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ABSTRACT
In this paper we report a survey examining the approach to
performance and software engineering in courses at highly
ranked computer science schools in the United States. An
analysis of the survey shows serious shortcomings including
inadequate or missing definitions of performance, reactive
”fix it later” mentality, vague performance requirements,
and a general lack of awareness of the practices developed
by the Software Performance Engineering (SPE) commu-
nity. The survey is followed by guidelines for teaching SPE
to undergraduates based on a semester long course we have
developed. It is our plan to incorporate these guidelines into
the curriculum of our senior capstone software engineering
course.

Categories and Subject Descriptors
H.4.m [Software Performance Engineering]:

Keywords
Software Engineering, Performance, Education

1. INTRODUCTION
The Software Performance Engineering (SPE) community

exists, in part, because of endless problems that industry
experiences with application performance. Smith’s classic
paper addresses the root cause of these problems by calling
for a proactive approach to performance during the software
development cycle which she coined ”Software Performance
Engineering” [23].

Despite the excellent work of SPE researchers and prac-
titioners alike, many in the community would agree that
software development still has a costly ”fix it later” perfor-
mance methodology. One source of this methodology may
be the educational system producing the workforce that cre-
ates software applications. To investigate this hypothesis,

we conducted a survey of undergraduate computer science
courses that included software engineering and performance.

After reviewing courses at highly ranked schools in the
United States, we uncovered some major shortcomings. Per-
formance was rarely discussed in the courses and was either
inadequately defined or left undefined. Although perfor-
mance was sometimes mentioned as a requirement, no guide-
lines were provided for specifying this requirement. Students
were told either implicitly and in many cases explicitly to
treat performance as a late life cycle activity. In most cases
performance was viewed as a low-level system or algorith-
mic problem. Few courses discussed how to measure soft-
ware performance within an application using instrumenta-
tion and profiling. None discussed how to measure resource
utilization. SPE was mentioned in only two courses, and
one of these incorrectly described the research area. These
shortcomings make the case for including software perfor-
mance engineering in computer science education.

In the second half of the paper, we present an outline
of an undergraduate SPE course. Unlike most courses which
teach performance, ours was not about algorithms or system
modelling. The goal of the course was to provide students
with a set of skills that they could use to design, build, and
maintain software with good performance. Course topics in-
cluded case studies for motivation, software modelling, mea-
surement and instrumentation, some algorithms, database
and web performance, testing and workload generation, sem-
inal research, principles, patterns and antipatterns, and in-
teraction with industry. Projects, homework, and in-class
exercises solidified concepts from lecture. We describe one
project in detail which involved performance problems with
a college homepage.

2. SURVEY
The goal of our survey was to answer this question: What

kind of education are undergraduates receiving with respect
to designing, building, and maintaining software with good
performance?

2.1 Methodology
We focused on undergraduates because a majority of com-

puter scientists do not have a graduate degree in computer
science. Data from the National Center for Educational
Statistics data regarding postsecondary degree completion
for computer and information systems at over 9000 U.S.
schools over the past decade supports this claim. Only
20.91% of computer science and information degrees awarded



Figure 1: Degree Completion Table

were graduate degrees (see Figure 1) [19].
Because of the vast number of postsecondary schools in

the United States, we restricted our survey sample to soft-
ware engineering and performance courses at highly ranked
computer science schools in the United States. We define
”highly ranked” as the top 24 research and doctorate schools
according to data from Computer Research Association’s
Taulbee Survey [7]. We believe these schools provide an
excellent education for undergraduate computer scientists.
According to the 2000-2001 Taulbee Survey, these schools
produced 28% of computer science Bachelor degrees at re-
search/doctorate schools and 10% of computer and informa-
tion systems related Bachelor degrees at all postsecondary
schools nationwide.

We visited the online course catalog for each of the top
ranked schools, creating a list of courses to investigate based
on description and keywords like ”performance”, ”efficiency”,
and ”scalability”. For each course, we then reviewed the syl-
labus and lecture notes of the most recent offering.

The term ”performance” had many meanings depending
on the goal of the course. For a course on data structures
and algorithms, performance meant abstract computational
complexity. Although critical to a computer science educa-
tion, we ignored such courses because they generally pre-
sented algorithms in isolation from the rest of the software
development process.

Operating systems, computer architecture, or network courses
usually viewed performance from a system perspective. In
such courses, the focus of performance was on the behavior
of hardware and low-level software components in the sys-
tem. Like algorithms courses, these system elements were
generally isolated from applications that use them and from
the software development process. Consequently, we elimi-
nated these systems courses from the survey.

Occasionally we encountered a performance course. This
type of course always focused on system models of hardware
and low-level software components of a computer system,
rather than models of a software application. Course content
usually covered topics such as probability, statistics, queu-
ing theory, and Markov chains. We felt these performance
courses were inappropriate to the survey for several reasons.
First, the courses were almost always taught at the gradu-
ate level. Second, a lower level systems approach was taken
to modelling rather than a software application approach.

Third, modelling was the focus of the course, rather than
engineering an application with good performance. Finally
(and somewhat controversially), after more than a decade
of industrial performance engineering experience, we have
rarely needed to use advanced system modelling. After dis-
cussing modelling with SPE veterans and reviewing the SPE
literature, it appears that our modelling experience is not an
isolated one.

The majority of courses included in our survey had a soft-
ware engineering focus. Generally, a university offered a sin-
gle course for upperclassmen coupled with a large group pro-
gramming project. Occasionally, however, a university did
not offer a dedicated course. Software engineering concepts
were introduced to freshman or sophomores in the intro-
ductory programming courses instead. These introductory
courses were also included in our survey.

We also considered software engineering courses for grad-
uate students. We reasoned that in some circumstances up-
perclassmen might be able to take these courses. In general,
most schools offered a single graduate course, but two uni-
versities with software engineering research centers (Carnegie-
Mellon’s Software Engineering Institute and University of
Southern California’s Center for Software Engineering) pro-
vided a rich selection.

We examined the material of 64 courses that appeared rel-
evant to software engineering and performance. Eliminating
algorithm, system, and system modelling courses further re-
duced our sample to 45. We were unable to obtain on-line
notes for several classes leaving a final sample size of 37.

If we were unable to evaluate a survey category for a
course, then we left the category entry blank.

2.2 Limitations
Our study had a number of limitations. To classify a

course we looked predominantly at the instructor’s online
lecture notes. We excluded other important material such
as projects, exams, quizzes, reading assignments, and text-
books.

Many courses promoted a software engineering method-
ology, such as Extreme Programming [3] or Agile Software
Development [9]. We used the methodology’s performance
guidelines (if any) to help classify the course.

Although lecture notes provided a framework and sum-
mary of lecture, there was a great deal we probably missed
by not attending the lectures of the courses we surveyed.

We used document text search tools to look for a small
set of performance keywords. We could have looked for
more keywords like ”size”, ”capacity”, ”scalability”, ”time”,
”throughput” etc. Many search tools ignore words in images
embedded in a document. We may have overlooked some
performance related material because of these limitations.

We tried to make our classification system objective, nonethe-
less, subjectivity crept into the system. For example, we
tried to get a ”feel” for how performance was presented in
relation to other software requirements. We also tried to
determine subjectively how significant a role performance
played in any case studies.

It could be argued statistically that our sample does not
represent the population of all postsecondary schools in the
United States. An alternative sample would have been a
random selection of software engineering courses from all
postsecondary schools in the United States.



2.3 Analysis
An analysis of our survey shows serious shortcomings with

respect to the treatment of performance in software engi-
neering courses:

• The majority (64.87%) of software engineering courses
spend little or no time on the subject of performance
(Section 2.4.1).

• The majority of courses (84.84%) had an inadequate
or missing performance definition (Section 2.4.2).

• The majority of courses (82.14%) provided either qual-
itative or no guidelines for performance requirements
(Section 2.4.3).

• The majority of courses (70.59%) treated performance
as a subclass of non-functional requirements (Section
2.4.4).

• The majority of courses (72%) advocated a reactive
methodology either implicitly or explicitly (Section 2.4.5).

• The majority of courses (74.07%) implied that either
low-level system components or algorithmic efficiency
had the most influence on application performance (Sec-
tion 2.4.6).

• Few courses (10.6%) dedicated significant lecture time
to the study of real world software engineering projects.
However when a case was studied, performance played
an important role seventy-five percent of the time (Sec-
tion 2.4.7).

• Very few courses (16.22%) mentioned any technique
for measuring application performance. Manual in-
strumentation was discussed in these few courses, usu-
ally in conjunction with automated profiling. No course
included a discussion of the tradeoffs between manual
and automated instrumentation. Moreover, no discus-
sion of techniques for measuring throughput and re-
source utilization was evident in notes for any course
(Section 2.4.8).

• Very few courses (16.22%) provided guidance as to
where to focus effort to achieve good application per-
formance. Although the performance centering princi-
ple was not mentioned in these few courses, Amdahl’s
Law was often referenced (Section 2.4.9).

• Few courses (27.02%) we examined advocated some
form of performance modelling. Of these courses, half
used models for performance validation before imple-
mentation while the other half used models to diagnose
problems in an implemented system (Section 2.4.10).

• Only two out of the 37 courses surveyed mentioned
SPE. One of these courses mislabelled the research
area as ”Software Performance Evaluation” and im-
plied that SPE was a specialized discipline for database-
centered and real-time applications [12] rather than a
broadly applicable discipline (Section 2.4.11).

2.4 Results
The results of our survey, organized by school and course

appear in Figure 6. Several categories are missing from
this table due to space constraints and a low number of
responses. A summary of these results, with an explanation
of each category appears in this section.

1. Lecture Frequency (How frequently was perfor-
mance discussed during lectures? N=37)

• Frequent (35.14%) - there was at least one entire lec-
ture (or equivalent) dedicated to the topic of perfor-
mance.

• Intermittent (37.84%) - performance was mentioned
occasionally, with the sum total discussing performance
equaling several pages of lecture notes.

• Infrequent (27.03%) - performance was rarely men-
tioned, if at all in the lecture notes.

2. Definition (Did the course provide an adequate defi-
nition of performance? N=33)

• Adequate (15.15%) - the definition included response
time, throughput, and resource utilization in response
to a workload.

• Inadequate (45.45%) - the definition missed one or
more of the components (e.g. mentioning response
time, but not resource utilization), used confusing vo-
cabulary (e.g. bandwidth instead of throughput), or
used redundant and incomplete definitions (e.g. per-
formance: timing, latency, etc.).

• Undefined (39.39%) - the term performance was used
in lectures, but left undefined.

3. Requirement Specification (Did the course provide
guidelines for defining performance requirements? N=28)

• Quantitative (17.86%) - the lectures provided numer-
ical values for performance requirements such as re-
sponse time, throughput, and resource utilization.

• Qualitative (71.43%) - the lectures used descriptive
terms like ”good”, ”efficient”, and ”fast” were when
discussing performance requirements.

• No Guidelines (10.71%) - the lectures provided no guide-
lines for defining performance requirements.

4. Requirement Weight (How did performance rank
against functional and other non-functional requirements
such as reliability, security, usability, etc.? N=17)

• Equal with Functional (29.41%) - performance had the
same weight as functional requirements.

• Sub-class of non-functional (70.59%) - performance had
minor role in a large hierarchy of non-functional re-
quirements.

5. Methodology (Was the performance methodology
proactive or reactive? N=25)

• Proactive (28%) - the course advocated awareness and
planning for performance throughout all phases of the
development cycle.

• Implicitly Reactive (28%) - although a fix-it-later at-
titude was not stated explicitly in the course, such an
attitude was implied by leaving the discussion of per-
formance to the end of the course, discussing perfor-
mance during late life cycle activities, discussing per-
formance only in the context of optimization and tun-
ing, or relegating performance to optimizing compilers
and hardware.



• Explicitly Reactive (44%) - students were told explic-
itly to get the system working first, and performance
performance was relegated to the end of the software
development cycle.

• Knuth Quote (16%) - the course justified an explic-
itly reactive approach by quoting the following state-
ment from Knuth’s classic paper on structured pro-
gramming:

We should forget about small efficiencies,
about 97% of the time. Premature optimiza-
tion is the root of all evil [15]

Courses in this category were also counted in the Ex-
plicitly Reactive category.

6. Influence (What factors influenced the performance
of a software application? N=27)

• Holistic (25.93%) - the course took into account many
factors including requirements, user perception, com-
mercial off-the-shelf software (COTS), and workload,
as well as system and algorithmic issues.

• System (59.26%) - the course viewed performance as
a low-level system issue, relegating responsibility to
the correct choice of hardware, programming language,
and optimizing compiler. Frequently this type of course
would include a special section on language specific
programming performance ”tricks” (e.g. use StringBuffer
instead of String for dynamic strings in Java).

• Algorithm (14.81%) - the course viewed efficient algo-
rithms as having the biggest impact on performance.

7. Case Studies What role did performance play in real
world case studies? N=8)

• Major (75%) - performance was a major concern in the
case study.

• Minor (25%) - performance may have been mentioned,
but was not a large concern in the case study.

For this category, we only considered case studies where
the majority of a lecture was dedicated to a case study.

8. Measurement (How was the measurement of perfor-
mance approached in the course? N=37)

• Manual (5.41%) - the course advocated building in-
strumentation into the code during development.

• Profiler (3.23%) - the course advocated using an auto-
mated profiler to periodically measure performance.

• Both (8.11%) - the course advocated both manual and
profiler techniques.

• None (83.78%) - the course provided no guidance with
respect to performance measurement.

9. Processing vs. Frequency (Were students given
any guidance as to where to focus for application perfor-
mance? N=37)

The processing vs. frequency centering principle states
the product of processing and frequency should be mini-
mized [25]. Amdahl’s Law rewords this principle by stating
that a performance improvement is limited to the fraction
of the time the improvement can be used [1]. Critical use
cases drive these principles by identifying which software
components are going to be exercised frequently by users
and ensuring that these components meet performance re-
quirements.

• Aware (16.22%) - the course reviewed the processing
vs. frequency principle or Amdahl’s Law.

• Unaware (83.78%) - the course did not review the pro-
cessing vs. frequency principle or Amdahl’s Law.

10. Modelling (Was performance modelling included in
the course? N=37)

• Proactive (13.51%) - the course advocated performance
modelling portions of the software system before im-
plementation.

• Reactive (13.51%) - the course advocated performance
modelling portions of the software system that exhib-
ited performance problems after implementation.

• None (72.97%) - the course did not discuss perfor-
mance modelling.

11. SPE (Were contributions from the Software Perfor-
mance Engineering community mentioned during the course?
N=37)

• Aware (5.41%) - the course presented information about
SPE.

• Unaware (94.59%) - the course did not present infor-
mation about SPE.

2.5 Conclusions
We have shown that students are not learning the mean-

ing of performance. Therefore, students will have difficulty
understanding how to incorporate performance into the soft-
ware engineering process.

We have shown that the specification portion of software
engineering courses concentrate on functional requirements.
Functional requirements tend to be qualitative in nature.
We speculate that this qualitative focus, coupled with a lack
of guidelines with respect to performance requirements, may
cause students to conclude that performance requirements
should also be qualitative.

We have shown that students are not being taught that
performance is important, are not being taught what per-
formance is, and are being given no guidance as to how
performance requirements are specified. We believe that
the probability that students will concern themselves with
performance early in the development cycle is low.

We have shown that many non-functional requirements
compete for student attention in a software engineering courses.
Figure 2 from Sommerville’s popular software engineering
textbook illustrates this phenomena [26]. Performance may
not be getting sufficient attention in software engineering
courses.

We have shown that students are being taught to consider
software performance a costly late life cycle activity (see
Figure 3 [20]).

We have shown that students may be misled into believing
that, for example, rewriting Java math routines in C++ or
waiting the 18 months of Moore’s Law for an improvement in
processing speed will make performance problems disappear.
System issues and algorithm choices do impact performance,
but they should be part of a holistic view in the context of
the software life cycle.

We have shown that students are not being taught ba-
sic performance measurements skills. The performance re-
quirements of a software application will be difficult to ver-
ify if students do not know how to measure response time,
throughput, and resource utilization.



Figure 2: Non-Functional Requirements

Figure 3: Recent Software Design Course Lecture

We have shown that students are not being taught how to
create even basic performance models. At a minimum, soft-
ware engineering students should learn how to create simple,
low cost models to validate performance critical areas of an
application before implementation.

Finally, we have shown that there may be a disconnec-
tion between the Software Engineering and Software Perfor-
mance Engineering communities. These courses did not in-
dicate a general awareness of the SPE community, research,
and practices in software engineering courses.

3. SPE FOR UNDERGRADUATES

[The Software Performance Engineering course]
has been applicable to my internship/job. Some
of the things we’ve discussed I’ve had to do at
work. In my experience, no SPE has been per-
formed at the company. I feel better prepared to
approach my boss to say specifically what isn’t
working. I’ve liked the hands on approach in class
working on the models [2].

One source of software performance problems may be the
educational system that produces the software industry’s
workforce. Our survey results, analysis, and conclusion has
support this hypothesis. We need to improve the teaching of
performance in software engineering courses. Incorporating

software performance engineering as part of the computer
science curriculum could satisfy this need.

An SPE education raises some interesting questions:

• Is SPE being taught anywhere?

• Can SPE be a graduate or undergraduate topic?

• What should an SPE course look like?

• What should an SPE course project look like?

We would not presume to provide definitive answers to these
questions, but we can offer some opinions which may stim-
ulate discussion.

In the remainder of the paper, the terms ”we”, ”us”, and
”our” refer to the author, and the terms ”students” and ”the
class” refer to the students in the SPE course.

3.1 Is SPE being taught anywhere?
We answered this question by contacting members of the

SPE community via e-mail, and searching the world wide
web for courses using the keywords ”software performance
engineering”, ”SPE”, and a combination of the words like
”smith/williams/performance”. The results are presented
in Figure 4.

SPE courses are offered worldwide to graduates, profes-
sionals, and undergraduates.

3.2 Can SPE be an undergraduate topic?
Currently, the majority of SPE courses are offered as grad-

uate or professional education courses.
However, our software engineering survey revealed serious

shortcomings in the software and performance education at
all levels. We also showed that only 20.91% of computer
science and information degrees awarded in the past decade
were graduate degrees.

For these reasons, we believe that SPE should also be
taught to undergraduates.

3.3 What should an SPE course look like?
During the Spring 2003 semester at Stonehill College, we

taught an SPE course for undergraduates. The goals of our
course were to teach students how to design, build, and
maintain software with good performance.

Stonehill is a small (2500 students), comprehensive, un-
dergraduate, U.S. college located 20 miles south of Boston.
The computer science department has 50 majors and three
faculty. Computer science is considered one of the Stone-
hill’s most challenging majors. Most of these majors plan
on a career in software development, quality assurance, or
software management.

We wanted a textbook that would help students develop
skills for building performance into an application at ev-
ery stage of the software life cycle. We chose Smith and
William’s relatively recent Performance Solutions: A Prac-
tical Guide to Creating Responsive, Scalable Software as the
textbook for the course [23]. In addition to being written
by pioneers in the field, the book was compatible with our
course goals as stated above. Although system modelling
plays an important role in SPE, we did not want a text
that focused on probability, statistics, queuing theory, and
Markov chains.

For the most part, we were very pleased with the text-
book, although it was not always a perfect fit. Because



Figure 4: Software Performance Engineering Courses. LEVEL refers to the level at which the course is
taught. UG = undergraduate, G = graduate, P = professional.

the target audience was a professional one with broad tech-
nology exposure, the class sometimes found the text a bit
inaccessible. The book also lacked exercises and had a few
technical errors.

Like courses in many U.S. schools, courses at Stonehill
College run three hours per week over a fifteen week semester.
We organized the course as follows:

Introduction/Motivation (1 Week)
The first two chapters of Performance Solutions formed

the backbone of this unit. These were supplemented with
case studies from the text, our own experiences, and articles
uncovered by students.

During the semester one student contributed an amusing
article about a real-time seafood auction website that failed
due to performance problems:

It’s important for an auction site to operate
smoothly if unsold products will become worthless
hours after the site fails. It is especially vital if
those idle products will quickly begin to smell [4].

Cases studies played an important role throughout the
course, prompting one student to comment:

I especially like the real world scenarios you
have shared with the class. For example, the
story you shared about the Staples reporting sys-
tem that took days to run and was pared down to
less than one hour [2].

Performance Modelling (4 Weeks)
Modelling is critical to any effort involving performance,

but we limited the unit to four weeks to prevent modelling
from dominating the course.

We wrestled with the question of what kind of modelling
should be taught to undergraduates. To help us with the
question we considered a survey on the state of the practice
of performance engineering, from Carnegie Mellon’s Soft-
ware Engineering Institute which reported:

Adoption of performance engineering and its
integration into software engineering will be facil-
itated by the generation of a simplified conceptual
model for performance. This model should foster
communication between the performance special-
ist and others, and make performance engineer-
ing more accessible to the nonspecialist [14].

We also considered the recommendation from the SPE
community that simple models can be very effective at iden-
tifying performance problems, especially early in the soft-
ware life cycle [23].

We also considered our experience of over a decade of
industry successes using simple non-contention models of
application performance.

Based on these considerations, we had some guidance for
the kind of modelling that should be taught to undergrad-
uates. We adopted the simplified modelling approach taken
in Performance Solutions. UML use cases and sequence dia-
grams were used to describe software applications. Sequence
diagrams were converted into software execution models fur-
ther translated to system execution models. We covered
simple queueing models at the end of the unit to give the
students an appreciation for contention.

Modelling concepts were reinforced with in-class exercises
using internet chat and e-mail which the students used on
a daily basis. For one of the large course projects, students
modelled a sophisticated on-line auction system that they
had built in the previous semester’s database course. The
students were told that the system should support 10 million
registered users, 1 million items, and 100,000 live users over
a 1 hour period with an average response time of 2 seconds
or less for a user action. The project also involved a capacity
planning exercise in which one student uncovered a critical
design flaw in that added tens of thousands of dollars to the
final system cost.

Measurement (1 Week)
In our experience few computer scientists have demon-

strated the ability to measure software application perfor-
mance. The course textbook provided an excellent overview
of measurement tools and techniques. We reinforced this
overview with in-class exercises and extensive projects out-
side of class. Tools used included using Microsoft’s perfmon
utility, Microsoft’s VC++ automated profiler, VC++ appli-
cations, and the ORACLE relational database.

Algorithms (2 Weeks)
One of the most gratifying aspects of SPE for us has been

a synergy with the analysis of algorithms. We used this unit
to revisit some of the classic sorting, searching, and graph
algorithms from an SPE perspective. The abstract complex-
ity of a bubble sort and quicksort can be made concrete by
measuring response time and resource utilization for differ-
ent workloads.

Students learned to recognize linear, logarithmic, poly-
nomial and exponential complexity by measuring and ana-
lyzing executing applications. Students also learned about



the Superficial Algorithmitis antipattern [18]. Sometimes
an algorithm doesn’t behave as theoretically expected in an
actual system. For example, the worst case running time
of a quicksort may actually be more accurately described as
the average case running time because partially sorted data
are fairly common.

Database Performance (1 Week)
Previously students had been taught the searching and

query processing algorithms used by a modern relational
database. In this SPE unit, students were taught how to
use commercial query tuning and database monitoring tools
to anticipate, improve and maintain database performance.
We chose ORACLE because of its market penetration. Stu-
dents were also introduced to the Circuitous Treasure Hunt
[24] and Sysyphus [11] performance antipatterns.

Web Programming (2 Weeks)
Web applications have a large potential user base and in-

teresting performance challenges . We used this unit to in-
troduce students to three-tiered programming (browser, web
server, and database server). The two weeks were intended
to give the students the skills that they would need to com-
plete the final project.

Testing and Workload Generation (1 Week)
This unit was an introduction to automated testing and

load generation using commercial tools like Mercury Inter-
active’s LoadRunner and Segue’s SilkPerformer. Students
learned how to use the tool to create workloads based on
critical use cases.

Research (1 Week)
We wanted to include a discussion of research important

to both software engineering and performance. Topics were
restricted to material accessible to undergraduates. Our list
included Smith’s classic paper on SPE [23], Brook’s clas-
sic on software engineering [5], CMU’s CMM for software
engineering [8] and the SPE community response [21].

Industry Visits/Talks (1 Week)
Contact with industry made topics in the course more

concrete.
The class attended a software engineering seminar given

by several programmers at General Dynamics. At the end
of the talk, we asked how the programmers approached per-
formance during the software life cycle and if there had been
any recent performance challenges:

We were told our by senior architects to ig-
nore performance during development and just
get the system to work. In the end, however, per-
formance was the biggest problem that we had on
the last project [13].

The seminar provided interesting class discussion.
Principles, Patterns and Antipatterns (1 Week)
We concluded the course with a review of basic SPE prin-

ciples and patterns from the textbook. Students also read
Smith’s paper on performance antipatterns [24] and we in-
cluded some of our own antipatterns [11, 18]. The review
provided performance guidelines students use in industry.

3.4 What should an SPE course project look
like?

I hear and I forget, I see and I remember, I
do and I understand - A Chinese Proverb

Course projects and in-class exercises reinforced lectures
and the textbook:

• Stonehill College Homepage - students discovered a
performance problem with the college homepage, con-
structed a performance model to understand the prob-
lem, verified the model experimentally, and determined
a low cost solution that was implemented by the col-
lege. This project is covered in more detail in the next
section.

• Online Auction System Performance Model - students
modelled a sophisticated on-line auction system that
they had built in the previous semester’s database course.

• Instrumentation API - students wrote a high resolu-
tion instrumentation class in C++ and compared mea-
surements against an automated profiler for several
small applications.

• Monkey Typing - students used their modelling skills
and instrumentation API to diagnose and correct a
series of performance problems in a more sophisticated
application. The program simulated a monkey typing
randomly on a keyboard for a thousand years, and
extracted words to form prose.

• Student Registration Website - students created a three-
tiered application (browser, web server, database back-
end) for online course registration. For a given set
of hardware, students demonstrated the ability of the
system to scale to 100, 1,000, and 10,000 users.

4. SAMPLE SPE COURSE PROJECT: WEB-
SITE HOMEPAGE

The website project was extremely interesting
and almost enjoyable :) I liked to be able to take
something I look at every day and figure out how
it works and how to fix its problems [2].

4.1 Background
During the 2002-2003 school year, Stonehill contracted

with a software firm to rework the college’s website with the
goal of improving content, usability and consistency.

Since performance can also play an important role in a
user’s web experience, we were curious about impressions of
performance with the existing system, and the college’s fu-
ture website plans. In hallway conversations with students,
faculty, and staff we learned that there was a performance
problem with the current site.

Users complained that the homepage took too long to dis-
play. When pressed for a quantitative measurement, users
gave us widely varying response times from 10 seconds to
more than a minute. These widely varying response times
were consistent with prior experience on projects involving
poorly performing interactive systems. We knew that when
the responsiveness of a system perceived to be interactive
exceeds a threshold (5-10 seconds), it becomes difficult for
the user to quantify the response time other than to state
that it is slow.

The problem was exacerbated because hundreds of com-
puters issued by the school had the web browser config-
ured with the college homepage as ”home”. Each time the



browser was started, the college homepage was automati-
cally displayed. The majority of the user population was
not technically sophisticated enough to change the default.

The project manager for the website redesign was aware
that there were some performance problems, but was hopeful
that they would disappear when the new site was deployed.
A belief that a new system can remove performance prob-
lems simply by being new was another phenomenon that we
had seen in prior projects.

4.2 The Scientific Method
Because most of the class had also experienced problems

with the college homepage, the stage was set for the project.
The class began the project by speculating on the cause

of the problem. Since some students were unfamiliar with
the architecture of a web system, the class spent some time
discussing how a web server, network, and browser work
to display a web page. One student suggested that a java
applet used by the page for navigation could be the cul-
prit. Another suggested that the large number of browsers
pointing to the webpage put a drain on the server or the
network. Someone countered these arguments by pointing
out that the web page displayed very quickly on computers
in the classroom and that maybe there wasn’t a problem at
all.

In our experience, speculation or ”developer intuition” is
common when there is a performance problem with a sys-
tem. With little or no evidence developers use this intuition
to ”correct” performance problems, sometimes to the detri-
ment of the system.

A better way to approach performance problem is to use
the scientific method:

• Observe and describe the performance problem. The
description should also evaluate the consequences of
the problem.

• Formulate a hypothesis to explain the performance
problem. The hypothesis is usually some form of a
performance model. The model quantitatively predicts
the results of new observations.

• Verify the hypothesis with experiments.

4.3 Observation and Description of Performance
Problem

With this scientific framework for investigation, the class
focused on observation and description of the Stonehill Col-
lege homepage performance problem.

What were the consequences of the homepage performance
problem? Obviously students, alumni, faculty, administra-
tion and staff used the page to get information about cam-
pus news and events. This captive audience would probably
tolerate some page delay if the information was important
(e.g. class cancellation due to weather). Besides, the current
webpage had been in use for several years with only minor
complaints.

A prospective student’s first impression of the college also
came from the homepage. ”The latest market research shows
that 70% of all college-bound high-school seniors began their
college search on the web, and those virtual tours came sec-
ond only to actual campus visits in luring students [10].”

In her project report, one student described the serious
consequences of the performance problem in a nightmare
scenario for any college admissions office:

Picture this, an 18-year-old male is sitting in
front of his computer in Cleveland, Ohio search-
ing the Internet for the college that is just right
for him... When he clicks on the link to Stone-
hill’s website, it takes between twenty-five and
forty-five seconds to fully load. After waiting for
approximately twenty seconds, the young male
stopped the site from loading and went back to
the list to choose another college to learn about
[16].

The homepage displayed quickly on computers in the lab,
but some had experienced a sluggishness on other comput-
ers. What was different? Computers in the student dor-
mitories and at home seemed to take longer rendering the
homepage.

Although dormitory computers had high speed access to
the internet (6 Mbps shared bandwidth), students were con-
stantly complaining about performance problems with web
and chat programs. Over a period of years, the college infor-
mation technology department had taken measures to iso-
late the dorm network from the rest of the campus to control
the high bandwidth demands for music and video files made
by student computers. Using a port filter, file sharing pro-
grams were blocked from 7AM to 9PM weekdays. With
filtering, network bandwidth utilization averaged less than
30%. Without filtering, utilization jumped to almost 100%.
The homepage displayed quickly when the port filter was
active, and slowly when inactive.

What about access to the homepage from off-campus?
Some homes also have high speed access to the internet via
cable modems, satellite, or dsl. Others have slower dial-up
access via a telephone modem. The homepage displayed
quickly using a home computer attached to a cable modem.
The homepage displayed slowly using a telephone modem.

Quick and slow were qualitative terms. The class also
needed to establish quantitatively an acceptable response
time for the page.

What about throughput and resource utilization? On the
server side, these two represented important performance
measurements. After a conversation with the college net-
work administrator, the class was given some assurances:
that the website received at most five thousand hits per day,
that there was ample bandwidth on the academic side of the
network to handle this throughput (3Mbps outbound), and
that the CPU, disk, and memory utilization on the web
server was very low. On the client side, it was difficult to
measure CPU, disk, memory, and network utilization during
a page load in the classroom because pages loaded quickly.

Based on the observations that the class made about when
and where the homepage displayed slowly, the class sus-
pected the problem was related to the size of the web page
and the client-side network bandwidth. The page rendered
quickly in environments where there was ample bandwidth
(e.g. cable modem), and slowly when bandwidth was con-
strained (e.g. telephone modem).

4.4 Hypothesis and Experiments
The class measured the size of the components that made

up the web page (178KB on average). Despite browser-side
caching, there was still some overhead (43KB on average) as-
sociated with page refresh because of a script which selected
a random image from a library of campus photographs to
give the page a fresh look.



Based on these measurements, the class developed a sim-
ple performance model that predicted the expected hompage
load times for common network bandwidths. The model pre-
dicted an initial page load time of 31.73 seconds and refresh
page load time of 7.63 seconds when using a 56Kb modem.

The class then conducted an experiment which measured
actual load times for the web page using a 56Kb modem.
The measurements agreed with the performance model that
had been constructed. The average initial page load time
was 31.35 seconds with a refresh of 8.44 seconds!

It appeared that the class was headed in the right direc-
tion, but more questions arose. First, what was the network
bandwidth for a typical web page visitor? According to
Neilsen/Netratings in December 2002 narrowband (14.4Kb
- 56Kb) users comprised the bulk of the U.S. online popula-
tion with 74.4 (69%) million users, while high speed internet
access accounted for 33.6 (31%) million users [6].

If the majority of visitors had narrowband access, then
was the initial load and refresh of the web page too slow?
”Slow” was a qualitative term, and the class discussed how
we might make this more quantitative. Some research has
been done in this area, but it was inconclusive [22]. In dis-
cussions with SPE colleagues, eight seconds had been men-
tioned as the threshold for web page responsiveness and
number was suggested to the class. Students felt that eight
seconds was too high.

Searching the internet students found a of number web
design sites with performance advice. Many sites advised
designers to keep the web page size below some threshold,
although there was no agreement on what this threshold
should be. One site suggested a response time threshold
based on holding one’s breath!

The class wanted something more quantitative and less
anecdotal so an experiment was designed. Subjects were
asked to visit a web page replicating the Stonehill home-
page. The web server introduced a random delay in the web
page before sending it to the browser (1,2,5,10,15, and 30
seconds). Without knowing how long the web page took to
display, subjects were asked to rate the responsiveness of the
page on a scale from 1 to 5 (very fast, fast, acceptable but
could be faster, slow, very slow). The test was repeated ten
times for each subject. Although the subjects were always
connected to the web server via a local high speed network,
they were told that for the first five viewings a high speed
internet connection was being used, and for the second half
a 56Kb modem was used.

Four hundred and fifty observations were recorded with an
average of 37.5 measurements for each browser delay cate-
gory. The average responsiveness rating for each delay ap-
pears in Figure 5. The standard deviation was consistently
between .7 and 1.0 for each category.

4.5 Results and Analysis
The results from the browser delay experiment provided

some interesting information for the class. First, user expec-
tation regarding performance was the same whether using a
broadband or narrowband connection. Second, the thresh-
old appeared to be somewhere between 5 and 10 seconds.
Applying a rough curve fit to the in Figure 5 narrowed the
threshold to between 7 and 7.5 seconds which was inline
with SPE common wisdom.

It was now clear that Stonehill’s web page exceeded the
threshold for acceptable performance both for initial load

Figure 5: Web Responsiveness Experiment Graph

and refresh. The problem with the initial load was that
there were simply too many incidental scripts and images
that had to be downloaded into the browser for a first time
visitor. The performance of the initial load was consistently
rated ”very slow” by subjects. This slowness posed a sig-
nificant risk that the page might be abandoned by a first
time visitor/prospective student. The class recommended
that the total size be reduced from 176KB to 40KB for the
new web page.

The problem with the refresh was that a browser side
script generated the file name of a random image to down-
load on each refresh. The large library of random images
(over twenty averaging 46KB each) effectively disabled the
browser cache.

The goal of the random images was to give the website
a ”fresh” look each time the website was visited. The class
brainstormed how to preserve this functional requirement
while still meeting the performance threshold. Several ideas
were proposed:

• server side: provide new image every week/day/hour

• browser side: offer a ”next” link that would allow users
to view additional images on the web page

• browser side: computes a filename for a new image
every week/day/hour

Students compiled the results of the research, experiments,
and analysis into a project report. The best reports were
sent to the project manager for the website redesign. Af-
ter reading the reports, the manager explained that the new
homepage would have fewer scripts and images, but would
still have an image rotation scheme. He recognized that im-
age rotation might cause a performance problem, but did
not want to lose the functionality - a conflict that occurs
often in software performance engineering:

What is the right balance between as Nick puts
it in his paper, ”presentation” and ”performance”
- If you feel it could be in the scope of your class,
I would love to have you/your students provide
some solid recommendations on the balancing of
presentation and performance - I know that your
course focus is performance, but the real value of
course lies in maximum performance with mini-
mum impact on presentation.



The class was given early access to the new homepage and
conducted another series of observations, modelling, exper-
iments, and analysis. The page was much simpler, but at
95KB the page was still too large resulting in a 17.14 second
initial load. Page refresh was almost immediate because all
of the images used in rotation to keep the page fresh were
downloaded during the initial load. Almost 70% of the page
size was traced to a 65KB Macromedia Flash file containing
the images that were used in rotation. For the initial de-
ployment this file contained 5 images, but the director told
the class there could be as many as 15 in the future. The
class’s performance model estimated that a 15 image flash
file would result in a 223KB web page and an initial load
time of 39.89 seconds for a 56Kb modem.

Another report was sent to the project manager based on
an analysis of the new homepage. The report recommended
abandoning the Flash file approach to image rotation. As an
alternative, a detailed explanation of a browser side script
which computed a new image filename on a periodic basis
using the browser’s system time, the number of available
images, and a modulus function was provided.

The new homepage was changed based on the class’s rec-
ommendations, and now has an average size of 45KB with
an initial download time of 8.14 seconds and an almost in-
stantaneous refresh time.

5. FUTURE WORK
We plan to make several refinements the next time we

teach the SPE course. We were unable to complete several
important course units (database performance, web perfor-
mance, testing and workload generation, research, and the
final project) due to time constraints. We hope to cover
more material next time by balancing in-class exercises with
more outside homework. We also plan to incorporate new
discoveries from the rapid advances being made by the SPE
community.

We plan to use our software engineering course survey
to stimulate discussion between the SE and SPE commu-
nity and improve the presentation of performance in soft-
ware engineering courses. We would like to investigate how
software engineering textbooks and popular methodologies
approach performance in a future survey. We also intend to
integrate SPE topics from our course into our senior cap-
stone software engineering course next spring. Integrated
topics will include: UML to System Execution modelling,
measurement, and testing/workload generation.

We plan to investigate the user perception of responsive-
ness by expanding upon the SPE class web page responsive-
ness experiment. We will repeat the experiment across an
array of application tasks and user populations. The goal of
these new experiments will be a set of quantitative perfor-
mance guidelines for responsiveness.

6. CONCLUSION
We began this paper by proposing that one cause of the

problems industry experiences with software performance
may be the educational system producing the programming
workforce.

We conducted a survey examining how the topic of per-
formance was presented in software engineering courses at
highly ranked computer science schools in the United States.
After viewing the online lecture notes for 64 courses, we

uncovered major shortcomings. Performance was rarely dis-
cussed and was either inadequately defined or left undefined.
Although performance was sometimes mentioned as a re-
quirement, no guidelines were provided for specifying this
requirement. Students were told either implicitly and in
many cases explicitly to treat performance as a late life cy-
cle activity. In most cases performance was viewed as a low-
level system or algorithmic problem. Few courses discussed
how to measure software performance within an application
using instrumentation and profiling. None discussed how to
measure resource utilization. SPE was mentioned in only
two courses, and one of these incorrectly described the re-
search area.

These shortcomings make a case for including software
performance engineering in computer science education. In
the second half of the paper, we presented the outline for an
SPE course we developed and taught specifically for under-
graduates. We chose undergraduates because only 20.91%
of computer science and information degrees awarded in the
past decade were graduate degrees.

Unlike most courses which teach performance, ours was
not about algorithms or system modelling. The goal of
the course was to provide students with a set of skills they
could use to design, build, and maintain software with good
performance. Course topics included case studies for moti-
vation, software modelling, measurement and instrumenta-
tion, some algorithms, database and web performance, test-
ing and workload generation, seminal research, principles,
patterns and antipatterns, and interaction with industry.

Projects, homework, and in-class exercises solidified con-
cepts from lecture. We described one project in detail which
involved performance problems with a college homepage.
The basic problem was trivial: the web page was too large
for narrowband network connections. However, the work
that had to be done to detect, make a case for correction
to management, and propose a solution that minimized the
impact to functionality and schedules was a great lesson in
Software Performance Engineering.

The computer science educational system may be one
source of the performance problems that plague the soft-
ware industry. Teaching Software Peformance Engineering
to undergraduates is an important application of the princi-
ple that early performance intervention in reduces the like-
lihood of costly performance problems.
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