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Abstract 
Wearable computers are beginning to appear in research environments and soon will be com
mercially available. We present several different philosophies behind wearable computers and 
then focus on a particular project at Carnegie Mellon University involving the development of 
a wearable designed for on-site maintenance of large vehicles. This computer is discussed in 
terms of its projected use (both solo and collaborative), its development process (rapid), and 
its physical characteristics. The paper concludes by discussing some implications of wearable 
computers on current user-interface evaluation techniques, on user-interface development 
environments, and on models for cooperative work. 
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1 INTRODUCTION 

With the decreasing size and increasing power of most of the components of a modem com
puter, it was only a matter of time until computers that could be worn on the body began 
appearing. Currently, there are several different approaches to body-worn computers that have 
appeared in research laboratories and from commercial companies. 

Figure 1 shows a picture of a wearable computer that was developed at the University of 
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Toronto (Matias, 1993). This configuration consists of a display/CPU combination that is worn 
on one arm and a one-handed input device that is worn on the other. This device is an example 
of attempting to bring general-purpose computing to the body. Any program that can be driven 
with keyboard input (most programs) and whose output is legible on the display (currently a 
limited set but sure to grow) can be executed. This would be especially true if one of the new 
lightweight mouse input devices were incorporated into the keyboard. 

Figure 1 General-purpose wearable computer. 

Figures 2 and 3 show picture of a wearable computer that was developed at Carnegie Mel
lon University (CMU) (Smailagic, 1993 and Bass, 1995). The configuration shown in Figure 2 
consists of Private Eye goggles together with an input device and an embedded processor. Fig
ure 3 shows an expanded picture of the input device and the processor. These devices are not 
intended to be used for general-purpose computing but are chosen, in a manner explored later, 
to support the tasks associated with large vehicle maintenance. 

Figure 2 Maintenance task
oriented wearable computer. 

Figure 3 Processor, input dial, 
and pressure switch from Fig
ure 2 in close up. 

This dichotomy between general-purpose computers and task-oriented computers is not a 
new one (think of your microwave) but the trends of miniaturization and decreasing cycle 
times (time from concept to implementation) will make task-oriented computers much more 
common. The focus on task-orientated computers is also compatible with but slightly different 
from the focus on ubiquitious computing (Weiser, 1993). Ubiquitious computing is solution 
oriented and task-oriented computers are problem oriented. That is, a ubiquitous computing 
environment is defined as an interconnected wireless network of computers that allow users to 
interact with computers everywhere. The focus is on the interconnected wireless network. 
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Task-oriented computers are defined to be computers that help users with their particular tasks 
and may or may not involve wiring an environment to provide ubiquitious computing. 

In the remainder of this paper, we will expand somewhat on the general-purpose versus 
special-purpose computer decision, explain in more detail the task-oriented computers being 
constructed by CMU, describe the future envisioned for this family of computers, and explore 
some of the implications of the construction of this class of computers on human-Computer 
interaction. 

2 GENERAL-PURPOSE VERSUS SPECIAL-PURPOSE COMPUTERS 

The choice between producing general-purpose or special-purpose devices is one that perme
ates engineering, and the forces that lead to a decision to favor one or the other include eco
nomic, technological, and social (Petroski, 1992). Everything else being equal, the preference 
of an end user is for a device specialized to the task at hand. "Everything else being equal" 
includes the cost of the device to the end user. This is a function of the cost of production and 
the market for the device. Since the potential market for a special-purpose device is more lim
ited than that of a general-purpose device, reducing the production cost becomes an important 
consideration. 

Another important consideration is making the device appear to fit exactly the task for 
which it is designed. This is a matter both of harmonizing the appearance of the device and the 
user interface, and making the device compatible in style with the environment in which it is to 
be used. Thus, for a maintenance application, robustness in appearance as well as reality is 
important, as is a certain rigidity in the look and feel of the user interface. That is, mechanics 
are used to tools being in a fixed location and systems being set up to support efficient routin
ized operation. 

3 CMU ON-SITE WEARABLE COMPUTERS 

Figure 4 gives a brief history of the various wearable computers developed by CMU. The ini
tial computer was completed in 1991 and was developed as a class project for senior execu
tives. The most recent iteration was completed in October 1994 and is intended for on-site 
large-vehicle maintenance. It was field tested by the U.S. Marine Corps in January 1995. The 
current iteration is being completed and field-tested in the summer of 1995. 

In this section, we discuss some of the issues associated with the on-site wearable com
pleted in 1994 (OSW94) and the current iteration (OSW95). Both of these versions are 
intended to support the task of maintaining large vehicles. 

OSW94 has a weight of 1.75 pounds including batteries, has a 386 processor, utilizes a Pri
vate Eye display for output and a specialized dial for input, and is an embedded system without 
an operating system. OSW95 has a 486 processor with a Virtual Vision display, a standard 
operating system (DOS), and speech input together with a strain gauge for secondary input. 

A critical consideration is the weight of the final system. The largest component of the 
weight is the power supply subsystem. This is determined by the number and size of the batter
ies. Thus, minimizing power consumption becomes one of the most important design drivers. 
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Artifact Delivery Processor Weight Power 
date 

vu man I Aug 91 80188-8MHz 3.31bs 3.8W 

vu man 2 Dec 92 80CI88-13MHz 0.51bs I.IW 

navigator June 93 80386-25MGz 7.51bs 9W 

vuman 3 Oct 94 80386EX-20MHz 1.751bs 2W 

Figure 4 History of CMU wearable computers. 

3.1 The task 
Vehicle maintenance, as currently practiced, has three different subtasks: (I) scheduled inspec
tion at routine intervals based either on time or on usage, (2) troubleshooting when a problem 
with the vehicle operation exists, and (3) replacement of individual components as a result of 
either the inspection or the troubleshooting. Each of these tasks requires the maintenance 
worker to 

• Access either procedural information (a fixed sequence of steps) or equipment information 
(a description of components without any description of tasks). 

• Perform various tests requiring usage of both hands. 
• Replace components that require hands-on access. 
• Perform these tasks in very constrained circumstances. 

Figure 5 shows a maintenance worker performing an inspection of a U.S. Marine heavy 
vehicle. As is obvious, the physical circumstances of the task constrain the type of computer 
support that can be brought to bear on the problem. Not visible in this figure are the various 
substances, such as grease or cleaning chemicals, in the operating environment. 
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Figure 5 Picture of inspection being performed on U.S. Marine heavy 
vehicle. 

Computer support for any of the tasks associated with large vehicle maintenance thus must 

• Deliver procedural and equipment information in a sequential fashion (for checklist-style 
inspections and troubleshooting) or a random fashion (for free-form inspections, replace
ment, and troubleshooting). 

• Be able to be operated hands-free in constrained spaces. 
• Be resistant to environmental contaminants. 

OSW94 was tested as support for the checklist inspection task, and OSW95 is being 
designed initially to support the free-form inspection and ultimately all three of the various 
maintenance tasks. 

3.2 The input devices 

The three major criteria for selecting an input were size of the device, resistance to environ
mental chemicals and dirt, and the ability to operate the device without altering the user's 
focus of attention. OSW94 uses the diaUpressure switch combination pictured in Figure 4. The 
dial is environmentally robust and can be operated with gloves or through a pocket. The dial 
has 16 distinct positions for tactile feedback, and each tum generates a click for audio feed
back. 

The problem with the rotary dial as an input device is that it is has only one degree of free
dom of movement. That is, it is not suitable for direct manipulation-style interfaces. On the 
other hand, for checklist inspections (and for hypertext applications in general), it is perfectly 
adequate. 

For OSW95, speech will be used as an input medium since the 486 processor has sufficient 
speed to recognize speech in near-real time. Several problems might occur with speech as the 
sole input medium, however. Some of these are recognition problems, high levels of back
ground noise, and confusion between commands to the computer and conversation with col
leagues. Thus, OSW95 will have two independent input media: speech and a strain gauge that 
functions as a direct-access device. 

3.3 The output device 

OSW94 uses a Private Eye output device as pictured in Figure 2. The Private Eye provides an 
effective output resolution of 360 x 280 pixels. It is on a swivel so that the eyepiece can be 
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moved to the side. The resolution is not adequate to present schematic information and so only 
textual information is available on OSW94. This suffices for inspections since they are cur
rently performed based on textual descriptions. Furthermore, inspections are performed rou
tinely, so maintenance workers become quite proficient at the various steps of an inspection 
and refer to instructions only as a memory aid and not as a training aid. 

OSW95 will use a Virtual Vision display device. One is pictured in Figure 6. In the figure, 
the dark shading on the outside is a sunscreen when the unit is to be used in sunlight. There are 
also snap-in clear or moderate shading plastics available. The actual optics are seen obscuring 
the right eye. The user sees an actual scene through the goggles and, in one comer, a black
and-white VGA resolution (640 x 480 pixels) computer screen is displayed. The computer 
screen occludes the user's vision for that portion of the view. Thus, the user can see reality for 
the bulk of the field of view and a computer screen (without the ability to see through it) for the 
remainder. The effect is very much like viewing a desktop computer from a distance of 5 feet. 
Reality (typically a wall and a desk) makes up the bulk of the field of view and the computer 
screen occludes the wall and desk behind it. In our tasks, reality will be composed of an engine 
or the portion of the vehicle under repair. VGA resolution should be sufficient to allow the pre
sentation of both text and schematic information. 

Figure 6 A pair of Virtual Vision goggles. The user can see through the 
goggles except in the portion where a computer screen is displayed. 

3.4 Compatibility between the user interface and the physical device 
In order to have a consistent look and feel for the on-site wearable, the look and feel of the user 
interface should be compatible with the look and feel of the physical device. In pursuit of that 
goal, we considered techniques that reflect the fact that the primary input device is a rotary 
dial. Figure 7 displays a possible mechanism to be used when navigating through the chapters 
of a manual with a dial (the mechanism is not, in fact, included in the final design). Two 
aspects of this mechanism are reflective of the use of the rotary dial. Both center around the use 
of a fixed selection indicator. The middle of the enumeration is highlighted to indicate the cur
rent selection. The entries on either side of the middle are scaled to reflect their distance from 
the middle. Furthermore, when the dial is rotated, the next entry is moved into the selection 
window rather than moving the selection window. Both of these techniques are intended to 
give the perception of moving a dial where the entries are fixed on the dial and rotate with the 
dial. 
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Figure 7 Form of enumerated list to suggest dial rotation. Numbers 
move to cursor square rather than square moving. 

9 

The OSW95 has an oval as a portion of its "design language."* Ovals are used in the look of 
the physical casing, the connectors to cables, and as the basic shape for selection buttons in the 
user interface. Again, there is a consistent stylistic element that provides an overall unity to the 
look and feel of both the physical device and the user interface. 

4 DEVELOPMENT PROCESS 

The on-site wearable is developed using a rapid, concurrent development process. Several dif
ferent teams are established (user interface, software, electronics, industrial design, and 
mechanical) and each team first explores possible technology for their area and develops high
level concepts. Each team uses a process best suited to their particular area rather than attempt
ing to impose a uniform process over all areas. Liaison among the areas is achieved by having 
periodic status reports and explicitly identified liaison personnel. Once the high-level design 
has been proposed by each team, then points of dependency are identified and resolved, and 
detailed design, implementation and integration begun. 

Typically, this process has been carried out by undergraduates in a two-semester sequence 
where the first semester is devoted to teaching the process, performing the technology assess
ment, proposing high-level design and identifying dependencies. At the beginning of the sec
ond semester, a high-level system design is agreed on and development proceeds. 

In odd years, the goal is to achieve increased functionality and in even years, the goal is to 
achieve decreased scale. Thus, OSW94 was compact but did not support speech input; OSW95 
will be larger but uses general-purpose components and will support a much richer functional
ity. 

5 FUTURE FOR CMU WEARABLE COMPUTERS 

The current version of the wearable computer is used only in solo situations. Collaborative 
problem solving between the maintenance worker on site and an expert situated remotely 
promises to provide more rapid troubleshooting and repair. The expert should be able to view 
the maintenance scene through a video connection and have an audio connection to assist 
problem solving. Our view is that the maintenance worker will have a lipstick video camera 
mounted on the head-mounted display and directed so that it sees what the maintenance 
worker sees. That camera will enable the two workers to collaborate to solve particular prob
lems. The expert will get an "over-the-shoulder" view of the maintenance problem. Prelimi
nary results indicate that the video connection allows the expert to anticipate problems and be 

• Design language is a term used in industrial design to describe the elements of the look and feel of a physical 
device. 

2 
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proactive rather than reactive (Siegel, 1995). This view also assumes wireless communication 
between the on-site wearable computer and the computer being used by the expert. 

The goal of the general development effort is to have a collection of hardware and software 
components so a hands-free application can be configured very quickly in response to the task 
at hand. The software for the different modalities will operate on a plug-and-play basis: the 
hardware components will plug into a common bus, the form factor will be chosen from a vari
ety of available form factors, and the system will operate in either solo or cooperative mode 
with a comfortable user interface. 

6 GETTING THERE FROM HERE 

The future we have sketched involves several different types of developments. Those of inter
est to the human-computer interaction community include developing plug-and-play software 
modules for different modalities; understanding the user-interface issues associated with 
mixed modalities; understanding the user-interface issues associated with cooperative work 
where one participant is an expert consultant and the other is engaged in manual operations on 
some physical artifact; and understanding how the aesthetics of the form relate to the aesthetics 
of the user interface. 

The next sections deal with some of these issues. 

6.1 Plug-and-play software modules for different modalities 

Even given the single task of maintenance, there are differing input and output possibilities and 
differing scenarios of usage. Differing applications might be used with different modalities. 
For this reason, the software architecture is being designed to have a clear separation between 
the application-dependent portions (independent of input/output considerations) and the input/ 
output-dependent portions (without specific application knowledge). The intention is to allow 
the same application code to be used with modules supporting differing modalities (or vice 
versa) without requiring modifications to either the application or the user-interface modules. 

At the application level, then, we can focus on those aspects that are specific to each appli
cation area for which a wearable might be used. At the user interface level, attention can be 
paid to making the various modalities work in a plug-and-play fashion. 

We are developing this independence by defining a virtual device layer that will manage all 
of the decisions about what modalities are to be included in a particular system. Each input or 
output modality has a library or a toolkit that manages the specifics of that modality and gives 
a common interface to the virtual device layer The layered software architecture that results 
has the following flavor: 
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Application layer 

Virtual Device layer 

Display Text-to- Speech Dial library/ Th~-ocre'l library/ speech annotation toolkit device library 
toolkit library/ library/ toolkit 

toolkit toolkit 

Figure 8 Layered software archttecture. 

The development of the complete set of libraries will be an evolutionary process. The librar
ies will be developed as needed by the various applications that we develop. Initial modalities 
will be the display device, dial, and speech. Special attention will be focussed on those modal
ities that will be highly used., e.g., the display library. 

6.2 Understand the User Interface 

We are approaching understanding of the user interface through a variety of field studies. Two 
have so far been completed. One involves the U.S. Marines doing maintenance on amphibious 
vehicles. This application consists of performing a maintenance inspection to determine the 
necessity for parts replacement. A second field study involved a controlled experiment using 
students at the Pittsburgh Institute of Aeronautics. In this experiment, a maintenance task was 
performed by students in four different conditions: alone using paper manuals, alone using 
computer-based manuals, collaborating with a remote expert using audio communication and 
computer-based manuals, and collaborating with a remote expert using both audio and video 
communication and computer-based manuals. 

The results of these field studies are useful in both the design of the user interface for the 
next iteration, and for the longer term problem of deciding on the appropriate strategies for 
invoking expert assistance. 

Other field studies are in the planning stages. In each case, the field studies will involve 
individuals or work teams attempting to solve part of the large vehicle maintenance problem. 

7 IMPLICATIONS FOR HUMAN-COMPUTER INTERACTION 

In the past, most computers have been designed as general-purpose devices. This is because, in 
large part, computers have been expensive to construct and the cycle time for a new computer 
has been long. Special-purpose computers often have a small potential market, and it does not 
pay to make the investment to produce them. With the decrease in cycle time and the increased 
availability of off-the-shelf miniaturized components, the construction of a specialized task
oriented computer will much more frequently be cost effective. 
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7.1 Issues ofstyle 

Currently, the only methods we have to discuss style are through style manuals and guidelines. 
That is, there are not tools that will test a description of a window to determine whether it is 
Motif compatible. This, by itself, is not particularly interesting, but if the problem is framed 
"determine if two windows have the same style." it becomes more interesting. If the problem is 
framed "determine if the style of this user interface is the same as the style of this form," then 
we have a problem worthy of some effort. The solution to this problem assumes that we have 
some notational mechanism to describe style, that there is some concept of what it means to be 
of a certain style, and that the style concept extends beyond the look and feel of the user inter
face to the size, shape, and feel of the form. 

7.2 Limited resource availability 

Another problem, possibly another version of the style description problem, is how to build 
knowledge of the target system into the construction system. Wearable computers, for many 
years, will have to deal with issues of limited display real estate, limited resolution, limited 
memory, and limited power availability. Thus, prototyping and system-construction tools 
should be able to understand the impact of particular choices on a target machine that has dif
ferent capabilities. For example, when using a WYSIWYG builder on a computer with a high
resolution display, we would like to be able to specify that the target system has VGA resolu
tion. With this specification, we would like to have font size, etc., be automatically con
strained. Another example is the choice of speech as an input modality. This has implications 
on power requirements, on the number of physical interface bus slots required during design, 
and so on. The development environment should understand these implications and reflect this 
understanding in allowable choices of form factors, processors, etc. 

7.3 Multi-modality 
We sketched a layered software architecture that will support a plug-and-play collection of dif
ferent modalities. Such an architecture will not easily support an intermixing of modalities, 
since the virtual device layer or the application would have to control synchronization and 
sharing of knowledge between the various modalities. This intermixing is called the "put that 
there" problem (Bolt, 1980). For example, "Put that there" is spoken and the "that" and the 
"there" are gestures pointing to items on the display. In order for true multi-modality to be 
implementable, knowledge of the input to one modality has to be available to the others. 

7.4 Rapid development 

The wearable computers are developed on a nine-month cycle. This conforms to the school 
year and is relatively inelastic. Given that each cycle begins with a technology assessment and 
that the students all must be trained in the method used, the effective cycle time is about six 
months. This is from understanding the concepts to final delivery. Standard user-interface 
design and evaluation methodologies are too time consuming to fit into this cycle. A normal 
evaluation takes at least several weeks for set-up, including detailed storyboarding or proto
type construction, selection of customers, and evaluation of results. Given construction times, 
the number of user evaluation iterations is strictly limited. Any design methodology that 
involves a thorough exploration of alternatives is also too expensive in terms of time. 

Siegel describes an experiment that is an example of the cost of evaluation (Siegel, 1995). 
Eighty-four students each were tested for an hour. Including set up and data analysis time, this 
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was very time consuming. 

What is needed are "lightweight" techniques such as those proposed by Jacob Nielsen 
(Nielsen, 1993). These techniques are needed both during the user-interface design process and 
during the evaluation process. In particular, one question to ask of a design process is at what 
point in the methodology does the selected technology for the computer become an element. If 
it is late in the method, then the method is probably too expensive to be useful in a situation 
where rapid deployment is important. A question to ask of an evaluation method is the cost (in 
terms of time) of using the method and the probability that the results are indicative of a partic
ular class of users. 

7.5 Computer-supported cooperative work (CSCW) 

CSCW environments have traditionally been broken down by time and synchronicity (Grief, 
1986). This taxonomy is far too limited to be useful in the design of a cooperative wearable 
system with an expert helper. There is clearly a difference between (1) cooperative authoring 
between peers using equivalent full-featured workstations, and (2) maintenance problem solv
ing between an expert and a less-skilled employee where one participant has a full-featured 
workstation and the other has a wearable computer. Although some systems that are intended 
for one-to-one instruction have been constructed, no general principles have as yet emerged to 
guide others in the construction of such systems. 

8 CONCLUSION 

Wearable computers constructed using a rapid development process are the logical extension 
of current trends in both development and miniaturization. These trends will make task
oriented computers realistic and, consequently, call into question some of our current assump
tions about how one builds and evaluates a computer system. In particular, user interfaces must 
be constructed and evaluated in conjunction with the form and the electronics of the rest of the 
system. This paper gives some of the implications of these trends. 
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Discussion 

Christopher Ahlberg: Do, firstly, the noisy environment and secondly, conversations with 
other mechanics affect the speech system? 

Len Bass: We haven't addressed the second problem, although there have been clear problems 
with yells and casual conversations. Noise hasn't been a problem. There are now very good 
directional microphones that ffiter noise from a distance. One possible approach would be to 
use a bone-conduction microphone. We experimented with one mounted on the forehead, but 
the speech recogniser didn't work well with it. 

Peter Jensen: Do you think that computer scientists should be concerned with industrial 
design? 

Len Bass: I can see two options: either I hire an industrial designer, or I develop an 
understanding of industrial design issues and then embody them in tools that computer 
scientists can use. I go for the latter option, and tool development is a CS issue. 

Peter Jensen: So it is cheaper to educate yourself about industrial design? 

Len Bass: To develop an understanding of industrial design issues, I have collaborated with 
industrial designers. We're doing knowledge engineering and looking for rules that can be built 
into tools. 

Stephen North: What do the mechanics think of the computer? 

Len Bass: We have yet to run field tests with the 1995 version. We ran tests with the 1994 
version and the mechanics liked the system. Their management wanted 20 of them to use them 
more widely. Unfortunately, as a university we only make prototypes. We are currently 
exploring mechanisms to deal with the problems of success! 

Christopher Ahlberg: Do you get a headache with the Virtual Vision device over your 
dominant eye? 

Len Bass: We have only tested that device for up to two hours, with no problems. The Private 
Eye on the 1994 computer was tested up to 8 hours, but with 20 year old marines. It's like 
wearing bifocals- they are hard to use initially, but you soon get used to them. 

James Crowley: Is there a difference in focus? The Private Eye focuses at infinity. 

Len Bass: The Virtual Vision focuses at around 13 inches. 

Joelle Coutaz: I have two questions: does your implementation support redundant usage of 
speech and direct manipulation? Have you observed the usage of multi-modality? 

Len Bass: No, there is no redundancy. We'll observe usage in the field trials next week. 

Rick Kazman: Why are you more concerned with stylistic issues, such as the use of ovals in 
both hardware and software, than with usability. Maybe ovals aren't that usable. 

Len Bass: Usability was addressed in things like the size of the buttons. The real focus was on 
the coherence of the visual language. 

Gilbert Cockton: Also, there aren't always going to be significant usability differences, in 
which case the coherence of the visual language takes precedence. 
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Christopher Ahlberg: I'm really glad you've paid attention to industrial design issues. So many 
systems produced by computer scientists are really ugly. 


