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1 Introduction

The demand for an increased quality of software products is nowadays one of the
main reasons for the maintenance and evolution of existing systems. In order to be
able to validate these new requirements all stakeholders have to unify their views on
guality, as well as develop means of efficiently measuring the actual degree of quality
of the product. This document aims to provide a complete infrastructure for the
definition and evaluation of quality, which will be utilised by all SERIOUS partners. In
the following chapters a complete FCM (Factor i Criteria i Metric) quality model is
described, based on internationally accepted standards, and the required
infrastructure for the measuring of software product quality is provided.

This deliverable picks up the work performed in task 3.1, which provided a common
vocabulary on quality for all the project members, as well as a comparison between
the main software quality models (ISO 9126, QMOOD, NFR and NSM). The results of
the previous work have leaded us to select ISO 9126 as the main reference
framework for the model described in this deliverable. The results of this task will be
used as the starting point for both task 3.2 and task 3.4 in their upcoming work.

The presented model not only describes the main quality attributes of interest
(maintainability, reliability, performance, usability and variability), but also enables their
measurement on the system, traversing from external to internal quality evaluation.
The model is also complemented with some guidelines on the measurement process
and a compilation of the most relevant existing metric gathering tools for enabling an
efficient evaluation of quality.

The document is organized in the following way: the next chapter provides a meta-
model which will define clearly the required concepts for developing quality measuring
tools. The following five sections focus on one quality attribute each, providing a
complete description and decomposition of the attribute, as well as providing a
complete reference of external and internal metrics and its dependencies. The
included attributes are usability, reliability, maintainability, performance and variability
(which is not mentioned in the 1ISO 9126 and will be integrated in our model). Chapter
8 provides both an overview on the process of quality measuring and a
comprehensive list of metrics tools, classified on the analysed asset. Finally, section 9
provides some general guidelines about the integration of multiple quality attributes
into an aggregated quality model, and section 10 summarizes the main conclusions.

WP3 partners Public 19/12/2006
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2 Variability

2.1 Definition

Variability is the ability of a software system to be changed or customized
[Anastasopoulos and Gacek; Bachmann and Bass; van Gurp et al]. Increasing
variability allows more freedom to configure the system for use in different contexts.
Variations usually occur at set points called variation points. Variants are specific
instances of variation points. Variation points apply to all kinds of development
artifacts, i.e. requirements, architecture, design, code and tests. Variability modeling
restricts the set of variants that can be chosen together by introducing different kinds
of dependencies between variation points and variants. A variation can be classified
as, for example, optional, in which case a particular functionality is present in one
product but absent in another. Variation points should be designed in such a way that
future requirements are anticipated.

Pohl, Béckle and van der Linden [Pohl et al] distinguish two scopes for variability:
variability in time and variability in space. On the one hand, variability in time deals
with the management of different versions of development artifacts, i.e. the
configuration management. On the other hand, variability in space means that the
same set of artifacts is used to derive multiple applications with different features.

2.2 Internal metrics

2.2.1 Krueger variation management

Krueger [Krueger] divides the variation management problem into two dimensions:
variation types and the granularity of software artifacts. The table below shows the
variation management grid divided into nine subproblems by these two dimensions
(variation types are depicted in the columns and granularities in the rows). The cells
show the management variants that solve their respective subproblems. For example,
version management requires that sequential versions of files have to be managed.

Sequential time Parallel time Domain space
Files Version Branch variation point
Components Baseline Branched baseline | customization
Products Composition Branched customization
composition composition

2.2.2 Invariability

Lago and van Vliet [Lago and van Vliet] approach the variability modeling from a
different direction. They present the idea of explicitly modeling invariability, i.e. things
in systems and their environment that we assume will not change. They state that
invariability modeling, together with variability, provides a more complete coverage of
decisions that lead to the architecture of our software systems. In order to model
invariability, they study the relation between assumptions (reasons for architectural
decisions), features (user visible aspects or characteristics of a system) and structural
elements (packages, interfaces or modules that provide a feature within the system).

WP3 partners Public 19/12/2006
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2.2.3 COSVAM

COSVAM [Deelstra et al] is a technique for assessment the evolution of variability on
product families. Variability assessment in COSVAM consists of determining whether,
how and when variability should evolve by analyzing provided and required variability.
COSVAM is an iterative method consisting of five steps:

1. ldentify assessment goal: the expected outcome, scope and persons involved
on the assessment are defined.

2. Specify provided variability: analyze information sources for obtaining the
variation points, variants and dependencies.

3. Specify required variability: this specification captures the variability required to
accommodate the combinations of functionality and quality in the set of product
family members that is in the scope of the assessment.

4. Evaluate required and provided variability: the purpose of this phase is to find
out how well the required variability is supported by the provided variability and
what changes should be made to accommodate mismatches between them.

5. Interpret the evaluation results: this phase involves selecting solutions that
optimize business goals and constraints; pros and cons of each solution are
considered.

2.2.4 Service utilization metrics

Hoek, Dincel and Medvidovic [Hoek et al.] propose a set of metrics for assessing the
guality of the structure created by the components of a Product Line Architecture.
These metrics are based on the notion of service utilization, by service they
understand any component resource that may be accessed, such as public methods,
functions or data structures. The basic building blocks of their metrics are the
concepts: Provided Service Utilization (PSU) and Required Service Utilization (RSU)
of a component.

PS Ux — I:Ecactual Rsu( — Ractual
I:¥otal I:e(otal

Where, Paqwa is the number of services provided by component X that is usually used
by other components in the architecture and Py is the total nhumber of services
provided by component X; Racwa and Ry are defined similarly.

In order to assess the whole architecture, based on these metrics for a component,
they define the terms Compound PSU and Compound RSU.

In order to analyze how variability affects the Product Line Architecture they propose
to calculate these values taking into account all possible variants.

2.2.5 Software Product Lines metrics

Zubrow and Chastek [Zubrow et al] suggest a set of metrics related to the operation of
a Software Product Line (SPL). The proposed metrics form a matrix that is utilized to
identify relevant measures depending on the management role on the SPL. SPL
typically involves three management roles:
e Management of the product line
e Management of the core asset development: reusable core assets and
infrastructure
e Management of product development: development and sustainment of
individual products
Additionally the measures are classified into three categories based on responsibilities
of each management role:

WP3 partners Public 19/12/2006
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e Performance: extent to which development process meet cost, quality and
schedule

e Compliance: extent to which development process utilize processes, practices
and standards designed for l everaging
assets

o Effectiveness: extent to which product line meets its overall goals

and

Table 17 Relationship between quality objectives and management roles

Objective Product Line Manager | Asset Development | Product
Manager Development
Manager
Performance | Total product | Cost to produce core | Direct product cost
development cost assets Defect density in
Productivity Cost to  produce | application
Schedule deviation infrastructure artifacts
Time to market Schedule deviation Percent reuse
Effort distribution across | Defect density in core
lifecycle assets
activities Number and type of
Number of products | artifacts in  asset
(past, library
present, and future) Core asset quality
Trends in defect density
Compliance | Mission focus Mission focus Process
Architectural Process compliance compliance
conformance
Process compliance
Effectiveness | Return on Investment Core assets utility Customer
Market satisfaction Core assets cost of | satisfaction
Market feature | use
coverage Percent reuse

Next, most relevant metrics are described. Different quality attributes (reusability,
defect density or utility) might be applied at different scopes (set of products produced
by the product line, single product or a single core asset).

Table 21 Variability metrics

Name Description Computation Interpretation
Number of products Each product | Number of produced | The larger the
produced by the | products better
product line
represents a
contribution  to

the return on the

investment in

establishing the

product line
Reuse code | Quantifies  the | Code provided by core | The closer to
percentage  on a | amount of asset | assets divided by KLOC | 100% the
WP3 partners Public 19/12/2006
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product

reuse that take
place on a
certain product

on final
multiplied by 100

product

better

code
on

Reuse
percentage
produced products

Same  concept
applied to the
set of products

Average of reuse code
percentage of all
products produced

The closer to
100% the
better

Defect density in
delivered product

As defects are
removed from
core assets the
quality of
products

developed using
the product line
approach should
increase

Number of bugs
delivered divided by
KLOC

The shorter the
better

Defect density in
delivered products

Same
applied
delivered
products

concept
to all

Average of  defect
density of all products
delivered

The shorter the
better

Core asset utility

Quantifies  how
useful is a
certain asset
inside the
product line

Number of times that a
certain asset is used on
product line derived
products

The larger the
better

Core asset defect

density

Measures the
quality of the
core asset in
terms of defects.
If core asset is
very reused on
the product line
It should report a
downward trend

Bugs delivered divided
by KLOC of the core
asset

The shorter the
better

Productivity

Ratio of the
amount of
product relative
to the resources
consumed to
produce it

KLOQ
Effort

on  product/

The larger the
better

"The effort may be calculated as
E =al, + bl +cL,
Where L, is the amount of code (KLOC) developed specifically for this product, L, is
the amount of code (KLOC) developed as new core assets and L. is the amount of
code (KLOC) from reused core assets; a is a constant for the relative cost of writing
specific code, b is the relative cost of writing new core assets code and c is a constant
for the relative cost of reuse core assets code.

The homogeneity metric proposed by Clements, McGregor and Cohen [Clements et
al, 2005] aims to measure how homogeneous are the products produced on a product
line. The more homogeneous products are the more reuse will be achieved within the
product line. Homogeneity metric is based on the requirements for each product.

WP3 partners

Public

19/12/2006




SERIOUS

ITEA 04032

WP3 Deliverable 3.2
Page 11 of 70

homogeneity =1 —

‘Rji‘ = Number of requirements specific to product i

IR;| = Total number of requirements

2.3 Managing variability

When introducing variability management as part of the software process, variabilities
have to be identified, designed, implemented and managed [de Oliveira et al; Thiel
and Hein; van Gurp et al]. The activities vary from process to process, for example,
the process presented in [de Oliveira et al] has the following activities:

Table 371 Variability management activities

Activity Input Output

variability tracing definition | use cases, feature model | variability tracing model

use cases, static types, A

variability identification ﬁglbuerle model, component (variabilities identified)

L L ~ -t
variability delimitation -+ (variabilities limited)
identification of

static types, component variability implementation

mechanisms for variability model model

implementation

2.4  Variability patterns

Problems with implementing variability in software are in many ways similar to design
patterns. A way of implementing standard mechanisms for handling frequently
occurring design problems is needed in both cases.

Van Gurp et al have identified three recurring patterns of variability [van Gurp et al:

e Single variant: At binding time, a single variant is picked from a set of
variants.

e Optional variant: The set of variants contains a single variant which is
optional.

e Multiple parallel variant: Variant selection and binding is done when a
variation point is accessed.

WP3 partners Public 19/12/2006
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3 Performance

3.1 Definition

[ISO 9126] defines efficiency as the capability of the software product to provide
appropriate performance, relative to the amount of resources used, under stated
conditions.

3.2 Decomposition according to standards

Figure 1 illustrates the decomposition of performance in a soft-goal interdependency
graph (SIG), as extracted from [Chung, 2000].

Performance
Time Space
/ ? \ Process . / \
Response Throughput Management Main Secondary
Time Time Memory Storage

Figure 1 - Performance soft-goal interdependency graph [Chung, 2000]

This division in time performance and space performance is in accordance with the
characteristics of efficiency suggested by [ISO 9126]:
e Time behaviour i the capability of the software product to use appropriate
response and processing times and throughput rates when performing its
function, under stated conditions.

¢ Resource utilization 1 the capability of the software product to use appropriate
amounts and types of resources when the software performs its function under
stated conditions.

o Efficiency compliance i the capability of the software product to adhere to
standards or conventions relating to efficiency.

Both external and internal metrics have been proposed for these.

3.2.1 External metrics

Efficiency metrics are specific to a particular application task. Since efficiency metrics
are fluctuate strongly depending on the conditions of use (e.g., processing data load,
frequency of use), [ISO 9126] advises to also specify an error fluctuation. The factors
explaining this fluctuation should also be investigated.

[1SO 9126] proposes 24 external metrics, illustrated in Table 4, Table 5 and Table 6.

In these metrics, turnaround time differs from response time in that turnaround time
incorporates the time for providing additional information needed by the request.

WP3 partners Public 19/12/2006
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Table 4 - External time behaviour metrics, [1SO 9126]

Metric Purpose Computation Interpretation | Scale
Response | Time to complete a | Time of gaining|0<T Ratio
time specified task. results minus time of | The sooner the
command entry | better
finished
Mean time | Average wait time user | Actual mean | 0 <= X Absolute
to response | experiences after | response time | The lesser the
issuing a request until | divided by the | better.
request is completed | required mean
within  a  specified | response time.
system load i.t.o.
concurrent tasks and
system utilization.
Worst case | Absolute limit on time | Maximum response | 0 < X Absolute
response required in fulfilling a | time among | The lesser the
time ratio function. evaluations divided | better.
by required
maximum response
time among
evaluations.
Throughput | Number  of  tasks | Number of | 0<X Ratio
successfully performed | completed tasks | The larger the
over a given period of | divided by | better.
time. observation time
period.
Mean Average number of | Average number of | 0 <X Absolute
amount of | concurrent tasks the | concurrent tasks per | The larger the
throughput | system can handle | observation time | better
over a given period of | period.
time.
Worst case | Absolute limt  on | Maximum number of | 0 < X Absolute
throughput | number of concurrent | concurrent tasks per | The larger the
ratio tasks the system can | observation time | better
handle over a given | period, divided by
period of time. the required
maximum
throughput.
Turnaround | Wait time the wuser | Time of finishing |0<T Ratio
time experiences after | getting output | The shorter the
issuing an instruction to | results minus time of | better
start a group of related | finishing request.
tasks and their
completion.
Mean time | Average time the user | Average time of |0<X Absolute
for experiences after | finishing getting | The shorter the
turnaround | issuing an instruction to | output results minus | better
start a group of related | time  of finishing
tasks and their | request.
completion.
WP3 partners Public 19/12/2006
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Metric Purpose Computation Interpretation | Scale
Worst case | Absolute limit on time | Maximum 0<X Absolute
turnaround | the user experiences | turnaround time | The lesser the
time ratio after issuing an | among evaluations | better.
instruction to start a | divided by the
group of related tasks | required maximum
and their completion. turnaround time
Waiting Proportion of time | Total time spent|0<=X Absolute
time users spends waiting | waiting divided by | The smaller
for the system to | tasktime. the better.
respond.
Table 5 - External resource utilization metrics, [ISO 9126]
Metric Purpose Computation Interpretation | Scale
I/O devices | I/O devices utilization. | Time of 1/O devices |0 <=X<=1 Absolute
utilization occupied divided by | The less than
specified time which | and nearer to
is designed to | 1.0 the better.
occupy I/O devices
I/0O loading | Absolute limit on /O | Maximum number of | 0 <= X Absolute
limits utilization in fulfilling a | /O messages per | The smaller
function. evaluation  divided | the better.
by the required
maximum I/0
messages
I/O related | Frequency of problems | Number of warning | 0 <= X Absolute
errors in 1/0 device related | messages or system | The smaller
operations failures divided by | the better
encountered by user. user operating time
during user
observation.
Mean I/O | Average number of I/O | Average number of | 0 <= X Absolute
fulfilment related error messages | I/O error messages | The smaller
ratio and failures over a | divided by required | the better
specified length of time | mean number of 1/0O
and specified | messages.
utilization.
User Impact of /O device | Time spent to wait |0<T Absolute
waiting utilization on user wait | for finish of 1/O | The shorter the
time of I/O | times. devices operation. better
devices
utilization
Maximum Absolute limit on | Maximum number of | 0 <= X Absolute
memory memory required in | memory related | The smaller
utilization fulfilling a function error messages per | the better
evaluation divided
by the required
maximum  memory
related error
messages.
WP3 partners Public 19/12/2006
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Metric Purpose Computation Interpretation | Scale
Mean Average number of | Average number of | 0 <=X Absolute
occurrence | memory related eror | memory related | The  smaller
of memory | messages and failures | error messages | the better
error over a specified length | divided by required
of time and a specified | mean number of
load on the system. memory related
error messages.
Ratio of | Number of memory | Number of warning | 0 <= X Ratio
memory errors experienced | messages or system | The smaller
error/time over a specified length | failures divided by | the better
of time and a specified | user operating time
resource utilization. during user
observation.
Maximum Absolute limit of | Maximum number of | 0 <= X Absolute
transmissio | transmissions required | transmission related | The smaller
n utilization | to fulfill a function. error messages and | the better
failures per
evaluation  divided
by required
maximum number of
transmission related
error messages and
failures.
Mean Average number of | Average number of | 0 <=X Absolute
occurrence | transmission-related transmission related | The smaller
of error messages and | error messages and | the better
transmissio | failures over a | failures per
n error specified length of time | evaluation  divided
and specified | by the required
utilization. mean number of
transmission related
error messages and
failures.
Mean Number of | Number of warning | 0 <= X Ratio
transmissio | transmission-related messages or system | The smaller
n error per | error messages | failures divided by | the better.
time experienced over a set | the user operating
period of time and |time during user
specified resource | observation.
utilization.
Transmissi | Capability of software | Transmission 0<=X<=1
on capacity | system of performing | capacity divided by | The lesser
utilization tasks within expected | specified than and
transmission capacity. | transmission nearer to 1.0
capacity which is | the better.
designed to be used
by the software
during execution.
WP3 partners Public 19/12/2006
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Metric Purpose Computation Interpretation | Scale
Media Degree of | Time devoted to a | The smaller | Ratio
device synchronization continuous resource | the better.
utilization between different | divided by the
balancing media over a set period | required time period
of time. during which
dissimilar media are
expected to finish
their tasks  with

synchronization.

It is peculiar that resource utilization
utilization errors. This seems to indicate a link between reliability and efficiency.

metrics are mostly concerned with resource

Table 6 - External efficiency compliance metrics, [ISO 9126]

Metric Purpose Computation Interpretation | Scale
Efficiency Compliance of the | Ratio of satisfied |0<=X<=1 Absolute
compliance | efficiency of the | compliance  items | The closer to
product to applicable | relating to efficiency. | 1.0 the better.
regulations, standards
and conventions.
3.2.2 Internal metrics

[ISO 9126] proposes 9 internal metrics, illustrated in Table 7, Table 8 and Table 9.

Table 7 - Internal time behaviour metrics, [ISO 9126]

Metric Purpose Computation Interpretation | Scale
Response | Estimated time to | Calculated or | The shorter the | Ratio
time complete a specified | simulated time better

task.
Throughput | Estimated nr of tasks | Calculated or | The greater | Ratio
time that can be performed | simulated nr of tasks | the better

over a unit of time per unit of time
Turnaround | Estimated time  to | Calculated or | The shorter the | Ratio
time complete a group of | simulated time better

related tasks as a job

lot
Table 8 - Internal resource utilization metrics, [ISO 9126]
Metric Purpose Computation Interpretation | Scale
I/0 Estimated I/O | Calculated or | The shorter the | Ratio
Utilization utilization to complete a | simulated number of | better

specified task buffers
I/0 Density of messages | Number of 1/O | The greater | Absolute
Utilization relating to I/O utilization | related error | the better
message in the lines of code | messages divided
density responsible in making | by the LOC directly

system calls. related to system

calls.
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Metric Purpose Computation Interpretation | Scale

Memory Estimated memory size | Calculated or | The lesser the | Ratio
utilization that the product will | simulated size in | better
occupy to complete a | bytes
specified task

Memory Density of messages | Number of memory | The greater | Ratio
utilization relating to memory | related error | the better
message utilization in the lines of | messages  divided
density code responsible in | by the LOC directly

making system calls related to system

calls.

Transmissi | Estimated amount of | Calculated or | The lesser the | Ratio
on transmission resources | simulated bits/time better

Utilization utilization

Table 9 - Internal efficiency compliance metrics, [ISO 9126]

Metric Purpose Computation Interpretation | Scale

Efficiency Compliance of | Number of correctly | 0 <= X <= 1 | Absol
compliance | efficiency of the | implemented items | The closer to | ute
product to applicable | related to efficiency | 1, the more
regulations, standards | compliance compliant.
and conventions confirmed in
evaluation  divided
by the total number
of compliance items

3.3 Measurement

3.3.1 Actual measurements
Performance measurement using the external metrics specified in section 3.2.1 on

page 12r equi res the execution of a set of tasks.
which the systemds performance can be measured.

3.3.2 Estimations

Typically, software performance estimations require the transformation of descriptions
of the architecture and design of a software system to software performance models,
e.g., Queuing Network based models [Balsamo et al, 2004].

Some of these approaches reuse existing UML diagrams (e.g., class, deployment,
sequence, use case diagrams). These UML diagrams can possibly be annotated with
guantitative informati on, e. g. using OMGO6s
and Time. Alternatively, traces obtained through dynamic analysis (e.g., sequences of
events/actions) are used, with the claimed benefits of enabling the identification of
parallelism.

Other approaches require the specification of software systems based on process-
algebra or Petri-Nets, or translate UML models into stochastic processes.
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However, in any case, additional information needs to be provided. Examples of these
information needs are:

e Key scenarios
Hardware device characteristics (e.g., configuration, resource capacity)
Computer service requirements (e.g., CPU, 1/O)
Communication overhead

This need for additional information, stored in special performance-oriented ways
makes it difficult for non-performance experts to calculate or estimate performance
[Hoeben, 2000].

The question is whether static analysis of the source code, e.g., parsing of method
calls and data usage are not sufficient for light-weight performance estimates. These
would be better suited to compare alternative designs, e.g., in the context of
refactoring.

3.3.3 Relative performance

The relative performance of a fragment of software system can be evaluated using (i)
performance principles; and (ii) performance anti-patterns.

3.3.3.1 Performance Principles

In [Bulka et al, 2000], sources of software inefficiency are classified as depicted in
Figure 1.

Software Performance

\

Design Coding
Algorithms Program Language (HW) System '\Jraries Compiler
& Data Structures Decomposition Constructs Architecture Optimizations

Figure 2 - Software performance refinement, [Bulka et al, 2000]

In this classification, reasoning about design efficiency requires one to understand the
pr o g r bigwicwire, which is to a large extent language independent. W.r.t. code
efficiency, however, the information required is limited in scope and resolving it
therefore involves local modifications. In the context of refactoring, we are mostly
concerned with design efficiency, which will therefore be our focus in the remainder of
this subsection.

Inherently, design optimizations have dependencies on other components and remote
parts of the code.

Performance and flexibility are considered as two forces pushing in opposite
directions. This can be explained by the fact that flexibility requires very few
assumptions about the context, while performance requires many. It is exactly in those
cases where focus of a code fragment can be narrowed, that higher efficiency can be
achieved. The key to balancing this trade-off is to first target flexibility, then localize
performance hot spots, and afterwards attack these performance hot spots.

The following mechanisms for achieving performance are listed in [Bulka et al, 2000]:
e Caching i sometimes values can be stored, which saves time recompute
them.
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e Common code i sometimes assumptions about the context in which a code
fragment is ran is ignored. E.g., sometimes polymorphism can be used instead
of using an expensive query as the conditional evaluating which branch to
choose. The key is to maximally exploit knowledge about the context of

execut

ion.

o Efficient data structures and algorithms
e Lazy evaluation i sometimes computations can be eliminated
¢ Remove obsolete code i sometimes code on the execution path no longer

Serves

a purpose

These mechanisms can be translated to the following heuristics:
e D o nrécompute values.
¢ Maximally exploit knowledge about the context of execution.
¢ Compute values only when they are needed.

e Each code statement should serve a purpose

3.3.3.2 Performance anti-patterns

An alternative manner of assessing the degree to which a software product satisfies
desired attributes is to assess the degree to which undesired attributes are satisfied.
These undesired attributes are typically described as anti-patterns.

Smith and Williams have published a series of papers on the subject of Software
Performance AntiPatterns. Table 10 summarizes the associated problems and
indicates the role of refactoring in the associated solutions.

Table 10 - Performance anti-patterns [Smith et al, 2003]

Antipattern | Problem Solution Refactoring?
Falling One failure causes | Isolate pieces Probably
Dominoes performance failures in
other components.
Empty Semi | An excessive humber of | Combine items in | Probably
Trucks requests is required to | messages
perform a task. Improve efficiency  of
Specific interfaces  (e.g., using
case: Coupling performance
roundtripping pattern, Session Facade
or Aggregate Entity
design pattern).
Tower of | Processes extensively | Minimize conversion, | Supportive
Babel convert, parse, and | parsing and translation on
translate internal data | paths to be streamlined
into a common
exchange format
Unbalanced | Processing cannot make | Enable concurrent | Unlikely
processing use of available | execution
processors
Unnecessary | Processing is not | Delete extra processing | Supportive
processing needed or not needed at | steps, reorder steps to
that time detect unnecessary steps
earlier, or restructure to
delegate those steps to a
background task.
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Antipattern | Problem Solution Refactoring?

The Ramp Processing time | Select algorithms or data | Unlikely
increases as system is | structures that adapt to
used the size.

More isless | A system spends more | ldentify threshold and | Unlikely
time thrashing than | ensure that it is respected
accomplishing real work | by the architecture.
due to too many
processes relative to
available resources.

God class [ll-distribution of | Refactor design to | Yes
behavior and  data | distribute intelligence
causes excessive | uniformly and keep
message traffic. related data and behavior

together

Excessive Large numbers of | Recycle objects using an | Probably for

Dynamic objects are | object pool, or use the | flyweight

allocation unnecessarily  created | flyweight pattern to | solution
and destroyed, causing | eliminate the need to
a large overhead. crete new objects.

Circuitous An object must look in | Refactor the design to | Probably

Treasure several places to find the | provide alternative access

Hunt information that it needs. | paths.

One-lane Few processes may | Minimize conflicts by | Unlikely

bridge continue to execute | using the Shared
concurrently. Resources Principle.

Traffic jam One problem causes a | Isolate worst-case | Unlikely
backlog of jobs introduce | scenario and provide
wide variability. sufficient processing

power to it.
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4 Maintainability

4.1 Definitions

[ISO 9126] defines maintainability as the capability of the software product to be
modified, including corrections, improvements or adaptation of the software to
changes in environment, and in requirements and functional specifications.

4.2 Decomposition according to standards

Figure 3 illustrates the decomposition of maintainability in a soft-goal interdependency
graph as extracted from [Zhou, 2002].
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Figure 3 - Maintainability soft-goal interdependency graph [Zhou, 2002]

This division in quality characteristics is in accordance with the characteristics of
maintainability proposed by [ISO 9126]:
e Analysability i the capability of the software product to be diagnosed for
deficiencies or causes of failures in the software, or for the parts to be modified
to be identified.

e Changeability i the capability of the software product to enable a specified
modification to be implemented.

e Stability i the capability of the software product to avoid unexpected effects
from modifications of the software.

e Testability i the capability of the software product to enable modified software
to be validated.

¢ Maintainability compliance i the capability of the software product to adhere to
standards or conventions relating to maintainability.
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The definition of changeability is strictly limited to specified modifications. This
limitation corresponds to the characterization of quality attributes by assessment
methods as SAAM and ATAM [Kazman et al, 1994, 2000], referring to stimuli to which
the architecture must respond. These stimuli can be specific to the quality attribute in
guestion. E.g., for performance, stimuli examples are messages, interrupts and
keystrokes. For modifiability, examples are change requests.

Thus, changeability can be used to indicate the degree to which the software product
would accommodate anticipated software evolution. In ATAM, these anticipated future
changes to a system are represented in so called growth scenarios, which have
attribute-specific ramifications [Kazman et al, 2000].

However, it is well known that most software evolution is unanticipated, i.e., we mostly
do not envision, let alone specify, the modifications whose implementation the
software product should enable (e.g. as discussed in the Unanticipated Software
Evolution i USE i workshop series)

4.2.1 External metrics

[ISO 9126] proposes 5 metrics for analyzability (Table 11), 5 for changeability (Table
12), 3 for stability (Table 13), 2 for testability (Table 14) and finally, 1 for
maintainability compliance (Table 15).

Table 11 - External analyzability metrics, [ISO 9126]

Metric Purpose Computation Interpretation | Scale
Audit trail | Identification of specific | Nr of data actually | 0 <=X Absolute
capability operation causing | recorded during | The closer to
failure. operation divided by | 1.0 the better.

nr of data planned to

be recorded enough

to monitor status of

software during

operation.
Diagnostic | Capability of diagnostic | Nr of failures that | 0<=X<=1 Absolute
function functions in supporting | maintainer can | The closer to
support causal analysis. diagnose using | 1.0 the better.

diagnosis function to

understand cause-

effect relationships

divided by total nr of

registered failures.
Failure Identification of specific | 1 T nr of failures of | 0 <=X<=1 Absolute
analysis operation that caused | which causes are | The closer to
capability failure. still not found | 1.0 the better.

divided by total nr of

registered failures
Failure Efficient analysis of | Average time to|0<=X Ratio
analysis cause of failure. analyse cause of | The shorter the
efficiency failure better.
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Metric Purpose Computation Interpretation | Scale
Status Identification of specific | 1 T nr of cases that | 0 <=X<=1 Absolute
monitoring | operation that caused | maintainer failed to | The closer to
capability failure by  getting | get monitor data for | 1.0 the better.
monitored data during | divided by nr of
operation. cases that
maintainer
attempted to get
monitor data
recording status of
software during
operation.
Table 12 - External changeability metrics, [ISO 9126]
Metric Purpose Computation Interpretation | Scale
Change Capability of solving | Average time |0<T Ratio
cycle problem to satisfaction | between the time at | The shorter the
efficiency within an acceptable | which user finished | better (except
time frame by user. to send request for | if the nr of
maintenance to | failures  was
supplier with | large)
problem report and
time at which user
received the revised
version release (or
status report).
Change Ease with which | Average time |0<T Ratio
implementa | maintainer can change | between time at | The shorter the
tion elapse | the software to resolve | which the causes of | better
time the failure problem. failure are removed
with changing the
software and time at
which the causes of
failure are found.
Modificatio | Ease of changing the | Average of work |0<T Ratio
n software to resolve the | time spent to | The shorter the
complexity | problem. change divided by | better (except
the size of the|if the nr of
software change. changes was
large)
Parameteri | Ease of changing |1 71 nr of cases that | 0 <=X<=1 Absolute
sed parameters to change | maintainer fails to | The closer to
modifiability | software and resolve | change software by | 1.- the better
problems. using parameter
divided by nr of
cases which
maintainer attempts
to change software
by using parameter
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Metric Purpose Computation Interpretation | Scale
Software Identification of revised | Nr of change log |0<=X<=1 Absolute
change versions. data actually | The closer to
control recorded divided by | 1.0 the better
capability nr of change log | (except if there
data planned to be | are very few
recorded enough to | changes that
trace software | have to take
changes. place)
Table 13 - External stability metrics, [ISO 9126]
Metric Purpose Computation Interpretation | Scale
Change Failure free operation | (Nr of cases in|0<=X Ratio
success of software system | which user | The closer to 0
ratio after maintenance. encounters failures | the better
during operation
after software was
changed divided by
the operation time
during specified
operation period
after software is
changed)
divided by (same
formula but then
before software is
changed)
Modificatio | Failure free operation | Nr of failures | 0 <= X Absolute
n impact | after maintenance. emerged after failure | The closer to O
localization is resolved by | the better
change during
specified period
divided by nr of
resolved failures
Table 14 - External testability metrics, [ISO 9126]
Metric Purpose Computation Interpretation | Scale
Availability | Ease of performing | Nr of cases in which | 0 <= X <=1 Absolute
of  built-in | operational testing | maintainer can use | The closer to
test without additional test | suitably built-in test | 1.0 the better
function facility preparation. function divided by
nr of cases of test
opportunities
Re-test Ease of performing | Average time spent | 0 <X Ratio
efficiency operational testing and | to test to make sure | The smaller
determining  whether | whether reported | the better.
software is ready for | failure was resolved.
operation.
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Test Ease of performing | Nr of cases in which | 0 <=X <=1 Absolute
restartabilit | operational testing with | maintainer can | The closer to
y check points after | pause and restart | 1.0 the better.
maintenance. executing test run at
desired points to
check step by step
divided by nr of
cases of pause of
executing test run.
Table 1571 External maintainability compliance metrics
Metric Purpose Computation Interpretation | Scale
Maintainabi | Compliance of product | 1 T nr of | 0<=X<=1 Absolute
ility maintainability to | maintainability The closer to
compliance | applicable regulations, | compliance  items | 1.0 the better
standards and | specified that have
conventions not been
implemented during
testing divided by tot
nr of maintainability
compliance items
specified
4.2.2 Internal metrics

The internal metrics proposed by [ISO 9126] do not involve the structure, size nor
complexity of the software system. Accordingly, within the context of design and
refactoring for quality, these internal metrics do not provide any support. However,
maintenance principles and anti-patterns can be used as internal metrics.

Accordingly, we first clarify the relationship between metrics and these maintenance
principles and anti-patterns, after which we elaborate the different dimensions of
internal quality indicators used.

Mar i ne s c u-&tsategiFMaddl ¢Marinescu, 2002] for maintainability employs,
among others, the metrics enlisted in Table 16.

Table 16 - Maintainability Factor Strategy Model

Factor Strategy Metric | Semantics
Changeability | Lack of Bridge NOD Number of Descendants
HIT Height of Inheritance Tree
LR Leaves Ratio
CR Child Ratio
NPubM | Number of Public Methods
Lack of Strategy WMC Weighted Methods Complexity
TCC Tight Class Cohesion
NPubM
NOM Number of Methods
ANOM | Avg number of overridden methods
Lack of State AMW Average Method Weight
NOA Number of Attributes
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Factor Strategy Metric | Semantics

NPubM

WMC
Changeability | God Method LOC Lines of Code
(continued) NOP Number of Parameters

NOLV Number of Local Variables

MNOB | Max Nr of Branches

Data Classes WOC Weight of a Class

NOPA Nr of Public Attributes

NOAM | Nr of Accessor Methods

God Classes ATFD Access to Foreign Data
WMC
TCC

Shotgun Surgery CM Changing Methods
WCM Weighted Changing Methods
CC Changing Classes

God Package PS Package Size

NOCC | Nr of Client Classes

NOCP | Nr of Client Packages

PC Package Cohesion
Interface Segregation | CIW Class Interface Width
Principle Violation CcocC Clients of Class

AUF Avg Use of Interface

Analyzability Lack of Strategy God Like

Feature Envy AlID Access of Import-Data
ALD Access of Local Data
NIC Nr of Import Classes

God Method

Data Classes

God Classes

Refused Bequest IUR Inheritance Usage Ratio
AIUR Avg Inheritance Usage
DIT Depth of Inheritance Tree

Misplaced Class NOED | Number of External Dependencies
CL Class Locality
DD Dependency Dispersion

God Package

Temporary Field

Shotgun Surgery

Testability Feature Envy

God Method

Data Classes

God Classes

Shotgun Surgery

Lack of Singleton

The metrics used in Table 16 can be categorized as follows:
e Inheritance: NOD, HIT, LR, CR, ANOM, IUR, AIUR, DIT
e Size: NPubM, LOC, NOM, NOA, NOP, NOLV, NOPA, NOAM, PS,
WOC

e Complexity: WMC, AMW, WOC, MNOB, CIW
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e Coupling: ATFD, CM, WCM, CC, NOCC, NOCP, COC, AUF, AID, NIC,
NOED, CL, DD
e Cohesion: TCC, PC

In the following, we will elaborate two of these five dimensions of internal
maintainability metrics: coupling and cohesion.

4.2.2.1 Coupling

Coupling is a means to quantify dependencies between software entities [Chidamber
and Kemerer]. It shows the degree to which these entities are interdependent,
changes in one may affect others. At code-level, CBO (Coupling between Object
Classes) is a well-known metric [Chidamber and Kemerer]. CBO means the number of
classes to which a class is coupled. Two classes are coupled when methods of one
class use methods or instance variables of the other class. Other uses, such as
constants and event-handling are not counted. If the method call is polymorphic, all
possible called classes are added to the total count.

High CBO is generally considered to be undesirable. Independent classes have a
higher degree of reusability, and they make the design more modular. Additionally,
since changes to one class may affect classes coupled with it, a high CBO tends to
make the software harder to maintain and test as potential faults become harder to
detect. However, a certain number of interdependencies are always needed.

Software architecture complexity is usually perceived both as the complexity of the
architectural structures (such as the complexity of a class metric in [Muskens et al])
and as the complexity of the relationships between these structures (such as the
dependency models in [Sangal et al]). The advantage of dependency models is that
the granularity of the syntactic elements in the dependency model can be selected
according to the task at hand. Another benefit of this approach is that architectural
patterns can be expressed with design rules making refactoring easier.

In the approach presented in [AlSharif et al; Zayaraz et al], Full Function Point (FFP)
principles are applied to measure quality attributes, mainly complexity, at architectural
level. In [Zayaraz et al], the process works as follows:
¢ identify the software layers (Layer)
identify the functional processes in these layers
identify the four data movements: Entry, Exit, Read, and Write
make a FFP graph indicating the components and connectors
compute the complexity measures.

System coupling [Zayaraz et al] (SCp) is defined as:
Lyl ENtry, ;) + EXity ., + Read ;. +Write ;)

SCp= ).

) 2* Component Component,,

In [Chen and Térngren], Chen and Térngren discuss the measurement of coupling in
embedded systems. They state that most coupling metrics are not feasible for
embedded systems. Hence they present their own technique for this purpose. Their
approach takes into account the various communication and synchronization
relationships, and transforms these relationships into coupling measures. It quantifies
various time-related parameters, such as the frequency of interactions.
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Fenton and Melton present in [Fenton and Melton] a coupling metric that is from
measurement theory point of view a valid measure (the numerical relationship of the
measure preserves the empirical relation being observed). This measure uses the
basic definition of coupling to derive a numerical scale to order pairs of program
modules in terms of their pair-wise coupling. They then define the median of the pair-
wise couplings of all the modules in the system as the global coupling of the system.

Offutt, Harrold, and Kolte [Offutt et al] extend coupling measurement by introducing
additional coupling levels, the direction to the coupling relation, and algorithms for
automatically analyzing the coupling in the system.

In [Kramer and Kaindl], a coupling metric for knowledge bases is presented. The
selected representation for the knowledge base is frames and rules. Frames which
consist of slots contain the data while rules refer to the slots of one or more frames.
The degree of coupling is defined as the number of connections (i.e. common
references) between frames.

In [Abdurazik and Offutt] coupling metrics are used in test planning. Test
dependencies among classes and testing costs (test stub complexity) are estimated
by computing coupling information.

4.2.2.2 Cohesion

Cohesi on i s ameadure nfehd degree tofiwhich the elements of a module

belong togetherdo [ St evens et al ., 1974] . I n [ Briand an:
enlisted, consisting of both normalized and non-normalized metrics. In this case,

normalization refers to an adjustment to the number of methods of the class for which

cohesion is calculated.

As a illustrative example, consider the Lack of Cohesion of Methods series of metrics
(LCOML1 to LCOMS5). These metrics indicate, on a scale from [0,1] the degree to which
a class is incohesive. Thus, the LCOM series are inverse cohesion metrics. Consider
the following formalization of the LCOM1 metric:

LOOMLe] = (LOOM1Eet(e)| with LOCM1Set(c)

i - . i
= {-;.'.'||.:'r|_'-_' iy, ks & ."-f.'!:::_: My == g

.-*-._-u.':.-.-.,:-r~_-u'.';.-.-._.:- 1 Arfe) = B} )
In which the various symbols have the following meaning:
e M(c): the set of methods implemented by class c
e A(c): the set of attributes implemented by class ¢
e AR(m): the set of attributes referenced by method m

This example metric is illustrative in the sense that it demonstrates the key information
items required for assessing cohesion.
1. An overview of the containment hierarchy: which methods are
contained in a class, which attributes are contained in a class.
2. An overview of the cross-references within the containment hierarchy:
which methods access/update which attributes.

Some metrics also incorporate indirect attribute references, which occur when a
method m; invokes a method m; which accesses an attribute a. In that case, we say
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that method m; indirectly accesses attribute a. The choice of incorporating indirect
connections as well requires also information on method invocations to be present.

4.3 Measurement

4.3.1 Actual measures

Measurement of maintainability using the external metrics listed in section 4.2.1 on
page 22 requires the observation of a set of maintenance tasks. Most metrics are
concerned with either time, or the number of maintenance tasks satisfying a condition.

Typical measures for maintenance costs used in practice are discussed in SERIOUS

Deliverable D3. 1, entitled AShared Vision on QL
4.3.2 Estimations

For a discussion of maintenance cost estimations, we also refer to SERIOUS

Deliverable D3.1.

4.3.3 Relative maintainability

To assess the relative degree of maintainability, we can rely on (i) maintenance

principles; and (ii) maintenance anti-patterns.

4.3.3.1 Maintenance principles

A general design guideline, and thus maintenance principle, is to maximize cohesion

while minimizing coupling [Coad and Yourdon, 1991]. In fact, coupling and cohesion

have been recognized as two aspects of a single principle, termed connascence. In

[Page-J ones, 1992], connascensél idcdefdenfei ntewdo aso ffto
elements A and B to be connascent if there is at least one change that could be made

to A that would necessitate a change to B in order to preserve overall correctnesso

Using this unified concept of connascence, the aim of minimal coupling and maximal

cohesion is formulated in a single statement about object-oriented design: A EIl i mi nat e

any unnecessary connascence and then minimize connascence across encapsulation

boundaries by maximizing connascence within encapsulation boundarieso [ Page

Jones, 1992]. Accordingly, it is interesting to verify what has to be encapsulated,
which brings us to the concept of design decisions.

Since design decisions can be reconsidered, they should be encapsulated, thus allow
their reconsideration to consist merely of a replacement of the encapsulated unit. In
[Rugaber et al, 1990], the following types of design decisions are enlisted:

1. Composition and decomposition i made when the development consists of
splitting a program into pieces.

2. Encapsulation and interleaving 1 made when drawing boundaries around
related constructs, to gather selected parts of a program into a component,
restricting the protocol interface. The alternative to encapsulating is
interleaving, in which computations are intertwined.

3. Generalization and specialization i made when describing a whole class of
computations by satisfying a program specification by relaxing some of its
constraints. Specialization involves replacing a program specification with a
more restricted one.

4. Representation i made when one abstraction or concept is selected to express
a problem solution rather than another, or the decision to use one construct in
place of another functionally equivalent one.
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5. Data and procedures i made between repeating a computation or saving the
result in a variable. Reflects the deeper concept of duality of data and
procedure.

6. Function and relation i made to point out the preferred direction of relations
between sets of data (which are input and which are output).

The encapsulation of these design decisions is a software engineering principle. Two
other well-known principles are abstraction and information hiding.

e Abstraction i as a process, abstraction denotes extracting the essential details
about an item or a group of items while ignoring the inessential details.
Examples of these essential details are difficult or likely-to-change design
decisions. As an entity, abstraction denotes a model, a view, or some other
focused representation for an actual item. Among others, abstraction differs
from information hiding in that it does not specify a mechanism for handling the
unimportant information.

¢ Information hiding 1 the process of hiding information, especially difficult or
likely-to-change design decisions. Information hiding does not incorporate the
identification of which information is to be hidden (e.g., through abstraction),
nor the strategy for hiding them (e.g., through encapsulation).

Together, encapsulation, abstraction and information-hiding form the three core
principles of software engineering. These principles attempt to localize changes that
would otherwise have a global impact.

4.3.3.2 Maintenance anti-patterns

It has been recognized that flaws in the design structure have a strong negative
impact on quality attributes such as flexibility or maintainability [Marinescu]. These
flaws (aka anti-patterns) are defined as structural characteristics of a design or design
fragment that express a deviation from a given set of criteria.

Most design flaws are expressed as characteristics of individual snapshots of a
software systembs structur e oflavesare teprasanted
in Table 17. Another type of design flaws are these that can only be detected by
observing the evolution of a system across multiple versions, examples for which can
be found in Table 18.

Table 17 - Design flaws, [Marinescu, Fowler1999]

Antipattern | Problem Detection Solution
Feature A method seems to be | Nr of data members | Move the method to
Envy more interested in the | accessed outside the | the other class.
data of another class | class Potentially, only
than the data of its own part of the method
class. needs to be
extracted and
moved.
God Method | Method with excessive | Long methods, long | Split up the method,
size and complexity. parameter lists, | encapsulate related
intensive  use  of | parameter sets and
switch statements replace conditionals
with polymorphism.
Data Class Class with many fields Encapsulate client
and only setters and methods in data
getters as methods. class.
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Antipattern | Problem Detection Solution
God Class Class responsible for | Nr of data members, | Split Up God Class
whole subsystem methods, low | [Demeyer, 2002]
cohesion
Refused Subcl asses
Bequest inherited data  nor
methods.
God Large, incohesive | Nr of classes, nr of | Split up package
Package package with many | client classes or
clients. packages, package
cohesion

Table 18 - Evolutionary design flaws, [Marinescu, Fowler 1999]

Antipattern | Problem Detection Solution
Shotgun A change in a class | Coupling strength, | Minimize  change
surgery implies many (small) | e.q. directly | ripples by
changes to a lot of | accessing an | redistributing
different classes. attribute, calling a | responsibilities.
method, overriding a
method.
Divergent A class is changed in Separate sources of
change different  ways for variation in
different reasons. separate classes.

The presence of these anti-patterns indicates a violation of encapsulation, abstraction
and/or information hiding. Thus, resolving these anti-patterns can support the
localization of changes.
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5 Usability

5.1 Definition

[ISO 9126] defines usability as the capability of the software product to be understood,
learned, used and attractive to the user, when used under specified conditions, noting
that some aspects of functionality, reliability and efficiency will also affect usability
although they are not classified as such, and also, that users may include operators,
end users and indirect users who are under the influence of or dependent on the use
of the software. Usability should address all of the different user environments that the
software may affect, which may include preparation for usage and evaluation of
results.

5.2 Decomposition according to standards

Figure 4 illustrates the decomposition of usability (along with maintainability, security
and performance) in a soft-goal interdependency graph as extracted from [Castro et
al].

Usability g Security Maintainability Performance
L M R
< I

Claim
["Vital Goals"]

++

Comprefien g

sibility, Relsability
Time|
Perfqgrmance

!
++
LX " Claim
Ci- T ["Anonlymous
aim people can use
["Restrictions the system"]

to browse
the catalogue"]

Thin Web Architecture Web Delivery Architecture Thick Web Architecture
Figure 4 - Usability soft-goal interdependency graph [Castro et al]

This division is compliant with the characteristics of usability suggested by [ISO 9126]:

e Understandability - the capability of the software product to enable the user to
understand whether the software is suitable, and how it can be used for
particular tasks and conditions of use. This will depend on the documentation
and initial impressions given by the software.

e Learnability - the capability of the software product to enable the user to learn
its application.
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e Operability - The capability of the software product to enable the user to
operate and control it. Aspects of suitability, changeability, adaptability and
installability may affect operability. Operability corresponds to controllability,
error tolerance and conformity with user expectations as defined in ISO 9241-
10. For a system which is operated by a user, the combination of functionality,
reliability, usability and efficiency can be measured externally by quality in use.

e Attractiveness - the capability of the software product to be attractive to the
user. This refers to attributes of the software intended to make the software
more attractive to the user, such as the use of colour and the nature of the
graphical design.

e Usability compliance - the capability of the software product to adhere to
standards, conventions, style guides or regulations relating to usability.

Both external and internal metrics have been proposed for these.

5.2.1 External metrics

According to the [ISO 9126] standard, usability metrics measure the extent to which
the software can be understood, learned, operated, attractive and compliant with
usability regulations and guidelines.

Many external usability metrics are tested by users attempting to use a function. The
results will be influenced by the capabilities of the users and the host system
characteristics. This does not invalidate the measurements, since the evaluated
software is run under explicitly specified conditions by a sample of users who are
representative of an identified user group. (For general-purpose products,
representatives of a range of user groups may be used.) For reliable results a sample
of at least eight users is necessary, although useful information can be obtained from
smaller groups. Users should carry out the test without any hints or external
assistance.

Metrics for understandability, learnability and operability have two types of method of
application: user test or test of the product in use.

Efficiency metrics are specific to a particular application task. Since efficiency metrics
are fluctuate strongly depending on the conditions of use (e.g., processing data load,
frequency of use), [ISO 9126] advises to also specify an error fluctuation. The factors
explaining this fluctuation should also be investigated.

Typically, we can find the following types of External Usability Metrics:

e Understandability Metrics: Users should be able to select a software product,
which is suitable for their intended use. An external understandability metric
should be able to assess whether new users can understand:

A whether the software is suitable
A how it can be used for particular tasks

e Learnability Metrics: An external learnability metric should be able to assess
how long users take to learn how to use particular functions, and the
effectiveness of help systems and documentation. Learnability is strongly
related to understandability, and understandability measurements can be
indicators of the learnability potential of the software.
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e Operability Metrics: An external operability metric should be able to assess
whether users can operate and control the software. Operability metrics can be
categorized by the dialogue principles in 1ISO 9241-10:

> D> >

suitability of the software for the task
self-descriptiveness of the software
controllability of the software
conformity of the software with user expectations
error tolerance of the software
suitability of the software for individualization

The choice of functions to test will be influenced by the expected frequency of
use of functions, the criticality of the functions, and any anticipated usability
problems.

e Attractiveness Metrics: An external attractiveness metric should be able to
assess the appearance of the software, and will be influenced by factors such
as screen design and colour. This is particularly important for consumer
products.

¢ Usability Compliance Metrics: An external usability compliance metric should
be able to assess adherence to standards, conventions, style guides or

regulations relating to usability.

[ISO 9126] proposes 28 external metrics, illustrated in Tables 15 through 24.

Table 19 - External understandability metrics, [ISO 9126]

Metric Purpose Computation Interpretation Scale
Completeness of | What proportion of Number of functions | 0<=X<=1 Absolute
description functions (or types of | understood divided by | The closer to
functions) is | total number of | 1.0, the better
understood after | functions
reading the product
description?
Demonstration What proportion of the | Number of demos/ | 0<=X<=1 Absolute
accessibility demonstrations/ tutorials that the user | The closer to
tutorials can the user | successfully accesses | 1.0, the better
access? divided by the total
number of  demos/
tutorials available.
Demonstration What proportion of the | Number of cases in | 0<=X<=1 Absolute
accessibility in | demonstrations/ which the user | The closer to
use tutorials can the user | successfully sees | 1.0, the better
access whenever user | demonstration divided
actually needs to do | by number of cases in
during operation? which the user attempts
to see demonstration
Demonstration What proportion of Number of functions | O<=X<=1 Absolute
efectiveness functions can the user | operated successfully | The closer to
operate  successfully | divided by number of | 1.0, the better
after a demonstration | demos/tutorials
or tutorial? accessed.
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Metric Purpose Computation Interpretation Scale
Evident What proportion of Number of functions | 0<=X<=1 Absolute
functions functions (or types of identified by the user | The closer to
function) can be divided by total number | 1.0, the better
identified by the user of functions.
based upon start up
conditions?
Function What proportion of the | Maximum number of | 0<=X<=1 Absolute
understandability | product functions will | concurrent tasks per | The closer to
the user be able to | observation time period, | 1.0, the better
understand correctly? divided by the required
maximum throughput.
Understandable | Can users understand | Number of 1/0 data | 0<=X<=1 Absolute
input and output | what is required as |items successfully | The closer to
input data and what is | understood by the user | 1.0, the better
provided as output by | divided by total number
software system? of 1/0 data items.
Table 20 - External learnability metrics, [ISO 9126]
Metric Purpose Computation Interpretation Scale
Ease of function | How long does the | Average time to learn to | O<T Ratio
learning user take to learn to | use a function correctly | The shorter is
use a function? the better
Ease of learning | How long does the | Sum of user operation | O<T Ratio
to perform a task | user take to learn how | time until user achieved | The shorter is
in use to perform the specified | to perform the specified | the better
task efficiently? task within a short time
Effectiveness of | What proportion of Number of tasks | O<=X<=1 Absolute
the user | tasks can be | successfully completed | The closer to
documentation completed correctly | after accessing online | 1.0, the better
and/or help | after using the user | help and/or
system documentation and/or | documentation divided
help system? by the total of number of
tasks tested
Effectiveness What proportion of | Number of functions | 0<=X<=1 Absolute
of user | functions can be used | that can be used divided | The closer to
documentation correctly after reading | by the total of number of | 1.0, the better
and/or help | the documentation or | functions provided
systems in use using help systems?
Help What proportion of Number of tasks for | O<=X<=1 Absolute
accessibility the help topics can which  correct online | The closer to
the user locate? help is located divided | 1.0, the better
by the total of number of
tasks tested
Help frequency How frequently does Number of accesses to | O<T Absolute
auser havetoaccess |help unti a user| The shorter is
help to learn operation | completes his/her task. | the better
to complete his/her
work task?
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Metric Purpose Computation Interpretation Scale
Understandable | Can users understand | Number of /O data | 0<=X<=1 Absolute
input and output | what is required as |items successfully | The closer to

input data and what is
provided as output by
software system?

understood by the user
divided by total number
of 1/0 data items.

1.0, the better

Table 21 - External operability metrics i conforms with op. user expectations, [ISO 9126]

Metric

Purpose

Computation

Interpretation

Scale

Operational
consistency in
use

How consistent are the
components of the user
interface?

Number of messages or
functions which user
found unacceptably
inconsistent  with  the
user 0s e X
divided by the number
of messages or
functions

O<=X<=1
The closer
1.0, the better

to

Absolute

Table 22 - External operability metrics i controllable, [ISO 9126]

Metric

Purpose

Computation

Interpretation

Scale

Error correction

Can user easily
correct error on
tasks?

Time of completing
correction of specified
type errors of performed
task minus time of
starting correction of
specified type errors of
performed task

o<T
The shorter is
the better

Ratio

Error correction
in use (a)

Can user easily
recover his/her error or
retry tasks?

number of times that the
user succeeds to cancel
their error operation
divided by the wuser
operating time during
observation period

0<=X
The higher is the
better

Ratio

Error correction
in use (b)

Can user easily
recover his/her input?

Number of screens or
forms where the input
data were successfully
modified or changed
before being elaborated
divided by the number
of screens or forms
where user tried to
modify or to change the
input data during
observed user operating
time

O<=X<=1
The closer
1.0, the better

to

Absolute
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Table 23 - External operability metrics i suitable for the task operation, [ISO 9126]

Metric Purpose Computation Interpretation Scale
Default value | Can user easily select | The number of times | 0<=X<=1 Absolute
availability in use | parameter values for | that the user fail to | The closer to
his/her convenient | establish or to select | 0.0, the better
operation? parameter values in a
short period (because
user can not use default
values provided by the
software) divided by the
total number of times
that the user attempt to
establish or to select
parameter values
Table 24 - External operability metrics i self-descriptive, [ISO 9126]
Metric Purpose Computation Interpretation Scale
Message Can user easily | number of times that the | 0<=X Ratio
understandability | understand messages | user pauses for a long | The smaller and
in use from software system? | period or successively | closer to 0,0 is
Is there any message | and repeatedly fails at | the better
which caused the user | the same operation,
a delay in | because of the lack of
understanding before | message
starting the next | comprehension divided
action? Can user easily | by the user operating
memorise important | time (observation
messages? period)
Self-explanatory | In what proportion of Number of error | 0<=X<=1 Absolute
error messages | error conditions does conditions for which the | The closer to
the user propose the | user proposes the | 1.0, the better
correct recovery | correct recovery action
action? divided by the number
of  error conditions
tested
Table 25 - External operability metrics i operational error tolerant, [ISO 9126]
Metric Purpose Computation Interpretation Scale
Operational error | Can user easily | number of times that the | 0<=X<=1 Absolute
recoverability in | recover his/her worse | user pauses for a long | The closer to
use situation? period or successively | 0.0, the better
and repeatedly fails at
the same operation,
because of the lack of
message
comprehension divided
by the user operating
time (observation
period)
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Metric Purpose Computation Interpretation Scale
Time  between | Can user operate the | Operation time period | 0<X Ratio
human error | software long enough | during observation (or | The higher is the
operations in | without human error? The sum of operating | better
use ti me bet we ¢
human error operations)
divided by the number
of occurr en(
human error operation
Undoability How frequently does Number of input errors | O<=X<=1 Absolute
(User error | the user successfully | which the user | The closer to
correction) i (a) | correct input errors? successfully corrects | 1.0, the better
divided by the number
of attempts to correct
input errors
Undoability How frequently does Number of error | 0<=Y<=1 Absolute
(User error | the user correctly undo | conditions which the | The closer to
correction) i (b) | errors? user successfully | 1.0, the better
corrects divided by the
total number of error
conditions tested
Table 26 - External operability metrics i suitable for individualisation, [ISO 9126]
Metric Purpose Computation Interpretation Scale
Customisability Can user easily Number of functions | O<=X<=1 Absolute
customise operation successfully customised | The closer to
procedures for his/her | divided by the number | 1.0, the better
convenience? Can a | of attempts to customise
user, who instructs end
users, easily set
customised operation
procedure  templates
for preventing their
errors? What
proportion of functions
can be customised?
Operation Can user easily reduce | Number of reduced | O<=X<=1 Absolute
procedure operation procedures | operation  procedures | The closer to
reduction for his/her | after customising | 0.0, the better
convenience? operation divided by the
number of operation
procedures before
customising operation
Physical What proportion of | Number of functions | 0<=X<=1 Absolute
accessibility functions can be | successfully accessed | The closer to
accessed by users with | divided by the number | 1.0, the better
physical handicaps? of functions
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Table 27 - External operability metrics 1 attractiveness metrics, [ISO 9126]

Metric Purpose Computation Interpretation Scale
Attractive How attractive is the | It is done through a | Count Absolute
interaction interface to the user? guestionnaire.
Therefore depends on
the questionnaire
scoring method.
Interface What proportion of | Number of interface | 0<=X<=1 Absolute
appearance interface elements can | elements customised in | The closer to
customisability be  customised inflappear ance 1.0, the better
appearance to the | satisfaction divided by
user 6s sat i |the number of interface
elements that the user
wishes to customise
Table 28 - External operability metrics i usability compliance metrics, [ISO 9126]
Metric Purpose Computation Interpretation Scale
Usability How completely does | Number of usability | 0<=X<=1 Absolute
compliance the software adhere to | compliance items | The closer to
the standards, | specified that have not | 0.0, the better
conventions, style | been implemented
guides or regulations | during testing divided by
relating to usability? the total number of
usability compliance
items specified
5.2.2 Internal metrics

According to the [ISO 9126] Standard, the internal usability metrics are used for
predicting the extent to which the software in question can be understood, learned,
operated, attractive and compliant with usability regulations and guidelines. Note that
it should be possible for the measures taken to be used to establish acceptance
criteria or to make comparisons between products. This means that the measures
should be counting items of known value. Results should report the mean value and
the standard error of the mean.

Typically, we can find the following types of Internal Usability Metrics:

e Understandability metrics: Users should be able to select a software product
which is suitable for their intended use. Internal understandability metrics
assess whether new users can understand:

A Whether the software is suitable

A How it can be used for particular tasks.

e Learnability metrics: Internal learnability metrics assess how long users take
to learn how to use particular functions, and the effectiveness of help systems
and documentation. Learnability is strongly related to understandability, and
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understandability measurements can be indicators of the learnability potential
of the software.

e Operability metrics: Internal operability metrics assess whether users can
operate and control the software. Operability metrics can be categorized by the
dialogue principles in ISO 9241-10:

I D >

suitability of the software for the task
self-descriptiveness of the software
controllability of the software
conformity of the software with user expectations
error tolerance of the software
suitability of the software for individualization

The choice of functions to test will be influenced by the expected frequency of
use of functions, the criticality of the functions, and any anticipated usability
problems.

e Attractiveness

metrics:

Internal

attractiveness

metrics

aSSess

the

appearance of the software, and will be influenced by factors such as screen
design and colour. This is particularly important for consumer products.

e Usability compliance metrics: Internal compliance metrics assess adherence
to standards, conventions, style guides or regulations relating to usability.

[ISO 9126] proposes 18 internal metrics, illustrated in Tables XX through YY.

Table 29 - Internal understandability metrics, [ISO 9126]

Metric Purpose Computation Interpretation Scale
Completeness of | What  proportion  of | Number of functions (or | 0<=X<=1 Absolute
description functions (or types of |types of functions) | The closer to
function) are described | described in the product | 1.0, the more
in the product | description divided by | complete
description? the total number of
functions (or types of
functions)
Demonstration What proportion of | Number of functions | 0<=X<=1 Absolute
capability functions requiring | demonstrated and The closer to
demonstration have | confirmed in review | 1.0, the more
demonstration divided by the total | capable
capability? number of functions
requiring demonstration
capability
Evident What proportion of Number of functions (or | O<=X<=1 Absolute
functions the product functions types of functions) | The closer to
are evident to the | evident to the user 1.0, the better
user? B= Total number of
functions (or types of
functions)
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Metric Purpose Computation Interpretation Scale
Function What proportion of the | Number of user | O<=X<=1 Absolute
understandability | product functions will | interface functions | The closer to
the user be able to | whose purpose is | 1.0, the better
understand correctly? understood by the user
divided by the number
of user interface
functions
Table 30 - Internal learnability metrics, [ISO 9126]

Metric Purpose Computation Interpretation Scale

Completeness What proportion of | Number of functions | 0<=X<=1 Absolute

of user | functions are described | described divided by the | The closer to

documentation in the user | total of number of| 1.0, the more

and/or help | documentation and/or | functions provided complete

facility help facility?

Table 31 - Internal operability metrics, [ISO 9126]

Metric Purpose Computation Interpretation Scale

Input validity What proportion of | Number of input items | O<=X<=1 Absolute

checking input items provide | which check for The closer to
check for valid data? valid data divided by the | 1.0, the better

number of input items
which could check for
valid data

User operation What proportion of Number of implemented | 0<=X<=1 Absolute

cancellability functions can be functions which can be | The closer to
cancelled prior to cancelled by the user | 1.0, the better
completion? divided by the number | cancellability

of functions requiring
the precancellation
capability

User operation | What proportion of Number of implemented | 0<=X<=1 Absolute

undoability functions can be functions which can be | The closer to
undone? undone by the wuser| 1.0, the better

divided by the number | undoability
of functions.

Customisability | What proportion of Number of functions | O<=X<=1 Absolute
functions can be which can be | The closer to
customised during customised during | 1.0, the better
operation? operation divided by the | customisability

number of functions
requiring the
customization capability

Physical What proportion of Number of functions | O<=X<=1 Absolute

accessibility functions can be which can be | The closer to
customised for access | customised divided by | 1.0, the better
by users with physical | the number of functions | physical
handicaps? accessibility
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