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The Impact of Design and Code Reviews
on Software Quality:
An Empirical Study Based on PSP Data
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Abstract—This research investigates the effect of review rate on defect removal effectiveness and the quality of software products,
while controlling for a number of potential confounding factors. Two data sets of 371 and 246 programs, respectively, from a Personal
Software Process (PSP) approach were analyzed using both regression and mixed models. Review activities in the PSP process are
those steps performed by the developer in a traditional inspection process. The results show that the PSP review rate is a significant
factor affecting defect removal effectiveness, even after accounting for developer ability and other significant process variables. The
recommended review rate of 200 LOC/hour or less was found to be an effective rate for individual reviews, identifying nearly two-thirds
of the defects in design reviews and more than half of the defects in code reviews.

Index Terms—Code reviews, design reviews, inspections, software process, software quality, defects, software measurement, mixed

models, personal software process (PSP).

1 INTRODUCTION

UALITY is well understood to be an important factor in

software. Deming succinctly describes the business
chain reaction resulting from quality: improving quality
leads to decreasing rework, costs, and schedules, which all
lead to improved capability, which leads to lower prices
and larger market share, which leads to increased profits
and business continuity [14]. Software process improve-
ment is inspired by this chain reaction and focuses on
implementing disciplined processes, i.e., performing work
consistently according to documented policies and proce-
dures [37]. If these disciplined processes conform to
accepted best practice for doing the work, and if they are
continually and measurably improving, they are character-
ized as mature processes.

The empirical evidence for the effectiveness of process
improvement is typically based on before-and-after analyses,
yet the quality of process outputs depends upon a variety of
factors, including the objectives and constraints for the
process, the quality of incoming materials, the ability of the
people doing the work, and the capability of the tools used, as
well as the process steps followed. Empirical analyses are
rarely able to control for differences in these factors in real-
world industrial projects. And, even within such a project,
these factors may change over the project’s life.

C.F. Kemerer is with the Katz Graduate School of Business, University of
Pittsburgh, 278A Mervis Hall, Pittsburgh, PA 15260.

E-mail: ckemerer@Kkatz.pitt.edu.

M.C. Paulk is with the IT Services Qualification Center, Carnegie Mellon
University, 5000 Forbes Avenue, Pittsburgh, PA 15213.

E-mail: mcp@cs.cmu.edu.

Manuscript received 12 Nov. 2007; revised 6 Jan. 2009; accepted 13 Jan. 2009;
published online 1 Apr. 2009.

Recommended for acceptance by A.A. Porter.

For information on obtaining reprints of this article, please send e-mail to:
tse@computer.org, and reference IEEECS Log Number TSE-2007-11-0322.
Digital Object Identifier no. 10.1109/TSE.2009.27.

0098-5589/09/$25.00 2009 IEEE

An example of an important process where there is
debate over the factors that materially affect performance
is the inspection of work products to identify and remove
defects [17], [18]. Although there is general agreement
that inspections are a powerful software engineering
technique for building high-quality software products
[1], Porter and Votta’s research concluded that “we have
yet to identify the fundamental drivers of inspection costs
and benefits” [44]. In particular, the optimal rate at which
reviewers should perform inspections has been widely
discussed, but subject to only limited investigations [6],
[21], [45], [47].

The research reported in this paper investigates the
impact of the review rate on software quality, while
controlling for a comprehensive set of factors that may affect
the analysis. The data come from the Personal Software
Process (PSP), which implements the developer subset of the
activities performed in inspections. Specifically, the PSP
design and code review rates correspond to the preparation
rates in inspections.

The paper is organized as follows: Section 2 describes
relevant previously published research. Section 3 describes
the methodology and data used in the empirical analyses.
Section 4 summarizes the results of the various statistical
models characterizing software quality. Section 5 describes
the implications of these results and the conclusions that
may be drawn.

2 BACKGROUND

Although a wide variety of detailed software process
models exists, the software process can be seen at a high
level as consisting of activities for requirements analysis,
design, coding, and testing. Reviews of documents and
artifacts, including design documents and code, are
important quality control activities, and are techniques that
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Fig. 1. A conceptual view of the software development process and its
foundations.

can be employed in a wide variety of software process life
cycles [36]. Our analysis of the impact of review rate on
software quality is based on previous empirical research on
reviews and it considers variables found to be useful in a
number of defect prediction models [5], [32].

2.1 A Life Cycle Model for Software Quality

A conceptual model for the software life cycle is illustrated
in Fig. 1. It shows four primary engineering processes for
developing software—requirements analysis of customer
needs, designing the software system, writing code, and
testing the software. A process can be defined as a set of
activities that transforms inputs to outputs to achieve a
given purpose [36]. As illustrated in Fig. 1, the engineering
processes within the overall software life cycle transform
input work products, e.g., the design, into outputs, e.g., the
code, which ultimately result in a software product
delivered to a customer. These general engineering
processes may be delivered via a variety of life cycles,
e.g., evolutionary or incremental. The quality of the outputs
of these engineering processes depends on the ability of the
software professionals doing the work, the activities they
do, the technologies they use, and the quality of the input
work products.

Early empirical research on software quality identified
size as a critical driver [2], and the size of work products
remains a widely used variable in defect prediction
models [32]. Customer requirements and the technologies
employed (such as the programming language) are
primary drivers of size. Finally, since software develop-
ment is a human-centric activity, developer ability is
commonly accepted as a critical driver of quality [3], [12],
[13], [49], [55].

The cumulative impact of the input quality can be seen in
the defect prevention models that use data from the various
phases in the software’s life cycle to estimate test defects.
For example, predicting the number of released defects has
been accomplished by multiplying the sizes of interim work
products by the quality of the work products and the
percentage of defects escaping detection [11].

2.2 Production of Engineering Work Products

Although software quality can be characterized in a number
of ways, defects, as measured by defect density (defects/lines
of code), are a commonly used quality measure [22], [52].
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Fig. 2. Production and review steps.

Typical reported defect density rates range from 52 to
110 per thousand lines of code (KLOC) [5], [24].

Empirical research in software defect prediction models
has produced a range of factors as drivers for software
quality. As different models have been found to be the best
for different environments, it appears unlikely that a single
superior model will be found [8], [53]. For example, Fenton
and Neil point out that defect prediction models based on
measures of size and complexity do not consider the
difficulty of the problem, the complexity of the proposed
solution, the skill of the developer, or the software
engineering techniques used [19]. Therefore, the extent to
which these factors (and potentially others) can affect
software quality remains an open empirical question.
However, based on the prior literature and starting from
the general model shown in Fig. 1, the relevant software
engineering activity can be described in terms of a
production step and a review step, as shown in Fig. 2.

This figure can be read from left to right as follows.
Production results in an initial work product whose quality
in terms of injected defects depends upon the quality of
predecessor work products, the technologies used in
production, the ability of the developer, and the effort
expended on production. The quality of production can be
measured by the number of defects in the resulting work
product, which typically is normalized by the size of the
work product to create a defect density ratio [5], [22], [24],
[52]. The initial work product may be reviewed to capture
and remove defects, and the quality of the resulting
corrected work product depends upon the size and quality
of the initial work product, the ability of the developer, and
the effort expended in the review. Given a measure of the
number of defects in the work product at the time of the
review, the quality of reviews can be seen as the effective-
ness of the review in removing defects.

2.3 Reviews

Reviews of work products are designed to identify defects
and product improvement opportunities [36]. They may be
performed at multiple points during development, as

1. It should be noted that a complete view of “quality” would include
many attributes, such as availability, features, and cost. However, as an in-
process measure, the number of defects in the software provides insight
into potential customer satisfaction, when the software will be ready to
release, how effective and efficient the quality control processes are, how
much rework needs to be done, and what processes need to be improved.
Defects are, therefore, a useful, if imperfect, measure of quality.
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opposed to testing, which typically can occur only after an
executable software module is created. A crucial point in
understanding the potential value of reviews is that it has
been estimated that defects escaping from one phase of the
life cycle to another can cost an order of magnitude more to
repair in the next phase, e.g., it has been estimated that a
requirements defect that escapes to the customer can cost
100-200 times as much to repair as it would have cost if it
had been detected during the requirements analysis phase
[5]. Reviews, therefore, can have a significant impact on the
cost, quality, and development time of the software since
they can be performed early in the development cycle.

It is generally accepted that inspections are the most
effective review technique [1], [21], [23], [47]. A typical set of
inspection rules includes items such as:

The optimum number of inspectors is four.

The preparation rate for each participant when
inspecting design documents should be about
100 lines of text/hour and no more than 200 lines
of text/hour.

The meeting review rate for the inspection team in
design inspections should be about 140 lines of text/
hour and no more than 280 lines of text/hour.

The preparation rate for each participant when
inspecting code should be about 100 LOC/hour
and no more than 200 LOC/hour.

The meeting review rate for the inspection team in
code inspections should be about 125 LOC/hour and
no more than 250 LOC/hour for code.

Inspection meetings should not last more than two
hours.

Many variant inspection techniques have been proposed.
Gilb and Graham, for example, suggest a preparation rate of
0.5to 1.5 pages per hour; they also suggest that rates as slow as
0.1 page per hour may be profitable for critical documents
[21]. The defect removal effectiveness reported for different
peer review techniques (e.g., inspections, walk-throughs, and
desk checks) ranges from 30 to over 90 percent, with
inspections by trained teams beginning at around 60 per-
cent and improving as the team gains experience [17], [18],
[33], [47].

Despite consistent findings that inspections are generally
effective, Glass has summarized the contradictory empirical
results surrounding the factors that lead to effective inspec-
tions [23]. Weller found that the preparation rate for an
inspection, along with familiarity with the software product,
were the two most important factors affecting inspection
effectiveness [50]. Parnas and Weiss argue that a face-to-face
meeting is ineffective and unnecessary [35]. Eick et al. found
that 90 percent of the defects could be identified in
preparation, and therefore, that face-to-face meetings had
negligible value in finding defects [16]. Porter and his
colleagues created a taxonomy of review factors that they
argue should be empirically explored [44], [45], including:

structure, e.g., team size, the number of review teams,
and the coordination strategy for multiple teams [42];
techniques, e.g., individual versus cooperative re-
views; ad hoc, checklist-based, and scenario-based
[30], [40], [43];
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inputs, e.g., code size, functionality of the work
product, the producer of the work product, and the
reviewers [45];

context, e.g., workload, priorities, and deadlines [41];
and

technology, e.g., Web-based workflow tools [39].

In summary, although the benefits of inspections are
widely acknowledged, based on these competing views and
conflicting arguments the discipline has yet to fully under-
stand the fundamental drivers of inspection costs and
benefits [23], [44].

2.4 The Personal Software Process (PSP)

In order to address the empirical issues surrounding the
drivers for effective inspections, it will be beneficial to focus
on specific factors in a bounded context. The PSP incremen-
tally applies process discipline and quantitative manage-
ment to the work of the individual software professional [25].
As outlined in Table 1, there are four PSP major processes
(PSPO, PSP1, PSP2, and PSP3) and three minor extensions to
those processes. Each process builds on the prior process by
adding engineering or management activities. Incrementally
adding techniques allows the developer to analyze the
impact of the new techniques on his or her individual
performance. The life cycle stages for PSP assignments
include planning, design, coding, compiling, testing, and a
postmortem activity for learning, but the primary develop-
ment processes are design and coding, since there is no
requirements analysis step. When PSP is taught as a course,
there are 10 standard assignments and these are mapped to
the four major PSP processes in Table 1.

Because PSP implements well-defined and thoroughly
instrumented processes, data from PSP classes are fre-
quently used for empirical research [20], [24], [46], [51], [54].
PSP data are well suited for use in research as many of the
factors perturbing project performance and adding “noise”
to research data, such as requirements volatility and team-
work issues, are either controlled for or eliminated in PSP.
And, since the engineering techniques adopted in PSP
include design and code reviews, attributes of those reviews
affecting individual performance can be investigated.

In PSP, a defect is a flaw in a system or system
component that causes the system or component to fail to
perform its required function. While defects in other
contexts may be categorized according to their expected
severity, in PSP, defects are not “cosmetic,” i.e., a PSP
defect, if encountered during execution, will cause a failure
of the system.

Researchers Hayes and Over observed a decrease in
defect density as increasingly sophisticated PSP processes
were adopted, along with improvements in estimation
accuracy and process yield [24]. Their study was replicated
by Wesslen [51]. Wohlin and Wesslen observed that both
the average defect density and the standard deviation
decreased across PSP assignments [54]. Prechelt and Unger
observed fewer mistakes and less variability in performance
as PSP assignments progressed [46]. In a study of three
improvement programs, Ferguson et al. observed that PSP
accelerated organizational improvement efforts (including
improved planning and scheduling), reduced development
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TABLE 1
Description of the PSP Processes and Assignments

time, and resulted in better software [20]. Using PSP data,
Paulk found that developer ability reinforced the consistent
performance of recommended practices for improved soft-
ware quality [38].

3 METHODOLOGY

PSP employs a reasonably comprehensive and detailed set of
process and product measures, which provide a rich data set
that can be statistically analyzed in order to estimate the effect
of process factors, while controlling for technology and
developer ability inputs. However, quality factors associated
with volatile customer requirements, idiosyncratic project
dynamics, and ad hoc team interactions are eliminated in the
PSP context. The reviews in PSP correspond to the checklist-
based inspections described by Fagan, but PSP reviews are
performed by the developer only; no peers are involved.
Therefore, review rates in PSP correspond to the developer
preparation rates in inspections.

Since the PSP data provide insight into a subset of the
factors that may be important for peer reviews in general, this
analysis provides a “floor” for inspection performance in the
team environment. Of course, a key benefit of analyzing a
subset of the factors is that we can isolate specific factors of
interest. These results can then be considered a conservative
estimate of performance as additional elements, such as
team-based reviews, and variant elements, such as scenario-
based reading techniques, are possibly added. In addition,
this research investigates the contributors to quality in the
PSP processes at a finer level of granularity than has been
performed in typical prior empirical PSP analyses.

3.1 The PSP Data Sets

This research uses PSP data from a series of classes
taught by Software Engineering Institute (SEI) authorized

instructors. Since the focus of this research is on review
effectiveness, only data from the assignments following
the introduction of design and code reviews, i.e., assign-
ments 7A to 10A, are used. These correspond to the final
two PSP processes, numbers 3 and 4, and represent the
most challenging assignments.

Johnson and Disney have identified a number of potential
research concerns for PSP data validity centered on the
manual reporting of personal data by the developers, and
they found about 5 percent of PSP data in their study to be
unreliable [28]. For our PSP data set, the data were checked to
identify any inconsistencies between the total number of
defectsinjected and removed, and to identify instances where
the number of defects found in design review, code review, or
compile exceeded the number reported to have been injected
at that point, suggesting that one count or the other was in
error. As a result of this consistency check, 2.9 percent of the
data was excluded from the original set of observations. This
rate is similar to Johnson and Disney’s rate, and the smaller
degree of invalid data may be attributed to the fact that some
of the classes of data errors they identified, such as developer
calculation errors, would not be present in our study because
we use only the reported base measures and none of the
analyses performed by the PSP developers. Although data
entry errors can be a concern in any empirical study, since
they occur in the data collection stage and are difficult to
identify and correct, fewer than 10 percent of the errors
identified by Johnson and Disney (or less than 0.5 percent of
their data) were entry errors. There is no reason to believe that
such data entry errors are more likely in our PSP data set, nor
that such errors are likely to be distributed in a manner that
would bias the results.

To control for the possible effect of the programming
language used, the PSP data set was restricted to assignments
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