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ABSTRACT

Students often find introductory computer science coursesgband
mechanical, leading many to drop from the major. Educdiaxe
suggested that bringing realistic design problems intantineductory
courses would increase student retention and better prepatents for
the major. However, the design and implementatioa sblution to a
realistic problem is often nontrivial and can therefoeevery stressful
to students. By using the pedagogical paradigm of scaifpldiis
anxiety can be ameliorated. A prototypical design cowsgescribed
where students implement solutions to progressively naliffeult
design problems. The solutions to these initial assigrsnarg then
continually refactored and used as the code-base for subseagie
signments and the culminating team project. The sowtaltactions
necessary for instructional scaffolding are facilitatey having each
final project be unique, but similar enough to allow studentbelp
each other. We describe the framework of assignments insedr
course, including the capstone projects in which studentslaev
computer vision-based systems that do things like readadidgoker
hands, and sort M&Ms.

INTRODUCTION

Software design can be taught at different levels dfratison, with the lowest
levels usually taught in the introductory courses. Lawvel concepts include
language-dependent idioms and object oriented, functiomalpaocedural design
patterns such as the design of functions and classespsulation, and abstract data
types (Astrachan, Mitchener et al. 1998; Lewis, Rossa@h 004). Larger and more
interesting architectural design issues are usually pestpontil capstone courses. In
typical introductory design coursesstudents get consumed with trying to master the
mechanics of programigDenning 2004a). As a result, many do not see the relevance
of computer science and over 35% drop from the major (Denningo20Bkght from
the major can be reduced if introductory courses engagerss in motivated inquiry
and experimentation, through the design and implementafisolutions to nontrivial
problems (Martin 1992; McConnell, Venable et al. 1995; Braugiiei\ét al. 2004).



Because real-world design problems often have no obviousique solution,
there is risk involved in finding the best solution (Coppitl ddladdox-Schatz 2005).
An effective designer must learn to engage in consteudialog to craft these
solutions (Colwell 2005). Without supportive social interattiathis risk may become
unmanageable for students and can lead to indecision and gpircatian when
students can no longer see an obvious path to a succasstion. Our approach is to
incorporate the pedagogical framework of instructional etdiffg, which builds in-
part on the techniques of cooperative and constructivestniley and authentic
assessment.

Instructional scaffoldingPea 2004; Wyeth and Venz 2004) refers to temporary
support structures that teachers provide to help students nea¢ understandings
they could not reach on their own. These supports mapdial or cognitive: Properly
managed group assignments are one example of sociabldoeff while tiered
assignments that build up students’ understanding incratheare an example of
cognitive scaffolding. Instructional scaffolding is an aggtion of Vygotsky'szone of
proximal developmen{ZPD), which describes the region between the student’s
individual problem solving ability and the level that indivilugan reach in
collaboration with more capable peers. Vygotsky's samastructivism suggests that
learning can be facilitated by a temporary support structateighretained until the
student can achieve results independently (Vygotsky 1978| &fid Ducrey 2000).
Vygotsky believed that social interaction is necessaryeffective learning, and that
learning happens best when the new concept to be learjustl ieyond the student’s
current reach (Vygotsky 1978). We have extended these pesdip the teaching of
software development using the Extreme Programming (Xfajgsm.

Cooperative learning is essential to our course. Studdmslid work in teams
throughout the course, but substantial care should ba takeromote intra-group and
inter-group cooperation and to minimize competition wiill guaranteeing some
level of individual accountability (Johnson, Johnson et18P1). Students in our
course begin with small one week assignments in whichahegxposed to important
design and architectural patterns and build tools thatised in later assignments. As
the students become more facile, they work on largégraments in pairs. In the last
half of the course, teams of three students are eadfnad adifficult and unique
project that is demonstrated publicly on the last dayhefdourse. The projects are
deliberately larger and more complex than one studentdcamdependently, to
encourage collaboration. The projects are unique so dghaips face no direct
competition, but are based on a common technologicahdghesuch as image
processing, robotics, or computer networking, so that pemject requires many of
the same skills to complete. Students are therefote/ated to collaborate with their
classmates, but still have the satisfaction of cetim a project no other team will be
working on. An example of a suite of projects that shamany of the same
technologies are: the design of a robotic systersottM&M’s by color, shown in
Figure 1; a backgammon board analyzer, shown in Figured2a ambotic arm that can
be guide through a maze, shown in Figure 3.

These projects are an example ofaathentic assessmetask (Wiggins 1990).
Authentic assessment allows students to demonstratenigaimbugh application of
new abilities to a “real-world” situation. Student penfi@nce on these real world tasks
is not graded in the traditional sense. Instead, stadastassessed on their ability to
work cooperatively with other students, discuss their prog@age in active enquiry,
and publicly demonstrate their work.



PROTOTYPICAL COURSE
DESCRIPTION

We now present an overview of the
introductory design course that has been
successfully integrated into the curriculum at
both Dartmouth College and SUNY
Plattsburgh, and will conclude with an
overview of the assignments and projects
used for a version of the course based on
image processing.

. Our course has three major components:
w3 classroom activities, short one week

Figure 1. Students were asked to design #ASSignments, and a final project spanning the
robot that would sort M&M’s by color. last half of the semester.

Students used a web cam to locate theCI Activiti
M&M s and the end of a robotic arm. The “!aSSroom Aclvities

robotic afgﬂ,LbUilt Witrf: two hf;]bt:jyisrt] servo Class time is spent discussing basic
motor an egos, then pushed the H i i i i
M&M's to thegleft, and thg red ones tgrf’ﬁe”englneqr|ng design prmmplgs. Instead  of
right. pregentlng prepared materlal about the
assignments, the course instructor encourages
the students to initiate all discussion themselves, ab ttey will begin to ask
guestions and engage in the social interactions needetsfarational scaffolding and
cooperative learning. The volume of material coveredesricted to ensure that
students will have enough time for their assignments.

Around the middle of the semester, when students begikivgoon their final
group project, formal class meetings are suspended arad®etime is used instead
for meetings between the instructor and individual projeams (Adams 1993).
Consistent with Extreme Programming principles, teams @quired to give
demonstrations, and engage in dialog with the instruttoutarequirements, to ensure
that their work is being incrementally developed and ooptisly integrated. The
instructor acts in the role of@aistomery in supplying the students with the feedback
they need to make design decisions; and, at the samgttieménstructor acts as a
manager in helping to keep the scope of the project reasonabtéio help students
avoid dead ends.

Initial Assignments

At the start of the semester students are given sBeigranents, typically one
week in duration, to help them develop software tooldlsskind design paradigms
that they can use for their final projects. Thesegassents have limited scope but are
difficult enough that they cannot be completed the niggliore they are due, so that
students learn to leave time to ask questions and exfdlbese early assignments
generally require fewer lines of code per week to bé&ewrithan the final project, but
they require that the students to take substantial anmiutime to independently
research the necessary algorithms and tools need tolatentpe assignment. The
skills they learn, and the confidence they build conmpdetthese initial short
assignments help tremendously to alleviate the streHsedfinal project when they
most also work with teammates and give a public demoiustrat

In the initial assignments, students modify code thajiven to them. They are
encouraged to search the web for code or documentadbmight help them, so they
learn to read code and disassemble programs to findl ysefes and to analyze the
design patterns of these programs (Fridley, Jorgensain ¥297; Smith 1998). These



assignments are structured so there are multiple sodytiallowing students to
experiment with the performance tradeoffs betweeremifit designs. As the course
progresses, students should be learning to design better aedefficient code by
constantly refactoring their code from previous assignsn€Adams and Atman
1999). After the initial two or three assignments, stusléegin working in pairs on
assignments, with the pairing changing each week (Srik&ilhams et al. 2004).
This helps the students get to know each other better, llanegs éhem to compare
their solutions from previous assignments to find the besting code-base for the
new assignment.

It is imperative for students to use a version consydtem in their work.
Authentic assessment of students is also facilitated wse of a version control
system such as CV¥®r Subversiohand is also consistent with Extreme Programming
paradigm:

“Version control is as fundamental to programming as accurate
notes about lab procedures are to experimental science. It's what
lets you say ‘This is how | produced these results,’ rather than,
‘Um, | think we were using the new algorithm for that graph — |
mean, the old new algorithm, not the new new algorithm.”
(Wilson 2006)

A version control system fosters team ownership aequint integration of the
code. The instructor must convince students of the vdldeeguent integration by
requiring submission of assignments through CVS, requirinigipteuversions of the
assignments to be tagged, checking that all team memtgeco mmitting code, and—
during longer assignments—checking periodically that thevteaode can be built
and run correctly.

Team Projects

The success of a design course depends strongly oneébtaeof good projects
and good teams. The capstone project, like any authes@ssasent, should have
certain characteristics. It should:

Be engaging and meaningful, and match the content ancroesc of
instruction

Have real-life applicability

- Allows for multi-staged demonstrations of knowing, knogviwhy, and
knowing how

Emphasize product and process, conveying that both developamen
achievement is important (Kerka 1995)

The instructor should avoid having a predetermined design in foin@ach
project. To foster the kind of interaction and discusdieat is most conducive to
instructional scaffolding, the instructor should maintam tole of a coach, rather than
of an authority. This role is perhaps easiest to fl#ye instructor has not solved the
exact design problem before (Papert 1980; Jonassen 1998).

Team Selection

Research has shown that both team size and teamijiviersritical for the
success of student projects (Heller and Hollabaugh 1992préfer to select diverse

! http://www.nongnu.org/cvs/
2 http://subversion.tigris.org/



teams of three students based on information
from student surveys, performance in the

initial assignments, and the instructor's

subjective assessment of personalities. We
used the surveys to determine students’
schedules, estimate their tendency to
procrastinate, and collect their preferences
concerning the available projects and team
roles. The three team members should have
diverse ability levels and should be selected to
prevent common problems. For instance, a
meek student should not be teamed with two
over-bearing students, nor should two

procrastinators be put together with a student
that likes to start early. The guidelines for

group formation in this class closely mirror

those that have been used successfully in large
enrollment university physics courses.

Project Selection
Figure 2. A camera hung from the ceiling .
is used to find a backgammon board and Each three person team has a different

locate all the pieces for display on thefinal project that builds on the tools and
computer screen. The program gives techniques learned during the first half of the
verbal descriptions of each detected move.course. The initial project request is open
Another team was responsible for reading ended and the form of the final demonstration
the dice. is continuously negotiated, giving the students
a sense of ownership of the project. Projects mushdie complex than one student
could do alone and have a logical portioning that allows ¢éaam member to be
responsible for a separate project component. An exawipsuch a project is the
automatic recognition of a backgammon game shown in Figubme.student can be
responsible for locating the board in the image, andtieindividual pieces, while a
third provides a unified user interface with speech output.

Projects should be selected to build on the inigalgnments, actively engage the
students and create an interesting public demonstratipabAc demonstration of the
project helps connect the course material to the stsideres outside the classroom—
they can invite their friends to see the fruitstadit labor, and use their demonstration
during a job interview. The projects should interact e real world and use non-
deterministic data as input to promote experimentationiaagiry while requiring
students to design and write robust code that is thorouggtigd.

The various projects should be sufficiently differestta foster class creativity
and allow each group tdbldly go where no man has gone befofd the same time,
they should not be so vastly different that their ethoannot understand their project
and provide support. Collaboration between groups eamtit de corpss fostered
because there is no direct competition between groudswhen all the projects are
different, teams have no incentive to procrastinatsgker students and teams cannot
afford to wait around for others to lead. Assessmealsis made easier with different
projects for each team (Daly and Waldron 2004)

Overall evaluation of the project should be based piiynan the quality of the
complete work, rather than on the quality or quantitthefunderlying code. As with

? http://groups.physics.umn.edu/physed/Research/CGPS/FAQups.



any software code base,
subsequent refactoring will
generally be necessary
before the code will
become of publishable
quality. Therefore the main
focus of team meetings
should be on what is
needed for a robust,
coherent and demonstrable
project, rather than on
minor details of code
quality.

EXAMPLE
SYLLABUS

The following is a

Figure 3. Students were initially asked to push a checkasiece '€Presentative syllabus .for
through a maze. After much negotiating, the studentsour course on design
developed a project that used a visual servo loop to glé the principles, based on the
itermeciate viay points. They were then able 1o use thaotor . S'Sion Of the course taugh
angles saved from the way points to then traverse the mazéjurlng the Spring Og 2005
quickly without visual feedback. at Dartmouth Collegé.

This is the third course
in an introductory sequence. The first course is a stdni@va-based programming
course. The second course provides the students with a grgundmportant basic
data structures and the functional programming paradignmg usie Scheme
programming language. In addition to teaching software desigoiples, the course
described in this article also provided the students withr fiveat exposure to the
Linux environment and the C programming language. Thereforg, initial
assignments were chosen to bring students up to speedgwnitireasingly complex
programs in a combination of C and Java, as well asitepthow to use important
Linux development tools. As additional scaffolding, g#tedents (most of whom had
previous background in Java) were allowed to code partseofghblutions in Java,
thus taking advantage of their existing knowledge. We phewided them with a
number of related example programs they could read andymod

During 2004 and 2005 the assignments and projects in this coursdased on
processing and understanding of images captured from inexpebiSB web
cameras. This domain allows students to easily interatt tve real world and
automate simple tasks such as reading dice, countimggehainderstanding poker
hands, observing board games such as Checkers and Backgaamthargntrolling
computer games with head or hand motion.

Course Meetings and Readings

Readings were assigned before each class meeting. dizessh meeting began
with a short reading quiz, to provide starting points fsicassion and to motivate
students to complete the reading before class. The ssudich not study any
formalized process for software development; howeaverdid discuss its necessity in
some domains. Many of the readings were taken from Jme$lS/’s websiteloel on

* Details can be found at http://alum.mit.edu/www/spl/Acadébesign



Software> Joel writes in an accessible style that demystifies software industry,
writing specifications, software design and marketing, trat raises interesting
guestions for discussion.

The reading quizzes were supplemented by skill check-eé#tstihat required the
students to demonstrate to a Teaching Assistant (TA) basic mastery of various
development tools, such as the Eclipse IDE, the GNUligtpdr,etc. The check-off
sheets forced each student to make time to see a TA elpddhopen up dialog
between the students and the TAs, without the streasfafmal examination. They
also served as helpful diagnostics for the instrue®rto how the students were
progressing in their knowledge of important tools andsskil

Programming Assignments

We gave five assignments designed to help students learmtamptechniques
such as interprocess communication between Java andg@&am® using sockets, and
basic image manipulation tasks. These projects are stupathan Table 1.

The first assignment required students to send one-dioresirrays of numbers
across a socket from a Java program to a C programofbings The second
assignment builds upon the first by having them send im@gesdimensional arrays
of numbers) across a socket to a C program for histoggamlization.

Starting with the third assignment, students were ass$igoework in pairs.
Students who had trouble with the first two assignmentg get a chance to work
with another student and see how they manipulated imagesassignment instructs
students to read PNG images from files on disk and margptilam in various ways,
which requires them to do research into how tolilrpmg, an open-source library for
manipulating PNG imagésThe assignment is partitioned into two parts so thahe
student could be held accountable for an individual contabuti

For the fourth assignment, the students were given nemgsand instructed to
read PNG files and detect filled red circles in the imagesre are many ways to do
this, some more efficient than others. While theiriahiattempts may not have been
efficient, they would later have the opportunity to céfa this code for use in their
final team project.

For the fifth assignment, the students were assigndtetteams selected for the
final project. This allowed the students to make a mordugdatransition into the
longer open-ended final project with their team. Thisgaseent required teams to
acquire video from a web camera and to find and locatd bal or similar object in
(more or less) real time.

Projects

Students were given a list of team projects to seteat ind were encouraged at
the beginning of the term to submit their own project sdééhe list of projects is
changed each semester, so students felt that thatvidreydoing something new, but
some themes did recur. Table 2 gives a listing of the frojects completed in the
spring of 2005. Three of the five projects used hobbyist serarstn control small
robotic arms. This was done to give students who were ealgmeering majors a
chance to work on a project that used a closed-loop sestensy

Each week, each team scheduled and attended a one-hokthteadh” with the
course instructor to demonstrate progress and to reviewngagation and code. The

® http://www.joelonsoftware.com
® http://www.libpng.org/pub/png/libpng.html



Table 1. A list of assignments given during the Spring 2005emester. The first two
assignments were done individually, the second two irandom pairs, and the last one done with
the student’s team for the final project.

Send integers over a socket from a Java program to a C-
Using Sockets program for sorting, and then back for display on tha Jav

side.
Histoaram Use a socket to transfer images between a Java and C-
E ? f program. Convert a Java method that performs histogram
qualization equalization to C. Compare results.
Manipulate . . .
PNG images Read, manipulate and save PNG-images using libpng.
Find circles Find circles in synthetic images and photographs.

Acquire video  Acquire video and find circles in live images

instructor used CVS to monitor the contributions of ea&nt member to the code
base. Other impromptu meetings were often held inghenshen the instructor saw
students working.

Grading

Each student’s final grade was based upon their performamadeoreading
quizzes, the initial assignments and the team prd@atthe assignments completed in
pairs, both students usually received the same grade, dispéctaey cooperated
well. Because the pairing changed weekly, weaker studentg not hide behind a
single strong partner for the entire course.

Project grades were based on weekly presentations angsisns with the team,
review of the code and documentation archived in CVS, an@ublic demonstration
at the end of the course. The public demonstration wasriised department-wide.
Each team made a presentation and demonstrated thekingvoproject. The
evaluation of the presentation was determined by thpesemd difficulty of their
project, and whether (and how well) it worked. While stislevere made aware of
the general expectations for the project, and receigegdlar feedback concerning
their progress during the term, there was no formaliggadibric for the final project.
The grades awarded were uniformly high, given the high eivaccomplishment of
all students who completed a working project.

Guidelines concerning academic integrity are especialvaeat to this course,
since students are actively discouraged from writing bl ¢code for their projects
from scratch. It is important for the instructor tonumunicate when code reuse is
appropriate i(e., code from publicly available sources used with propeti@itaand
inappropriatei(e., code from current or former students of the collegdgaaritten by
someone hired by the student, or code used without propgomjitaNVe found that
public availability is a good informal metric for whetlarnot reuse is appropriate, in
most cases.

COURSE EVALUATION

The most convincing evidence of the course’s success putiie demonstration
of the final projects. In the past four semesters durihgchwthis course has been
offered, every team has demonstrated a working product s p@e non-course
faculty members. The list in Table 2 attests to thenglexity of the projects
undertaken by the enrolled students, most of whom arknfis and sophomores for
whom this is only their third course in computer science.



Table 2. A list of projects done by students during thé&pring 2005 semester.

Sorting Marbles Sorted marbles using a two degree of freedom robot arm.

Automatically mimic your shuffling of colored sponges
SpongeBob using a five degree of freedom robot arm.

A robotic arm is guided through a maze using a visual
Maze Mapping servo loop. Then the arm is quickly returned to the start
using the memorized path.

Read a poker hand that is laid on the table in any

Poker Face orientation.

Gesture control Using hand gestures control a car in a multi-player race
of video game  simulation.

Although the breadth of content has been reduced as cednga a more
traditional software design and implementation courbe, instructors of upper
division courses have not complained of any adverse effectthe students’
programming ability. Indeed, the instructors of the upper idwiproject courses have
reported that students are more confident and skillful siheeintroductory course
moved to a project format that included instructional sddifig, and the students
themselves have reported feeling “much more confidentheair tporogramming and
problem-solving abilities The following quotations are frond-eftterm evaluation
guestionnaires given to students in the Spring 2004 offeringeafatirse:

“It has a wonderful new direction and is highly recommended to take.
More courses like this one should be offered.”

“I learned a lot! Not just specific techniques, but how to independently
approach and eventually solve problems | had no clue how to even think
about in the beginning.”

“[There was] always something challenging to work on, and a sense of
accomplishment when finished.”

These responses point toward an encouraging level ofngtediusiasm.

DISCUSSION

Our design course based on the pedagogy of instructiondbldoad is an
effective segue between the highly-constrained assigism&ften encountered in
introductory courses and the more difficult open-ended gi®jstudents will see in
upper division courses and in the workplace. In our eigétsyef teaching design, we
have found that starting the semester with small iddal assignments that build
upon each other is much more effective than a singeester long team project.
Weaker students build skills early on, and are bettsitipned to contribute to their
team when the projects start. Everyone is held acablenin this approach. Having a
different project for each team performs a similanction: Weak individuals and
groups can no longer hide behind stronger classmates, whilgst students can veer
off on tangents interesting to them without having thegults intimidate the rest of
the students.

We have also found that the iterative and adaptive techmigfiesoftware
development in the Extreme Programming paradigm areswiédid to an introductory
design course. When we first began teaching design inmidel990’s students
followed a waterfall model of software development—theyduced long requirement
and specification documents at the beginning of the semasd only began coding at



the end of the semester. Usually this approach is ofdgtaefe if the designer had
already solved a similar design problem. Our experisnpgorts this view, and after
experimenting with a number of agile development metlomies, we finally settled

upon Extreme Programming as the most productive paradigthdatudents, as well
as the most compatible with our application of instrungticscaffolding to the teaching
of software design and implementation.

Versions of the course described in the Example Syllabase have been taught
at multiple schools (SUNY Plattsburgh and DartmoutHlege), and by multiple
instructors, which suggests that its results are transéefadiween institutions and
instructors. It has been our observation, however, firathis approach to teaching
software design to be effective requires a strong lef/febmmitment on the part of
the instructor, and a “leap of faith” that it will workhe instructor must be aware that
the benefits of this approach are diminished if the stsdm®e led too strongly toward
particular solutions and it if the instructor is luredbitécturing, rather than coaching.
While more traditional lecture-format courses in sofevdesign can be effective, an
open-ended cooperative learning framework more effectpeiynotes learning and
the positive benefits of instructional scaffolding and antiheassessment.
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