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Abstract. In this paper we present results from the realization of a
wearable computing system with the goal to shorten the maintenance
process in the aircraft industry. The project combines knowledge manage-
ment with wearable computing to enable instant access to an electronic
logbook, aircraft manuals, and experience knowledge. This research is
part of an ongoing project which is carried out in cooperation with an
aircraft company. The paper elaborates on user interface issues for a
hybrid wearable/hand-held interface with an abstract representation to
separate the application from any concrete UI. The semantic representa-
tion of maintenance data as well as clothing aspects are also addressed.

1 Introduction

The use of wearable computers in professional environments is an applied re-
search topic that has gained attention in the recent years. The application of
wearable computing can lead to increased labor efficiency and thus can be a
tool to reduce cost. However, end user acceptance is critical for the success of a
wearable computing solution [1].

As an application domain for professional wearable computing, we chose the
operation and maintenance of large passenger aircrafts. The airline industry
is characterized by significant cost pressure that has increased over the recent
years with the increase of fuel prices. A key figure in the economically efficient
operation of an aircraft is the ratio of actual in-flight time vs. ground time
used for refueling, restocking, passenger boarding and maintenance. Under these
circumstances, optimized ground procedures can directly convert to a cost ad-
vantage over competitors. Another key figure is the amount of passengers per
flight which led to the construction of new classes of passenger airplanes with a
seating capacity of over 500 passengers. Cabin operation on these planes either
needs more personnel or optimized procedures to maintain safety standards and
passenger satisfaction. For this, we propose the application of wearable comput-
ing. Results from user surveys and the corresponding wearable system design
has already been presented in [2].

The main goal of this system design was an increase in efficiency, i.e. mainte-
nance procedures should use less time, thus reducing ground time. In this paper,
we focus on specific aspects of the implementation that are intended to increase

www.manaraa.com



user acceptance. The basis for our research are the user interviews conducted
with aircraft maintenance personnel from August to October 2003. From this,
we compiled a number of subtasks that are part of the maintenance process and
that have to be supported by wearable computing.

Identification of required maintenance To begin his work, the maintenance
technician has to receive a list of maintenance tasks that are to be executed.
This list is created by compiling maintenance requests from the electronic
logbook system of the aircraft, from maintenance-related entries in the avion-
ics system of the aircraft and from standard maintenance procedures pub-
lished by the aircraft manufacturer.

Finding task-related documents While executing one of the maintenance
tasks, the technician may have to search for a solution to the problem he is
currently working on. Therefore, he may have to consult maintenance reports
written by other technicians and other documentation ressources.

Documenting the work After completing a maintenance task, the technician
has to file a maintenance report documenting his work.

To achieve user acceptance, the wearable computing system must not only sup-
port the tasks it is used for but also not impede tasks when it is not actively
used, i.e. the actual repair work that often consist of delicate manual tasks. We
have thus identified two critical aspects of system design: The user interface of
the wearable computer that is critical for user acceptance while the wearable
computing system supports the user in his current task and the integration of
the wearable computing system in the clothing of the user that is critical when
the user is not actively using the system.

The paper is organized as follows: After a review of related work in wearable
maintenance, wearable user interfaces, and knowledge management, aspects of
the developed user interface are discussed in section 3. The next section gives a
description of clothing issues and section 5 describes the knowledge management
system to process maintenance data. The paper concludes with section 6.

2 Related Work

The support of working processes with mobile and wearable computing technolo-
gies has a long tradition in the context of aircraft manufacturing, maintenance,
and operation. In the year 1990, Boeing initiated a project to support the tech-
nicians in the assembly of wires [3]. An augmented reality (AR) system was
planned which should display important information directly into the field of vi-
sion of the technicians to rid them of paper documenation. The project ARVIKA
(see [4] and [5]), which was supported by the German government from 1999-
2003, addressed a similar problem. AR technologies were to be researched and
realized to support industrial working processes. As a part of the project, the
applicability of AR and mobile computing was investigated in the manufactur-
ing of aircrafts at Airbus. In 2004, the research project wearIT@Qwork [6] was
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funded by the European commission to investigate the application of wearables
in four different industrial application settings. The maintenance of commercial
aircrafts was identified as being one of the relevant cases.

A particular challenge of wearable computing is the design of proper user inter-
faces [7]. While it has been recognized, that the desktop metaphor is not suited
for wearable computing [8], no recognized guidelines or elements for general pur-
pose wearable user interfaces exist. Instead, several special purpose interfaces
were designed that consist of special input devices and special graphical inter-
faces. The interface of the VuMan3 is designed around a dial on the device,
reflected by the circular graphical UI [9]. A similar interface, which is reduced
to eight selectable elements, was proposed by Schmidt et al. [10]. Boronowsky
et al. designed a working glove with integrated tilt sensor and a few buttons to
operate a special list-based user interface in a HMD [11]. What is common to
all these user interfaces is their dependence on special input devices as well as a
reduction of complexity of the user interface and the input device.

Knowledge management is a well researched part of computer science. It sub-
sumes and combines several techniques like document and content management,
workflow management and semantic reasoning. Most of the knowledge manage-
ment systems are based on ontologies [12] to manage the semantics of each word
within the knowledge base. With the knowledge about the semantics, new facts
can be concluded [13]. Tools like KAON [14] or the domain model component
of KnowWork [15] for example, are able to store knowledge and to reason about
it. For sophisticated reasoning, tools like FAcT [16], RACER [17] or jena [18]
are constructed. To store and search for textual data, programs like Lucene or
the IBM Textminer can be used. For advanced similarity search operations pro-
grams like KBTextMaster or Mind Access from Insiders can be used. On top of
these tools, systems like KnowWork establish content and workflow management
solutions for special use cases [19] [20].

3 User Interface to Access Maintenance Data

The conducted interviews with maintenance personnel suggest, that a system
operated exclusivlely by HMD might hinder user acceptance and might not be
appropriate for some situations, e.g. discussing data with a colleague. Thus,
the user interface of the maintenance wearable is characterized by its ability
to adapt to two different kinds of interaction modes: hand-held mode with pen
input and wearable mode with HMD and input by a special data glove. From a
UI designer’s point of view, both interaction modes have in common that they
incorporate graphical displays: a touch screen respectively a HMD. Nevertheless,
there are obvious differences between these graphical displays. First, the orien-
tation of both displays is different. While a hand-held screen is usually used in
portrait orientation, HMDs are oriented in landscape mode. Further, there might
be parts of the screen, which are more difficult to access. E.g. the border of a
hand-held screen might be occluded by packaging and one side of a HMD might
be adjusted to be more in the visual focus than the other side. These differences
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have consequences for the layout of elements on the screens. Second, the use of
colors is different on both displays. A light background color is recommended
for hand-held interfaces, but might be blinding on a HMD. A third difference
is the size and the resolution of the screens. This might simply result in the
use of different font sizes, but might also have an influence on the amount of
information that can be put on a single screen.

Apart from differences in the displays, the interaction methods with these dis-
plays are also different. With pen interfaces, the selection and operation of ar-
bitrary areas on the screen can be facilitated. Data gloves for wearables, in
contrast, are usually not used for such fine-grained, two-dimensional selection
tasks. Problems are that the interaction is not done on a fixed surface, but in
free space, and that interaction becomes a secondary task,' to name just a few.
To solve the problem of having two fundamentally different user interfaces for
one application, an abstract user interface layer (AUI) was developed, which
separates the application from the two different Uls. The two concrete Uls could
then be realised independently from each other. Figure 1 gives an overview.

E]atjltGlove —>| Wearable Hand-held <« Pen Input
P User Interface User Interface
HMD / $ $ \ Hand-held
Display
Ul Interface
Abstract Ul

Application Interface

!

Maintenance
Application

Fig. 1. Architecture overview for the user interfaces of the maintenance application. At
the top, there are two independent user interface implementations, each with specific
in- and output devices. The Uls are separated from the application by an abstract Ul
(AUI) layer. The AUI provides two interfaces, one for an application, another for a UL

To speed up development of future wearable computing applications, the Ul part
is separated in the so-called WUI-Toolkit [21]. The toolkit provides a mechanism
to build new Uls as needed with reusable components in a fast and abstract way.
In the future, we plan to implement a speech interface among others.

The remainder of this section describes the AUI layer as well as the concrete
hand-held and wearable Ul implementations.

! Compared to hand-held computers, wearable computers do not fully occupy the
user’s hands. Thus they can be used during another real-world task (primary task).
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3.1 Abstract Ul Layer

An important aspect in the design of the AUI is that the representation of the
UT elements should be independent of any concrete Ul. Therefore, the AUI does
not contain objects like buttons or windows, which are common in graphical
Uls, but that would not be suited to describe elements in other interfaces, e.g.
speech interfaces.

Abstract Ul elements The elements to represent information and interface
elements with the AUI are more reduced than in many other Ul toolkits. There
are six elements available to applications:

Item: An item represents an atomic piece of information to be presented to
the user. It might contain text data, but also multimedia content (image,
sound, video) and might also be composed of alternate data parts. Thus,
an application might keep different representations of a piece of information
ready (e.g. image and sound) for the interface to select the most appropriate.

Group: Groups are used to structure information and contain other elements
(also other groups). A concrete UI might represent it as a bevelled border
around a number of elements. Depending on the screen space, it might also be
represented as a button, that, when pressed, brings up a new dialog showing
the content of the group.

Trigger: A trigger represents an explicit action by the user. Typically, actions
that change data (e.g., “save file”) are realized by triggers.

List: A list is composed of a set of items and a set of triggers which can be
applied to the items in the list.

Selection: The selection element represents a multiple choice input field. The
user can choose one or multiple values of a predefined set.

Textinput: The tertinput element is used to input free text. Depending on the
concrete Ul a real keyboard, an on-screen keyboard, or another mechanism
might be used.

Continuous data model Depending on the concrete output device, a specific
amount of information can be presented to the user at a time. A HMD might
permit to display more information than the display of a PDA. A speech only
interface might even be more reducing. The AUT aims to make the programming
of an application independent from that amount of information. Through the
AUI, a concrete Ul pulls information from the application until it has filled the
capacity of information that can be displayed at a time. The pull mechanism
is a fine-grained transfer of user interface elements, which means that the UI
asks iteratively for the next piece of information. So the Ul controls whether it
can display more or not. Apart from the information pull, it is also necessary
that an application can push information to the UI to update changing pieces
of information (e.g. sensor data). Nevertheless, the primary mode of operation
of the AUI is the information pull.

As a consequence, there exist no major entities like dialogs or frames in the AUI
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to define a static composition of basic elements. Instead, the programmer uses
groups to indicate the coherence of a number of elements. It is up to the concrete
UI to decide how many groups to present to the user at a time. Since the data
of an application is usually not static and known a priori, the instanciation is

also driven by the AUI

APIs The AUI exposes two APIs to developers (see figure 1). The Application
Interface on the one hand is used for the development of applications. The AUI
elements described above are used to communicate data between the AUI and
the application. The UI Interface on the other hand can be used to develop new

user interfaces.

3.2 Hand-held Ul

To use the maintenance application on a hand-held display with pen-input, a
corresponding interface was developed using the mentioned UI Interface of the
AUIL It was implemented using the Java Swing toolkit, resp. the Java AWT.
To fill the screen of a typical hand-held computer, it uses the following strategy
while recursively processing items from the application (compare figure 2(a)):

Content column Menu column

Empty

Defect Details: 2

[»

Area

Deck: Main Deck
Location: Cabin Zone, 17 E-F

Area List

Major Fuction: Lighting
Component: Seatbelt Sign

Parts

Report
Defect: Inoperative

4]

Troubleshoot

(a) Hand-held UI

Area —————————————————————————

Deck: Main Deck

Location: Cabin Zone, 17 E-F Area List
Major Function: Lighting

Component: Seatbelt Sign Parts

Report

Defect: Inoperative
Severity: Medium
Comment:

Status: open

MEL CDL Reference: 1234

Troubleshoot

Write Repair Report

back

| Title bar

Application
elements

History bar

(b) Wearable UI: the menu on the right can be nav-
igated with a data glove. Currently, “Write Repair

Report” is in focus of the selection.

Fig. 2. Screenshots of hand-held UI and wearable Ul for the same logbook entry

— Groups on the top level are represented by a typical bevelled border with a
text string as the title. The content is placed inside the border and treated

as second level content.
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— Groups on the second level are represented as headlines. The content is
placed below the headline and is treated as third level content.

— Groups on the third level are represented as buttons. The content is not
shown immediately. If the button is pressed, a new screen is rendered with
the content of the group starting on the top level.

— Other elements are presented straight forward with no variations depending
on their position.

This mapping is already sufficient to produce a plain user interface as it is needed
for the maintenance application.

3.3 Wearable UI

The graphical components of the wearable Ul (WUI) are designed for the Mi-
croOptical SV-6 monocular HMD. The display provides VGA resolution, a nar-
row field of view of approximately 16 degrees horizontal and 20 degrees diagonal,
and is relatively small compared to a desktop display. It is expected to be worn
out of the visual center, i.e. on the right side on the right eye or on the left side
on the left eye, so the user can primarily focus on the real-world task.

When the display is placed as described, there are areas on the display, which
are more in the visual center and others being more in the periphery. For the
WUI developed so far, we considered only wearing the display in front of the
right eye. Then, the left part of the screen is more in the visual center than the
right part and thus more comfortable to see. For this reason, we added some
empty space on the right margin of the interface that causes the whole interface
to move more to the left and thus more to the visual center of the user’s eye. For
left-eye usage, the situation is reversed. The elements on the screen are arranged
to take this situation into account.

A two-column layout is chosen to take advantage of the situation. The important
content — e.g. defect descriptions and troubleshooting instructions — is placed in
the left column. As described in the previous section, we reduced interaction to
a one-dimensional process. In the graphical interface, this is reflected by inter-
acting with a vertical list of items in the second column on the right side of the
screen (see figure 2(b)).

The content column on the left is arranged vertically. Borders are used to create
groups of elements. Multiple pages arrange content into blocks fitting on the
screen. Visual elements connect specific parts of the content on the left to menu
items on the right to express coherence, e.g. the content text “Location: Cabin
Zone, 17 E-F” is connected to the menu item “Area List”.

A history function is automatically added by the WUI-Toolkit at the bottom of
the screen that provides navigation to previous and next dialogues.

In contrast to desktop screen design, a dark background color was chosen (dark
blue) with bright foreground colors (white and yellow). On a HMD dark colors
tend to be perceived as being transparent. A bright background might blind the
user. Large fonts (20 pixels) are chosen for comfortable reading on the small
display.
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Fig. 3. Gestures for interaction

Interaction Method Used For hands-free control of the application we use
a wireless data glove. The data glove comprises a tilt sensor for the recognition
of gestures and three magnetic switches. A RFID reader in the glove is used to
identify tagged components in the aircraft. See [11] for details.

The interaction style supported by the current version of the Ul is menu selection
[22]. Three different gestures have been defined to control the cursor. Compared
to direct manipulation techniques, gestures only require low visual attention
[23]. To navigate forth and back through the vertical list menu structure, we
use intuitive hand-based rotation gestures (see figure 3). Navigating back in the
menu structure to select a previous item is done by turning the hand to the right
and back to the starting position. To navigate forth in the menu structure and
select the next item in list the starting motion is a left turn. A third gesture
similar to a mouse click was used for selecting items. It is performed by touching
the middle finger with the thumb and recognized by a magnetic switch in the
glove.

4 Clothes Integration

Although devices for wearable computing have become much smaller in recent
years, the necessity of a comfortable placement of these devices on the body is
still an issue. Wireless technologies such as Bluetooth have simplified the don-
ning of wearables. However, sophisticated clothes to hide the remaining cables
are still needed. The maintenance wearable includes a vest housing the computer
and accessories as well as a data glove with sensors to interact with the com-
puter.

The vest was designed to house all components of the wearable except the data
glove, which is worn separately. Thus, a technician does not need to worry about
the correct cabling or whether a component is missing. Moreover, the parts are
protected from dirt. The devices of the wearable system in the vest are: MicroOp-
tical SV-6 HMD with controller box and battery, OQO personal computer, and
a Bluetooth keyboard. The OQO and HMD are connected by a wire, the key-
board connects wirelessly. The OQO computer has a built-in touchscreen with
pen input. While this interface is not used in combination with the HMD, it can
be used as an alternative to the HMD. Depending on the task at hand, either in-
terface might be preferred by the user. The vest has to support the change of the
interaction mode: in wearable mode, the OQO is worn on the body, its internal
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Computer HMD Pocket

HMD

Bluetooth Controller

Keyboard

(a) When the vest is closed, the computer (b) Opening the vest is

can be used with HMD and data glove. automatically detected
and the mode of in-
teraction is changed to
pen input.

Fig. 4. Vest for maintenance personnel housing all components of the wearable com-
puter

display is not visible, and the HMD is active. In hand-held mode, the device is
used in the user’s hand. It would be too complicated and error-prone to detach
the OQO from the wire to the HMD. An extension of the vest is detachable
while all cables stay connected, thus protecting the cables and preventing the
device from falling down. Figure 4 illustrates the design. To automatically adapt
its user interface, the computer needs to detect, whether it is attached or in the
user’s hand. A magnetic switch integrated into the attachment incorporates this
function.

5 Semantic Structuring of Maintenance Data

In order to support the work of the maintenance technician, a knowledge man-
agement component clusters defect messages and stores maintenance experience
in form of repair reports according to the messages. For a given message, the
knowledge management component searches similar former messages and shows
the technician the repair reports related to these messages with a ranking of
relevance (see [2]).
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Architecture To achive the necessary functionality, the knowledge manage-
ment component is based on the KnowWork ontology engine (called domain
model; see [19]) and the Apache Lucene text retrieval engine. On top of these
components three knowledge management systems are established (see figure 5).

1. The first knowledge management system is installed in an aircraft and stores
the detailed product structure of that particular aircraft. This information
is needed to calculate the structural proximity of two defects (see [2]). Based
on this data, defect reports which are possibly related, can be clustered.

2. A second system is installed on the wearable of a technician. This system
contains the whole experience knowledge of a maintenance company in form
of repair reports and the defect messages. The system connects to the elec-
tronic logbook of the aircraft and imports all defect reports. Furthermore,
this system connects to the above knowledge management system in order
to access the product structure data.

3. The third system stays on the ground in the airport and collects all new
defect reports and repair reports.

Aircraft Server Toolbox Server Ground Server

Logbook

KMS < »> KMS

¥

KMS
— Y Expirience
Product Data Knowledge

Fig. 5. Architecture overview for the knowledge management systems and their inter-
action

Expirience
Knowledge

The different knowledge management systems are communicating via Web ser-
vices with each other. The electronic logbook is also accessible by a Web service.
The whole accumulated experience knowledge will be stored within the so-called
ground server. If a technician checks a new aircraft, he first has to synchro-
nize the wearable’s knowledge base with the ground server. When a technician
returns from a maintenance job the new knowledge in the form of defect and
related repair reports is copied to the ground server, so that the new knowledge
is available for other technicians (see [2] for a detailed workflow description).

Domain Model Because of the usage of the KnowWork domain model, the
capabilities of this system are used to develop the specific ontologies. The Know-
Work model delivers the typical relations is-a and has and furthermore a rela-
tional concept called class reference. With a class reference, an attribute of an
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instance refers to a concept instead of to another instance.

The product structure ontology is devided into two parts, the so-called model
view, which is equal in all aircrafts of the same type and the airplane specific
instance view, which describes the exact construction of a particular aircraft.
The documentation is part of the model view and assigned to the related mod-
els. With the knowledge about the structure of an aircraft, the system has the
opportunity to cluster defects, which are possibly related to each other because
of the structural proximity. The structural proximity is defined as the number
of nodes between two parts within the product structure tree. If there are two
defects assigned to two parts with close structural proximity, it is possible that
these two defects are related. For instance, the aircraft diagnostic system stores
a message in the logbook that a transformator is defect and a flight attendant
reports a defect reading light. The structural proximity of these two parts might
be close, because the parts are connected directly by a wire. So the two defects
have a good chance of being related, and so the system will cluster these defects.
The technician will see this information directly on the defect list.

Each defect report has a specific defect description and a relation to a repair
report. A defect report is entered into the electronic logbook by the cabin crew.
The knowledge management system on the wearable imports this report and
creates a defect report in its knowledge base. If the defect is repaired, a rela-
tion to the repair report will be established. Furthermore a model of defects is
designed as a is-a concept hierarchy. Defects have a relation as class reference
within the defect concept tree. So it is possible to navigate through the tree and
to see, which concrete defects are assigned to the actual tree nodes and which
defect reports are assigned to them.

Text retrieval In the similarity search index, the defect report texts are stored
in relation to the defect report numbers. So, when similar defects are searched by
the user, the system delivers a set of defect report numbers ranked by similarity.
Each of the related defect reports in the domain model has a relation to a repair
report. With this relation, it is possible for a user to access repair reports to
similar defects as a given one. So it is possible to access the knowledge of former
technicians, who have repaired similar defects by reading their reports. If these
reports do not help the technician, he can see at least who has experiences with
defects like the actual one.

6 Conclusion and Future Work

In this paper, we presented results from the ongoing work of the implementa-
tion of a wearable computing solution for aircraft maintenance. The focus of the
project is not on a single technology, but on combining several components and
proving the feasibility of the wearable computing solution. In particular, focus
was put on the representation of and reasoning over the maintenance data, the
user interface, and clothing aspects.

To enable powerful mechanisms for browsing the maintenance data, a knowledge
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management system is used to represent product data of the aircraft as well as
defects. Additionally, a similarity search system helps to detect relations between
defect reports. For the user interface, an abstract Ul layer was developed to de-
couple the application from the concrete interface. Using this approach, two Uls
were developed which can be used alternativlely by the user: A pen interface for
hand-held mode and a wearable Ul. The wearable Ul is displayed on a HMD
and operated by gestures with an unobtrusive data glove. The aspect of wear-
ing comfort of the system is addressed by a specially designed vest housing all
components and enabling a quick switching of the user interface.

When the project started, a PDA was targeted as a platform. Additionally, a
notebook running the knowledge management system was planned to be built
into the toolbox of the technician. With the advent of smaller and more powerful
computers, like the OQO, we decided to abandon the PDA platform as well as
the notebook in the toolbox in favor of using the OQO for both tasks.

The next step in the project will be the evaluation of the protoype. First, we plan
to conduct a workshop with users to get initial feedback. Then the prototype
will be evaluated in a real maintenance setting. The WUI toolkit will ease the
future development of other wearable computing applications.
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