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Abstract
This paper describes the concurrent design of awearable computer, called the Navigator. The
design effort for the Navigator involved nineteen designers, representing a variety of engineering
disciplines. The evolution of the design is described, with particular emphasis placed upon therole
“of the thermal design group in the overall design process. Furthermore, the particular challenges
associated with the concurrent thermal management of wearable computer systems are outlined.

I ntroduction

Consumer desire for increased computational functionality has resulted in the development of
portable computers. Portable computers, as exemplified by today's notebook machines, required
technical innovations in both hardware and software to overcome the challenges presented by the
associated size, weight, and power consumption constraints. Additional constraints, which arc
market imposed, result from the highly competitive nature of the computer industry, necessitating
shorter time-to-market, higher levels of quality, and reduced cost. The satisfaction of these
competition driven constraints requires the achievement of domain specific objectives, such as
clock speed, without the violation of any seemingly unrelated global constraints, such as reliability.
Early resolution of constraints is essential since the time required for additional design iterations,
necessitated to correct unanticipated flaws, is no longer available because product design cycles
have been reduced to |ess than twelve months. Therefore, the participation of the entire design
team is required to insure that a discipline-specific modification does not adversely affect other




performance obj ectives.

The recognition of the multi-discipline nature of design has fostered interest in concurrent
design, through which the concerns of a design team are accounted for in a collabor ative fashion.
This cooper ative approach improves communication between designers, with the intent that
resultant products are error free, and as such, correct-by-design. These products satisfy both the
desirefor high quality and shortened development cycles.

This paper will describe the concurrent design of a wearable computer, called the Navigator.
The Navigator is the third generation of wearable computer products (Akella et al., 1992)
developed at Carnegie Mélon University (CMU). The Navigator allows hands-off operation with
a speaker -independent, 200 word vocabulary continuous speech recognition system for input and a
seethrough, heads-up-display for output (Smailagic and Siewiorek, 1993). It provides wireless
communication with a remote site. Position sensing provides the user's location so that
information relevant to that location can be displayed. In some applications, such as
manufacturing, we envision sensing the direction which the user isviewing, so that information
gpecific to that viewing angle, such as an assembly step, can be displayed. Position sensing is
currently used for the Navigator's application of self-guided navigation around the CMU campus.
Likewise, different applications would require a variety of access rates to remote databases,
resulting in arange of remote communication optionsfrom low datarate cellular phonesover long
distancesto high bandwidth radio frequency local area networks.

Theinitial specificationsfor the Navigator included:

Functionality
» Dual mode of user input: speech and mouse
» Speaker independent, continuous speech recognition with 200 word vocabulary
Capability todisplay text and graphics
Miniature, light-weight, heads-up display
On board database of information and maps
Differential Global Position Sensing (GPS)
» Modem/wireesscommunication with remote Site
Performance
» 80- 90% accuracy in speech recognition
* Postion sensing accurateto 5 meters
» Screen refresh should not digtract the user
* Weigh lessthan 10 pounds
 QOutdoor operating environment with rain, snow, and temperatures aslow as-20° F
» Two-hour battery lifetime before recharging
* Cost lessthan $4500.00 per unit




A multi-disciplinary approach bringstogether personnd with vastly different expertise. The
following disciplines areincluded in the design process:
» Electronics. dectronic components, eectronic interfacing, power supply
» Mechanical engineering: housing, thermal management, mechanical fixtures
o Software: operating systems and support software, such asuser interfacetools, libraries
for position sensing and telecommunications, hardwaredrivers, etc.
* Human computer interaction (HO): speech and user interface

Thedesign disciplines define the groupsfor theinitial personnel organization. Subsequently,
personnel are reassigned into interdisciplinary design teams as the various subsystems are
identified and refined. The subsystems are the logical partitions of the whole system, initially
along discipline boundaries, and the groups are the partitioning of the design team, where each
group works on a subsystem.

During the spring of 1993 in the context of adesign course, 19 designers (approximatey split
equally between undergraduate and graduate sudents), produced the Navigator wear able computer
system, in less than 400 person days of effort [Initially, the groups were composed as:
Electronics 5, Mechanical Engineering 3, Software 6, and HCI 5 students. As the individual
design stages are expanded, the dynamic utilization of personnel that resulted in areallocation of
the participants, is described.

Conceptual Design

For a multi-disciplinary, concurrent design process to be effective, it is important that team
member s cooper ate, communicate, and share a common vision. Conceptual design isthe setting
for this beginning communication to take place, from which, a shared, common vision is
developed. Without a common understanding or vision between the design groups and ther
member s, each would beforced torely on their own set of assumptions and criteria based only on
asingle view for the product.

The Navigator product concept isbased on amodular design, in which each module performsa
specific task. These tasks include visual display, speech recognition, position sensing, and
telecommunications. Each task may have several implementations, allowing the system to be more
flexible in order to meet the needs of a specific application. The Navigator problem definition
requires a system that is capable of operating in a variety of configurations and applications.

From the per spective of flexibility, themodular concept offers many advantages for it enables
the system to be adaptable to the needs of the user. The Navigator becomes a smart product where
the user can individually tailor the unit according to application-specific needs. Additionally,




modularity addresses the problem of repair and rework because defective modules can simply be
unplugged and replaced.

During the conceptualization stage of the design evolution, the thermal designer participates by
insuring that all team members are cognizant of cooling issues. By doing so, the design team can
focus on concepts that satisfy their own objectives, while also minimizing heat production and
accommodati ng' any required cooling strategies. The requirement for outdoor usability virtually
mandates the Navigator to be a closed, ventless system. Therefore, heat dissipation needs to be
kept to aslow alevel as possible. Interestingly, the desire for extended battery life incorporates
power minimization as a shared objective between the electronics and thermal designers. The
envisioned modular approach is advantageous from the thermal perspective, for it subdivides the
 total power output and increases the surface area through which heat can be dissipated.

After the basic parameters are bound and an acceptable concept for the design specified,
concurrent design is initiated. First, the concurrent design framework used by the Navigator
design team will be outlined, stage by stage. A synopsis of the status of the other designers will be
included for each stage. Following this, each design stage will be expanded from the perspective
of the thermal designer. The specific issues and interactions related to the thermal designer are
describecL . In this fashion, the role of the thermal des gner in the concurrent development of the
‘Navigator will be clearly depicted.

Concurrent Design Procedure

Throughout the design of the three generations of wearable computer systems, a Concurrent
Engineering Methodology has evolved (Siewiorek et al., 1993). The goal of the methodology is to
allow as much concurrency as possible during the design process. Concurrency is sought in both
time and resources. The entire design cycle is divided into phases. Activities within a phase
proceed in parallel, but are synchronized at phase boundaries. Furthermore, the tools used in
concurrent design must be capable of handling increased complexity with the evolution of the
product, thereby, satisfying both the accuracy and time constraints associated with a particular
design stage (Nigen and Amon, 1992).
The design processis broken down into six sequential phases.

Technology survey
Alternative technologies are identified for each subsystém and evaluated in isolation from other
subsystems. Alternative technologies are compared using a Model Feature Matrix based on
information gathered mostly from product literature. A Model Feature Matrix is a concise
summary of the technological alternatives arranged as a table, reflecting the attributes and
characteristics that were identified as relevant during the project team and group meetings. The




results of the Modd Feature Matricesare used to identify primary and back-up alter natives for
each of the subsystems.

System architecture specification

This phase attempts to integrate theresults of the technology survey phase to producethefirst
concept of the total system. Interactions and interfaces between subsystems are identified and
inconsistencies between subsystem alter natives are detected. Interactions between subsystems
are summarized in a Design Dependency Matrix. A Design Dependency Matrix is an attribute
dependency chart that identifies all dependencies on other projectsand subgroups, and whether
the dependencies have been resolved or are till open issues. These dependencies identify
communication points for subsequent phases of the project. The primary technology
aternative for each subsystem isrefined to eiminate inconsistencies. Based on therefined set
of technology alter natives, an architecture for the total system is specified.

Subsystem specification

Both firm and probable design decisionsareidentified and specifications are produced for each
subsystem based on these design decisions. Interfaces to each subsystem are specified
completely so that other subsystem designers can continue into the detailed design phase.
Subsystem specifications are integrated into a complete Product Design Specification. A
Product Design Specification defines threelevels of specifications: subsystem, major system,
and total system, with particular emphasison interface behavior. Thisphaserepresentsthe last
exploratory phase of the design process.’

Detailed design

A detailed design of each subsystem is perfofmed, with particular attention to maintaining the
interface specifications asdefined in the Product Design Specification. The technology selected
for each subsystem is acquired and analyzed in terms of functionality and performance.
Analysis of the technology may necesstate changes in the subsystem specifications. These
changes are communicated to thereevant groups. Regular design reviews are held with group
liaisons to ensure that interface specifications are not violated. Task Dependency Graphs are
used to identify individual design decisions that affect more than one group, so that changes
can be 'rapidly propagated. A Task Dependency Graph is a refinement of the Design
Dependency Matrix and is used to explicitly identify interfaces between groups and identify
potentially critical pathsthat might requireadditional resour ces.

Implementation
After detailed design is completed, each group implementsits subsystem using the acquired




technology. Asimplementation progresses, the subsystems are demondrated at various stages
of development A check list of open issues and action itemsis used to highlight remaining
design dependencies and schedule their resolution.

System integration
Each subsystem isindividually tested and then integrated into thefinal system. An Integration
Treeisusad to sequence the merging of subsystems along interfaces.

Next, the evolution of each design phase of the Navigator is presented and the per spective of the
thermal designer isdescribed.

Technology Survey

After reviewing the preexisting mobile systems, the project team braingormed alter native goals
for Navigator. Issuesfor evaluating design alternatives, such as cost, weight, and development
time, were also identified A modular “mix-and-match” architecture incor porating speech inpuit,
position sensing, heads-up display, and telecommunications to a remote site was selected asthe
goal. A modular subsystem was formed for each goal. The target application was navigation
around the CMU campus. In order to concurrently explore each of the technology alter natives, the
project team was split into four generic subgroups. eectronics, mechanical design/housing,
system softwar e, and applications. The technology survey phase was conducted independently by
each group. Literature was surveyed, vendors contacted, and local experts consulted to identify
potential options. The findings in the Technology Survey were reported as Model Feature
Matrices, wherein, alternative models were listed and compared by the evaluation issuesinitially
identified. Resultsof the Technology Survey phase were communicated to the project team during
the group presentation that culminates the phase. Copies of the Technology Survey reports
including product specification sheets weredidributed to all team members.

From the thermal design per spective, the combination of portability and concurrency presents
significant challenges. The premium placed upon power consumption, size, and weight discounts
many of the previoudy popular cooling techniques. In the case of the Navigator, the stuation is
further complicated by the necessity of a ventless housing. As with many portable systems, a
closed housing is desirable because the eectronics are shielded from environmental contaminants
and moisture. Cooling strategies for portable computers are further congtrained by the desireto
minimize parastic power consumption, such as that required to drive afan. Therefore, amore
integrated approach isrequired, whereby, the housing is used as the heat snk and heat flow paths
arecarefully planned to insure adequate cooling for both reliability and comfort consider ations.

Theinitial thermal design concept calls for the incorporation of " conductive fins' (Figure 1)




that would directly connect heat producing components to the housing. The thermal performance
of this approach suffers from the high contact resstances characterigtic of solid-to-solid interfaces,
which may becomethe limiting factor of the thermal performance, aswell astemperature gradients
between the package and housing surfaces. An alternative approach was described by Oktay
(1993), which utilizes flexible heat pipes with variable cross-sectional area to connect heat
producing components with the housing. Heat pipes offer the advantage of trandferring high flux
over long distances with minimal temperature drops, but retain the difficulties associated with
contact resstances. Furthermore, flexible heat pipes are far more expensive and, as such, would
only beincorporated if the conductive fin approach proved ineffective.

System Architecture Specification

The primary alternatives for each group were presented in detail to the other groups during
team meetings. Subsystem interactions and dependencies were identified and used to indicate
which design groups to notify if design decisions were made or modified. Compatible design
alternatives wer e labeled resolved (i.e., thedisk drive and the processor interfaced to the same bus,
the operating system had a software device driver for the disk drive, etc.). Other dependencies
wer e labeled unresolved and required futurer efinement in the next phase.

At this point, a new group was formed to focus on speech recognition sincethis appeared to be
the subsystem which wasthe least well undersood and developed. Sphinx 1 (Li et al., 1989) was
selected as the primary alternative for speech recognition due to the availability of local experts.
Mach (Rashid et al., 1989) was selected asthe primary multi-tasking operating system, again due
tolocal expertise. The Intd 80x86 processor family was the processor of choice for Mach. Since
the 80386 had the highest performance and was the lowest power consuming 80x86 chip at the
time of the project, design alter natives were narrowed to low power consuming boards based on
the 80386. Theonly satisfactory alternative for display was found to be the Private Eye (Becker,
1992) and it becamethedefault Other dependencies could not be resolved without further study.
Both the resolved and unresolved design alternatives were discussed during the group
presentations.

Thethermal designer determined an approximate ratio between heat disspation and required
housing surface area through the use of Figures of Merit (Bar-Cohen, 1992), as shown in Figure
2. However, this lumped formulation required the assumption of a safety factor to account for the
deviation between the aver age temperature of the system and thejunction temperatures of the heat
producing components. This can be especially significant in eectronic systems because of the
lar ge degree of material variation and concentration of heat generation. The information provided
by this analysis indicated the approximate number of housng modules required for the complete
Navigator system. Additionally, through the use of smple one-dimensional analyses, proposed
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housng materials and thicknesses wer eevaluated r eative to the thermal performance criterion.

The initial thermal design incorporated an integrated heat snk with conductive fins, which
connect the heat producing components to the housing surface. Components along the outside
perimeter of boards could be directly attached, but components within the central regions of the
boardswould require an alternate connection technique. The heat snk was composed of aluminum
and wasdirectly attached to the insde surface of the housing. An additional constraint associated
with the heat snk was that no region of the housing outside surface should reach temperatures
uncomfortable to the human touch.

Subsystem Specification A

The goal of thisphase is to produce an interface specification between subsystems so that the
detailed design and implementation can proceed concurrently between groups. Subsystem
gpecification representsthe last exploratory phase of the design and combines both bottom-up and
top-down features. For the top-down approach each major group provided a specification of their
total system. For the bottom-up approach, each subgroup provided a specification for ther
subsystem with special emphasis on the interface behavior. The interfaces were specified in
sufficient detail for other groups to continue into the next design phase. The subsystem
specifications were combined into a Product Design Specification for the whole system.

After the hardware design team had selected thevarious components and boar ds, a solid model
and elemental discretization were constructed in order to perform conduction simulations.
Difficulty was encountered in the determination of material properties and power disspation for
each component As an example, the in-house designed board was expected, based upon
manufacturer specifications, to dissipate 22.18 watts. However, experimental measurements
indicated that only 7.50 watts were dissipated or 33.7% of the published values. Further
complicationsresult from the necessity of balancing computational viability with gpatial resolution.

The Navigator is a multi-board, "real-world" system containing many components. To satisfy
computational congraints, most of the componentswer er epresented by a singleelement, requiring
modeling the packages as uniformly heat generating, sngle-material components. Krueger and
Bar-Cohen (1992) have suggested a procedure wher eby accurate thermal performance can still be
obtained through the use of thermal influence coefficients. However, for this study, volume-
weighted averages were used to modd package material properties. Contact resstance was
incor porated by placing a thin plane of elements between each package and its associated board.
The conductivity of these "interface elements’ was adjusted to match temperature drops
commensurate with those found in actual systems (Yovanovich and Antonetti, 1988). The
resulting mesh, displayed in Figure 3, consists of 660 macro-elements, each containing 125
degreesof freedom.




The firg sequence of runs used constant surface temperature boundary conditions. Under
these conditions, maximum temperature rise (AT) was obtained for the components. Although
approximate, this information provides qualitative information as to the location of components
which could exhibit high operating temperatures. It is essential for such information to be obtained
early in the design process to allow for advantageous component placement relative to the
attachment of conductivefins. Additionally, component placement can sometimes be rearranged to
separate those that dissipate the largest amount of heat, but this must be accomplished without
adver sy affecting the computational performance of the artifact The housing design group also
incorporated the available thermal-performance data, along with manufacturing and industrial
criterion, to determine board and component orientations.

Component Description AT (°C)
ADM 8038SX-25 processor 0.0036
ULS 80386SX COpr ocessor 0.0042
SMS DynamicRAM 0.0338

+5 volt Power Supply - 0.2116
-5 volt Power Supply - 0.0485
Hard Drive - 0.0023
LM350T Voltage Regulator 0.0879
AOXVCGA VGA 0.0084
LM7905 Voltage Regulator 0.1305
LM340 Voltage Regulator 0.1305

Tablel: Maximum temperaturerise per component using constant
surface temperature boundary conditions.

The results of these numerical smulations (Table 1) mus be interpreted considering that the
physically realized convective boundary conditions would befar lower than an infinite heat trander
coefficient. Seemingly small temperature increases above the prescribed surface values could
correspond to sgnificant temperaturerisesin thereal syssem. Therefore, both the +5 and -5 volt
power supplies on the custom board, as well as the LM 7905 and LM 340 on the A/D board,
required direct attachment to the heat ank. Fortunatdy, all of these componentsare on the outsde
perimeter of ther respective boards, which amplifies the design of the conductive fins.




Detailed Design

Once again, a subdivision and reassgnment of personnel allowed for a focusing of resources
on a maximally concurrent set of tasks. The subsystem interface behavior became the implied
contract between the groups. Task Dependency Graphs were used to explicitly identify interfaces
between groupsand identify potential critical pathsthat required moreresour ces.

Thecurrent implementation of the Sphinx 1 speech recognition algorithm does not run in real
time, and hence, is unable to keep pace with a continuous sream of digitally converted speech
input data. 1f abuffer isused to hold theinput data, thisimpliesthat it will befilled at afaser rate
than the datais consumed by the algorithm. To support an input buffer of finite size, alimit on the
maximum duration of continuous speech input isnecessary. Likewise, a mechanismis required
for detecting the onset and discontinuation of speech and to enable and disable input stream
buffering, respectively. Such a mechanism mugt run in real timeand can beimplemented in ether
hardware or software. Thus, a custom speech detection circuit was conceived and implemented as
part of the Navigator design. This new board added to the power and housing requirements.

For this stage, the thermal designer conducted two types of numerical analyses. Thefirs used
the same mesh as used in the Subsystem Specification stage, except that the hottest components
wer e attached to the heat sink. Special interface elements wer e placed between the top surface of
these components and their associated conductivefins. In thisfashion, the contact resstancewas
varied to determine therequired amount of interface management to allow for satisfactory operating
temperatures. Thiswas especially important because interface management techniques can range
from simple approaches, such as thermally conductive glues, greases, and pastes to reatively
complex approaches, asexemplified by the use of springs and pistonsin the |IBM TCM (Chu and
Simons, 1993). Therefore, through the variation of the conductive resistance within theinterface
elements, an adequate approach could be determined for each component For these smulations,
satisfactory cooling was obtained with the interface eement conductivitiesequal to ten timesthat of
air. '

An additional difference between the previous smulationsliesin the imposition of convective
boundary conditionsrather than congtant surface temperéture As always, determining the proper
correlation for configurations that differ consderably from the idealized stuation of flat plates with
uniform heat flux or surface temperatureisdifficult A variety of correations were used, ranging
from paralld flat plates to those for natural convection in enclosures (Moffat and Ortega, 1988;
Peterson and Ortega, 1990). For thelater configuration, scaling analysis was used as indicated by
Begjan (1984) to estimate the convective flow patternsfrom which, the proper corrédation could be
discerned. However, it was found that the predicted temperatures wer e not substantially different
and, therefore, the most conser vative valuesfor the heat trander coefficient wereused. The results
for the hottest components are displayed in Table 2 and graphically for the entire systemin Figure
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4 for an ambient temperature of 25¢ C. Both of these representations indicate that adequate cooling
was achieved through the use of the integrated heat Snk. Furthermore, the componentsthat arethe
least sengitive to high operating temperatures, namely the voltage regulators and power supplies,
exhibit the highest temperaturesin the system.

Component AT<°Q
ADM 8038SX-25 8.9861
UL Sl 80386SX 5.8472
SIMS 10.3846 )
+5 volt Power Supply ' 23.3875
-5 volt Power Supply 14.9864
Hard Drive 9.0633
LM350T 14.2569
AOXVOGA 6.0659
LM 7905 9.4834
LM340 10.4477

Table2: Maximum temperature rise per component using a
specified heat trander coefficient as boundary conditions.

The second numerical analyss was carried out using a different mesh that incor porated the air
gaps between the boards and housing, aswell asthe housng material. Thismesh wasalso used in
the following stage to conduct a conjugate conduction/convection smulation. However, for this
stage, only a conduction smulation was performed. Owing to the large computational
requirements associated with a conjugate study of the Navigator, the construction of an
approximate mesh was required, wherein, each board/component level was modeled as a plane.
The regions of each plane corresponding to the location of heat producing components are
specified to uniformly generate heat. The purpose of this smulation was to deter mine the surface
temperatures of the housing and to further check the basic indications provided by the preceding
smulations. Furthermore, the very close proximity (less than 0.5 cm) of many of the boards,
coupled with the surface height variation caused by the components, would serve to reduce
convective velocities and as such, this analyss served asawor se case estimate. The temperature
fidd, shown in Figure5, indicates that acceptable oper ating temperatures arc obtained, and that the
exterior of the housing exhibits satisfactory temperatures from a comfort per spective.
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| mplementation

Aseach group implementstheir subsystem, an evolving list of open issues, action items, and
responsible designersto perform them is used to indicate the remaining design dependencies and
how they will be resolved. A progresson of logical milestones is monitored, including
demondrationsand written reports.

In thisphase, the development of a speech subsystem was completed and the code ported to the
open-air system. A microphone and Analogto Digital Converter (A/D) wer e added to the open-air
system. Software drivers, supplied with the A/D board, were used to write the microphone
samplesto a RAM disk. An interrupt from an audio level detector triggers data collection and a
serial linedriver was used to send data between DOS and Mach computers.

The thermal designer carried out a conjugate conduction/convection smulation during this
stage. Asthisisthe last stage before system integration, it is essential that any possible thermal
- problems be determined. The previous smulations indicated that the heat sink/conductive fin
combination proved adegquate in maintaining acceptable operating temperatures. Therefore, the
thermal designer related thisinformation to the entire product development team.

The Navigator eectronics were composed of mostly off-shelf components and would require
mounting fixtures within the housing. However, the housing was manufactured using pressure
forming which disallows integration of mounting fixtures. Furthermore, the operating
environment for the Navigator necessitates rigidity for integrity. Therefore, the heat sink was-
modified such that it incor porated fixturesfor the boards and components, aswell as increased the
rigidity of the housing. This design effort required a collaborative effort between all of the
participants of the housing design group.

System Integration _

Thefinal design phase wasto bring all the subsystemstogether, exer cising their interfaces. An
Integration Treewas used to sequencetheintegration steps and set deadlinesfor the next step.

Speech wasintegrated with the campus application software. An object model was defined for
the navigation task which included the capability to provide information concer ning an individual,
aswell asprovidearoutetother campuslocation.

Duringthis stage, the Navigator was experimentally tested by the thermal designer. Aswith all
numerical investigations/designs, experimental verification isrequired to insure the accuracy of the
modeling procedure.  Thermocouples were used to measure the operating temperatures of the
components. It should be noted that qualitative measurements-indicate that-the operating
temperatures wer e within the predicted range and are not excessive. Furthermore, the +5 volt
power sour cewasthe hottest component within the system.
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As the system was assembled, corrections were made to the conductive fins to conform to
attachment specifications. Additional modifications were required to accommodate pins that
penetrated through adjacent boards. However, it should be emphasized that no additional effort
was needed to correct errors associated with miscommunications during the Navigator design.

The completed Navigator is shown in Figure 6 and Figure 7. Figure 6 displays the navigator
electronics and subsystems prior to assembly, while Figure 7 shows the complete system,
including the housing and belts.

Summary

Navigator's designers were dynamically reallocated four times during the design process as
new tasks were identified. Two development platforms were utilized. A PC platform allowed
initial software development. A bench-top, open-air configuration of the final hardware
components augmented by Ethernet interface, console monitor, and keyboard allowed software
integration prior to availability of the final packaged wearable system. An extensive array of
communications techniques were used including group presentations, progress reviews, group
meetings, and group liaisons. The communications techniques and resources were dynamically
modified throughout a six stage design process described earlier.

Per sonnel

Initially, the Navigator was decomposed into subsystems corresponding to the various
disciplines involved, i.e., electronics, mechanical engineering, systems software, and human
computer interface (HCI). Additional subsystems were formed to allow more concurrency in the
total design process and improve organization by focusing group efforts. As the design process
progressed, the resource requirements of each group changed. Designers were reallocated from
one group to another to meet new resource demands in the form of additional people power and
expertise.

In the detailed design phase, the scope of each group was better understood. The ability to
reallocate personnel alowed for these new needs to be met For example, the applications group
initially believed that their two person team would be sufficient, since the concept for the
application of a campus tour seemed reasonable from the programming perspective. Asthedesign
of the campus navigation system was developed, it was clear that there were many aspects of the
application that needed to be addressed. There were interface issues with speech and GPS along
with the design of the user interface. Thus, it was realized that two designers were insufficient to
complete the design on time and it was necessary to reallocate three people from the systems
software group to help with the applications development. Figure 8 depicts the evolution of
personnel assignments where the numbers indicate the people involved.
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In paralld with the development of the various electronics and software subsystems, mock
prototypes of the final system housing were built by the mechanics group to model ergonomics.
Asthe open-air system developed, however, problemswererevealed that needed to be considered
by the mechanical group, e.g., congraints on buses interconnecting the various modules. Also,
electrical interference and heat disspation experiments wer e performed to Sudy interactions among
the electronic components of the open-air system. Therefore, the prototypes wer e continuousy
refined and updated as the open-air system evolved.

Communications

Communications were in the form of design proposals, survey summaries, and
demonstrations. Group presentations allowed communication and exchanging of ideas and
exposed results of a phase.

The communication patterns between groups varied with the design phases and certain forms
of communication wer e better suited to particular phases. The goal of the technology survey isto
identify and evaluate alter native technologies for each subsystem. Since alter native technologies
wer e surveyed independently for each subsystem, little communication was needed between design
groups. Thusin thisphase, the main form of communication was presentations that shared survey
results. In the system specification stage, the first concepts for the total system were explored
Therefore, it was very important for ideas to be exchanged on what the composition would be for
each subsystem. Each group had brainsorming meetings to produce ideas for their subsystems.
Theresults of these meetings were shared in group presentations, leading to discussions on issues
related to interactions and interfaces between subsystems.

Asthe design moved into the Subsystem Specification and Detailed Design phases, there was
an increased need for inter-group communications, since these stagesinvolved design of interfaces
between subsystems. To facilitate communications between the groups, liaisons wer e appointed,
who participated in group meetings of several groups. The function of the liaisons was to detect
interface and interaction problems between groups, as well as to help identify hidden problems
within the groups. During these phases, eectronic mail became an increasingly used medium for
discussing interface questions between groups.

In theimplementation phase, each subsystem was built according to the detailed design donein
the previous phase. Within each group, individuals wer e assigned by the group to different tasks.
Thus, less time was spent in group meetings as people worked on ther assigned tasks. E-mail
traffic increased as individuals would encounter problems which affected many people within and
outsidether groups. During thisphase, there were e-mail announcements of incremental progress
as people completed subtasks.

In the implementation and integration phases, communication was mainly in the form of
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progressreviews to update the status of each group, to set new milestones, and to allow problems
to be communicated between groups. As subsystem implementation progressed, interaction
between groups increased because changes in one group affected the implementation of another
group's subsystem.

The integration phase required more communication between all project members. In this
phase, the subsystems were assembled into a total system. Problems were encountered as the
subsystems were merged together, requiring the attention of the affected groups. Thus,
communication among all the project members was very important. Progress reviews addressed
these integration problems, so that groups could see if they wer e affected.

Effort

The reationship between discipline personhours and phases is shown in Table 3. The four
rows correspond to the disciplinesinvolved in the project: Electronics, Mechanical Engineering,
Human-computer interaction, and Software. The six phases of the project are represented in the
corregponding columns. 1t was concluded that the final design iswell balanced: most of thetime
was spent in the detailed design (38%) and implementation (24%) phases, and the other four
phases consumed almost an equal percentage of time (8-11%). Should an inadequate effort been
made in the recognition of design team inter-dependencies, a significantly larger amount of time
would have been required in theintegration phaseto correct problems.

Conclusions

This paper outlines the concurrent thermal design of a wear able computer called the Navigator.
The generic Concurrent Design Procedureis presented and therole of the thermal designer in each
design stage is described. A variety of thermal analysis techniques were used, ranging from
approximate Figures of Merit and one-dimensional models, to scaling analysis, and finally to direct
numerical smulations with conjugate conduction/convection formulation. Each of these
approaches was car efully selected to provide required information to other designers, aswell asto
balance time constraints associated with a specific design phase. Contributions made by the
thermal design group, ranged from evaluation of heat disspation limitations of each subsystem
module to providing operating temperatures of the various components.
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Figure Captions

Figure 1.

Figure 2:

Figure 3:
Figure4:

Figure5:

Figure 6:

Figure 7:

Figure 8:

Schematic of a conductivefin.

Plot which displays surface heat flux ver sus temperature rise (Kraus and Bar-Cohen,
1983).

Macro-demental discretization for the conduction smulations.

Surface temperatures determined through the conduction smulation with convective
boundary conditions.

Surface temperatures of the housing using the conjugate mesh with convective
boundary conditions.

Photograph of the final Navigator electronics prior to assembly. The left sde of the
photo includesthe display processor running the Mach operating system with the VGA
card connected to the Private Eye interface card, Private Eye, hard disk, GPS adapter,
GPS board and antenna. The right side of the photo includes the speech processor
running the DOS oper ating system with microphone, A/D board, speech detection card,
and hard disk.

Photograph of the final Navigator including belts. From top to bottom: main
Navigator housing; drap with telecommunications holding cellular phone, interface
board, and modem; GPS drap holding GPS board, interface board, and antenna.

The time-line of the Navigator project with one overview of the major eventsin the
conception, design, and implementation.

17




\Ehases Technology | System [ Subsystem | Detailed { | System
Discies Survey Architect. Spec. Design p Integration
. -

ation
e

EL 98 80 130 440 209
ME 48 49 57 185 140
HCI 64 64 80 315 205 73 801

Table 3 Discipline personhours per Phase




Housing

" |-a—— Conductive Fin

-

Electronic Thermal Paste

Component .
R e B 0 ar d

AR NN NN ————

Fig. 1

Smaiiagic et al.




rature diffeH °o

o
L

s aw3

4 6 8- 2 4 « 8 2

Surface heat flux , W/CM“‘2

Fig. 2

Smailagic et al.




Fig. 3

Smailagic et al.




Fig. 4

Smailagic et al.




Fig. 5

Smailagic et al.




u (VY
"L 49 Otbefiews

3

- 2




Cmp §lanir at al




Initial [nterim Final
Speech3 41 Speechd
Hd <
> Appl, S e Appl 5
3
SSe SS;
4 » GPS Lo -~ GPSy5
/ \3.5
ELs \1 Telecom! 12 - Telecom
3
EL3 - EL3
ME; ME;

= Split of groups

—= Relocation of participants

Fig. 8

Smailagic et al.




	Carnegie Mellon University
	Research Showcase @ CMU
	1993

	Concurrent design and analysis of the Navigator wearable computer system : the thermal perspective
	Smailagic
	Carnegie Mellon University.Engineering Design Research Center.

	tmp.1335896319.pdf.VE_il

