal to T0. Furthermore, the un-
weaving function must be asyntactic inverse. That
is, when applied toT1, the function

unweave←−−−−−− must
produce a requirements document that is syntacti-
cally identical toU1.

Achieving this sets a stage where one can ex-
plore the impact of invertible weaving on the prob-
lem of requirements changes, traceability of re-
quirements, and impact analysis. Specifically, we
are interested in exploring the potential to provide
some sort of automated support for changing cus-
tomer requirements. Ideally, we would like to cre-
ate a system where small changes in customer re-
quirements can be automatically reconciled with
the untangled representation of the requirements,
at which point the untangled requirement set could
be woven back into customer requirements. This
would enable a better understanding of the propa-
gation of requirements changes as well as their im-
pact. We recognize the difficulty of the fully general
version of this problem and propose to only sup-
port such manipulations and analysis under very re-
stricted conditions.

This focus of this paper is to present some pre-
liminary and foundational results underlying an ap-
proach to invertible weaving based onβ-reduction.

2 (Un)Weaving Requirements Docu-
ments

One of the strengths (and weaknesses) of a
natural language based requirements document is
its semantic flexibility. It is this flexibility that
makes requirements document so generally ap-
plicable across diverse problem domains. In this
section, we impose several minor structural restric-
tions and extend requirements documents with ad-
ditional information. Our goal is to produce a re-
quirements document having formal components
that can be subjected to weaving without signif-
icantly impacting its overall flexibility and adapt-
ability.

We postulate that the requirements of a system
be organized into a requirements document satisfy-
ing certain basic structural properties. Specifically,
we expect a requirements document have a nested
block structure and that its referencing conventions
conform to static scoping rules. We also require
that it be possible to assign labels to blocks. Thus,
a requirements document has a hierarchial structure
similar to that of a class diagram.

In the syntax considered in this paper, a require-
ments document has a structure similar to an outline
in which thesectionis the mechanism used to group
related requirements into a block. Asectionmay
be optionally annotated with label consisting of an
identifier followed by a colon. Following the label
is an optional parameter list comprised of identifiers
referenced within the plain text of the requirement.
Following the parameter list is the plain text of the
requirement which is referred to as anitem.

1. G1: Group 1

(a) S1: [x] this is the first labelled item
referencing x

i. R1: [x] this is the second la-
belled item referencing x

ii. this is an unlabelled item

(b) S2: [y] this is the first labelled item
referencing y

i. R1: this is the second labelled
item referencing y

2. G2: Group 2

(a) S1: [x] this is the third labelled
item referencing x

i. R1: this is a labelled item
having no explicitly identified
references

ii. R2: [x] this is the fourth la-
belled item referencing x

Figure 1. An abstract example of an an-
notated requirements document

Within this type of requirements document, the
item is the mechanism used to add arequirement
to a section. At the present time, we restrict
un/weaving to the level of granularity represented
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by theitem. That is, we do not attempt to un/weave
unstructured plain text in an arbitrary fashion.

Under these structural assumptions, theitemcan
be seen as forming a naturaljoin point. A pointcut
consists of a sequence of labels where individual
labels in the sequence may contain one or more oc-
currences of the wildcard symbol *. Thus, a point-
cut describes a set of items.

Figure 1 gives an abstract example of a require-
ments document in which sections (i.e., blocks)
have been labelled G1:, S1:, R1:, S2:, R1:, G2:, S1:,
R1:, R2:. The label sequence G1:S1:R1: uniquely
designates the item whose plain text is:this is the
first labelled item referencing x. Similarly, the label
sequence G2:S1:R2 uniquely designates the item
whose plain text is:this is the fourth labelled item
referencing x. The pointcut G*:S*:R1: will match
the following set of label sequences:{ G1:S1:R1,
G1:S2:R1:, G2:S1:R1}.

2.1 A General Model for (Un)Weaving

We develop an aspect-oriented framework where
weaving is modelled as a variation of the tradi-
tional method/function call mechanism. Recall that
a traditional method call makes use of two distinct
sources of information: (1) the method definition,
and (2) the information provided by the method call
(i.e., the values of the actual parameters). In the
method call mechanism, the method to be called
must be explicitly indicated at the point where the
method is to be executed. Furthermore, the ac-
tual parameters that should be passed to the called
method must also be explicitly indicated.

Code Comment
methodf(y) = y + 5 Method definition.
...
... f(y1) ... Call point.

We now show, through a sequence of modifica-
tions, how weaving can be seen as a variation of the
method call mechanism. In the first modification,
we remove the actual name of the method at the
given call point. In our running example, in the call
f(y1) we remove the reference tof and abstract it
to an unspecified methodX yielding the abstracted
callX (y1).

Code Comment
methodf(y) = y + 5 Method definition.
...
... X (y1) ... Abstracted call point.

In the second modification, we add information
to the definition off specifying thatX can be re-
solved tof . This information, traditionally called
apointcut, establishes a formal connection between
the call pointX (y1) and the definition off . At this
time we do not concern ourselves with the actual
syntax used to express pointcuts.

Code Pointcut
aspectf(y) = y + 5 X can be resolved tof
...
... X (y1) ...

In a purely aspect-oriented framework, the ab-
stract callX (y1) is even further simplified toy1.
Thus, all information concerning the call is re-
moved from the call point (which is now referred
to as ajoin point) and is moved to the pointcut as-
sociated with the aspect definition.

2.2 Un/weaving viaβ-Conversion

Because of the inability to automatically ana-
lyze the semantics of natural language-based re-
quirements documents, we will retain a call struc-
ture having a form that essentially corresponds to
the formX (y1) described in Section 2.1. We also
think of un/weaving in terms ofβ-conversion as it
is defined in theλ-calculus [2].

In the λ-calculus, β-conversion is a rule es-
tablishing an equivalence betweenλ-expressions.
When applied from left-to-right, this rule is referred
to asβ-reduction. When applied from right-to-left,
this rule is referred to asβ-abstraction. For exam-
ple, given the definitionf = λy. y + 5 and the
pointcutX can be resolved tof we define weaving
in the following manner:

X = f ⇒ X (y1) = f(y1) = (λy. y + 5)(y1)

(λy. y + 5)(y1)
β−→ y1 + 5

(2)
Furthermore, we can now also define unweaving

as the inverse of weaving as follows:
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(λy. y + 5)(y1)
β←− y1 + 5 (3)

It is important to note that in the proposed weav-

ing framework the abstraction
β←− is guided by a fi-

nite set of aspect definitions and it is this finite set

that makes
β←− feasible.

From a theoretical perspective, a major concern
is whether unweaving is confluent. That is, whether
the application of unweaving steps always even-
tually produce the same requirements document.
From a practical perspective, a concern is how one
would go about recognizing candidate terms for
(un)weaving. Consideration of both of these issues
lie beyond the scope of this paper.

2.3 Composing Requirements

At the level of abstraction considered, both re-
quirements as well as the advice associated with
aspects consist primarily of natural language frag-
ments (e.g., sentences and phrases). The inability to
formally analyze or structure (e.g., parse) such nat-
ural language-based entities places restrictions on
how the advice in aspects can be composed with re-
quirements during weaving. The lack of formality
also places limitations on the extent to which au-
tomated support can be provided to determine that
advice/requirement compositions result in tangled
requirements that are semantically well formed.

At this time, rather than placing additional re-
strictions on requirements and advice, we leave the
question of whether a requirements document or
an advice-requirement composition is well formed
open (e.g., subject to user certification). Further-
more, at present, we will only permit the concate-
nation operator· to be used when composing an ad-
vice entity with a requirement entity. For example,
if R is a requirement andA is an advice, thenA·R
denotes abeforecomposition andR ·A denotes an
after composition.

We adopt a syntax for specifying an aspect as
shown in Figure 2. Here the header portion of an
aspect consists of the name of the aspect followed
by a colon followed by a pointcut description fol-
lowed by a list of formal parameters. Typically, a
formal parameter will be awildcard identifier. That
is, an identifier containing one or more occurrences
of the wildcard symbol * (e.g., x*1). Formal para-
meters represent identifiers that are referenced (lit-
erally) within an advice component. Formal para-

meters must be properly instantiated (i.e., matched
with) a concrete identifier occurring within the re-
quirement to which the advice is woven. This in-
stantiation of wildcard identifiers within advice is
accomplished viaβ-conversion as described in Sec-
tion 2.2. We would like to point out that the primary
reason for using wildcard identifiers within an ad-
vice entity is to facilitate the unweaving process.

An aspect body consists of an equation explic-
itly relating advice to requirements. The left-hand
side of such an equation consists of a term contain-
ing uninstantiated variables (e.g.,R) that abstractly
denote the requirement at the join point. The right-
hand side of this equation consists of a term denot-
ing the composition of an advice entity (e.g.,A)
with the requirements term (e.g., the variableR).

In this context, weaving and unweaving are de-
fined as a directional application of the equation
that forms the body of an aspect. We refer to such a
directional equation as arewrite rule. Un/weaving
can now be formally defined as the reduction of a
requirements document with respect to a given set
of rewrite rules. Un/weaving is complete when a
requirements document reaches anormal form.

Body Weaving Unweaving
R = A · R R → A · R R ← A · R
R = R · A R → R · A R ← R · A

In a classical setting, anormal form, with re-
spect to a set of rewrite rules, is defined as a term
to which no rewrite rules can be applied. For termi-
nating systems, such terms can be obtained through
the exhaustive application of the rule set. In this
case, confluence is necessary to assure that the or-
der in which rules are applied during the course of
exhaustive application is irrelevant. In our frame-
work, we believe this definition of normal form is
suitable for defining the unweaving of requirements
documents.

When the advice equations are oriented in the
weaving direction the resulting rule set will gener-
ally be nonterminating. Thus, obtaining a normal
form through exhaustive application is infeasible.
There are several ways the nontermination issue can
be addressed and while interesting from a theoreti-
cal perspective most approaches are not particularly
interesting in practice. In this paper we address the
issue by controlling the application of rewrite rules
so that an aspect can be woven to a particular join
point at most once. This restriction assures that the
weaving rule set is terminating.
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Header Formal Parameters Body Comment
name: pointcut [args] R = A · R Before composition
name: pointcut [args] R = R · A After composition

Figure 2. An abstract view of the aspect structure.

T0: Initial Requirements Document in Tangled Form

1. Functional requirements.

(a) The switch must route 911 calls to a public safety answering point (PSAP) under all circumstances.

2. Call processing:

(a) Call processing must route the call according to internal tables to the switch of the called party.

(b) The call processing subsystem must deny call completion if the caller has an overdue account, unless it is a
911 call in which case, it must be allowed to complete.

3. Billing:

(a) Every call must be metered, unless it is a 911 call.

4. Caller ID blocking:

(a) When the caller ID blocking feature is enabled, the switch must not forward the caller’s phone number.
However, the caller ID blocking feature is superseded for a 911 call.

5. Capacity requirements:

(a) The central office must support X number of calls per hour during peak hours. If there is a shortage of
resources at peak hours, 911 calls take priority.

(b) The central office must provide Y number of trunks in order to support the call load X. The central office must
provide Z number of trunks dedicated for 911 service on top of Y.

(c) The central office must provide Y number of physical trunks connected to the long distance tandem office.
The central office must provide Z number of physical trunks connected to a 911 tandem switch.

Figure 3. An example of an initial requirements document in tangled form: T0

3 A Concrete Example

To date, a prototype invertible weaver has been
implemented in the strategic programming lan-
guage TL [8]. Strategic programming languages
are languages in which transformations can be ex-
pressed through a collection of rewrite rules whose
application is explicitly under user control [4].
Strategic programming languages typically provide
a variety of combinators and traversals allowing
sets of rewrite rules to be applied to terms in in-
teresting ways.

The language TL is well-suited for the imple-
mentation of weavers and invertible weavers for
several reasons. First, TL supports the definition

of higher-order rewrite rules, strategies, and traver-
sals. Through the use of a higher-order rule (es-
sentially a template) it becomes straightforward to
dynamically convert aspects into strategies, which
can then be applied to a requirements document
to produce a document in un/woven form. Sec-
ond, TL performs matching using a standard first-
order matching algorithm that has been extended to
permit matching on wildcard identifiers. Though a
few systems have been developed that provide asso-
ciative as well as associative-commutative match-
ing/unification algorithms, to our knowledge TL is
unique to the extent that it directly supports wild-
card matching (a simple form of associative match-
ing) on tokens (e.g., identifiers).
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T1: Tangled Requirements U1: Untangled Requirements

1. Call processing:

(a) CP1: [the call] { if the call = 911 then call processing
must routethe call to a PSAP, else}· Call processing must
routethe call according to internal tables to the switch of
the called party.

(b) CP2: [call] { if call = 911 then call must be routed to a
PSAP, else}· The call processing subsystem must deny
completion of thecall if the caller has an overdue account.

1. Call processing:

(a) CP1: [the call] Call processing must
routethe call according to internal ta-
bles to the switch of the called party.

(b) CP2: [call] The call processing sub-
system must deny completion of the
call if the caller has an overdue ac-
count.

2. Billing:

(a) B1: [call] { if call equal 911 then call must not be metered;
otherwise}· Everycall must be metered.

2. Billing:

(a) B1: [call] Everycall must be metered.

3. Caller ID blocking:

(a) CIB1: [callers phone number] { if call = 911 then the
callers phone number must be forwarded, else}· When
the caller ID blocking feature is enabled, the switch must
not forward thecallers phone number.

3. Caller ID blocking:

(a) CIB1: [callers phone number]
When the caller ID blocking feature is
enabled, the switch must not forward
thecallers phone number.

4. Capacity requirements:

(a) Cap1: The central office must support X number of calls
per hour during peak hours.·{ If there is a shortage of
resources at peak hours, 911 calls take priority}

(b) Cap2: [Y] The central office must provideY number of
trunks in order to support the call load X.·{ In addition, the
central office must provide Z number of trunks dedicated
for 911 service on top ofY. }

(c) Cap3: [Y] The central office must provideY number of
physical trunks connected to the long distance tandem of-
fice.{ In addition, the central office must provide Z number
of physical trunks connected to a 911 tandem switch on top
of Y. }

4. Capacity requirements:

(a) Cap1: The central office must support
X number of calls per hour during peak
hours.

(b) Cap2: [Y] The central office must pro-
vide Y number of trunks in order to
support the call load X.

(c) Cap3: [Y] The central office must pro-
videY number of physical trunks con-
nected to the long distance tandem of-
fice.

Figure 4. Invertible Weaving: T1
β←→ U1

Using the prototype invertible weaver mentioned
above, we take a look at a requirements document
for processing phone calls, including 911 calls. Let
us begin by considering the problem of providing
911 service. (911 is the official national emergency
phone number in the United States and Canada.)
Dialing 911 should connect a caller to a Public
Safety Answering Point (PSAP) which contacts the
necessary local emergency medical, fire, and law
enforcement agencies. The phone number and lo-

cation of the caller is also passed on to the PSAP
(this feature is also known as Enhanced 911). Due
to the emergency nature of a 911 call, it will over-
ride many call processing functions and checks in
telecommunications software. For example, 911
calls must be completed whether the calling num-
bers account is delinquent or not. Also, 911 calls
are funded out of state telecommunications taxes
and are not billed to the caller. Thus, specifying
911 functionality cuts across many requirements.
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U1: Aspects relating to 911 calls
route to PSAP: *CP* [*call ] R = { if *call = 911 then call must be routed to a PSAP, else} · R
meter: *B1 [call* ] R = { if call* = 911 then call must not be metered; otherwise} · R
forward: *CIB1 [*phone number] R = { if call = 911 then the*phone number must be

forwarded; otherwise} · R
priority: *Cap1 R = R · { If there is a shortage of resources at peak hours, 911 calls take

priority. }
capacity1: *Cap2 [Y* ] R = R · { In addition, the central office must provide Z number of

trunks dedicated for 911 service on top ofY* . }
capacity2: *Cap3 [Y* ] R = R · { In addition, the central office must provide Z number of

physical trunks connected to a 911 tandem switch on top ofY* . }

Figure 5. Aspects Used for Invertible Weaving: T1
β←→ U1

The original tangled form,T0 of phone service
requirements document is shown in Figure 3. In
T0, concerns relating to 911 calls crosscut the doc-
ument. An initial (manual) analysis phase results in
the requirements documentU1 in which 911 con-
cerns have been factored out. The formsU1 andT1

are shown in Figure 4 and can be generated auto-
matically from one another using the aspects shown
in 5.

4 Related Work

A number of works work have focused on (1)
identification and separation of concerns, and (2)
weaving such concerns into a requirements doc-
ument. AORE with ARCaDe [6] is a tool that
facilitates separation and composition of crosscut-
ting and non-crosscutting requirements through a
flexible composition support. ARCaDe relies on
the flexibility of XML for requirements represen-
tation and on viewpoints for aspect identification.
Composition of separated concerns can be achieved
from the XML template composition rules and
composition operator. However, ARCaDe doesn’t
support the unweaving of requirements once they
are composed.

Theme/Doc [1] provides an easier approach that
helps separation of concerns for requirements mod-
elling. Action words are given to the Theme/Doc
tool. Candidate aspects are identified after analy-
sis of the requirements document for occurrences
of action words or synonyms of them. The output
of Theme/Doc tool is clipped action view, which
shows crosscutting concerns separate from the non-
crosscutting concerns. Composition rules is in-

ferred from the order in which themes are placed
in clipped action view. A crosscutting concern is
placed on top of the other concerns it crosscuts.
Thus composition rule is to move bottom up while
composing. Theme/Doc does not provide a view
for composed requirements.

WMATRIX, a natural language processor, has
been used to enable the identification of aspects
[7]. NAPLES [5] is a product line approach that
uses WMATRIX to facilitate requirements analy-
sis. WMATRIX tags each word in the requirements
document with its part-of-speech and semantic cat-
egories for identification of concerns. The tagged
document is then processed with a mining tool (EA
miner in [5]) to identify viewpoints and early as-
pects. The output is an AORE model showing view-
points, early aspects and composition rules. As-
pect Browser [3] has been proposed as a program-
ming environment to identify and manage aspects
for programmers. Possible aspects are identified
by searching the entire project for redundancies in
the code and in identifier names. Once candidate
aspects and their associated occurrence counts are
determined, a global view of interrelationships of
different aspects is provided. Aspect Browser pro-
gramming environment uses different highlighting
colors to indicate presence of aspects in the code. It
does not specify composition rules for crosscutting
concerns.

The method we propose is different from the
methods discussed above in the sense that, in ad-
dition to composing separated concerns, it can also
unweave the composed requirements back to untan-
gled form.
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5 Future Work

We believe that invertible weaving makes possi-
ble a variety of requirements tracing mechanisms.
An important capability in this setting is ability to
incorporate, into the invertible weaving framework,
changes to requirements that are made directly to
the tangled form of the requirements documentT1

as well as changes made to its untangled formU1.
Consider a tangled requirements documentT2

that has been obtained by making a single con-
ceptual change∆T1 to T1. We are presently ex-
ploring how and under what conditions∆T1 can
be used as the basis forT2

weave−−−−→ U2. We be-
lieve that confluence plays a major role in the abil-
ity to trace changes from a tangled form to its un-
tangled representation. We also believe that such
tracing capabilities can be extended by modelling
changes to requirements documents incrementally
in terms of sequences of smaller (atomic) changes;
e.g., ∆T = 〈∆T1 , ∆T2 , ..., ∆Tn〉. The resulting
change structure is shown below.

βU1 T1
¾ -

∆U1

? ?

∆T1

βU2 T2¾ -

∆U2

? ?

∆T2

β
U3 T3¾ -

? ?

6 Summary

In this paper, we described an invertible ap-
proach to weaving. The approach is based on mod-
elling the body of aspect as an equation that re-
lates an arbitrary requirementR to a specific piece
of adviceA. Un/weaving can then be defined as
directional application of this equation, which in
this directed form is referred to as a rewrite rule.
Un/tangled forms of requirements documents can
be defined in terms of normal forms with respect
to a particular orientation of the equations. Conflu-
ence plays an important role with respect to normal
forms. We conjecture that lack of confluence, in

many cases, is a sufficient indicator that concerns
can be further separated. This is something that
needs further exploration.
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