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Abstract--Carnegie M ellon Univer sity hasdeveloped a
User-Centered I nterdisciplinary Concurrent System De-
sign M ethodology (UICSM) that takesteamsof dectrical
engineers, mechanical engineers, computer scientists,
industrial designers, and human computer interaction
studentsthat work with an end-user to generatea com-
pleteprototypesystem duringafour-month long cour se.
Themethodology isweb-supported and definesinter medi-
ary design productsthat document theevolution of the
design. Theseproductsareposted on theweb sothat even
remote designersand end-userscan participatein the
design activities. The design methodology proceeds
through threephases. conceptual design, detailed design,
and implementation. End-user scritiquethedesign at each
phase. Inaddition, smulated and real application tasks
providefurther focusfor design evaluation. Themethod-
ology hasbeen used by theclass, in designing over adozen
wear able computers, with diver seapplicationsranging
from ingpection and maintenanceof heavy transportation
vehiclesto augmented reality in manufacturingand plant
operations. The methodology includesmonitoring and
evaluation of the design process. Thismethodology is
illustrated through adescription of developing pervasive
computing applicationsin collaboration with IBM during
the Spring 2000 cour se.

1. Introduction

The Rapid Prototyping of Computer Systems (RPCS) class
is a unique cross-disciplinary course, drawing students
from computer science, electrical engineering, mechanical
engineering, human computer interaction, and industrial
design. Thisisaproject-oriented course, which dealswith
all four aspects of project development: the application,
the artifact, the computer-aided design environment, and
the physical prototyping facilities.

The students experience arapid design cycle [!] includ-
ing:
A complete design and manufacturing product cycle
Application of the state-of-the-art technologiesin an

innovative design.

Team effort and responsibility

Critical and creative application of engineering
fundamentals

Interaction with widely distributed suppliers and
designers

Translation of user requirements into successful
artifacts, tested by users

The Spring 2000 Rapid Prototyping of Computer Systems
class was sponsored by the Pervasive Computing group
at IBM T.J. Watson Research Center. Preparation started
during the Fall 1999, when ahalf adozen IBM researchers
had weekly teleconferences with CMU to identify and or-
ganize over three dozen pervasive computing functionsto
provide astarting framework for the class. The pervasive
computing scenarios were organized into a Distraction
Matrix that formed an initia point of departurefor theclass.
TheDistraction Matrix categorizes activities by theamount
of attention they require. In addition, handheld platforms
wereacquired and an experimental IBM Research software
infrastructure was imported to CMU to serve asthe basis
for the software architecture. With this background, the
thirty students identified two services that, based on per-
sonal experience, would facilitate the design process in
project oriented classes. Thefirstistheability toinstanta-
neously locate team members on campus. Studentshavea
large number of meetings held at varioustimesand various
places. Students often are confused about where the next
group meeting is to be held. The ability to observe the
team’s members geographical location on campus enables
them to determine where the meeting is and when amem-
ber who is late to the meeting might arrive. The second
service is based upon the observation that once the meet-
ing starts, when amember arrives|ate the meeting stopsto
brief the late member. As soon as the briefing brings ev-
eryone up to the same level of knowledge, another team
member might arrive necessitating yet another briefing.
The service provides a shared meeting space that remote
members can participatein by actively drawing or review-
ing the drawings that have been created since the begin-
ning of the meeting. The prototype devel oped by the RPCS



class uses Hewlett Packard Jornada handheld computers
communicating via Lucent Wavelan cards on Wireless
Andrew.

The students developed two prototypes. Portable Help
Desk (PHD) and Idealink. PHD allows auser to determine
the location of other users on campus as well asinforma-
tion about them. It also provides other services such as
notifying the user of the closest available printer or where
food might be available. Idealink provides ashared meet-
ing space and white board. Idealink allows the user to
draw in a variety of colors and line. As the user draws,
each lineistransmitted by wireless communication to the
Idealink server and synchronized with all other devicesin
the same communications channel.

2. Approach and Design M ethodol ogy

A User-Centered Interdisciplinary Concurrent System De-
sign Methodology (UICSM) [?], based upon user-centered
design and rapid prototyping, has been applied to the de-
sign of over adozen computer system prototypes. Table 1
depictsthe Project Matrix used in the course. The design
methodology proceeds through three phases: conceptual
design, detailed design, and implementation. The num-
bers represent concurrent activities in the various disci-
plines. At different times, different disciplinesinitiate ac-
tivities with other disciplines contributing to the results.
For example, the HCI group performsafield evaluation and
produces the problem scenario which isreviewed and re-
fined by the other groups (Step 1 in Table 1). Based on
user interviews, and observation of their operations,
baseline scenarios are created for the current procedures.
Visionary scenariosidentify opportunities for technology
injection. User feedback on scenarios and storyboards
become input to the conceptual design phase. Designers
alternate between the abstract and the concrete; prelimi-
nary sketches are evaluated, new ideas emerge, and more
precise drawings are generated. Thisiterative process con-
tinueswith soft mock-ups, appearance sketches, computer
and machine shop prototypes, until finally the product is
fabricated. Asaresult of UICSM, we have achieved afour
month design cycle for each new generation of wearable
computers. The cycle time of the new productsisideally
suited to the academic semester. Student designers ini-
tialy visit the user site for awalkthrough of the intended
application. A second visit after amonth of design, ending
the conceptual phase, elicits responses to story boards of
the use of the artifact and the information content on the
computer screen. After the second month a software mock-
up of the system running on a previous generation wear-
able computer is evaluated in the end-user’s application,
representing the results of the detail design phase. During

the third month, implementation takes place and a proto-
type of the system receives a further user critique. The
final system is delivered after the fourth month for field
tria evaluation.

3.CourseStructure

The design methodology described in this paper is web-
supported and defines intermediary design products that
document the evolution of the design. These products are
posted on the web so that even remote designers and end-
users can participate in the design activities. Cross func-
tional teamsinsure consistency between disciplines. Group
leaders form a Project Management Team responsible for
execution of the methodology. Each phase culminates in
web products, a written report, and an oral presentation
produced by the entire group. These activities are repre-
sented at the bottom of Table 1.

3.1 Conceptualization

Problem Definition. Thegoal of thissub phaseisto define
the problem, whichisbeing solved, perform requirements
analysis, and evaluate user needs. A variety of brain-
storming techniques is employed to develop a product
design definition including attributes such as functional-
ity, cost, performance, technology acquisition, and fabri-
cation techniques. The visionary scenario for the Handy
Andy classis presented below.

Larryisasenior English major and he hasa group project
in his integrated product design class. The group de-
cided to hold their first meeting in Porter Hall A18C at
4pm, but it is 4:15 and no one from his group has shown
up yet. Larry pushes the button on the top of his hand
held device to activate Waldo, his audio information re-
trieval system. “ Launch my Portable Help Desk, please”
requests Larry. Waldo launches the Portable Help Desk,
whichwill help to locate hisgroup members. “ Whereare
the people in my group?” he asks. Waldo tells the Por-
table Help Desk to pinpoint the location of all the mem-
bersin his group. The Portable Help Desk looks up the
location of every person in his group, and sends that in-
formation back to Waldo. Waldo responds, “ Larry, your
group members are in Hamburg Hall, second floor. You
might be in thewrong place.” Since Larryisalready 15
minutes late, he wants to find out what he has missed.
“Waldo,” hesays, “ launchmy Idealink.” Waldo launches
Idealink on Larry’s hand held device, and he enters his
group’s whiteboard discussion. On his way to the meet-
ing, Larry reviews what has happened in the past fifteen
minutes, and sends a quick text message to through
Idealink to let themknow whereheis. Larryarrivesat his



Table 1: Product Matrix

Project Matrix

Product Development Phases

Conceptual : : :
Discipline Desian Detailed Design | |mplementation
Hardware (HWW) FEeview field Hlnputto HCl Design |17 Updates to status

datafefine HC| Problem |scenario list of HW tasks and
SCenario 10 Add to Task/lssue  |issues
2 Selectiefine HECL T racking form 19 Input to HCI Demo
Target technologies 10.Add Resolutionsto  |Script
5 Fevievwrefinel HC askflssue Tracking ?0 Input to PM
islonary scenario form |Integration Tree
4 HWW Productfeature |11 Status list HW tas ks 21 Integrate HYW
matrices and issues |components
12 Provide input to 72 Dry run of demo
A Input to PM Design  schedule and testing
Decision tracking form |13 Resolve issues
{(HW s election criteria |13 Perform unit HW
and choices) implementation
b HW architecture 14 HW design phase
s ummary
14 User evaluation and
feedhack plan
Software [SW) 1 Fewiew field S lnputto HCl Design {18 Updates to status
datafefine HC| Problem scenatio list of SW tasks and
lscenario 10 Add to Task/lssue  lissues
P Selectiefine HT T racking form 19 Input to HCI Demo
Targettechnologies  10Add resolutionsto [Script
3 Feviewrefine HCI askflssue Tracking 70 Input to PM
"sionary scenario form |Integration Tree
4 SV Productfeature |11 Status list SUW 71 Integrate SV
ratrices design tasks/issues  |components
ihili ez (12 Input to schedule  [?2 Dry run of demo
f Input to PM Design 13 Resolve issues and testing

Decision tracking form
(SW selection criteria
and choices)

13 Perform unit SWW
implementation
14 SW design phase

?3 Archive and
|du[:ument source and
ohject

B S architectre & Ummary

14 User evaluation and

feedback plan

Mechanical / Industrial |1 B eview field S lnputto HCl Design {18 Updates to status
(MEI) datadefine HC| Problem lscenatio list of MEI tasks and
lscenario 10 Add to Task/lssue  lissues
P Selectiefine HT T racking form 19 Input to HCI Demo
Targettechnologies  10Add resolutionsto [Script
3 Feviewrefine HCI askflssue Tracking 70 Input to PM
"sionary scenario form |Integration Tree
4 ME| Productfestyre 11 Status list MEI 71 Integrate MEI
ratrices design tasks/issues  |components
ihili ies (12 Input to schedule 22 Dry run of demo

A Input to PM Design 13 Resolve issues and testing




Human Computer
Interface {HCI)

1 Field evaluation

repotts and data

1 Prohlem scanarin

! Target technologies

5 Yislonary scenaria

4 HC | Feasibility studies

6 Review

productfeature

matrices
Reviewfeasibility
tudies

= Rafi .

srEnarin

5 Initial user interface

concepts

B [nput to HCL Design

scenario

[0 Addtn Task /=i

Tracking form

10 Add resolutions to

Taszkilssue Tracking

forrm

11 Status list of Ul

|design tasksissues

12 Input to schedule

13 Resolve issues

13 Perform unit Ul

implementation

14 Design phase
ummary

14 User evaluation and
eedback plan

15 Coordinate user

evaluation and prepare
eedback report

18 Updates to status
list of HW tasks and
issues

19 Produce Demo
SCript

20 Input to PM
Integration Tree

21 Integrate user
interfaces

22 Dry run of demo
and testing

23 Archive and
document source and
object

Cross- Functional
Groups

4 Feasibilty studies
G Input to PM Design
Decision tracking form
s election criteria and
choices)

High level design

(2:9)

H Subsystern interface

11 Status list
ubsystem

as ks/issues

12 Input to schedule

13 Resolve issues

13 Perform unit
ubsystem

implementation

14 Design phase
ummary

14 User evaluation and
eedback plan

18 Updates to status
list of subsystem tasks
and issues

19 Input to HCl Demo
Script

20 Input to PM
Integration Tree

21 Integrate subsystem
22 Dry run of demo
and testing

Project Management
(PM)

Bi-weekly update of
orm data

Bi-weekly update of
orm data

Bi-weekly update of
form data

IEHB]

Conceptual Design

Group Leaders Develop work Update work U pdate work
breakdown's chedule |breakdownischedule |breakdown/schedule
Phase 1 Task Phase 2 Task Phase3 Task
dependency graph dependency graph dependency graph
20 Produce integration
tree.
Team Products 2 Reguirernent Table {15 Product design 21 Product design
membership and tahle 16 Presentation slides 22 Presentation Slides
meeting pages 7 Product design 16 Detailed Design ?3 Final Report
zpecification |Phase Report
0 Presentation slides




group’s meeting in Hamburg Hall and shares an Oreo
Smoothie with Tom.

Technology Survey. The final shape of a system is often
determined by what technology is currently available. A
survey of available technology, with special emphasis on
input and output devices, further refines the Product De-
sign Specification. Lessonslearned from prior generations
of mobilecomputersarediscussed. New componentssuch
as spread spectrum radio and VGA displays are acquired
and interfaced to existing systems to determine the feasi-
bility and complexity of the new technology. Videotapes
of current practice as well as discussions with end users
generate interactive scenarios. Individual disciplines are
responsible for generating technology specific product/
feature matrices (Step 4 in Table 1) for thetarget technol o-
gies identified (Step 2) to support the visionary scenario
(Step 3). Table 2 is an example product feature matrix of
handheld computers, identifying features that were stud-
ied and evaluated in Step 4.

System Architecture Specification. Given the constraints

of available technology and the user’s computational en-
vironment, the architecture for the system is devel oped.
Topics such as local versus distributed processing, posi-
tion sensing, computer/human interface, and information
updating must be addressed by the selected architecture.
Planning also includes interdependencies between the
technol ogies, people, and resourcesavailablein the course.
For example, inthe Handy Andy Architecture, fivelayers
were used, Devices, Device Proxies, User Proxies, Services
and Database. (Figure 1) All servicesand user proxiesare
granted access to the database based on the privileges of
the user authenticated to them. This prevents common
data such as user name, address and contact information
to be duplicated across systems. Updating this informa-
tion can be done with a single application. The Concep-
tual Design Phase concludeswith discipline specific archi-
tecturedefinition (Step 5).

Subsystem Specification. Thesystemfunctionality is par-
titioned and assigned to hardware and/or software compo-

nents. Refinement of the Product Design Specification
includes attributes of the subsystems, such as performance,
interface, and evaluation criteria

3.2 Detailed Design

Each subsystem is designed and implemented. Design is
supported by contemporary computer-aided design tools.
Mini workshops as necessary on relevant tools provide
students a basic introduction to the state of computer-
aided design. Human computer interaction studies are
designed in conjunction with mechanical/el ectronic/soft-
ware mock-upsto provide datafor design decisions. IBM
researchers provided workshops on Pervasive System
Architecture[?]. They visited classes bi-weekly and worked
alongside the students at critical pointsin the project.

3.3 Implementation

The detailed hardware/software designs are implemented
using both on-campus and off-campusfacilities. On-cam-
pus physical prototyping facilities are used when appro-
priate. The state-of -the-art in rapid prototyping is presented.

System Integration. The various hardware and software
subsystems must beindividually tested and then integrated
into aworking system. System integration and testing plans
are formulated commencing with the system architecture
specification phase. The system isevaluated through con-
trolled user experiments.

The final prototype developed in the Spring 2000 Class
was called the Portable Hel p Desk, or PHD, which provides
quick information retrieval. Thistool allowsamobileuser
to build maps of their immediate area, including static and
dynamic resources and the location of their colleagues,
contact information and resourcesavailability. Whiletrack-
ing a colleague, their contact information is displayed.
Printer queues, restaurant hours and stock of carbonated
beverages and food in connected vending machines can
be displayed. The PHD application is a spatially aware
system. Figure 2 illustrates the visual user interface for

Company Product Processor oS Handheld Price
Andrew
HP Jornada 680 SH-3 Win CE Yes $800
Compaq ltsy StrongARM Linux Yes $1000
SA-1100
IBM Workpad MIPS Win CE Yes $1000
z50
Palm Palm VII DragonBall Palm OS No $500

Table 2: Product Feature Matrix for Handheld Computers
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Figure 1: Handy Andy Architecture

the PHD application. Peopleand resourcesare selectedin
theleft pane, the results of the queries are presented in the
middle pane while locations of people and resources are
displayed in the right pane.

Methodology Evaluation. Asafinal phase, the methodol-
ogy followed in the course is quantitatively and qualita-
tively evaluated and modifications suggested.

During the class, the students recorded the time spent on
every aspect of the project. The class organized into the
following groups, Infrastructure, Portable Help Desk (PHD),
Audio Centric Help Desk (Waldo), Information Exchange
(Idedlink), Database and L ocation Service (Stalker). Idealink
provides a shared whiteboard to support group meetings
and collaborative efforts. Waldo supports an audio inter-

face for retrieving information about other users and re-
sources. Figure 3 is a chart of time spent on individual
activities over the entire course of the project. The graph
shows a result validating the student’s hypothesis, that
thetime spent in meetings exceeds all other project activi-
ties. For example, 65 more hours were spent in meetings
than coding activates. Figure 4 depictsthetotal amount of
time spent per phase, indicating that the I ntegration Phase
was the longest phase.

4. Evaluation

Table 3 compares three example computer systems that
have been designed and built by the RPCS class. VuMan
3 is one example of a hardware intensive design, which
included acustom printed circuit board. The Handy Andy

P [0 Restaurants  |*| Information on Meyer, Bryan - o
= [3] Friends N ) Qb :
Fred FPhone Mumhber: "412-202-6819 ~
& Eryan Ermail: brmeyer@andrew. crr
B Daphne Home Page: hitp e andrew. o % :
b= Vending Machi Address ipﬂt.aggrd e E
[ [= Telephones Pittsburgh, PA15230 204
I [ Printers Mick Mame: Big Boy %
Wean -1 Avway Message: Try me again later &
o Desrtintinon: | ehow in 30 minite

Figure 2: Portable Help Desk Screen Shot




Administrative tasks
5.9%

Group Meeting
23.0%

Writingreports
8.6%

Ul design
3.0%

Coding
18.8%

Class

Architecture Design 27.4%

2.0%
Preparing Specs Research
2.4% 6.6%

Faculty/Student Leaders
Meeting
2.0%

Total:
4,077 person hours
510 person days

Figure 3: Time by Task for all Three Phases

pervasive computing system represents a software inten-
sivedesign. MoCCA (M obile Computing Communication
Architecture) was a design by composition, including a
number of off-the-shelf components. VuMan 3 and Handy
Andy required significantly more person hours than
MOoCCA, since more intensive work was required for the
hardware or software designs. AsHandy Andy included a
collection of system applications, theimplementation phase
required moretimefor integration than thefirst two phases.
Inthe other two wearable computer designs, VuMan 3and
MOoCCA, the detail ed design phase consumed most of the
time, asthat was required by the complexity of the whole
system design.

5. Conclusions

Inthis paper, we have described a User-Centered Interdis-
ciplinary Concurrent Design Methodology, as applied to
design and implementation of over adozen novel genera-
tions of wearable computersat CMU. The methodology is
web - supported, defines three phases of a design and
implementation cycle, and documentation of the design
evolution. Timelogswere collected by group and by activ-
ity and measured results presented. Thetime spent in the
phases of a project was compared for three example sys-

Conceptual Design
28%

Integration
42%

Detailed Design
30%

Figure 4: Total Time per Phase

tems built by the class.

Another group in the Spring 2001 classis studying how to
improvethe efficiency of time spent in meetings, using the
Idealink and PHD applications.
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