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Abstract

The emerging international standard ISO/IEC 15504 (Software Process Assessment) includes an exemplar assessment model
(known as Part 5). Thus far, the majority of users of ISO/IEC 15504 employ the exemplar model as the basis for their assessments.
This paper describes an empirical evaluation of the exemplar model. Questionnaire data was collected from the lead assessors of 57
assessments world-wide. Our findings are encouraging for the developers and users of ISO/IEC 15504 in that they indicate that the
current model can be used successfully in assessments. However, they also point out some weaknesses in the rating scheme that need
to be rectified in future revisions of ISO/IEC 15504. Crown Copyright © 2001 Published by Elsevier Science Inc. All rights

reserved.
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1. Introduction

ISO/IEC 15504 is an emerging International Stan-
dard on Software Process Assessment. A prime moti-
vation for developing this standard has been the
perceived need for an internationally recognized soft-
ware process assessment framework that pulls together
the existing public and proprietary models and methods.
Therefore, it is intended to act as an ‘umbrella’ that
defines common requirements for process assessments.
The ISO/IEC 15504 document set, however, does con-
tain an exemplar assessment model (known as Part 5).
One motivation for developing this model was to make
it easier for organizations to use the standard immedi-
ately (i.e., without having to look further for an as-
sessment model that they can use). More information
about ISO/IEC 15504 may be found in Emam et al.
(19995).

Unique among software engineering standardization
efforts, the developers of ISO/IEC 15504 deliberately
initiated an international effort to empirically evaluate
ISO/TEC 15504. This effort is known as the Software
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Process Improvement and Capability dEtermination
(SPICE) Trials (Emam and Goldenson, 1995; Golden-
son and Emam, 1996; Maclennan and Ostrolenk, 1995;
Maclennan et al., 1998; Smith and Emam, 1996). The
SPICE Trials were conceived, partially, to address
concerns within the software engineering community
with the lack of evidence supporting software engi-
neering standards; that they lack an empirical basis
demonstrating that they indeed represent “good” prac-
tices. For instance, it has been noted that ‘“‘standards
have codified approaches whose effectiveness has not
been rigorously and scientifically demonstrated. Rather,
we have too often relied on anecdote, ‘gut feeling’, the
opinions of experts, or even flawed research” (Pfleeger
et al., 1994) and “many corporate, national and inter-
national standards are based on conventional wisdom
[as opposed to empirical evidence]” (Pfleeger, 1994).
Similar arguments are made in Fenton et al. (1993),
Fenton and Page (1993) and Fenton et al. (1994).
From data collected thus far during the SPICE Trials,
approximately 81% of the users of ISO/IEC 15504 em-
ploy the Part 5 model as the basis for their assessments.
This makes it important to perform systematic empirical
evaluations of this model. Such evaluations would pro-
vide a substantiated basis for using the model, as well as
give the developers of ISO/IEC 15504 information as to
the necessary improvements to make. In fact, one of the
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Fig. 1. Components of ISO/IEC 15504.

recurring questions during the development of ISO/IEC
15504 was “how good is the exemplar model”? !

The purpose of this paper is to provide some answers
to this question. Specifically, we report on an interna-
tional empirical study that evaluated the ISO/IEC 15504
exemplar assessment model. The study was performed
during the SPICE Trials. Questionnaire data was col-
lected from the lead assessors of 57 assessments that
used the model. Their responses were evaluated in terms
of the extent to which they support, or otherwise, the
current model.

Briefly, our findings indicate that a majority of the
assessors used Part 5 as a source of indicators for con-
ducting their assessments. In general, they found Part 5
both useful and easy to use. Furthermore, they were
satisfied with the level of detail of the exemplar model,
although a minority indicated that less detail in the
collected evidence would not have harmed the accuracy
of their judgements. However, the assessors also ex-
pressed doubts about the consistency and repeatability
of their process attribute ratings. A closer examination
indicated a concern with ratings at levels 4 and 5. Fi-
nally, they found it easier to rate at the extremes of the
rating scale, but had more difficulty rating at the middle
of the scale.

These findings are encouraging in that they indicate
that the current model can be used successfully in as-
sessments. However, they also point out some weak-
nesses in the rating scheme that need to be rectified in

"'Our objective is not to compare the ISO/IEC 15504 exemplar
assessment model with other models in existence. We only focus on
evaluating the exemplar model by itself. Comparative studies are
currently being performed, however.

future revisions. Based on the results of this study, fur-
ther focused investigations of the rating scheme are
planned to confirm the identified problems.

The paper is organized as follows. In the following
section we provide an overview of the exemplar model
that was evaluated. This will help the reader understand
the various questions that were asked during the eval-
uation study. Then in Section 3, we present the research
method that we followed. Section 4 contains the details
of our results and their interpretation. We conclude the
paper in Section 5 with a summary and directions for
further work.

2. Background

In this section we present the context and an overview
of the exemplar assessment model in ISO/TEC 15504.
This presentation is intended to help link the items in-
vestigated in our study and the study results to the ac-
tual assessment model.

2.1. The document set

ISO/IEC 15504 is comprised of nine documents
(known as parts). > Fig. 1 shows the nine parts, and
indicates the relationships between them.

2In this paper, we only refer to the PDTR (Preliminary Draft
Technical Report) version of the ISO/IEC 15504 document set since
this was the one used during our empirical study. The PDTR version
reflects one of the stages that a document has to go through on the
path to international standardisation. The PDTR version is described
in detail in Emam et al. (1995).
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Part 1 is an entry point into ISO/IEC 15504. It de-
scribes how the parts of the document suite fit together,
and provides guidance for their selection and use. It
explains the requirements contained within the standard
and their applicability to the performance of an assess-
ment.

Part 2 defines a two dimensional reference model for
describing the outcomes of process assessment. The
reference model defines a set of processes, defined in
terms of their purpose and a framework for evaluating
the capability of the processes through assessment of
process attributes structured into capability levels. Re-
quirements for establishing the compatibility of differ-
ent assessment models with the reference model are
defined.

Part 3 defines the requirements for performing an
assessment in such a way that the outcomes will be re-
peatable, reliable and consistent.

Part 4 provides guidance on performing software
process assessments, interpreting the requirements of
Part 3 for different assessment contexts. The guidance
covers the selection and use of a compatible assessment
model; of a supportive method for assessment; and of an
appropriate assessment instrument or tool. This guid-
ance is generic enough to be applicable across all orga-
nizations, and also for performing assessments using a
variety of different methods and techniques and sup-
ported by a range of tools.

Part 5 provides an exemplar model for performing
process assessments that is based upon and directly
compatible with the reference model in Part 2. The as-
sessment model extends the reference model through the
inclusion of a comprehensive set of indicators of process
performance and capability.

Part 6 describes the competence, education, training
and experience of assessors that are relevant to con-
ducting process assessments. It describes mechanisms
that may be used to demonstrate competence and to
validate education, training and experience.

Part 7 describes how to define the inputs to and use
the results of an assessment for the purposes of process
improvement. The guide includes examples of the ap-
plication of process improvement in a variety of situa-
tions.

Part 8 describes how to define the inputs to and use
the results of an assessment for the purpose of process
capability determination. It addresses process capability
determination in both straightforward situations and in
more complex situations involving, for example, future
capability. The guidance on conducting process capa-
bility determination is applicable either for use within an
organization to determine its own capability or by an
acquirer to determine the capability of a (potential)
supplier.

Part 9 is a consolidated vocabulary of all terms spe-
cifically defined for the purposes of ISO/IEC 15504.

2.2. Assessments using ISO/IIEC 15504

The reference model defined in Part 2 provides a
common basis for performing assessments of software
process capability, allowing for the reporting of results
using a common rating scale (ISO/IEC PDTR 15504,
1996). The overall architecture of ISO/IEC 15504 is
defined in this reference model.

The architecture of ISO/IEC 15504 is two-dimen-
sional as shown in Fig. 2. One dimension consists of the
processes that are actually assessed (the Process di-
mension) that are grouped into five categories. These are
summarized in Table 1.

The second dimension consists of the capability scale
that is used to evaluate the process capability (the Ca-
pability dimension). The same capability scale is used
across all processes.

During an assessment it is not necessary to assess all
the processes in the process dimension. Indeed, an or-
ganization can scope an assessment to cover only the
subset of processes that are relevant for its business
objectives.

In ISO/IEC 15504, there are five levels of capability
that can be rated, from Level 1 to Level 5. A Level 0 is
also defined, but this is not rated directly. These six
levels are shown in Table 2. In Level 1, one attribute is
directly rated. There are two attributes in each of the
remaining four levels. The attributes are also shown in
Table 2 (also see Emam et al., 1995).

The rating scheme consists of a 4-point achievement
scale for each attribute. The four points are designated as
F, L, P, N for Fully Achieved, Largely Achieved, Partially
Achieved, and Not Achieved. A summary of the definition
for each of these response categories is given in Table 3.

CAPABILITY
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Process Resource }
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Level 3
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Fig. 2. An overview of the ISO/IEC 15504 two-dimensional architec-
ture.
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Table 1
Summary of the process categories
Process category Description of process category
Customer-supplier (CUS) Consists of processes that directly impact the customer, support development and transition of the software to
the customer, and provide for its correct operation and use
Engineering (ENG) Consists of processes that directly specify, implement, or maintain a system and software product and its user
documentation
Support (SUP) Consists of processes that may be employed by any of the other processes (including other supporting
processes) at various points in the software life cycle
Management (MAN) Consists of processes that contain practices of a generic nature which may be used by anyone who manages any
sort of project within a software life cycle
Organization (ORG) Consists of processes that establish the business goals of the organization and develop process, product, and

resource assets that, when used by the projects in the organization, will help the organization achieve its
business goals

Table 2
Overview of the capability levels and attributes
ID Title
Level 0 Incomplete process. There is general failure to attain the purpose of the process. There are no easily identifiable work
products or outputs of the process
Level 1 Performed process. The purpose of the process is generally achieved. The achievement may not be rigorously planned and
tracked. Individuals within the organization recognize that an action should be performed, and there is general agreement
that this action is performed as and when required. There are identifiable work products for the process, and these testify to
the achievement of the purpose
1.1 Process performance attribute
Level 2 Managed process. The process delivers work products of acceptable quality within defined timescales. Performance
according to specified procedures is planned and tracked. Work products conform to specified standards and requirements.
The primary distinction from the performed level is that the performance of the process is planned and managed and
progressing towards a defined process
2.1 Performance management attribute
2.2 Work product management attribute
Level 3 Established process. The process is performed and managed using a defined process based upon good software engineering
principles. Individual implementations of the process use approved, tailored versions of standard, documented processes.
The resources necessary to establish the process definition are also in place. The primary distinction from the managed level
is that the process of the established level is planned and managed using a standard process
3.1 Process definition attribute
3.2 Process resource attribute
Level 4 Predictable process. The defined process is performed consistently in practice within defined control limits, to achieve its
goals. Detailed measures of performance are collected and analyzed. This leads to a quantitative understanding of process
capability and an improved ability to predict performance. Performance is objectively managed. The quality of work
products is quantitatively known. The primary distinction from the established level is that the defined process is
quantitatively understood and controlled
4.1 Process measurement attribute
42 Process control attribute
Level 5 Optimizing process. Performance of the process is optimized to meet current and future business needs, and the process
achieves repeatability in meeting its defined business goals. Quantitative process effectiveness and efficiency goals (targets)
for performance are established, based on the business goals of the organization. Continuous process monitoring against
these goals is enabled by obtaining quantitative feedback and improvement is achieved by analysis of the results. Optimizing
a process involves piloting innovative ideas and technologies and changing noneffective processes to meet defined goals or
objectives. The primary distinction from the predictable level is that the defined process and the standard process undergo
continuous refinement and improvement, based on a quantitative understanding of the impact of changes to these processes
5.1 Process change attribute
52 Continuous improvement attribute
The output from a process assessment is a set of judgment by the assessor of the extent to which the at-
process profiles, one for each instance of each process tribute is achieved.
within the scope of the assessment. Each process profile The ratings on the attributes can be aggregated to
consists of one or more process attribute ratings for an produce a capability level. The aggregation scheme is

assessed process. Each attribute rating represents a summarized in Table 4.
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Table 3
The four-point attribute rating scale

Rating & designation Description
Not achieved — N

There is no evidence of achievement
of the defined attribute

Partially achieved — P There is some achievement of the
defined attribute

There is significant achievement of
the defined attribute

There is full achievement of the
defined attribute

Largely achieved — L

Fully achieved — F

The unit of rating in an ISO/IEC 15504 process as-
sessment is the process instance. A process instance is
defined as a singular instantiation of a process that is
uniquely identifiable and about which information can
be gathered in a repeatable manner (Emam et al.,
1995).

The scope of an assessment is an Organizational Unit
(OU) (Emam et al., 1995). An OU deploys one or more
processes that have a coherent process context and op-
erates within a coherent set of business goals. The
characteristics that determine the coherent scope of ac-
tivity — the process context — include the application
domain, the size, the criticality, the complexity and the
quality characteristics of its products or services. An OU
is typically a part of a larger organization, although in a
small organization the OU may be the whole organiza-

tion. An OU may be, for example, a specific project or
set of (related) projects, a unit within an organization
focused on a specific life cycle phase (or phases) or a part
of an organization responsible for all aspects of a par-
ticular product or product set.

The reference model cannot be used alone as the basis
for conducting reliable and consistent assessments of
process capability since the level of detail provided is not
sufficient. The descriptions of process purpose and
process attributes in the reference model need to be
supported with comprehensive sets of indicators of
process performance and capability. These are provided
in the exemplar model (ISO/IEC PDTR 15504, 1996).

2.3. An overview of part 5 (the exemplar model)

The basic structure of this assessment model is iden-
tical to that of the reference model defined in Part 2.
There is a one to one correspondence between the pro-
cess categories, processes, process purposes, process
capability levels and process attributes of the reference
model and those of this assessment model.

The exemplar assessment model expands the refer-
ence model by adding the definition and use of assess-
ment indicators (see Fig. 3). Assessment indicators are
objective attributes or characteristics of a practice or
work product that support an assessor’s judgment of the
performance or capability of an implemented process.

;ﬁl;lz;regation scheme for converting ratings on the individual attributes into a capability level
Scale Process attributes Rating
Level 1 Process performance Largely or fully
Level 2 Process performance Fully

Level 3

Level 4

Level 5

Performance management
Work product management

Process performance
Performance management
Work product management
Process definition and tailoring
Process resource

Process performance
Performance management
Work product management
Process definition and tailoring
Process resource

Process measurement

Process control

Process performance
Performance management
Work product management
Process definition and tailoring
Process resource

Process measurement

Process control

Process change

Continuous improvement

Largely or fully
Largely or fully

Fully
Fully
Fully
Largely or fully
Largely or fully

Fully
Fully
Fully
Fully
Fully
Largely or fully
Largely or fully

Fully
Fully
Fully
Fully
Fully
Fully
Fully
Largely or fully
Largely or fully
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Fig. 4. The relationship between indicators and process attribute
ratings.

Two different classes of indicators can be identified:
indicators of process performance and indicators of
process capability. These indicator types relate, respec-
tively, to the base practices defined for the process di-
mension and the management practices for the
capability dimension. The classes and types of indicators
and their relationship to the assessment output are
shown in Fig. 4.

Indicators are attributes or characteristics, the exis-
tence of which confirms that certain practices are per-
formed and for which it is possible to collect objective
evidence during an assessment. All such evidence comes
either from the examination of work products of the
processes assessed or from statements made by the
performers and managers of the processes. The existence
of the work products, and their characteristics, provide
evidence of the performance of the practices associated
with them. Similarly, the evidence obtained from the
performers of the process provides evidence regarding
the performance of the practices and the manner in
which they are performed.

Base practices and work product characteristics relate
to the processes defined in the process dimension of the
reference model and are chosen to explicitly address the
achievement of the defined process purpose. They are
defined to support the judgment of the achievement of
the process purpose and outcomes. Processes also use
and produce (input and output) work products with
specific characteristics.

Management practices relate to the process attri-
butes defined in the process capability dimension of
the reference model. Evidence of their effective per-
formance supports the judgment of the degree of
achievement of the attribute. Management practices
with their associated attribute indicators are the indi-
cators of process capability. Specific manage-
ment practices are linked to each process attribute.
The set of management practices is intended to be
applicable to all processes in the process dimension of
the model.

3. Research method
3.1. Data collection

Our study was performed within the context of the
SPICE Trials. The SPICE Trials are a collaborative
empirical research project involving approximately 50
people around the world.

The SPICE Trials have been divided into three
broad phases corresponding with the different stages
that an ISO standard has to progress through dur-
ing its development. We are interested in the sec-
ond phase. This phase started in September 1996 and
data collection ceased in June 1998. A well de-
fined infrastructure was set-up during this period to
collect data and to ensure its quality. This is described
below.

During the trials, organizations contribute their as-
sessment ratings data to an international trials database
located in Australia, and also fill up a series of ques-
tionnaires ° after each assessment. The questionnaires
collect information about the organization and about
the assessment. From the SPICE Trials perspective, the
world is divided into five regions: Europe and South
Africa, South Asia Pacific, North Asia Pacific, Canada
and Latin America, and USA. For each of these regions
there is an organization that is responsible for managing
the data collection and providing support. The organi-
zations were: the European Software Institute, Griffith
University, Nagoya Municipal Industrial Research In-
stitute, Center de recherche informatique de Montreal,

3 Copies of these questionnaire may be obtained directly from the
authors.
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and the Software Engineering Institute, respectively.
These are termed ‘““Regional Trials Co-ordinators”.
Within each of these regions are a number of “Local
Trials Co-ordinators” who operate at a more local level,
such as within a country or state. There were 26 such co-
ordinators world-wide during the second phase of the
SPICE Trials. The co-ordinators (local or regional) in-
teract directly with the assessors and the organizations
conducting the assessments. This interaction involves
ensuring that assessors are qualified, making question-
naires available, answering queries about the question-
naires and following up to ensure the timely collection of
data.

The data that is of concern in this paper was provided
by the lead assessors. They filled up a questionnaire
evaluating the exemplar model after each assessment.
The questionnaire was divided into the following sec-
tions:

Use of the assessment model.

Usefulness and ease of use.

Meaningfulness of rating aggregation scheme.
Usability of the rating scale.

Usefulness of indicators.

Understanding of the process and capability dimen-
sions.

We analyze the questions in each of these sections.
An initial version of the questionnaire was con-
structed and reviewed by approximately 20 members of
the trials team for understandability and consistency in
interpretation. This feedback was used to develop a re-
vision. The revised questionnaire was piloted in two
assessments to determine whether there remained am-
biguities in its wording. Again, this resulted in further
refinements of the questionnaire, which was used in the
current study.

3.2. Unit of analysis

The unit of analysis in our study is the assessment.
Even though an individual assessor may perform more
than one assessment, they were requested to answer the
questionnaire once for each assessment to reflect his/her
experiences during that assessment.

3.3. Data analysis

The objective of our analysis of the questionnaire
responses was to identify the proportions of respondents
who are supportive (as opposed to critical) of either the
assessment model design decisions or the claim that it is
usable. A supportive response is one
e that says something positive about the assessment

model, and/or
o that will not require any changes to the assessment

model.

3.3.1. Aggregation of responses

We present our results in terms of the proportion of
respondents who gave supportive answers. For each
question, we identify the response categories that are
supportive and those that are critical. A proportion of
supportive responses is then calculated.

For example, assume that a question asked the re-
spondents to express their extent of agreement to the
statement ““There is sufficient detail in the assessment
model to guide process improvement.”, and that it had
the following four response categories: ‘Strongly
Agree”, “Agree”, “Disagree” and “Strongly Disagree”.
As shown in Fig. 5, the Strongly agree and Agree re-
sponses would be considered supportive of the model,
and the Disagree and Strongly disagree responses would
be considered to be critical of the assessment model.

The calculated proportions are estimates of popula-
tion proportions. For the estimates, we compute the
90% confidence interval. This means that if we were to
repeat the study a large number of times with different
samples, and each time calculate the confidence interval,
this interval will contain the population proportion 90%
of the time. The confidence interval makes explicit the
extent of imprecision inherent in the proportion of re-
sponses supportive of the assessment model. Computa-
tion of the confidence interval is described below.

We present our results in the form of tables that show
the supportive and critical response categories for each
question, estimated proportions and the confidence in-
terval.

3.3.2. Confidence intervals

Suppose that a random sample of size n has been
drawn from a large population and that X observations
in this sample show positive response, then the pro-
portion of supportive responses, p, is estimated by
P = X /n, where p and n are the parameters of a bino-
mial distribution. Since different samples will produce
different estimated-values for the proportion of sup-
portive response, we used a confidence interval,
I <p<ug, to infer the true (unknown) value p of the
proportion of supportive responses for each question.

For finding a confidence interval of the true mean p of
sample proportion P, the estimator of standard devia-
tion of P becomes /P(1 — P)/n. Then a 90% confidence
interval on p is given by Montgomery et al. (1998)
_ P(1—P) _ P(1-P)

T<P<P+Zo¢/2 E—

P — Zy/2 n

Supportive Responses Critical Responses

Strongly Agree Disagree

Agree Strongly Disagree

Fig. 5. Types and examples of response categories.
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where z,), is the upper fifth percentile of the normal
distribution. As it can be seen from the above equation,
an increased sample size will narrow the confidence in-
terval.

The fact that our sample sizes were small means that
the confidence intervals are quite large. Therefore, cau-
tion should be exercised when interpreting highly sup-
portive responses; one should take into account the
interval to determine the confidence that one can place
in the calculated proportion (if the interval is large, the
less precise the calculated proportion).

3.3.3. Missing data

In our analysis, we excluded all assessments that did
not use the exemplar assessment model. It is compatible
with ISO/IEC 15504 to use another assessment model,
as long as it meets the stipulated requirements. How-
ever, only those assessors who have actually used Part 5
are certain to be able to answer questions directly rele-
vant to the exemplar assessment model within.

However, not all questions were answered all the time
even where the assessment model was used. This may be
due to the assessor missing the questions while re-
sponding, running out of time or not knowing how to
answer it. Therefore we had missing data. It is not un-
common in software engineering to have data sets with
missing data (Strike et al., 2001).

Ignoring the missing data and only analyzing the
completed data subset can provide misleading results
(Little and Rubin, 1987). Therefore, we employed a
method of multiple imputation to fill in the missing data
repeatedly (Rubin, 1987). Multiple imputation is a pre-
ferred approach to handle missing data problems since it
provides proper estimates of parameters and their
standard errors.

The basic idea of multiple imputation is that one
generates a vector of size M for each value that is
missing. Therefore an ny;; x M matrix is constructed,
where ny; is the number of missing values. Each col-
umn of this matrix is used to construct a complete
data set, hence one ends up with M complete data
sets. Each of these data sets can be analyzed using
complete-data analysis methods. The M analyses are
then combined into one final result. Typically a value
for M of 3 is used, and this provides for valid infer-
ence (Rubin and Schenker, 1991). Although, to err on
the conservative side, some studies have utilized an M
of 5 (Treiman et al., 1988), which is the value that we
use.

For our analysis the parameter of interest is the
proportion, which we denote as Q. Furthermore, we are
interested in the standard error of O, which we shall
denote asyv/U, in order to construct the confidence in-
terval. After calculating these values for each of the five
data sets, they can be combined to give an overall value
for O, O and its standard error /7. Procedures for

performing this computation are detailed in Rubin
(1987) and summarized in Rubin and Schenker (1991).
In Appendix A, we describe the multiple imputation
approach in general, its rationale and how we opera-
tionalized it for our specific study.

3.3.4. Interpretation of proportions

Based on feedback from the developers and early
users of ISO/IEC 15504, it was established that 80% of
the respondents being supportive of the elements of the
standard was the evidence threshold for taking action
(Maclennan and Ostrolenk, 1995). We therefore use 80%
supportive responses as a boundary for interpreting our
results. If the estimated proportion is less than 80%,
then we consider that this is initial evidence that the
particular issue has only moderate support.

In some cases, the percentage of supportive responses
is different from 80% as a consequence of sampling
variability. We therefore use the confidence interval to
test the hypothesis that there were less than 80% sup-
portive respondents. Since the developers of ISO/IEC
15504 will likely only take action if the extent of sup-
portive responses is less than 80%, we are interested in a
one-tailed hypothesis. If the upper tail of the confidence
interval includes 80%, then the null hypothesis of 80%
support cannot be rejected at the one-tailed o level of
0.05.

4. Results
4.1. Descriptive statistics

4.1.1. Summary of assessed OUs

The OUs data included the SPICE region in which
the OU was situated, the industrial sector in which the
OU operated, and the number of IT staff in the OU.

At the time of closing data collection for Phase 2 of
the trials, data from 70 world-wide assessments had
been collected. As noted earlier, only 57 of these used
Part 5 during the assessment. From Table 5 we see that
the 57 assessments were spread across four of the five
SPICE regions with the distribution shown. Note that

Table 5
Region where the 57 assessments were performed*

Region Number of assessments
North Asia Pacific 10
South Asia Pacific 23
Europe 23
USA 1

#One explanation for the low participation from the US during the
SPICE Trials is that organizations that were interested in performing
process assessment were using the SW-CMM. Therefore, they chose
not to participate in evaluating another assessment model.
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the biggest contributors to Phase 2 of the trials were
Europe and the South Asia Pacific regions.

Fig. 6 shows that 19 (approximately 33%) of the as-
sessments were performed in organizations in the pro-
duction of software or other IT products or services.
With the next closest being the organizations in the
distribution and logistics business sector and defence.

The data for the approximate number of IT staff in
the OUs that were assessed are shown in Fig. 7. This
question asked for approximate numbers of staff,
rounded to a suitable number ‘such as’ those shown.

As can be seen from this data, there was good vari-
ation in the sizes (both small and large) of the OUs that
participated in the study. However, the same cannot be
said for the business sectors. No organizations in the
following primary business sectors participated in the
trials (see Fig. 6): business services, petroleum, auto-

Number of OUs

175%  1.75%

©O 4 MW AN OO N DO

Fig. 6. Primary business sector of OUs participating in the trials and
that have used Part 5.

No of Assessments
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Fig. 7. Approximate number of IT staff in participating OUs that have
used Part 5.

motive, public administration, consumer goods, retail,
leisure and tourism, construction and travel.

4.1.2. Background and experience of assessors

Given that an assessor can participate in more than
one assessment, the number of assessors is smaller than
the total number of assessments. In total, 40 different
lead assessors took part.

The employment status of the assessors is summa-
rized in Fig. 8. As can be seen, most assessors consider
themselves in management or senior technical positions
in their organizations with a sizeable number of the rest
being consultants.

The experiences of these assessors in other assessment
models and methods are summarized in Fig. 9 (the total
adds up to more than 40 because an assessor can have
experience with more than one model/method). The
mode is Phase I, indicating that a good number of
Phase 2 assessors also participated in Phase 1 of the
trials. Fifteen of the assessors have experience with
certification to ISO 9001, with the majority within the
TickIT scheme. Other assessment models used include

No of obs

0 e L
Exec Manag SenTech Tech Consult Other
Employment Status

Fig. 8. Employment status of (lead) assessors.

No of obs
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Phase 1 Trillium CMM 1SO 9001
TickIT Bootstrap PPA

Assessment Method/Model

Proprietary

Fig. 9. Experience of assessors with assessment models and methods.
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Fig. 10. Software engineering and assessment experience of the (lead)
aSSessors.
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Fig. 11. The number of assessments where the assessors participated in
the past three years.

Bootstrap, * Trillium, the CMM and Process Profes-
sional. >

The variation in the number of years of software
engineering experience and assessment experience of the
assessors is shown in Fig. 10. The median experience in
software engineering is 12 years, with a maximum of 30
years experience. The median experience in assessments
is three years, indicating a nontrivial background in
assessments.

Fig. 11 shows the variation in the number of assess-
ments (in general) that were performed by the assessors,
and the number of 15504-based assessments over the
previous three years. The median number of assessments
performed by the assessors is six, and the median
number of 15504-based assessments is two. It will be
noted that the lower bound is zero previous assessments
and zero previous ISO/IEC 15504 assessments. How-

* We included Bootstrap-based assessments in this category as well.
For example, the assessments were conducted using the Synquest tool
and the Bootcheck tool.

3 Process Professional is a proprietary model that is used mainly in
the UK.

ever, this is due to one case. Exclusion of that obser-
vation would not have affected our conclusions.

In total, approximately 83% (33/40) of the assessors
have received training on software process assessments in
the past, approximately 93% (37/40) received training on
15504 (or a compatible model and method) in the past
and approximately 98% (39/40) received at least one of
the above two types of training. Therefore, only one
assessor did not receive any training. However, this as-
sessor had more than 20 years of experience in the soft-
ware industry, three years of assessment experience and
had performed two assessments in the past using a model
and method not necessarily compatible with 15504.

4.2. Use of Part 5

Nearly all of the respondents used the assessment
model as a source of indicators (95.5%). Approximately
82% of the respondents have used Part 5 intensively.
Nearly half of them (45.61%) used the model to define
additional indicators.

4.3. Table format for results

Our results are summarized in Tables 6-11. The for-
mat of Tables 6-11 is explained as follows:

e The first column is the question wording.

e The second column shows the percentage of support-
ive responses for the corresponding question.

e The third column shows the confidence intervals for
supportive responses. For some questions, the confi-
dence interval is omitted due to 100% supportive re-
sponses as seen at (1), (2) and (5) in Table 10.

e The proportion of “Does not apply” or “Did not
use” are in the last column. It is possible that in some
assessments a particular process was not within its
scope, that the ratings went up to a certain level only
or that some indicators were not used. This is consis-
tent with the proper use of ISO/IEC 15504.

4.4. Usefulness and ease of use

The results of assessors’ evaluations of the usefulness
and ease of use of Part 5 are given in Table 7. The as-
sessors did not find that using the assessment model
results in too much detailed information (87.72%). In
fact, their responses indicated that the level of detail was
sufficient to guide subsequent software process im-
provement — clearly identify where the weaknesses that
need to be addressed are, and provide direction for what
actions are necessary for improvement, (82.46%).
However, a minority expressed some concern that they
could have produced accurate judgements with less de-
tailed evidence, suggesting that the effort on collecting
evidence as stipulated by the indicators may be reduced
(71.93%, but not statistically different from 80%). This
pattern of results implies that the detailed evidence



K. El Emam, H.-W. Jung | The Journal of Systems and Software 59 (2001) 2341 33

Table 6
Usefulness and ease of use®

Question

Supportive response categories and

Confidence interval

their percentages

(1) We were overwhelmed by evidence and detail — there
was too much for us to properly understand in a single
assessment

(2) We could not have made accurate judgements with less
detailed evidence

o Strongly disagree (17.54%)
e Disagree (70.18%)
Total: 87.72%

o Strongly agree (17.79%)
o Agree (56.14%)

[0.81, 0.95]

[0.62, 0.82]

Total: 71.93%

(3) There is sufficient detail in the assessment model to
guide process improvement

e Strongly agree (3.51%)
o Agree (78.95%)

[0.74, 0.91]

Total: 82.46%

(4) It is easy to map the model’s processes to the
organizational processes

e Almost always (50.88%)
e More often than not (19.30%)

[0.60, 0.80]

Total: 70.18%

(5) It is easy to rate the achievement of the process
attributes

e Almost always (36.84%)
e More often than not (31.58%)

[0.58, 0.79]

Total: 68.42%

#The critical responses were “Strongly agree” and “Agree” in (1), and “Strongly disagree” and “Disagree” in (2) and (3), and “Sometimes” and

“Rarely if ever” in (4) and (5).

Table 7
Meaningfulness of rating and aggregation scheme®

Question

Supportive response categories

Confidence interval

(1) It is meaningful to rate at the process instance level

(2) It is meaningful to aggregate process attribute
ratings of process instances

(3) It is meaningful to show process instance ratings

as a capability level

(4) It is meaningful to aggregate capability levels of

process instances

(5) It is meaningful to group processes into
process categories

e Almost always (68.42%)
e More often than not (29.82%)
Total: 98.25%

e Almost always (54.39%)
e More often than not (33.33%)
Total: 87.72%

e Almost always (54.39%)
e More often than not (49.12%)
Total: 82.46%

e Almost always (36.84%)
e More often than not (28.07%)
Total: 85.97%

o Almost always (52.63%)
e More often than not (21.05%)
Total: 73.68%

[0.95, 1.00]

[0.81, 0.95]

[0.74, 0.91]

[0.78, 0.94]

[0.64, 0.83]

#The critical responses were““Sometimes” and “Rarely if ever”.

collected using the exemplar model was not too much to
handle, but could probably be reduced without affecting
the accuracy of the ratings. This issue is particularly
relevant as the size of the ISO/IEC 15504 document set
has been a concern in the past (Kitson, 1997), and the
exemplar assessment model is the largest of the docu-
ment set by far (having 38% of the total number of
pages). In fact, the large size of the document set, and
the exemplar model in particular, has been a recurring
theme during the development of ISO/IEC 15504.

There was also some concern by the assessors with
mapping the model’s processes to the processes in the
OU that was assessed (70.18%). However, this was not
statistically less than 80%.

The assessors did indicate a problem with the ratings
of the process attributes on the process dimension
(68.42% supportive, and statistically different from
80%). They had difficulty in rating achievement. The
capability dimension has nine attributes. Results pre-
sented in Sections 4.6 and 4.8 will shed some light on
why, and which of these attributes presented the greatest
rating difficulty.

4.5. Meaningfulness of rating and aggregation scheme
As shown in Table 7, nearly all assessors (98.25%)

found that the rating at the process instance level was
meaningful. Approximately 88% thought that aggrega-
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Table 8
Usability of ratiing scale®

Question

Supportive response categories Confidence interval

(1) How good was your assessment team’s understanding of the
distinction among the rating scale (fully, largely, partially, and
not achieved)?

(2) How difficult was it to understand the boundary between fully
and largely achieved?

(3) How difficult was it to understand the boundary between largely
and partially achieved?

(4) How difficult was it to understand the boundary between partially

and not achieved?

e Extensive (43.86%)
e Moderate (54.39%)
Total: 98.25%

[0.95, 1.00]

e Sometimes (24.56%)
e Rarely if ever (50.88%)
Total: 75.44%

[0.66, 0.85]

e Sometimes (47.37%)
e Rarely if ever (8.77%)
Total: 56.14%

[0.45, 0.67]

e Sometimes (31.58%)
e Rarely if ever (47.37%)
Total: 78.95%

[0.70, 0.88]

Note that the supportive percentages excluded those who did not use that process category.
#The critical responses were ““Occasional’” and “Little if any” in (1) and “Almost always” and ‘“More often than not” in (2)—(4).

Table 9

Usefulness of indicatiors®
Question Supportive response categories Confidence interval “Did not use”
(1) Did the work products help you understand o Almost always (66.67%) [0.68, 0.86] 1.75%
the meaning of the processes in the reference e More often than not (19.61%)
model? Total: 76.79%
(2) Did the process capability indicators support e Almost always (62.75%) [0.78, 0.94] 10.53%
your judgement of the performance of the e More often than not (9.80%)
process? Total: 86.28%
(3) Did the work product characteristics help you e Almost always (71.07%) [0.62, 0.83] 10.53%
review process work products to support your e More often than not (25.36)
judgement of the performance of the process? Total: 72.55%
(4)It was easy to relate the base practices to the e Almost always (71.07%) [0.92, 1.00] 1.75%
practices of this OU e More often than not (25.36%)

Total: 96.43%

(5) It was easy to relate the management e Almost always (55.27%) [0.80, 0.95] 3.51%

practices to the practices of this OU
Total: 87.27%

e More often than not (32%)

Note that the supportive percentages exclude those who did not use that process category.

#The critical responses were “‘Some confidence” and “Low confidence”.

tion of attribute ratings across process instances was
meaningful. The scheme for calculating the capability
level was found to be meaningful by a substantial ma-
jority, 82.46% of responding assessors.

The aggregation of capability levels into a profile
was meaningful to 85.97% of the assessors. Finally, a
smaller but still substantial 73.68% felt that the
grouping of process categories was meaningful. Al-
though this value is not statistically different from the
80% threshold.

4.6. Usability of the rating scale
As seen in Table 8, nearly all assessors (98.25%)

found that they and their assessment teams could un-
derstand the distinctions among the categories of the

four point achievement scales. However, when asked a
more specific question, some weaknesses in the scale
appeared. The biggest difficulty seems to be making the
distinction between the ‘L’ and the ‘P’ response cate-
gories (by 43.68%), followed by distinctions between
the ‘F’ and ‘L’ response categories (by 24.56%), and
last the ‘P’ and ‘N’ categories (by 21%), where the least
difficulty was encountered. Only the ‘L’ and ‘P’ dis-
tinction was statistically different from the 80%
threshold, suggesting that action should be taken to
address this confusion on the scale points. The results
suggest that ratings at the extremes of the scale are
easier to make. It would be informative in future
studies to determine the impact of confusion on the
middle response categories to the final process capa-
bility levels assigned to process instances.
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Table 10
Understanding the process dimension®
Question® Supportive response categories Confidence interval “Did not use”
and percentages
(1) Customer-supplier process category e Extensive (50.42%) 23.51%
e Moderate (49.58%)
Total: 100%
(2) Engineering process category o Extensive (59.43%) 12.63%
e Moderate (40.57%)
Total: 100%
(3) Management process category e Extensive (66.94%) [0.91, 1.00] 12.98%
e Moderate (29.83%)
Total: 96.77%
(4) Organization process category o Extensive (42.68%) [0.84, 1.00] 21.05%
e Moderate (49.32%)
Total: 92%
(5) Support process category e Extensive (46.57%) 13.33%

e Moderate (53.43%)
Total: 100%

Note that the supportive percentages excluded those who did not use that process category.
#The critical responses were “‘Occasional” and “Little if any”.
®What is your level of confidence that you understand the meaning of assessed process attributes well enough to make consistent and repeatable
judgements about the practices that were followed in this OU?

Table 11
Understanding the capability dimension®

Question®

Supportive response categories

and their percentages

Confidence interval

“Does not apply”

(1) Process performance

(2) Performance management

(3) Work product management

(4) Process definition

(5) Process resource

(6) Process measurement

(7) Process control

(8) Process change

(9) Continuous improvement

e Fully confident (76.68%)
e Very confident (23.32%)
Total: 100%

e Fully confident (63.38%)
e Very confident (36.62%)
Total: 100%

e Fully confident (44.73%)
e Very confident (50.75%)
Total: 95.48%

e Fully confident (52.80%)
e Very confident (47.20%)
Total: 100%

o Fully confident (48.51%)
e Very confident (44.73%)
Total: 93.24%

e Fully confident (15.93%)
e Very confident (57.15%)
Total: 73.08%

e Fully confident (15.29%)
e Very confident (59.03%)
Total: 74.32%

e Fully confident (11.75%)
e Very confident (57.81%)
Total: 69.57%

e Fully confident (10%)
e Very confident (62.77%)
Total: 72.77%

[0.90, 1.00]

[0.87, 0.99]

[0.60, 0.86]

[0.62, 0.86]

[0.56, 0.83]

[0.60, 0.86]

6.68%

6.68%

6.32%

6.67%

36.14%

35.79%

34.39%

36.84%

Note that the supportive percentages excluded those who did not use that process category.

#The critical responses were “‘Some confidence” and “Low Confidence”.

®What is your level of confidence that you understand the meaning of assessed process attributes well enough to make consistent and repeatable
judgements about the practices that were followed in this OU?
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4.7. Usefulness of indicators

Table 9 is concerned with the indicators in Part 5. It
can be seen that a sizeable majority did not have diffi-
culty relating the base (96.43%) and management
(87.27%) practices to the practices within the OU. In
combination with the previous concerns with the map-
ping of the processes to the OU (Section 4.4), this in-
dicates that the base practices are important to make
such a mapping. Ease of relating the practices to the OU
supports the conclusion of relevance of these docu-
mented practices to software organizations. Also, a large
majority (86.28%) found the process capability indica-
tors in general to be supportive of their rating judge-
ments.

There exists moderate support for the use of work
products (76.79%) and the work product characteristics
(72.55%). In general, the assessors found them less
helpful in making judgements and in understanding the
processes than the higher level process capability indi-
cators. However, neither of these values were statisti-
cally different from the 80% threshold.

4.8. Understanding the process and capability dimensions

Table 10 indicates that assessors felt confident in their
understanding of the process categories well enough to
make consistent and repeatable judgments about the
practices followed in the OU. The only exception was
the ORG process category where 8% felt that this was
not the case. For the capability dimension (see Table 11)
almost all of the assessors were confident about their
understanding up until Level 3 attributes. However, the
confidence level dropped for levels 4 and 5 in the per-
ceived consistency and repeatability of their judgements.
Even though at levels 4 and 5 the proportion supportive
is not different from the threshold, it will be noticed that
the confidence interval is quite large. This means that
there is a large uncertainty in the estimate of the pro-
portion of supportive responses.

5. Summary and conclusions

This study was an evaluation of the exemplar as-
sessment model in ISO/IEC 15504. The objective was to
determine how good the model is, whether it was use-
able, useful, whether the rating and aggregation scheme
was meaningful, and whether there were general weak-
nesses in its architecture. The respondents were lead
assessors who used the model in 57 assessments. The
assessments were part of the SPICE Trials.

The results indicate that a majority of the assessors
used Part 5 as a source of indicators for conducting their
assessments (Section 4.2). In general, they found Part 5
useful and easy to use (Sections 4.4 and 4.7), the rating

scheme was found to be meaningful (Section 4.5), and

the process dimension was found to be easy to under-

stand (Section 4.8). Furthermore, they were satisfied
with the level of detail of the exemplar model, although

a minority indicated that less detail in the collected ev-

idence would not have harmed the accuracy of their

judgements (Section 4.4).

For the capability dimension, the assessors expressed
some concern with their ability to rate the process at-
tributes. A closer examination showed that nearly all
assessors were confident about their understanding up
until level 3 attributes. However, for levels 4 and 5
confidence dropped in the perceived consistency and
repeatability of their judgements (Section 4.8). The as-
sessors also found that making the distinction on the 4-
point ISO/IEC 15504 rating scale between the ‘L’ and ‘P’
responses was the most difficult, followed by distinctions
between ‘F’ and ‘L’ (Section 4.6). For the process di-
mension, the assessors noted that the base practices were
useful for mapping the processes in the assessment
model to the OU’s practices (Section 4.4).

One limitation of the current study is that we relied
on only one research method, namely, a questionnaire
survey. Ideally, one would conduct multiple evaluative
studies and then draw conclusions about the strengths
and weaknesses of the assessment model. However, it
should be recognized that the SPICE Trials are an on-
going program of research that employs multiple
methods (Emam and Goldenson, 1995). This is a form
of triangulation whereby we ‘““‘investigate a phenomenon
using a combination of empirical research methods. The
intention is that a combination of techniques comple-
ment each other” (Wood et al., 1999). For the evalua-
tion of the assessment model, we have followed an
evolutionary multi-method strategy, whereby we start
with exploratory studies whose intention is to generate
hypotheses. The most important ones are subsequently
tested using more focused studies. These follow-on
studies would use methods more suited to theory con-
firmation, such as field experiments. This is the strategy
used, for example, in a recent investigation into object-
oriented constructs and their impact on maintainability
(Wood et al., 1999).

The current evaluation identified a number of issues
that will be subsequently investigated using more fo-
cused studies:

e Evaluate the impact of confusion between ‘L’ and ‘P’
ratings on the capability level, since our study found
that assessors had the greatest difficulty in making the
distinction between these two categories.

e Evaluate the reliability of ratings at higher levels of
capability, since our results showed that assessors
tend to have more difficulty making ratings at levels
4 and 5.

Another caution when interpreting the results of this
study is that the assessors who took part in the trials are
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more likely to be representative of the early adopters of
ISO/TEC 15504 than of all potential users. One can ar-
gue that the early adopters are expected to have more
favorable attitudes towards ISO/IEC 15504 and to have
a vested interest in its success. This means that our re-
sults are likely to be more supportive of the assessment
model than if we had data from a sample representing
all potential users of the ISO/IEC 15504 assessment
model. If this is indeed the case, then the weaknesses in
the model identified during our study are likely to be
much serious than our results suggest. This would
strengthen the case for performing further focused
studies to investigate them.

However, through our interactions with participants
in the SPICE Trials, we noted that they tended to be
quite critical of the model. This is to ensure that it is of
the highest quality, and therefore they highlight its flaws
more often than not. Consequently, it is premature to
claim that participants will systematically have a posi-
tive bias.

For the users of the assessment model, we would
suggest that they exercise caution when rating at higher
capability levels since there is some uncertainty about
how reliably such ratings can be made. Furthermore, we
would suggest performing a sensitivity analysis on the
final capability ratings from an assessment to gauge the
impact of confusion between the ‘L’ and ‘P’ ratings. This
would give the users some indication of how much
confidence to place in the results of the assessment. The
developers of the standard should also consider the in-
clusion of sensitivity analysis as a regular part of an
assessment until further studies of high capability pro-
cesses lead to refinements of the capability scale at these
higher levels.

Our results suggest that further improvements can be
made to the architecture of the exemplar assessment
model in ISO/IEC 15504. However, some of the com-
ments apply equally well to the reference model in ISO/
IEC 15504 (namely all those related to the rating
scheme). Therefore, the feedback from this study is not
only localized to the exemplar model, but has wider
implications on the normative architecture of the
emerging standard.
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Appendix A. Multiple imputation method

In this appendix, we describe the approach that we
used for imputing missing values on our variables, and
also how we operationalize it in our specific study.

A.l1. Notation

We first present some notation to facilitate explaining
the imputation method. Let the raw data matrix have i
rows (indexing the cases) and j columns (indexing the
variables), where i=1,...,nand j=1,...,q. Some of
the cells in this matrix may be unobserved (i.e., missing
values). We assume that there is only one variable of
interest for imputation, and let y; denote its value for the
ith case. Let Y = (¥, Yobs), Where Y denotes the
missing values and Y., denotes the observed values on
that variable. Furthermore, let X be a scalar or vector of
covariates that are fully observed for every i . These may
be background variables, which in our case were the size
of an organization in IT staff and whether the organi-
sation was ISO 9001 registered.

Let the parameter of interest in the study be denoted
by Q. We assume that Q is scalar since this is congruent
with our context. For example, let Q be a proportion
estimate. We wish to estimate Q with associated variance
U from our sample.

A.2. Ignorable models

Models underlying the method of imputation can be
classified as assuming that the reasons for the missing
data are either ignorable or nonignorable. Rubin (1987)
defines this formally. However, here it will suffice to
convey the concepts, following Rubin (1988).

Ignorable reasons for the missing data imply that a
nonrespondent is only randomly different from a re-
spondent with the same value of X. Nonignorable rea-
sons for missing data imply that, even though
respondents and nonrespondents have the same value of
X, there will be a systematic difference in their values of
Y. An example of a nonignorable response mechanism
in the context of process assessments that use a model
such as that of ISO/IEC 15504 is when organizations
assess a particular process because it is perceived to be
weak and important for their business. In such a case,
processes for which there are capability ratings are likely
to have lower capability than other processes that are
not assessed.

In general, most imputation methods assume ignor-
able nonresponse (Schaefer, 1997) (although, it is pos-
sible to perform, for example, multiple imputation, with
a nonignorable nonresponse mechanism). In the analysis
presented in this report there is no a priori reason to
suspect that respondents and nonrespondents will differ
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Modeling
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Combine the M analyses into one
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Fig. 12. Schematic showing the tasks involved in multiple imputation.

systematically in the values of the variable of interest,
and therefore we assume ignorable nonresponse.

A.3. Overall multiple imputation process

The overall multiple imputation process is shown in
Fig. 12. Each of these tasks is described below. It should
be noted that the description of these tasks is done from
a Bayesian perspective.

A.4. Modelling task

The objective of the modeling task is to specify a
model fy x(Y;|X;, 0y x) using the observed data only
where Oy y are the model parameters. For example,
consider the situation where we define an ordinary least
squares regression model that is constructed using the
observed values of Y and the predictor variables are
the covariates X, then Oy y = (f,d%) are the vector of
the regression parameters and the variance of the error
term respectively. This model is used to impute the
missing values. In our case we used an implicit model

that is based on the hot-deck method. This is described
further below.

A.5. Estimation task

We define the posterior distribution of 6 as
Pr(0]X, Yo). © However, the only function of 0 that is
needed for the imputation task is 0y|y. Therefore, dur-
ing the estimation task, we draw repeated values of 0y x
from its posterior distribution Pr(0y|x|X, Yons). Let’s
call a drawn value 0y 4.

A.6. Imputation task

The posterior predictive distribution of the missing
data given the observed data is defined by the following
result:

Pr(Ymis |X, Yobs) = /Pr(YmiS ‘X, Yobsa 6) Pr (H‘X, Yobs)dG.
(A1)

We therefore draw a value of Y from its conditional
posterior distribution given 0’;‘ - For example, we can
draw 0y = (8", ¢*?) and compute the missing y; from

f(ilxi, 0y ). This is the value that is imputed. This

process is repeated M times.
A.7. Analysis task

For each of the M complete data sets, we can calcu-
late the value of Q. This provides us with the complete-
data posterior distribution of Q : Pr(Q|X, Yobs, Ymis)-

A.8. Combination task

The basic result provided by Rubin (1987) is:
PI' (Q ‘ X, Yobs)

= /Pr (Q|Xa Y0b57 Ymis) Pr (Ymis |X, Yobs)deis~ (Az)

This result states that the actual posterior distribution of
0 is equal to the average over the repeated imputations.
Based on this result, a number of inferential procedures
are defined.

The repeated imputation estimate of Q is:

S0,

=) = A3
0=> = (A3)
which is the mean value across the M analyses that are
performed.

The variability associated with this estimate has two
components. First there is the within-imputation
variance:

% We use the notation Pr(-) to denote a probability density.
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_ U,
u=>" o (A.4)
and second the between imputation variance:

- \2

Z (Qm - Q)

B=—»——" (A.5)

M—1
The total variability associated with O is therefore:
T=U+(1+M")B (A.6)

In the case where Q is scalar, the following approxi-
mation can be made:

(e-9)
VT

where ¢, is a ¢ distribution with v degrees of freedom
where:

~t, (A7)

2

v=(M— 1)(1 +r") (A.8)
and
:W (A.9)
U

This would allow one to construct confidence intervals.
A.9. Hot-deck imputation: overview

We will first start by presenting the hot-deck impu-
tation procedure in general, then show the particular
form of the procedure that we use in our analysis, and
how this is incorporated into the multiple imputation
process presented above.

Hot-deck procedures are used to impute missing
values. They are a duplication approach whereby a re-
cipient with a missing value receives a value from a donor
with an observed value (Ford, 1983). Therefore the
donor’s value is duplicated for each recipient. As can be
imagined, this procedure can be operationalized in a
number of different ways.

A basic approach for operationalising this is to
sample from the n,, observed values and use these to
impute the ny,;; missing values (Little and Rubin, 1987),
where n = np;s + nops- A simple sampling scheme could
follow a multinomial model with sample size n,;; and
probabilities (1/nops. .., 1/neps). It is more common,
however, to use the X covariates to perform a post-
stratification. In such a case, the covariates are used to
construct C disjoint classes of observations such that the
observations within each class are as homogeneous as
possible. This also has the advantage of further reducing
nonresponse bias.

For example, if X consists of two binary vectors, then
we have 4 possible disjoint classes. Within each class
there will be some observations with Y observed and
some with Y missing. For each of the missing values, we

can randomly select an observed Y value and use it for
imputation. This may result in the same observation
serving as a donor more than once (Sande, 1983). Here it
is assumed that within each class the respondents follow
the same distribution as the nonrespondents.

A.10. Metric-matching hot-deck

It is not necessary that the X covariates are categor-
ical. They can be continuous or a mixture of continuous
and categorical variables. In such a case a distance
function is defined, and the / nearest observations with
the Y value observed serve as the donor pool (Sande,
1983).

An allied area where such metric-matching has re-
ceived attention is the construction of matched samples
in observational studies (Rosenbaum and Rubin, 1985).
This is particularly relevant to our case because we
cannot ensure in general that all the covariates that will
be used in all analyses will be categorical. For the sake
of brevity, we will only focus on the particular metric-
matching technique that we employ.

A.11. Response propensity matching

In many observational studies ’ (see Cochran, 1983) a
relatively small group of subjects is exposed to a treat-
ment, and there exists a larger group of unexposed
subjects. Matching is then performed to identify unex-
posed subjects who serve as a control group. This is
done to ensure that the treatment and control groups are
both similar on background variables measured on all
subjects.

Let the variable R; denote whether a subject i was
exposed (R; = 1) or unexposed (R; = 0) to the treatment.
Define the propensity score, e(X) as the conditional
probability of exposure given the covariates (i.e.,
e(X) =Pr(R=1]|X)). Rosenbaum and Rubin (1983)
prove some properties of the propensity score that are
relevant for us.

First, they show that the distribution of X is the same
for all exposed and unexposed subjects within strata
with constant values of e(X). Exact matching will
therefore tend to balance the X distributions for both
groups. Furthermore, they also show that the distribu-
tion of the outcome variable Y is the same for exposed
and unexposed subjects with the same value of e(X) (or
within strata of constant e(X)). David et al. (1983) adopt
these results to the context of dealing with nonresponse
in surveys. We can extrapolate and let R; = 1 indicate
that there was a response on Y for observation i, and

" These are studies where there is not a random assignment of
subjects to treatments. For example, in the case of studying the
relationship between exposure to cigarette smoke and cancer, it is not
possible to deliberately expose some subjects to smoke.
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that R; = 0 indicates nonresponse. Hence we are dealing
with response propensity as opposed to exposure pro-
pensity. We shall denote response propensity with p(X).
It then follows that under ignorable nonresponse if we
can define strata with constant p(X) then the distribu-
tion of X and Y are the same for both respondents and
nonrespondents within each stratum.

To operationalize this, we need to address two issues.
First, we need to estimate p(X). Second, it is unlikely
that we would be able to define sufficiently large strata
where p(X) is constant, and therefore we need to ap-
proximate this.

If we take the response indicator R to be Bernoulli
random variable independently distributed across ob-
servations, then we can define a logistic regression model
(Hosmer and Lemeshow, 1989):

e(o{o+o£1X] o1 X )

p(X) = 1+ e(ao+mlxl+---+aq,lxq,l) )
This will provide us with an estimate of response pro-
pensity for respondents and nonrespondents.

We can then group the estimated response propensity
into C intervals, with bounding values 0,p,ps,...,
pc_1, 1. Strata can then be formed with observation iin
stratum c¢ if p._; < p; < p. with ¢ =1...C. Therefore,
we have constructed strata with approximately constant
values of response propensity. In our application we set
C =5, dividing the estimated response propensity score
using quintiles.

A.12. An improper hot-deck imputation method

Now that we have constructed homogeneous strata,
we can operationalize the metric-matching hot-deck
imputation procedure by sampling with equal proba-
bility from the respondents within each stratum, and use
the drawn values to impute the nonrespondent values in
the same stratum. However, doing so we do not draw 0
from its posterior distribution, and then draw Y;; from
its posterior conditional distribution given the drawn
value of 6. Such a procedure would be improper and
therefore some alternatives are considered, namely the
approximate Bayesian bootstrap.

A.13. The approximate bayesian bootstrap

A proper imputation approach that has been pro-
posed is the Approximate Bayesian Bootstrap (ABB) —
(see Rubin and Schenker, 1986, 1991). This is an ap-
proximation of the Bayesian Bootstrap (Rubin, 1981)
that is easier to implement. The procedure for the ABB
is, for each stratum, to draw with replacement zy,,Y
values, where z,s is the number of observed Y values in
the stratum. Then, draw from that z,;, Y values with
replacement, where z,,;; is the number of observations

with missing values in the stratum. The latter draws are
then used to impute the missing values within the stra-
tum. The drawing of z,,;; missing values from a possible
sample of z,, values rather than from the actual ob-
served values generates the appropriate between-impu-
tation variability. This is repeated M times to generate
multiple imputations.

A.14. Summary

The procedure that we have described implements
multiple-imputation through the hot-deck method. It
consists of constructing a response propensity model
followed by an ABB.

This procedure is general and can be applied to im-
pute missing values that are continuous or categorical.
We have described it here in the context of univariate Y,
but it is generally applicable to multivariate Y (see Ru-
bin, 1987 for a detailed discussion of multiple-imputa-
tion for multivariate Y).
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