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Abstract: This paper describes concepts for using contextual information in an
advanced service environment for the support of mobile maintenance processes.
We focus on spatio-temporal context data which is generated by a configurable set
of different sensing systems providing positioning and proximity data. We devise
an engine offering flexible interfaces to process the acquired raw data and making
it accessible to other services and applications of the software platform through
various interaction modes. The service-oriented wrapping of this functionality
results in the key advantage that the underlying context-sensing (i.e., tracking)
technology can be easily exchanged without affecting the rest of the system or –
even worse – the process. The benefit of utilising contextual information wrapped
via such engine stems from the fact that a maintenance process can be accelerated
and occurrences of errors resulting in incorrect executions of procedures can be
reduced. We illustrate the use of the system in a setup in which the location of an
assembly (or the respective parts of it) to be maintained will be acquired through
electronically tagging those objects.

1 Introduction

Maintenance and repair processes are becoming increasingly important in the lifecycle
of high-complexity goods like for instance airplanes, ships, plants or sophisticated larger
stationary appliances. A major issue is the time consuming and expensive manual
execution of the workflows specifying such procedures which usually starts with the
selection and setup of a case- and object-specific maintenance procedure. This becomes
evident when looking at the huge amount of different procedures caused by the high
number of different object types (e.g., aircrafts) which makes the identification of an
appropriate procedure laborious. In the particular case described in [RRB06], a
significant amount of the overall working time had to be spent on information retrieval.
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Electronically assisted maintenance applications usable directly on the spot can be very
efficient in terms of facilitating collaboration between the involved human / non-human
resources, speeding up the execution and enhancing the quality of the execution. The
latter is particularly achieved through adapting the procedure to the environment of the
mobile service engineer, e.g., by featuring multi-modal interactions in order to support
hands-free operations and by using mobile / wearable devices. Such interactions are
needed to facilitate the collaboration between the involved parties.
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Figure 1: Collaboration in mobile maintenance scenario

In [BPB06] the requirements and the conceptual design of a platform for the case of
supporting mobile maintenance in the aeronautics industry were explored. Concerning
the typical types of collaboration depicted in Figure 1, a nomadic worker has to interact
with different entities which can be either constituted by technical systems as well as by
co-workers (back-office experts giving technical support while identifying or fixing a
problem).

The benefit of a platform permitting to integrate certain functions wrapped as services
for the support of such mobile processes mainly consists of

1. the fact that starting from one application sector (e.g., aeronautics industry) the
functions contained in the platform can be used to quite rapidly develop
applications for other domains as well;

2. within one application domain a variety of types of mobile processes (repair or
quality control instead of maintenance) can be supported.

Within this paper, we will concentrate on how spatio-temporal context (positioning) data
can be used for the purpose of accelerating the process by permitting to effectively
retrieve procedures and improving the process execution in terms of a reduced error rate.
The latter is achieved by enabling tracking and guiding of activities depending on the
sensed context.
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2 Related Work

Mobile technology can be quite efficient in order to improve mobile field operations. In
[He07] several solutions on the market (i.e., solutions supporting maintenance and repair
of telecommunications or medical equipment) are surveyed. From a technical point of
view, current solutions mostly concentrate on certain usage aspects like for instance
dispatching of jobs within the mobile field force, bringing information or knowledge to
mobile workers etc. or retrieving such information pro-actively on the spot by using
certain tracking technology like RFID [YST02]. For instance [AAL06] targets to make
information delivery context-aware; the envisaged solution implements a uni-directional
approach (information push) for different usage scenarios (maintenance of buildings,
inventory logistics) in construction management.

Extensible cross-domain / -sector platforms wrapping core functions through (not
necessarily web-) services and offering a broad coverage of supported different
application domains and sectors have not been intensely studied yet. With regard to
integrating context-awareness concepts into such platforms, the basics concerning the
notion and use [De01] for mobile applications [BDR04] have been investigated, though
the creation of a potentially composite service whose behaviour depends on contextual
information [PPB06] still is toilsome [MB06].

Advancing the above approaches, we pursue to devise a versatile, service-oriented
environment which caters for a high level of configuration and thus opens it to a large set
of application scenarios. Particularly the rule-based approach to context management
taken here is suited to support this.

3MobileMaintenance Service Platform

First, we will motivate and sketch the basic service platform. This service architecture
comprising mobility and maintenance specific services will afterwards be extended by
services addressing context-awareness.

3.1Motivation and Requirements

The use of service-oriented architectures (SOA) is becoming common practice [KBS05].
Complementary to this, the mobilization of electronic services (e-services) has been
regarded as a promising future market for some time now. For the plethora of available
mobile e-services in the enterprise domain a distinction is usually drawn between
business-to-business (B2B) and business-to-employee (B2E) services in order to indicate
the parties that interact. Whereas several service platforms for the aggregation of B2C
(business-to-consumer) applications based on rather simple services exist, generic
service-oriented platforms particularly for the B2E area are rather seldom [BBE06].
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However, B2E services have proven to leverage mobile businesses through assisting the
mobile employee to carry out operations in the field. Such services permit to support
collaboration by including all types of back-office resources (agents, information
systems, applications etc.) thus saving time / effort and improving the quality of the
outcome of the work, e.g. for carrying out maintenance processes.

As will be seen later on, we do not interpret service-orientation in a narrow (i.e.,
completely focused on web-services which represent a specific implementation option)
but in a bare sense. To our mind the following properties of the service-oriented
paradigm [KBS05] appear to be most relevant for the design of a platform supporting
mobile maintenance procedures:

• a service wraps data and functions;

• access to a service is only feasible through well-defined interfaces;

• services are intended to be modular, i.e., one (higher-level) may orchestrate the
access to other (basic) services.

This interpretation aligns quite much to the REST (Representational State Transfer)
principles introduced by Fielding [Fi00] since specific services handling the user
interaction (speech input) require rather specific interfaces.

Procedure Server
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Procedure
Repository

Maintenance ServerMobile Device

Adaptation Manager

Mobile Worker
Application

Web Browser

Annotation AccessorVoice recognition

Figure 2: Basic elements of the mobile maintenance platform

3.2 BasicMobility Services

In order to make the access to the maintenance procedures convenient to the mobile
worker, we distinguish the following major system elements (see Figure 2):

• Adaptation Manager: the Adaptation Manager is the component responsible for
generating output adequate for client devices. For this purpose, it has access to
device descriptions characterizing the mobile devices and user preferences. It adapts
the procedure to different modalities.
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• Annotation Accessor: the Annotation Accessor is responsible for storing and
retrieving annotation information by interacting with the user annotations database.
The annotations are linked to detailed procedural steps; they can contain personal
data issued by the mobile worker.

• Procedure Manager: the Procedure Manager is the component responsible for
loading and preparing the maintenance procedure exactly appertained to the
maintained assembly.

• Procedure Repository: the Procedure Repository comprises the available procedures
for all the assemblies of the aircraft to be maintained.

3.3 Realisation

The Maintenance Server is the key element of the maintenance solution and arranges the
adaptation of the procedures depending on the capabilities of the mobile device.

• Adaptation Manager: the Adaptation Manager is the interface between the client-
and the server side. In the current setup, the Adaptation Manager is realised as a
Java Servlet, thus making it independent of the underlying operating system and
ensuring scalability by configuring the container accordingly. The major task is to
provide the requested content in a client specific modality. Currently visual (HTML)
and acoustic output (audio) are supported. During the adaptation, the visual content
is paginated according to the capabilities (screen size), images are resized and style
sheets are modified if necessary to avoid scrollbars if possible.

• Annotation Accessor: the Annotation Accessor is developed as a Java application,
which implements an object-relational mapping (ORM) of the annotations to a
relational (i.e., MySQL) database. Via the accessor annotations can be inserted or
deleted. An annotation database entry is based on the jobURI, which denotes the
particular step inside the maintenance procedure, the annotation ID and the
annotation data.

The Procedure Server provides the maintenance procedures for the special assemblies.

• Procedure Manager: the Procedure Manager is designed as a Java Servlet. In the
current configuration it provides a list of all available maintenance procedures to the
AdaptationManager.

• Procedure Repository: the Procedure Repository is a standard Java application
which loads/stores the maintenance procedures from/to the file system.
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3.4Mobile Device and Application

The Mobile Device is a standard PDA running a Windows Mobile 2005 operating
system equipped with a WLAN interface (see Figure 3). Although one might think of
more advanced wearable devices (e.g., ultra-lightweight headsets, smart clothing), the
PDA according to [RBR06] turned out to be the mobile device preferred by a
representative group of mobile workers. The necessary system components are as
follows:

• Web Browser: the maintenance procedure runs on top of a standard web browser
(e.g. Internet Explorer) on a PDA. The mobile worker can select one item out of the
list of maintenance procedures delivered by the Procedure Manager and can
navigate through it by using the linked procedure steps (e.g. next step, previous step
…).

• Mobile Worker Application: the Mobile Worker Application is developed as a .NET
application especially for a PDA running Windows Mobile 2005. Besides the same
functionalities like the web browser solution, the user can navigate by using voice
commands and in turn can listen to the procedure steps indicated by the application.

The voice and speech recognition is handled by the mobile worker application. The
navigation inside a maintenance procedure can be controlled by a standard headset.

Figure 3: Snapshot of application interface
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4 Integrating Context-awareness

4.1 Principles

The detection and the appropriate handling of the mobile worker’s current context (i.e.,
context-awareness) is a major issue within a mobile process, especially for the class of
processes (maintenance) considered here. Though, there are many interpretations and
types of context [De01], we draw our attention to the location of entities (objects and
humans) involved in the processes. This already yields a bunch of scenarios for applying
sensed contextual data in order to improve the maintenance process. As such we
consider particularly:

1. depending on the positioning of a mobile worker, an appropriate service
environment (e.g., consisting of services facilitating the communication with back-
office experts) can be configured;

2. depending on the proximity of a nomadic worker with respect to a maintenance
object, a request for help concerning an instant problem can be routed to a qualified
back-office agent;

3. similarly, for a group of mobile workers, maintenance jobs can be dispatched
depending on the individual locations of the group members relative to the objects
to be maintained;

4. depending on the positioning of the mobile worker relative to an object to be
maintained (proximity), a maintenance procedure can be suggested or directly
loaded.

These are just a few examples each bearing a certain potential for optimizing the
execution of the maintenance process. For instance, the latter (4.) application scenario
(Context-aware Procedure Loading) targets the reduction of the time (up to 10% of the
overall time budgeted to the process) for retrieving maintenance documentation and
setting up the maintenance process.

However, we aim at devising mechanisms which are applicable in a variety of
application scenarios. For this we assume the location context to be sourced via sensor
systems deployed as part of the working environment. The generated spatio-temporal
(time stamped location data) context is managed by a central component, called the
Context Engine.

Figure 4 shows the placement of the Context Engine within the maintenance service
environment. For the Context-aware Procedure Loading scenario the Procedure
Manager retrieves the location of the assembly (proximity data) to be maintained from
the Context Engine and provides the procedure matching the location to the calling
process by loading it from the procedure repository.
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Figure 4: Context-aware maintenance services

We will discuss the details of this matching process later on, but as can be seen from this
scenario, the Context Engine has to interpret and resolve location data potentially
originating from different location systems (e.g. GPS, WLAN, Bluetooth, Active Badge
and RFID for tracking objects and users) since users and assets might be technically
tracked differently but interpreted jointly.

4.2 Sensor Integration

The major requirement concerning the engine consists of supporting an extension
mechanism (plug’n’play alike) for integrating different location systems into the
platform, because in complex environments a unique tracking system will not be
ubiquitously available and might also not be applicable. In the Context-aware Procedure
Loading scenario for instance, positioning data for the mobile worker will have to be
combined with location data of the assembly part to be maintained in order to trigger
procedure loading. Thus different systems will have to be used supplementary for
combining of and reasoning about initially raw context data. For positioning and location
detection as an essential part of sensed contextual information we consider two principal
techniques:
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• Triangulation uses the geometric properties of triangles formed by 3 base stations
adjacent to a transceiver to calculate the location of the target. This technique is
further divisible into the two subcategories of lateration (e.g., Time Delay On
Arrival (TDOA)) which makes use of the distance to the target, and angulation
which makes use of the angle or bearing to the target (which is used in aircraft
navigation systems).

• Proximity refers to any technology which detects the presence of a target within a
fixed distance of a sensor. The plethora of technologies includes RFID [Fi03],
pressure sensitivity, infrared and capacitive sensing (see also: active badge [PE03]).

Technique Accuracy Tracking

GPS Triangulation (via
radio time-of-flight
lateration)

10 – 30 m (GPS)
1 – 3 m (Differential GPS)

U

Active
Badge

Proximity (diffuse
infrared cellular)

Room size resolution U/A

RFID Proximity (radio
cellular)

Depending on the used
transponders down to 20 cm

U/A

Blue-
tooth

Proximity (cellular)
and triangulation
(signal strength)

Room size; could be optimized to
approximately 10% of room size

U

WLAN Proximity (cellular)
and triangulation
(signal strength)

1 - 5 m U

Table 1: Comparison of tracking technologies for users (U) and assets (A)

Because of the focus on maintenance processes, we do not take into account scene
analysis techniques (this includes bar code scanning) for tracking because these are
rather difficult to apply in such settings. Table 1 shows an overview of common
positioning / tracking systems. The columns give information of the used technique, the
accuracy and the tracking objects. These objects can be mobile like users (U) or non
mobile like assets (A).

Each location system presents the location data in proprietary specific location syntax. It
will be transmitted to the Context Engine by a Context Provider Adapter (CPA).

The integration and enlargement of an additional or alternative location system can be
done by deploying a new CPA. This CPA will be similar to other CPAs but has to
provide a conversion between the system dependent proprietary context data and the
BCO, which will be described in the subsequent section. This facilitates to adjust
deliverd context data to low-performing clients by setting up according consumer rules.
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-zCoord
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-metaDescription
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1

*

1
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Figure 5: Sample schema for integrating context data (location)

4.3 DataManagement

The sensor systems provide the context information via a CPA in an appropriate
structure (BCO) shown in Figure 5. The Branch Context Object (BCO) comprises at
least one context structure describing for instance a symbolic mapping or Gauss-Krüger
coordinates to specify a context. The Context Engine amends the received BCO by a
timestamp and stores it as a Root Context Object (RCO) in the Context Data Cache.

The services or applications which apply context information (e.g. Procedure Manager)
connect to the configuration mechanism of the Context Engine and insert their Required
Context Syntax (RCS) which is usable and readable for them. The translation
mechanism for transforming from the RCO into the RCS is implemented by featuring a
rule engine. Every application and service which has provided its context syntax can
connect to the Context Engine. Afterwards, it can receive the specific Context
Information as RCS based on the RCO (see Figure 5).
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Figure 6: Tracking via Badge System

4.4 Realisation

Assumptions. All maintained assemblies inside an aircraft are equipped with Beacons,
which represent the assembly contexts. The Active Badge of the mobile worker receives
the location ID of the beacon and transmits it to the Base Station.

Location System. The Location System is a combination of the Badge System and the
Location Provider Adapter (CPA). The main advantage of the Badge System is the exact
identification (location) of the maintained assembly. The use of infra-structure based
location systems (e.g., GPS orWLAN) is feasible but the resolution currently is not high
enough due to the received location area (see Table 1). The association between the
location and the procedure is done inside the Procedure Server.

• Context Provider Adapter: the Context Provider Adapter (CPA, see Figure 6) is
implemented as a standard Java web service which receives the proprietary location
data from the Badge System and transforms it into XML formatted BCO. This
information is transferred via SOAP [SOAP] messages to the Context Engine on the
Maintenance Server.

• Badge System: the Badge System is composed of Active Badges, Beacons, and a
Base Station, which provides the current assembly / location of the mobile worker.
The Active Badge worn by the mobile worker receives the current location from the
Beacon via infrared and forwards this data (the user ID and the location ID) via
radio to the Base Station. The Base Station receives all information and forwards the
proprietary context data to the CPA of the Location System (see Figure 6).

189



Context Engine. The Context Engine (see Figure 7) is realised as a standard Java web
service. The communication to the Location Systems and the Procedure Server is
handled via a REST interface (i.e., http requests) and the messages are transmitted using
SOAP [SOAP]. The CPA of the Active Badge Location System then connects to the
Context Engine and delivers its location information as BCO.
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Figure 7: Context aggregation via Context Engine

For the adaptation of the location contexts we use a rule engine. The rule engine permits
to:

• organise rules depending on the involved data sets, their respective purposes and
priorities; for instance with respect to the featuring of context-awareness in a
scenario as the one described here, rules for the transformation of location contexts
(i.e., contexts represented by an RCO have to be adapted to the application specific
RCS) and rules for triggering changes as a consequence of executing a rule (when a
user enters the vicinity of a maintenance object, the procedure should pop up) have
to be distinguished:

• manage rules, i.e., rules can be added to and removed from the rule database;
moreover, it should be possible to modify rules at runtime;
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• enter rules in different formats (external representation in XML, spreadsheets) and
to interface with state-.of-the-art programming languages; within the current
implementation, the Java programming language has a prominent place;

• administer access to rules pertaining to authentication and authorization, either for
changing the rule database or for applying the rules contained therein.

Of course, the utilisation of a widely accepted external representation of rules (e.g.,
based on XML like it is envisaged by the RuleML initiative [RuleM]) would be
desirable. However, yet such approaches are not quite mature and thus we feature the
proprietary format coming with the rule engine Drools [Drools] which is incorporated in
the current implementation of the system.

5 Illustration of System Usage

For showing the use of the system we describe its application for the support of nomadic
workers doing maintenance of aircrafts. Here the nomadic workers are equipped with
PDAs. Alternatively, other smart mobile devices like tablet PCs, ultra-light headsets and
cameras could be used in an airport environment. The workers are in charge of
efficiently performing maintenance operations on airplanes making use of context-data
originating from their own and the positioning of the maintenance objects in the field. It
might for instance happen that he has to maintain an engine of an aircraft he has never
handled before. Since each aircraft has its own technical environment, the maintenance
workflow may differ even for instances of the same type. In the traditional setup the
mobile worker has to go to the office and retrieve the right workflow from a huge
amount of paper.

In order to optimize the search process and even the workflow itself, maintenance
procedures are provided in digital format and the parts of the airplane to be maintained
are assumed to be electronically tagged (e.g., through active badges). Via his mobile
computer he can access all the necessary information concerning the work to be done.
The information might be contained either directly on the tag or via linking to the
according information residing on a background system through a part ID. In order to
speed up and ease the entire interaction with the technical systems, the data is instantly
formatted to the capabilities of the client device on a server and can be accessed through
a wireless network. Searching the right procedures is automated by interpreting the
context (proximity) information by reading the assembly location attached to the parts of
the plane to be maintained or alternatively by tracking the user. The assembly location
can be determined by different location mechanisms like e.g. RFID and Active Badge.
The location information is analyzed and the matching procedure is sent to the mobile
worker’s device (see Figure 8).
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Figure 8: Use case mobile maintenance

Afterwards, the mobile worker can start his work by navigating through the procedure
using the equipped headset. The detailed step is output by the application and depending
on the user’s context (e.g., hands-free operation is required) the output modality is
configured; e.g., the worker can listen to it (text-to-speech, TTS). In such a case, the
entire navigation through the procedure steps and the recording of annotations is done
via the headset microphone.

6 Conclusions

We have presented the design and use of a service platform for the support of
collaborative mobile maintenance processes. Additional to other services targeting to
ease the interaction with the system, the use of context-awareness concepts brings some
additional value especially when used in the envisaged application domain. The
proposed context engine permits to consistently integrate location data gained by
identifying tagged assembly parts and by tracking the user in order to dynamically
configure the maintenance procedure. Especially for maintenance processes carried out
in a non-stationary mode the acceleration of the according processes is significant.
Moreover, the prevention of errors can be achieved by using such spatio-temporal
context information.
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Concerning future work, we believe that the system should not be limited to the
consideration of spatio-temporal context elements only. Other context elements relevant
to the targeted maintenance application domain address the status of the worker in terms
of activity and with respect to the due workflow, the physical working conditions (e.g.,
the background noise which might trigger the modality selection) and properties being
located in the user domain (user preferences and profiles).

The rule-based approach implemented in the context engine serves an extremely flexible
foundation for this. Prospective extensions in this regard will focus on making the rule
sets easily administrable. Moreover, we would like to make service calls agnostic to
possible contextual changes in order to avoid modifying the business logic captured
through the service interfaces. Thus technologies (e.g., handlers, modules) will be
investigated to make context enhanced service calls transparent to the core business logic
if desired or required in order to limit the implications of context changes to the effected
services only.

Additionally, we envisage the integration of such context-aware B2E services
(composition / choreography and orchestration) through according mechanisms within
an according development environment which will have to be aligned to emerging
standards (e.g., BPEL).
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