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Mobile computing is distributed computing that involves elements whose location changes in the course of computation. Elements may be software components - such as mobile agents  (see  Agent-Based Computing) -, data, hardware - such as palmtops and wireless phones -, or users. This being a very broad definition, the common underlying  issue is location and its management. 

The term mobile computing is very often used for wireless mobile computing - the use of portable devices capable of wireless networking. Wireless mobile computing faces additional constraints   induced by the characteristics of wireless communications and the demand for  portability.  Mobile wireless computing enables access to data at any time and from any place towards the vision of ubiquitous (see Ubiquitous Computing) or pervasive computing.    

Although mobile computing covers a variety of different hardware and software platforms as well as diverse applications, many common issues arise [1,2,4].  To deal with these issues, several architectures for structuring mobile software systems have been proposed.

Managing Location
Since the location of distributed components is not fixed, identifying their current location  is necessary to contact, use or invoke them. Solutions to the problem of locating or tracking mobile objects vary depending on the application domain. In general, such solutions rely on a combination of storing some information about the location of the  objects at selected sites and on performing some form of searching [5]. To locate a mobile object, the stored information about its location is retrieved. Such information may be unavailable, out-of-date or approximate, thus to track the object, its actual location must be found by searching or performing appropriate estimations. Searching may take the form of selective broadcasting at all potential sites or gradually contacting sites from the one most possible to currently host the mobile object to the less possible one.

Several data structures have been proposed for storing the location of moving objects. One approach is to store the location of all moving objects in a single centralized spatial database. Every time the location of an object changes, this central database needs to be updated. To handle the high update rate in such databases, the location attribute is often represented as a function of time and thus is automatically updated with time without an explicit database update operation.  Representing location as a function of time is possible, when objects follow pre-defined routes as is the case of vehicles moving in a highway. Such representations may also provide estimations for the future location of the objects. 

The home base approach adds a degree of distribution. With this approach, a specific database is associated with each object called the home base of the object. The current location of the object is stored at its home base. To locate an object, the home base associated with the object is contacted.  When the object moves, its home base is updated. An enhancement of the home base approach is to store the location of all objects currently located at a site in a database residing at the site, called the visitor database. In this case, an object x that wants to contact another mobile object y, first contacts the visitor database at its current location, to find out whether object y is in the same site.  If so, x avoids contacting y’s home base that  possibly resides at a remote site.  As an extension of the visitor database approach, a  hierarchy of visitor databases may be built. In this approach, space is divided into regions. Each database at the lower level of the hierarchy stores the location of all objects at a single region. Databases at internal levels store information for all objects covered by the databases at their children  nodes.

Finally, with the forwarding pointer approach, each time a mobile object changes location, a pointer to its new location  is deposited at its old location. Thus to contact the object a chain of pointers is followed until the object is reached. Caching and replication can be used in all cases to improve performance and availability.

Besides tracking mobile objects,  there are several other interesting queries that relate to location. Examples of such queries include finding the nearest service  when the service or the user is mobile, or  geographical multicasting - sending  a message to all objects  within a specified geographical area for instance to support geographically targeted advertising.    

Changing location also has important implications in distributed system design. Distributed systems have configurations that are no longer static. Thus, distributed algorithms and protocols can not rely on a fixed topology. Moreover, the center of activity, the system load, and locality change dynamically.

Wireless Mobile Computing
The necessary networking infrastructure for wireless mobile computing combines various wireless networks including cellular, wireless LAN, private and public radio, satellite services, and paging. Wireless networks communicate by modulating radio waves or pulsing infrared light. Wireless communications add new challenges in several areas of distributed computing. 

Disconnections and Low Connectivity 

In general, wireless networks are more expensive, offer less bandwidth, and are less reliable than wireline networks. Consequently, network connectivity is often intermittent: there are short periods of bursty connections followed by network disconnections. Such network disconnections are either forced by external factors, such as unavailability of the communication signal, or voluntary  for example to save cost or energy.

Distributed software systems are usually built without taking into consideration disconnections; they fail to operate when a disconnection occurs. Coda [3] is a good example of a file system that handles disconnections. To support disconnections, either periodically or when a network disconnection is anticipated, data items are cached at the mobile device to allow its autonomous operation during disconnection. Preloading data to survive a forthcoming disconnection is called  hoarding. A critical issue during hoarding  is how to anticipate the future needs for data. While disconnected, the mobile unit can use only local data. All updates are locally maintained. Upon reconnection, any updates performed at the mobile host are reintegrated with updates performed at other sites, while any conflicting updates are somehow resolved.

Weak connectivity is the connectivity provided by networks in which connection is often lost for short periods of time, is slow or expensive, making prudent use of bandwidth necessary. To handle weak connectivity, various optimizations have been proposed such as selective servicing of cache misses, compression techniques, background re integration of local updates, as well as compromising the quality of data provided to the mobile client. 

Asymmetric Communications
In the case of many wireless networks, such as in cellular or satellite networks, communication is asymmetric. In particular, server machines are provided with a relative high-bandwidth wireless broadcast channel to all clients  located inside a specific geographical region. Furthermore, in general, it costs less to a client in terms of power consumption to receive than to send.  These considerations favor push-based delivery. In traditional client/server systems (see  Client-Server Computing), data are delivered on a demand basis. A client explicitly requests data items from the server. This is termed  pull-based  delivery. In contrast, with push-based data delivery, the server repetitively broadcasts data to a large client population without a specific request. Clients monitor the broadcast and retrieve the data items they need as they arrive on the broadcast channel.

Issues in terms of broadcast push include:

· Creating and broadcasting an index for the data on the broadcast, so that clients can estimate from the index when the item of interest will appear and tune in at the appropriate time instance, thus minimizing listening to the broadcast and conserving power.

· Determining the broadcast content so that frequently accessed data items are broadcast more often than less frequently accessed ones.   

· Maintaining a local cache at the client and deriving appropriate cache replacement policies; handling updates of the broadcast data.  

· Query processing that involves data on the broadcast channel. 

· Hybrid delivery: efficiently combining both push and pull-based delivery.

Device Constraints
In wireless mobile computing, to be portable, devices must be small, light and operational under wide environmental conditions. Also, in the context of ubiquitous or pervasive computing, computational power is embedded in numerous small devices. In particular:  

· Portable devices have small screens and small, multifunction keypads; a fact that necessitates the development of appropriate user interfaces.

· Portable or embedded devices have less resources than static elements, including memory, disk capacity and computational power than traditional computing devices.

· Portable devices rely for their operation on the finite energy provided by batteries. Even with advances in battery technology, this energy concern will not cease to exist. The concern for power consumption spans various levels in hardware and software design.

· There are higher risks to data in mobile devices, since it is  easier for mobile devices to be accidentally damaged, stolen, or lost.

An additional issue is scalability. The number of portable computing devices is in the order of billions. Storing and managing information in such systems is a formidable task.

Software Models 
To deal with the characteristics of mobile computing, especially with wireless connectivity and small devices, various extensions of the client/server model  have been proposed. Such extensions advocate the use of proxies or middleware  components. Proxies of the mobile host residing at the fixed network, called  server-side proxies, perform various optimizations to alleviate the effects of wireless connectivity such as message compression and re-ordering. Server-side proxies may also perform computations in lieu of their mobile client. Proxies at the mobile client undertake the part of the client protocol that relates to mobile computing thus providing transparent adaptation to mobility. They also support client caching and communication optimizations for the messages sent from the client to the fixed server. Finally, mobile agents have been used with client/server models and their extensions. Such agents are initiated at the mobile host, launched at the fixed network to perform a specified task, and return to the mobile host with the results.

Another concern in terms of software architectures is adaptability. The mobile environment is a dynamically changing one. Connectivity conditions vary from total disconnections to full connectivity. The  resources available to mobile computers are not static either, for instance a “docked” mobile computer may have access to a larger display or memory. Furthermore, the location of mobile elements changes and so does the network configuration and the center of computational activity. Thus, a mobile system is presented with resources of varying number and quality. Consequently, a desired property of software systems for mobile computing is their ability to adapt to the constantly changing environmental conditions.

The Wireless Application Protocol (WAP)
With the increasing popularity of the Internet and mobile telephony, a need arises for a standard software model for developing applications that extend Internet services to the mobile telephony environment that includes, mobile phones, pagers and PDAs.  WAP is such a set of standards. Part of the protocol is WML (Wireless Markup Language) - WAP's equivalent to HTML. A standard web server, appropriately configured, can deliver WML files. WAP defines a microbrowser that displays content pages in WML-format that get transmitted to the mobile device using the WAP communications protocol over a broad range of mobile data channels.

WAP addresses both the low bandwidth, high latency and limited connection availability of wireless networks and the resource constraints of the mobile devices. The network issues are addressed in both the transport and application layers of the protocol. In the transport level, a WAP gateway  is inserted between the wireless network and the client that acts as a proxy: encodes the WAP data into compact formats to reduce the size and number of packets traveling over the wireless network. In addition, the WAP gateway typically takes over most of the computing tasks from the mobile device, permitting the device to be simple and inexpensive. The device-constraints issues are also dealt with directly by WML. WML provides a small (telephony aware) set of markup tags. WML documents are divided into a set of well-defined units of user interactions, called cards. A card is usually defined by a single action or operation, usually able to be displayed on a small screen.  Services, called decks, are created by letting the user navigate back and forth between cards from one or several WML documents. A deck of cards providing a complete service is downloaded at the mobile device at one time, eliminating the need for a constant network connection. 
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Agent-based Computing see Mobile Computing 

Client-Server Computing see Mobile Computing 

File Systems, Distributed see Mobile Computing 

Location Finding Algorithms see Mobile Computing

Ubiquitous Computing see Mobile Computing 

World Wide Web see Mobile Computing 

Dictionary Terms:

Agent-based Computing
An agent is any program that acts on behalf of a (human) user. A software mobile agent is a process capable of migrating from one computer node to another.

Ubiquitous computing
Ubiquitous computing enhances computer use by making many computers available throughout the physical environment, while making them effectively invisible to users.

Client-Server Computing

An architecture in which the client is the requesting machine and the server is the supplying machine. The client contains the user interface and may perform some or all of the application processing. 

