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1. Abstract

Miniaturization of computing devices, and advances in wireless communication and sensor technology are some of the forces that are propagating computing from the stationary desktop to the mobile outdoors. Some important classes of new applications that will be enabled by this revolutionary development include location based services, tourist services, mobile electronic commerce,  digital battlefield, and disaster  management and recovery. Some existing application classes that will benefit from the development include transportation and air traffic control, weather forecasting, emergency response, mobile resource management, and mobile workforce.  Location management, i.e. the management of transient location information, is an enabling technology for all these applications.  Location management is also a fundamental component of other technologies such as fly-through visualization, context awareness, augmented reality, cellular communication, and dynamic resource discovery.

In this paper we present our view of the important research issues in location management. These include modeling of location information, uncertainty management, spatio-temporal data access languages, indexing and scalability issues, data mining (including traffic and location prediction), location dissemination,  privacy and security, location fusion and synchronization.

2. Background

In 1996, the Federal Communications Commission (FCC) mandated that all wireless carriers offer a 911 service with the ability to pinpoint the location of callers making emergency requests. This requirement is forcing wireless operators to roll out costly new infrastructure that provides location data about mobile devices. In part to facilitate the rollout of these services, in May 2000, the U.S. government stopped jamming the signals from global positioning system (GPS) satellites for use in civilian applications, dramatically improving the accuracy of GPS-based location data to several meters.

As prices of basic enabling equipment like smart cell phones, hand helds, wireless modems, and GPS devices and services continue to drop rapidly, International Data Corp (IDC) predicts that the number of wireless subscribers worldwide will soar to 1.1 billion in 2003. Spurred by the combination of expensive new location-based infrastructure and an enormous market of mobile users, companies will roll out new wireless applications to re-coop their technology investments and increase customer loyalty and switching costs. These applications are collectively called location-based services.

Emerging commercial location-based services fall into one of the following two categories. First, Mobile  Resource Management (MRM)  applications  that include systems for mobile workforce management, automatic vehicle location, fleet management, logistics, transportation management and support (including air traffic control).  These systems use location data combined with route schedules to track and manage service personnel or transportation systems. Call centers and dispatch operators can use these applications to notify customers of accurate arrival times, optimize personnel utilization, handle emergency requests, and adjust for external conditions like weather and traffic. Second, Location-aware Content Delivery services that use location data to tailor the information delivered to the mobile user in order to increase relevancy, for example delivering accurate driving directions, instant coupons to customers nearing a store, or nearest resource information like local restaurants, hospitals, ATM machines, or gas stations. Analyses Ltd. estimates that location based services will generate $18.5B in sales by 2006.

In addition to commercial systems, management of moving objects in location based systems arises in the military, in the context of the digital battlefield.  In a military application one would like to ask  queries such as "retrieve the helicopters that are scheduled to enter region R within the next 10 minutes".

Location management, i.e. the management of transient location information, is an enabling technology for all these applications. Location management is also a fundamental component of other technologies such as fly-through visualization  (the visualized terrain changes continuously with the location of the user), context awareness  (location of the user determines the content, format, or timing of information delivered),  augmented reality (location of both the viewer and the viewed object determines the type of information delivered to viewer), and cellular communication.

Location management has been studied extensively in the cellular architecture context. The problem is as follows. In order to complete the connection to a cellular user u, the network has to know the cell id of u. Thus the network maintains a database of location  records (key, cell-id), and it needs to support two types of operations:  (1) Point query when a cellular user needs to be located in order to complete a call or send a message, e.g., find the current location (cell) of moving object with key 707-476-2276, and (2) Point update when a cellular user moves beyond the boundary of its current cell, e.g., update the current location (cell) of moving object with key 707-476-2276. The question addressed in the literature are how to distribute, replicate, and cache the database of location records, such that the two type of operations are executed as efficiently as possible. Related questions are how frequently to update, and how to search the database. Many papers have addressed this question.

However, the location management problem is much broader. The main limitations of the cellular work are  that the only relevant operations are point queries and updates that pertain to the current time, and they are only concerned with cell-resolution locations.  For the applications we discussed, queries are often set oriented, location of a finer resolution is necessary, queries may pertain to the future or the past, and triggers are often more important than queries. Some examples of queries/triggers are: during the past year, how many times was bus#5 late by more than 10 minutes at some station  (past query); send me message when a helicopter  is in a given geographic area  (trigger); retrieve the trucks that will reach their destination within the next 20 minutes (set oriented future query).

In terms of MRM software development, the current approach is to build a separate, independent location management component for each application. However, this results in significant complexity and duplication of efforts, in the same sense that that data management functionality was duplicated before the development of Database Management Systems. To continue the analogy, we need to develop location management technology that addresses the common requirements, and serves as a development platform in the same sense that DBMS technology extracted concurrency control, recovery, query language and query processing, and serves as a platform for inventory and personnel application development.

3.  Capabilities of a Location Management System (LMS)
The capabilities required of a Location Management System (LMS) include support for modeling of location information, uncertainty management, spatio-temporal data access languages, indexing and scalability issues, data mining (including traffic and location prediction), location dissemination in a distributed/mobile environment,  privacy and security, fusion and synchronization of location information obtained from multiple sensors. In this section we briefly discuss some on these issues.

Modeling. A fundamental capability of location management is modeling of transient location information, particularly the location of mobile devices such as cell phones, personal digital assistants, laptops, etc. These devices are carried by people, or mounted on moving objects such as vehicles, aircraft, or vessels.  The location information is updated by positioning technologies. Examples of such technologies include  1) GPS (that is transmitted from the device to the location server via a wireless network),  2)  network based positioning that computes the location by triangulation of transmission towers, 3)  fixed sensors in the environment (e.g. at a toll booth) that identify the moving object by proximity,  4) cell-id that identifies the cell in which the moving object is located (a low resolution method),  5)  Digital camera that identifies the location of an object by scene analysis. The challenge is to model  and  provide an access language for the location information obtained from one or multiple such sensors.

Uncertainty Management. The location of a moving object is inherently imprecise because, due to continuous motion and due to the fact that the location cannot be reliably obtained at any point in time, the database location (i.e. the object-location stored in the database) cannot always be identical to the actual location of the object. Systems that do not manage this uncertainty delegate to the user the responsibility of understanding  and taking into consideration its implications. The objective of uncertainty management is to assist the user in this task, or to totally relieve her from it.
Distributed/Mobile Environment. It is often impractical or impossible to store the location database in a centralized location. This is the case, for example, in the cellular database discussed in the introduction, where a centralized architecture would create an intolerable performance problem. So the question is how to allocate, update and query location information  in a geographically distributed environment.  Another complication arises when the location database is not only distributed but also mobile. This is the case, for example, in a Mobile Ad-hoc Network (MANET). This is a system of mobile computers (or nodes) equipped with wireless broadcast transmitters and receivers which are used for communicating within the system. Such networks provide an attractive and inexpensive alternative to the cellular infrastructure. 
Location prediction. This capability is critical in the digital battlefield, security and anti-terrorist applications,  in which the owner of a mobile device does not provide her location to the LMS server. Instead the server needs to infer this information from historical, potentially incomplete and noisy location data. This capability is also important in mobile electronic commerce.  For example, if at 8 A.M. it is known that at 9 A.M. a customer will be close to a store that has a sale on merchandise that matches her profile, the system could transmit a coupon at 8 A.M.. This would allow the customer to plan a purchase stop.  Location prediction is important in other applications such as wireless bandwidth allocation (in a cellular architecture, location prediction enables optimizing allocation of bandwidth to cells).
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