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Why are we here?

The software environment is changing ïits pervasive
ÅComponent-based systems without centralised authorship

ÅDynamic discovery and composition of components

ÅMobility, ubiquity, autonomicity, self-* properties

The traditional approaches that served us well in the 

past need to evolve to meet these new challenges
ÅMiddleware abstracts much of the complexity of interconnection

Åébut traditional middleware doesnôt handle highly dynamic 

environments as well as we need it to

Our purpose in this tutorial
ÅTo survey the current and emerging systems from the perspective 

of their support for developing pervasive adaptive systems

ÅTo try to pick out some emerging trends
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An executive summary

No current mainstream infrastructure provides good 

support for adaptive systems development

There are techniques that can be taken from a variety 

of systems and combined to construct adaptive 

applications
ÅOften mix paradigms

The research landscape is changing, and looks 

promising
ÅSeveral new systems that address some (but not all) issues
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Structure

Adaptive 101

Middleware 101 (the 10 minute introduction)

A closer look at some systems
ÁObject-broker style systems

ÁMessage- and event-oriented systems

ÁTuple-space systems

ÁPeer-to-peer systems

ÁKnowledge-driven systems

What are the issues in supporting adaptive systems?

Some tentative conclusions

All references on website
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Adaptive systems?

Arenôt all systems adaptive to their inputs?

Well, maybe ïbut for the purposes of this tutorial
ÅA system whose detailed responses and behaviour change to 

deliver a service in the face of changing context and constraints

The system changes (at a system, configuration or 

communication level) in order to stay the same (at the 

application or user level)
ÅSomewhat paradoxically, an adaptive system aims to look less

variable to its users than an ñnormalò system

Goals include predictability, reduced management 

complexity, better robustness, better tolerance of 

dynamic configuration
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Places we encounter adaptation

Classic case is a location-based service
ÅExactly what is server varies according to usersô locations

Åéand possibly to the device theyôre using

Also appear in any sensorised environment, which 
these days includes networks and vehicles
ÅAdapt an entertainment system

to the available content

ÅAdapt a network to the
traffic load and the 
requirements of user tasks

ÅAdapt a business system to
a changing population of
end-point devices or
applications
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Different kinds of adaptation

Closed-adaptive systems
ÅDecide on the possible adaptations and how they will be selected

ÅCan be analysed to reduce impact on the user/programmer

ÅTypically will not be visible at all, e.g. TCP/IP congestion control

Open-adaptive systems
ÅProvide a framework for adaptivity

ÅAllow designers to download strategies as required

ÅFewer guarantees possible, but probably better response to specific 

conditions

ÅTypically will result in at least some changes visible to users or 

programmers

Due to Rick Taylor and his colleagues
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Starting points

The problems of complexity in 

current communication systems, 

even on the small scale, are 

identified by Bolosky:

ñUsers are subjected to random 

performance and service 

disruptions. Replacing or upgrading 

a personal computer, workstation, 

or server is very difficult. Even a 

moderate size computer network 

requires significant expertise to 

configure and maintain.ò

ñHowever, over the 

next 15 years, we 

predict not just a 

quantitative expansion 

of computing, but 

qualitative changeò ï

Crowcroft, et al.

Adaptive systems compound these 
problems. They increase the level of 
dynamism, variability in infrastructure, 

and need for personalisation.
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Nine fallacies of pervasive computing

1. The network is reliable

2. Latency is zero

3. Bandwidth is infinite

4. The network is secure

5. Topology doesn't change

6. There is one administrator

7. Transport cost is zero

8. The network is homogeneous

9. There is one correct answer

From the original òSix fallacies of 
distributed systemsó by L. Peter 
Deutsch, updated with two 
additional ones (4 and 7) by James 
Gosling and one (9) by us



Adaptive middleware 10

The modern reality

1. Dynamism leads to partitions and service loss

2. Communications time is unbounded

3. Bandwidth is generally small

4. Applications must deal with unknown parties

5. Topology are unpredictable and variable

6. There is no (single/human) administrator

7. Wireless transport has a high power cost

8. Large degree of device heterogeneity

9. ñCorrectò is different for every one at every time
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Our view of adaptation ï1

Two core features of the adaptive systems
ÅPhysical integration ïartefacts increasingly include information and 

communication

ÅSpontaneous interoperation ïñencounterò services through mobility

From a systems perspective we would augment these 

two core observations with:

ÅNeed to place local interactions in global setting

ÅMobility of any part of the system is feasible (implied)

ÅShare data, services, é, anything
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Our view of adaptation ï2

We cannot assume everything we need 

is available

Nor can we assume that anything that is 

available remains so

We cannot assume everything that is 

available can be delivered when needed

We cannot know what is in the mind of 

the user

We can extract clues from the 

environment about needs of the user

We must use available resources to 

provide best services

We may use adaptation to 
change the costs of access of 
the availability or 
performance of resources

Many adaptations are 
provisional and error -prone, 
dependent on inference or 
invalidation over time

Our approach to, and 
resourcing of, service 
provision will change over 
time
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Our view of adaptation ï3

To deal with adaptation these architectures and 

systems infrastructure must be able to
ÅEmbrace contextual change

ÅCollect whatever meta-data is available

ÁEncourage ad hoc composition

ÁFacilitate sharing

ÁSupport both local and the global computation

ÁHave multiple use view-points 

(interactions designer/user/architect/programmer/system)

ÁAbstract away from the features that may adapt

ÁAllow well-founded adaptation to be specified
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Autonomics

Adaptation thus forms an autonomic control loop

From Dobson et al. A survey of autonomic 
communication. ACM TAAS 1(2). 2006.

All tied within a structured
framework so that we know 
whatõs going to happen over time
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What we wonôt cover

Traditional middleware (other than in passing)
ÅA vague term that, when used in the context of Internet applications, 

means "software sold to people who don't know how to program by 

people who know how to program." [Philip Greenspun]

Shanôt cover (but might touch on)
ÅPolicy, security (in the broadest sense),  quality of service, 

consistency, fault tolerance, low level detail (data formats etc.)

Will try to highlight ïbut avoid ïthe key overlaps with 

context awareness infrastructures 

Will focus on interoperability, core principles, key 

paradigms, key challenges, what remains to be done
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So what is middleware?

We used Google (like anybody elseé) and:
ÅMiddleware is commonly known as the plumbing of an information 

system as it routes data and information transparently between 

different back-end data sources and end-user applications.

ÅThe network-aware system software, layered between an 

application, the operating system, and the network transport layers, 

whose purpose is to facilitate some aspect of cooperative 

processing.

ÅSoftware that mediates between an application program and a 

network. It manages the interaction between disparate applications 

across the heterogeneous computing platforms. 
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Or our favouriteé

We like this one:
ÅñSoftware that mediates between different types of hardware and 

software on a network, so that they can function together. ñ

It places no constraints on what functioning together 

means

It captures (critically) heterogeneity of the software 

and hardware platforms

It highlights the importance of communication

It says nothing about transparency
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Distributed systems 101

Skeleton Stub

Middleware

Middleware hides  
locations, as far 
as possible

The goal of location transparency has been 

assiduously pursued
ÅThe web, CORBA, e-mail, é

ÅRemove significance of ïand usually any knowledge of ïthe 

(absolute or relative) locations of agents in a system

ÅAllow arbitrary interactions
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Exercise 1: How does it work

dgfddfgddfgdf

Wearable Computing System

ÅMediated communication portal

ÅExternal environment changing

ÅData resides on all nodes
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Discussion 1
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Traditional middleware picture
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In summary

Middleware provides support for
ÅNaming, Location, Service discovery, Replication 

ÅProtocol handling, Communication faults, QoS

ÅSynchronisation, Concurrency, Transactions, Storage

ÅAccess control, Authentication

Middleware dimensions
ÅRequest/Reply vs. Asynchronous Messaging

ÅLanguage-specific vs. Language-independent

ÅSmall-scale vs. Large-scale

ÅTightly-coupled vs. Loosely-coupled components
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Traditional middleware picture

Distributed Technology Bus

ServerClient

Proxy/Stub 
Layer

Proxy/Stub 
Layer

Libraries Libraries



Adaptive middleware 24

Traditional middleware picture

Distributed Technology Bus

Server

1. Register

Client

2. Bind to
the Server
Object

3. Object
Invocation
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Basic synchronous invocation
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Under the hood
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CORBA

Common Object Request Broker Architecture
Å Specification of a distributed middleware

Å Specs drawn up by Object Management Group (OMG)

Å http://www.omg.org

Goal: Interoperability with distributed applications on 
various platforms
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CORBA overview

Object request broker (ORB)
ÅCore of the middleware platform

Å Handles communication between objects and clients

Å Handles distribution and heterogeneity issues 

Å May be implemented as libraries

Facilities: composition of CORBA services 
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Object model

Objects & services specified using an Interface Definition language (IDL)
Å Used to specify interface of objects and/or services

ORB: run-time system that handles object-client communication

Dynamic invocation interface: allows object invocation at run-time
Å Generic invoke operation: takes object reference as input

Å Interface repository stores all interface definitions
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Object invocation models

Invocation models supported in CORBA.

ÅOriginal model was RMI/RPC-like

ÅCurrent CORBA versions support additional semantics

Request type Failure semantics Description

Synchronous At-most-once Caller blocks until a response is 

returned or an exception is raised

One-way Best effort delivery Caller continues immediately without 

waiting for any response from the 

server

Deferred 

synchronous

At-most-once Caller continues immediately and can 

later block until response is delivered
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Adapting object systems

To interact with an object you need to know its 
identifier (IOR)
ÅBy magic ïhard-coded into the application

ÅThrough some service(s)

Well-architected CORBA
systems allow administrators
to reconfigure applications
via services

Still very much a manual task
ÅSystem can be adapted

ÅNo infrastructure for it to adapt itself

ÅDeals well with slowly-changing systems with clear change 
boundaries

Naming service

Find naming 
service by magic

All other objects are 
located via services
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Event-based distributed programming

Event typically caused by state change in system
ÅEvent changes state of object

ÅMultiple objects at different locations are informed of the occurrence 

of an event at a particular object, for example:
- in a spontaneous computing environment, that a personôs PDA has entered a hotel room

- a client has entered participation in a collaborative work environment

- an electronic document has been modified
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Publish-and-subscribe events

Publish-and-subscribe (pub-sub) paradigm
ÅObject generating events publishes (producer) list of events for 

which other objects can receive notifications

ÅObject requiring notifications

subscribes (consumer) to the

notification service at an

object offering notification

for this particular event

through its publication list

ÅControl how information

propagates by controlling

who registers for each service

ÅTypically have several different models

for propagating events, with different

performance characteristics
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Message-oriented middleware 

Communication using messages

Messages stored in message queues

Optional message server decouples client and server

Various assumptions about message content

Client App.

local message
queues

Server App.

local message
queues

message
queues

Network Network Network

Message Server
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Properties of MOM

Asynchronous interaction
ÅClient and server are only loosely coupled

ÅMessages are queued

ÅGood for application integration

Support for reliable delivery service
ÅKeep queues in persistent storage

Processing of messages by intermediate message 

server
ÅFiltering, transforming, logging, é

ÅNetworks of message servers

ÅTypically manipulate messages on the fly before forwarding

Natural for database integration

IBMõs MQ-Series products are 
the canonical example of OM
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Disadvantages of MOM

Poor programming abstraction
ÅRather low-level (cf. packets)

ÅResults in multi-threaded code

ÅRequest/reply more difficult to achieve

Message formats unknown to middleware
ÅNo type checking

Queue abstraction only gives one-to-one 

communication
ÅLimits scalability
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Adaptive messages/events

Most modern infrastructures do a good job of scaling 

services over the internet
ÅIntermediate relay servers

ÅControl information propagation ïalthough this typically has to be 

done by hand

Most systems leave the location and configuration of 

the queues/servers to the designer
ÅEasy to get fossilised into a particular configuration

ÅNo good ways of adapting automatically ïservices are typically too 

big and heavyweight

ÅWill provide good performance as long as the performance need is 

correctly anticipated


