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Abstract

Creating traceability through the use of links
between paragraphs of documents, or between objects
in a requirements database, is a great step forward for
many systems engineering organisations. It enables
analysis of impact, coverage and derivation to be
performed, and greatly improves the requirements
management process.

However, the semantics of the relationship induced
by such links is very shallow: when one object is linked
to another, the strongest meaning it can have is “ this
object may be impacted by changes to the other
object” .

The next step in process improvement through
traceability may be to encourage the use of a deeper
semantics in the traceability relationship. Satisfiability,
for instance, is a richer relationship, requiring the
ability to explain that one user requirement may be
satisfied by the conjunction of several system
requirements, or by any one of a set of system
requirements.

This paper builds on the ideas of others to define a
possible approach to richer traceability relationships,
making use of textual rationale and propositional logic
in the construction of traceability arguments. The
underlying logic allows other, deeper kinds of analysis
to be performed.

The paper also discusses the way the same
structures can be applied to the management of
requirements for product families. The use of
“exclusive or” in rich traceability provides a way of
representing alternative ways of meeting sets of
requirements. It can therefore be used to represent the
variance in system requirements addressed by different
configurations of a product range.

1. Introduction

The creation and analysis of traceability has become
a key practice in system engineering. By linking
requirements in one document with reguirements in
another, the relationship between the two can be
documented. This relationship can then be used for
various kinds of analysis, including:

¢ Impact analysis. What artefacts might be
affected if a given requirement changes?

* Derivation analysis. What reguirements have
given rise to the need for a given artefact?

e Impact coverage analysis. Have dl
requirements been taken into account?

» Derivation coverage analysis. Isthere a need
for every artefact?

Working from the requirements downwards, impact
coverage analysis can be used as a measure of progress
in the construction of a response to regquirements, the
goa being to achieve 100% coverage. Working in the
other direction, derivation coverage analysis can be
used to guard against “gold plating”: are al aspects of
the design covered by requirements?

The ability to carry out these kinds of analysis
represents a quantum leap improvement in the
requirements engineering  process for  many
organisations. For instance, by using impact coverage
analysis, one system test team was able to discover that
their system test plan covered only 78% of the system
requirements. This knowledge enabled them to improve
the system test process, guided by the vital impact
coverage measure.

The idea of a compliance matrix, often requested as
evidence for the quality of aresponse, isasummary of a
traceability relationship.

However, the semantics of such links is typically
very shallow. For instance, if a number of system
requirements are linked to a user requirement, what do
the links signify? Does it mean that all the linked
system requirements are necessary to satisfy the user
requirement? Or does it mean that any one of them is
necessary?

Most usualy, the strongest claim that can be made
for traceability links is that they indicate possible
impact: i.e. these system requirements are likely to be
impacted by a change in the user requirement.

This paper is about techniques for creating deeper
kinds of traceability, and the richer forms of analyses
that are thus permitted.

2. Originsand related work

Rich traceability draws together ideas from a number
of sources. Firstly, the concept of a “design
judtification” as applied in the REVEAL method, a
trademark of Praxis Critical Systems. In this approach,
information is collected to justify traceability, and the



concepts of conjunction and digunction are used to
characterise the way in which design requirements
combine to satisfy the high-level requirements. A design
judtification may itself have a hierarchica structure,
with arguments and sub-arguments.

Secondly, the concept of “elaboration” is describes
in the MoD SMART procurement process. Here a
single statement explaining how the requirement is
satisfied accompanies each requirement, and represents
asimple form of rich traceability.

Thirdly, the Goa Structuring Notation [GSN], which
is used for the construction of safety arguments, makes
use of dtructures very similar to those of rich
traceability. Safety goals are systematically decomposed

usng smple propositiona  logic, contextual
assumptions identified, and supporting evidence
collected.

Another tool-supported approach to goal-directed
requirements analysis is described in [Kaos].

3. Requirementsfor rich traceability

Several things are desirable for creating more
meaningful traceability relationships:

e Textual rationale. In addition to the links
themselves, the ability to attach rationale, even just
atextual description of the reason for links, assists
in determining the exact relationship being
described.

e Grouping of links. Often single links are
insufficient to portray the deeper meaning of a
relationship. The ability to group links together for
the purpose of explaining the relationship also
assistsin describing the relationship.

e Typing of link groups. A more formal typing and
structuring of groups of links assistsin providing
new forms of analysis of traceability relationships.
For instance, grouping of links might mean that
they are mutually conflicting, or identical, or
together form aresponse, or represent alternative
responses.

4. An approach torich traceability

Suppose three system requirements participate in
responding to a single user requirement. Figure 1
portrays the expression of this relationship using
elementary traceability links.

SR 15: The vehicle shall
transmit power to all wheels.

UR21: Thedriver shall be
ableto deploy the vehicle
over terrain type 4A.

SR32: Thevehicleshall have
ground clearance of not less
than 25 cms.

SR53: Thevehicle shall weigh
not more than 1.5 tonnes.

Figure 1. Elementary traceability

This relationship can be enriched by using a structure
portrayed in Figure 2.

R15: The vehide shdl
tranamit power toall
wheels.

Terraintype 4A

UR21: The driver R32 Thevehideshdll
shall be ableto deploy have ground clesrance of
the vehicle over not less than 25 ams.
terrain type 4A.

R53: Thevehide shdl
weigh not more than
15tonnes.

Figure 2: Rich traceability - conjunction

Here the relationship carries a textua rationale, and
the three links are grouped as a conjunction, indicating
that al three system requirements are required to satisfy
the user requirement.

Richer structures can be deployed to represent
aternative solutions. It may be that any one of several
requirements on the system is sufficient to meet a user
requirement, but that several of those system
requirements may be present. Figure 3 depicts such a
situation.

In this example, the cooker may perfectly well have
both an electric plate and a gas ring. Other requirements
may exist that mean that both are necessary, or that only
oneispossible.

It is not only requirements that play a role in
satisfaction arguments; we may wish also to capture
other information regarding the working domain.

Capturing domain knowledge so explicitly is a good
discipline. It clarifies, and lays open to review, the
assumptions that are being made in the satisfaction
argument.



UR 3: The user shall be
ableto boil 10 litres of

water in 4 minutesin a
flat bottomed pan.

SR 37: The cooker shall
have a3 kilo watt,

15 cm diameter
electric plate.

SR 31: The cooker shall
have a 10 cm diameter
gasring.

Two kinds of flat plates
can achieve this or
performance:

A large gasring,
with meduim
pressure gas
supply.

SR 41: The cooker shall
be supplied with gas
pressured at

not less than 25 psi.

Figure 3: Rich traceability — non-exclusive
digunction

5. Analysisof rich traceability

5.1 Traceability analysis

The four kinds of traceability analysis mentioned in
Section 1 remain valid for this richer kind of
relationship, only in every case the analysis is better
informed.

For instance, not only can we distinguish those
system requirements impacted by possible changes in a
user requirement, but also the propositional structuresin
place give us detailed information about the nature of
the impact.

Similar arguments apply to derivation and both kinds
of coverage analysis.

5.2 New kindsof analysis

The picture that is emerging through the above
examples is the use of structures that use textually
supported propositional combinators to document the
exact nature of the relationship between a set of
requirements and the response to them.

The full propositional calculus does not seem to be
at play here, since there is no obvious role for universal
or existential quantifiersin the structures proposed. This
means that the forms of analysis required are a subset of
classical propositional reasoning.

The advantage of using propositional structures in
the way described above is that classical propositional
reasoning can be used in the analysis of the resulting
traceability relationship.

One kind of anaysis would be to use the
propositional calculus to reduce the graphs to
expressions in a normal form that indicates the number
of degrees of freedom, or possible solutions, that remain
in arich traceability structure.

This kind of analysis could be caled “consistency
analysis’. It is similar to the kind of analysis carried out

by Binary Decision Diagrams, used in hardware and
software verification.

6. Applications

Rich traceability can be applied wherever simple
traceability is applied today. Particular mention should
be made about the following tasks.

*  Responding to an Invitation to Tender (ITT) or
Request For Proposal (RFP).
The process of creating atender against an ITT can
be greatly enhanced by using rich traceability. It is
used to construct a detailed argument for
compliance, and informs the potential supplier as
well as the customer as to the nature of the
response in aformalised way that out-performs the
classical request for a“compliance matrix”.

e Assessingaresponsetoan ITT or RFP.
The assessment of aresponse requires reasoning
about how the proposal meets a pre-determined set
of criteria. Rich traceability can be used to
construct the argument. Of course, the criteria may
aready be related to the requirements (rich
traceability established by the customer), and the
requirements similarly related to the proposal (rich
traceability established by the proposer). Then the
transitive relationship may give sufficient
information for an appropriate assessment.

7. Application to product family
management

A key problem in managing a product family is to
know which of a range of products or product features
is best suited to a given set of requirements. The
structures proposed in rich traceability offer the ability
to represent a product family as a set of possible
responses to a set of possible requirements, giving the
possibility of managing the product family at the
requirements level rather than the component level.

Groundwork has been done in this area in [MKKW],
where structures are proposed which encode the product
variants at the requirements level. In one application,
328 key requirements were placed into a structure,
which reduced the number of choices to be made to 9.

Layers of rich traceability push this idea further by
allowing the relationships between design and
requirements to be included into the process, so that
selection of requirements will induce selections of
designs and solutions.

The top-level description of the product family is the
set of al possible system requirements met by the
family of products. Some of these requirements may be



universal to every application of the product family.
Others will only be present in some applications;
indeed, some requirements in the set will be mutually
exclusive.

So our starting point is to build a rich traceability
structure on top of the top-level requirements, which
will enable us to represent the choices of requirement
that are available. This is illustrated in Figure 4 with a
partial structure for part of afamily of cooker products.

Notice that this layer of rich traceability is
incomplete, in that it traces between the system
requirements and nothing. The process of instantiation
of the product family consists in taking the user
requirements, and completing the top layer of
traceability by linking the user requirements to the
system requirements through the traceability structure.
As this occurs, a coherent and consistent choice of
system requirements is controlled by the propositional
structure. An example of thisis presented in Figure 5.

The underlying propositional structure can be
analysed to discover the remaining degrees of freedom
that exist in the product family for meeting the
requirements. In this case, the resulting propositional
expressionis:

(SR7 & SR18 & SR15 & -SR13 & SR62) or
(SR7 & SR18 & -SR15 & SR13 & SR62) or
(SR7 & SR18 & SR15 & SR13 & SR62)

This expression reflects the fact that the only
remaining decision revolves around the choice of oven
width (or the provision of 2 ovens, one of each width).
The choice of cooking surface has been forced by the
constraint on cleaning time.

If the rich traceability is continued into the design
levels, then choices will aso be enforced at that level,
resulting, perhaps, in the selection of a single, or small
set of possible members of the product family that will
meet the user requirements.

More redlistically, it may be found that no existing
member of the product family currently meets the user
need, and a variant will have to be built. This can only
be because a conflict has been generated in the
propositional structure through the choice of top-level
requirements. It is possible that the rich traceability
structure can then be used to identify which
requirements are not being met. This information, in
turn, could be used to derive requirements for a variant
product.

8. Implementation

This section describes ways in which rich traceability
can be implemented. Although the requirements
management tool DOORS is used as a vehicle for the
discussion, the principles can be applied to other tools
aswell. No knowledge of DOORS is assumed.

8.1 Terminology

The following terminology for rich traceability is
proposed.

» Established requirement: the requirement being
satisfied by the argument (UR3 in Figure 6.)

e Contributing requirement: a requirement
contributing to the argument (SR37, SR31, SR41in
Figure 6.)

*  Main argument: the principal rationale of the
argument (the box marked “or” in Figure 6).

e Sub-argument: asubsidiary rationale for an
argument (the box marked “&” in Figure 6).

»  Combination: whether the argument isa
conjunction, digjunction, etc.
Thisterminology isillustrated by Figure 6.
Before considering the best implementation of rich
traceability, we should consider what we want to use it
for. Broadly speaking, we want to be able to:

1. create hierarchica arguments between two
identifiable layers of requirements

2. edit therationale of the argument

3. designate the propositional type of the
argument (“&” or “or”)

4. navigate between requirements related by
arguments

5. publish a satisfaction argument report.

8.2 Implementation approach

A limited form of rich traceability can be
implemented quite ssimply by placing a text attribute on
every established requirement, and recording in it a
rationadle for the requirement’s tracebility links.
However, this approach denies some of the “richness’
of rich traceability. In particular, requirements 1 and 3
above are not satisfied.

Here is a more complete approach, used in the
Railtrack West Coast Route Modernisation (WCRM)
project, which seems to meet these requirements. Figure
7 shows the DOORS data model used, which described
asfollows:

Relationships
Two relationships are used:

o ‘“establishes’ for showing the links between
main arguments and established requirements.
Thisis usually a one-to-one relationship.

e “contributes to” for showing the links between
contributing  requirements  (possibility in
several different requirements documents) and
arguments.  This is a many-to-many
relationship.



Ability to bake in surround

SR7: The cooker shall be able
to bake objectsin an enclosed
space surrounded in heat.

SR18: The cooker shall be able

heating isrequired. &

to bake objects measuring
50 cmsin height.

Choice of widths of
oven.

Ability to heat on aflat
surfaceisrequired. &

Choice of cooking
surfaces.

4

SR15: The cooker shall be able
to bake objects measuring
50 cmsin width.

SR13: The cooker shall be able
to bake objects measuring
75 cmsin width.

SR62: The cooker shall present
acompletely flat cooking
surface across | plates.

SR63: The cooker shall present
aseparated cooking surface
for each plate.

Figure 4. Top-level requirements choices

URL: The chef shall beable
toroast joints of meat.

Ability to bake in surround
heating is required &

Choice of widths of

oven.  QOF
UR2: The chef shall be able
to heat a pan of soup.

Ability to heat on aflat
surface isrequired. &

Choice of cooking
surfaces. XOr

URS: The cleaner shall be
ableto clean the cooking
surface within 2 minutes.

SR7: The cooker shall be able
to bake objects in an enclosed
space surrounded in heat.

SR18: The cooker shall be able
to bake objects measuring
50 cmsin height.

SR15: The cooker shall be able
to bake objects measuring
50 cms in width.

SR13: The cooker shall be able
to bake objects measuring
75 cms inwidth.

SR63: The cooker shall present
aseparated cooking surface
for each plate.

SR62: The cooker shall present
acompletely flat cooking
surface across al plates.

Figure5: Instantiating a product family against user requirements.




Documents

For each layer of rich traceability, a “satisfaction
argument” document is used to contain the nodes of the
arguments as objects. The rationale is held in the
“Object Text” attribute, and the type of structure as an
enumerated attribute called “combination”, taking
values “&” or “or”. The object hierarchy in the
“satisfaction argument” document is used to represent
the hierarchical structure of the argument.

Note that, whereas there is only likely to be a single
document for established requirements in each layer,
there may be multiple contributing documents.

Objects other than requirements may contribute to
arguments, such as domain knowledge (assumptions
about the world), or evidence obtained for system
modelling or simulation.

Views

The key view for managing rich traceability is
constructed in the Satisfaction Argument document. It
has four columns, as show in Figure 8.

The first column uses a macro to follow the outgoing
“establishes’ link and display the identifier and text of
the established requirement. The second column
displays the “Combination” attribute, and is directly
editable.  The third column is the DOORS main
column, and shows the rationale in the Object Text
attribute, as well as any headings serving to structure
the document. Therationale is thus directly editable.

The forth column uses a macro to follow each
incoming “contributes’ link, and display the identifier
and text of the contributing requirements. This view
can serve as a rich tracesbility report, as well as the
focus for creating, reviewing and editing the satisfaction
arguments.

Navigation to the related requirements is also
possible by using the DOORS link indicators, outgoing
links for established requirements, and incoming links
for contributing requirements.

8.2.1 Other tools

A customization of DOORS specifically to handle
rich traceability is under development by our
professional services team. A key tool is the Rich
Traceability Explorer which allows selective tracing
through layers of Rich Traceability. A screen-shot of
this tool is shown in Figure 9. The columns represent
the layers of requirements, and the satisfaction
arguments can be expanded to revea their structure
through the layers.

It is this tool that releases the real power of rich
traceability by giving a view of requirements flow down
across multiple layers. Requirements are marked by the

“R” icon, and nodes in the satisfaction argument by “&”
or “0" icons. The explorer alows a reviewer selectively
to drill down through layers relationships and
satisfaction arguments to understand how objectives are
being met.

9. Conclusions

Rich traceability is a smple idea that enables more
detailed arguments for compliance to be constructed in
a formalised way. It also provides a technique for the
representation of aternative solutions to statements of
requirements, which seems to have an important
application in the management of reuse in product
families at the requirements level.

In particular, rich traceability can provide the basis
for: -

» theinstantiation of a product family against a set of
user requirements;

«  cascading the selection of product family abilities
down to the component level;

» theidentification of placeswhere the product
family can best be enhanced, or a variant created,
to meet a new need;

e the semi-automatic provision of an argument asto
how a product responds to set of user requirements.
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established
requirement contributing
requirements

SR 37: The cooker shal have a
3 kilo watt, 15 cm diameter
electric plate.

UR 3: The user shdl be able
to bail 10 litres of water in 4
minutesin aflat bottomed pan.

Two kinds of flat plates
can achieve this or
performance:

SR 31: The cooker shal have a
10 cm diameter gasring.

A large gasring,
with meduim &
pressure gas supply.

main
argument
SR 41: The cooker shdl be
sub supplied with gas pressured at
argument not less than 25 psi.
Figure 6: Terminology of Rich Traceability
“establishes’ links “contributesto” links
Contributing requirements | |
Established requirements Satisfaction argument document
document document SR 37: The cooker shdl have a
3 kilo watt, 15 cm diameter
electric plate.
UR 3: Theuser shall be able (Two kinds of flat plates

minutesin aflat bottomed pan. performance: SR 31 The cooker shal have a

toboil 10 litresof waterin4 [« Lcma:hievethis

10 cm diameter gasring.

Alarge gasring,
with meduim &
pressure gas supply.

I~ SR 41: The cooker shall be
™ supplied with gas pressured at
not lessthan 25 ps.

\

object hierarchy

Figure 7. DOORS data model for Rich Traceability




1 2 3 4

Established requirement | &/or | Satisfaction Argument | Contributing requirements

UR 3: The user shall pe or | Two kinds of flat plates | SR 37: The cooker shall have
able to boil 10 litres of can achieve this a 3 kilo watt, 15 cm diameter
water in 4 minutes in a flat performance: electric plate.
bottomed pan.
& | Alarge gas ring, witn SR 31: The cooker shall have
medium pressure gas a 10 cm diameter gas ring.
supply.

SR 41: The cooker shall be
supplied with gas pressured
at not less than 25 psi.

(next established (next satisfaction
reqguirement) argument)

Figure 8: Tabular view of a satisfaction argument document.

=4 DOORS: Downwards justification viewer
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Figure 9: Screen-shot of the Rich Traceability Explorer




