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OutlineOutline

Historical evolution of composition Historical evolution of composition 
mechanisms for softwaremechanisms for software
–– From monolithic to highly decentralizedFrom monolithic to highly decentralized
–– From static to highly dynamicFrom static to highly dynamic

Evolution at “product level” in parallel with Evolution at “product level” in parallel with 
evolution of “process level”evolution of “process level”
ChallengesChallenges
Some Some research directionsresearch directions
CConclusionsonclusions
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The concept of bindingThe concept of binding

Architecting software requires defining Architecting software requires defining 
relationships among elementsrelationships among elements
Relationships define the Relationships define the 
logical/physical structurelogical/physical structure
Binding is the establishment of a Binding is the establishment of a 
relationshiprelationship
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More on bindingMore on binding

Binding occurs at all levelsBinding occurs at all levels
–– programming levelprogramming level

a variable refers to its type, value, scope…a variable refers to its type, value, scope…
a subclass refers to its parent class a subclass refers to its parent class 

–– component levelcomponent level
a component refers to other components a component refers to other components 
through a through a useuse relationshiprelationship

the focus here is on binding as a the gluing mechanism among components
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Binding time and Binding time and 
persistencepersistence

When is the binding established?When is the binding established?
–– typical distinction between runtypical distinction between run--time and time and 

"pre" run"pre" run--timetime

How stable is the established binding?How stable is the established binding?
–– can it change?can it change?
–– how does it change?how does it change?

explicitexplicit
automaticautomatic
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Evolution threadEvolution thread

Continuous evolution to accommodate Continuous evolution to accommodate 
increasing degrees ofincreasing degrees of
–– dynamicitydynamicity
–– decentralizationdecentralization

to achieve flexibilityto achieve flexibility
Concurrent evolution at the Concurrent evolution at the 
process/organizational/business levelprocess/organizational/business level
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Early days:Early days:
the “static” scenario (1)the “static” scenario (1)

The The closedclosed, , staticstatic ,, centralizedcentralized ,, fixedfixed
world assumptionworld assumption
–– requirements are thererequirements are there

just elicit them rightjust elicit them right

–– they are stablethey are stable
if not, we got them wrongif not, we got them wrong

–– changes should be avoidedchanges should be avoided
–– static and centralized system compositions, static and centralized system compositions, 

frozen at design timefrozen at design time
–– monolithic, systematic, topmonolithic, systematic, top--down processesdown processes

COE Symposium, March 2005COE Symposium, March 2005 88

Early days:Early days:
the “static” scenario (2)the “static” scenario (2)

ResponseResponse
–– The waterfall process modelThe waterfall process model

Refinement, from clearly and fully specified Refinement, from clearly and fully specified 
requirements down to coderequirements down to code
TopTop--down development down development formal deductive formal deductive 
approachesapproaches

–– Programming languages and methods Programming languages and methods 
producing static verifiable architecturesproducing static verifiable architectures

static binding static binding static static type checkingtype checking
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Early days:Early days:
the “static” scenario (3)the “static” scenario (3)

Software structureSoftware structure
–– From monolithicFrom monolithic

Changes implied recompilationChanges implied recompilation

–– To separately compiled partsTo separately compiled parts
Linked statically and then loadedLinked statically and then loaded
Changes required partial recompilationsChanges required partial recompilations

–– Interface separated from implementationInterface separated from implementation
From FORTRAN to From FORTRAN to AdaAda
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General lessons learnedGeneral lessons learned

Requirements cannot be fully gathered Requirements cannot be fully gathered 
upfrontupfront
Requirements cannot be frozenRequirements cannot be frozen
Requirements intrinsically Requirements intrinsically 
decentralized, complete control and decentralized, complete control and 
prepre--plan illusoryplan illusory
When changed, impact whole When changed, impact whole 
productproduct/process/process
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Initial solutionsInitial solutions

Evolutionary process modelsEvolutionary process models
–– Spiral, prototypingSpiral, prototyping--basedbased

Design for changeDesign for change
–– Information hidingInformation hiding
–– Careful distinction between Careful distinction between 

specification & implementationspecification & implementation
interface & bodyinterface & body

Object oriented design and languagesObject oriented design and languages
–– Accommodate limited anticipated product Accommodate limited anticipated product 

changes changes 
–– Towards an open worldTowards an open world
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body
encapsulates
modifiable

design choices

interface
visible to clients

volatile

stable

Design for changeDesign for change
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body

interface

∆-body

∆-interface

Polymorphism

Fax f

Dynamic binding
f.sendFax();

OO designOO design
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Open world and type Open world and type 
safetysafety

New subclasses (and new objects) defined New subclasses (and new objects) defined 
as the system is running as the system is running mmethods ethods 
invoked may become known at run timeinvoked may become known at run time
If changes are anticipated and changes can If changes are anticipated and changes can 
be cast in the subclass mechanism, dynamic be cast in the subclass mechanism, dynamic 
evolution and dynamic binding can coevolution and dynamic binding can co--exist exist 
with static checking (and type safety)with static checking (and type safety)
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Binding may cross Binding may cross 
network boundariesnetwork boundaries

clientclient

serverserver

RMIRMI

code basecode base
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Conceptual toolsConceptual tools

Distinguish between Distinguish between logicallogical structure structure 
and and physicalphysical structurestructure
–– modularity modularity vsvs. allocation. allocation

The goal of a seamless transition from The goal of a seamless transition from 
centralized to decentralized centralized to decentralized 
deploymentdeployment
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The “components” The “components” 
scenarioscenario

Systems not developed from scratch, Systems not developed from scratch, 
but rather out of existing partsbut rather out of existing parts
–– Decentralized developmentsDecentralized developments

BottomBottom--up integration up integration vsvs. top. top--down down 
decompositiondecomposition
–– ComponentComponent--based developmentbased development
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Gluing software Gluing software 
becoming dominantbecoming dominant

Distinction between components and Distinction between components and 
connectorsconnectors
Wrappers for componentsWrappers for components
Middleware provides binding mechanismsMiddleware provides binding mechanisms
–– Middleware as a decoupling layerMiddleware as a decoupling layer

separation of concernsseparation of concerns
–– separate component logic from intricacies of separate component logic from intricacies of 

communication/cooperationcommunication/cooperation
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MiddlewareMiddleware

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.
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Mobile scenariosMobile scenarios

With mobility the structure may With mobility the structure may 
evolve dynamicallyevolve dynamically
–– physical nodes may appear and physical nodes may appear and 

disappeardisappear

Logical mobility also possible (i.e., Logical mobility also possible (i.e., 
software/agents migrate)software/agents migrate)
–– physical and logical topology may physical and logical topology may 

change dynamically change dynamically 
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Decentralization Decentralization 
dimensionsdimensions

physical architecture

logical architecture

business and process 
model
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Dynamicity and decentralization Dynamicity and decentralization 
in processes and organizationsin processes and organizations

FromFrom software developed by a single software developed by a single 
organization or by a group of organization or by a group of 
collaborating organizationscollaborating organizations
ToTo components developed by components developed by 
independent organizations with independent organizations with 
different degrees of contractual different degrees of contractual 
obligationsobligations
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The old worldThe old world

ProductProduct
–– monolithic monolithic 
–– centralizedcentralized
–– static, closedstatic, closed

ProcessProcess
–– single authoritysingle authority
–– prepre--plannedplanned
–– monolithicmonolithic
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AchievementsAchievements

ProductProduct
–– monolithic monolithic 
–– centralizedcentralized
–– static, closedstatic, closed

ProcessProcess
–– single authoritysingle authority
–– prepre--plannedplanned
–– monolithicmonolithic

modular modular 
distributeddistributed
controlled dynamic bindingcontrolled dynamic binding

static task decompositionstatic task decomposition
prepre--planned evolutionplanned evolution
spiral, agile, extremespiral, agile, extreme
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A vision: the “global A vision: the “global 
computing” scenariocomputing” scenario

Applications dynamically federated out of Applications dynamically federated out of 
distributed components, distributed components, even at run timeeven at run time
MotivationsMotivations
–– the network as a bazaar of componentsthe network as a bazaar of components
–– mobility, ubiquitous computingmobility, ubiquitous computing
–– multimodalitymultimodality

This pushes dynamicity, decentralization and This pushes dynamicity, decentralization and 
distribution to unprecedented levelsdistribution to unprecedented levels
Problems range from Problems range from technicaltechnical to to business modelsbusiness models
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Problem scaleProblem scale

From inFrom in--thethe--tinytiny
–– sensor networkssensor networks

huge numbers of autonomous cooperating huge numbers of autonomous cooperating 
devicesdevices

To inTo in--thethe--largelarge
–– web servicesweb services

different scales possibledifferent scales possible
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ChallengesChallenges——1 1 

How to design components?How to design components?
How to federate them?How to federate them?
How to manage composite systems How to manage composite systems 
(without centralized control)?(without centralized control)?
How to reason about the “total” How to reason about the “total” 
quality of provided services? quality of provided services? 
What types of business models?What types of business models?

COE Symposium, March 2005COE Symposium, March 2005 2929

ChallengesChallenges——22
What kind of interface should What kind of interface should 
components provide in such a components provide in such a 
fluid environment?fluid environment?
–– Interface should support establishment of Interface should support establishment of 

““contractscontracts
Beyond import/export typed listsBeyond import/export typed lists

How to ensure a correct “global” How to ensure a correct “global” 
behavior?behavior?
–– Need for new theories and models?Need for new theories and models?
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ServiceService--oriented oriented 
architecturesarchitectures

From now on, I cast my presentation From now on, I cast my presentation 
in the context of servicein the context of service--oriented oriented 
architecturesarchitectures
in particular, web servicesin particular, web services
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A definitionA definition

“Web services are a new breed of Web application. They “Web services are a new breed of Web application. They 
are are selfself--containedcontained, , selfself--describingdescribing, modular applications , modular applications 
that can be that can be publishedpublished, , locatedlocated, and , and invokedinvoked across the across the 
Web. Web services perform functions, which can be Web. Web services perform functions, which can be 
anything from simple requests to complicated business anything from simple requests to complicated business 
processes. …processes. …
Once a Web service is deployed, other applications (and Once a Web service is deployed, other applications (and 
other Web services) can discover and invoke the deployed other Web services) can discover and invoke the deployed 
service.”service.”

IBM web service tutorialIBM web service tutorial
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Motivation: networked Motivation: networked 
enterprisesenterprises

The frequency of external 
interactions and their 
reach inside the 
enterprise increases 
dramatically.

Internal applications 
seamlessly reach out of 
the enterprise. 

Interacting applications 
naturally belong to 
multiple administrative 
domains. 

Web based interactions 
become pervasive, based 
on standard protocols

Many potential providers 
can be found for each 
required function.
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More on “service” (1)More on “service” (1)
Component encapsulating a business function of Component encapsulating a business function of 
possible value for otherspossible value for others
–– Different level granularity Different level granularity –– coarse grained coarse grained 

business services business services vsvs. fine grained objects. fine grained objects
Services must support Services must support explicit contractsexplicit contracts to allow to allow 
independent party accessindependent party access
–– Allow for Allow for SLAs SLAs that deal not just with functionalitythat deal not just with functionality

Services can be the basis forServices can be the basis for service compositionsservice compositions
–– New value is created through integration and New value is created through integration and 

compositioncomposition
–– New components are recursively createdNew components are recursively created
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More on “service” (2)More on “service” (2)

Services lifecycle phases Services lifecycle phases 
–– specifiedspecified
–– publishedpublished
–– discovereddiscovered
–– negotiatednegotiated
–– delivereddelivered
–– composedcomposed
–– monitoredmonitored
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Types of servicesTypes of services

Atomic servicesAtomic services: run to completion without : run to completion without 
interaction with service clientinteraction with service client

a search servicea search service

Service packagesService packages: logically related, not : logically related, not 
interacting, group of atomic servicesinteracting, group of atomic services

reservation for different theatresreservation for different theatres

Workflow servicesWorkflow services: workflow includes : workflow includes 
composition of other servicescomposition of other services
–– state is sharedstate is shared

buying a bookbuying a book
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services

orchestration

specification
of functional
and nonfunctional
properties

workflow
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Discovery and bindingDiscovery and binding

Design timeDesign time
Deployment timeDeployment time
Run timeRun time unstable, evolving

environments

ubiquitous, mobile
applicationsself-organizing

behavior
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Dynamic Dynamic SOAsSOAs

Composite services are specified by Composite services are specified by 
workflowsworkflows
Workflows contain abstract service Workflows contain abstract service 
invocationsinvocations
Concrete services bound dynamically, Concrete services bound dynamically, 
at run timeat run time
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Dynamic Dynamic SOAsSOAs

Dynamic discovery and dynamic bindingDynamic discovery and dynamic binding
–– the “broker” rolethe “broker” role

SelfSelf--organizing, selforganizing, self--healing composite healing composite 
servicesservices
OpportunitiesOpportunities
–– enjoy use of the “best” available servicesenjoy use of the “best” available services
–– binding can be “contextbinding can be “context--aware”aware”

Threats Threats 
–– many things can go wrongmany things can go wrong
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Service contractsService contracts

Contracts in terms of pre and post Contracts in terms of pre and post 
conditionsconditions
Exposed services specify what they Exposed services specify what they 
promise to fulfillpromise to fulfill
Workflows specify what they expect Workflows specify what they expect 
from concrete servicesfrom concrete services
A broker negotiates a contract upon A broker negotiates a contract upon 
which a binding is establishedwhich a binding is established
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Threats: contracts can be Threats: contracts can be 
brokenbroken

We bind to a concrete service that We bind to a concrete service that 
does not satisfy its stated specificationdoes not satisfy its stated specification
The bound service evolves The bound service evolves 
autonomously and breaks the contractautonomously and breaks the contract
The service is “temporarily down”The service is “temporarily down”
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ConsequencesConsequences

Traditional good software engineering Traditional good software engineering 
methods stress static reasoning on software methods stress static reasoning on software 
architecturesarchitectures
This has little value in the new world of run This has little value in the new world of run 
time variabilitytime variability
Improved techniques are needed to monitor Improved techniques are needed to monitor 
and react to unexpected deviations at runand react to unexpected deviations at run--
timetime
–– reaction can lead to selfreaction can lead to self--healing systemshealing systems
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An exampleAn example

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.
QuickTime™ and a

TIFF (Uncompressed) decompressor
are needed to see this picture.QuickTime™ and a

TIFF (Uncompressed) decompressor
are needed to see this picture.QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.
QuickTime™ and a

TIFF (Uncompressed) decompressor
are needed to see this picture.

authentication

profile

catalog

credit card

baker’s 
panel

phone 
company

GPS

map
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MonitoringMonitoring

In an In an openopen environment, reacting to environment, reacting to 
abnormal behaviors is of greater importance abnormal behaviors is of greater importance 
than in than in closedclosed environmentsenvironments
Recovering from problems has to do with Recovering from problems has to do with 
knowing what to do when something goes knowing what to do when something goes 
wrong. But before that we have to:wrong. But before that we have to:
–– Decide Decide whatwhat should not go wrongshould not go wrong
–– Detect Detect if and whenif and when that happensthat happens

This is where monitoring comes in!
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MonitoringMonitoring

Defensive programmingDefensive programming
–– Workflow handles timeouts and Workflow handles timeouts and 

exceptions raised by remote serviceexceptions raised by remote service

External contract monitoringExternal contract monitoring
–– CCollect dataollect data
–– Process dataProcess data
–– Notify workflowNotify workflow
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An assertionAn assertion--based based 
approachapproach

Contracts expressed in Contracts expressed in 
terms of preterms of pre-- and and 
postpost--conditionsconditions
These assertions are These assertions are 
inserted as comments inserted as comments 
into our process into our process 
definitiondefinition
External monitors External monitors 
((servicesservices) are used to ) are used to 
check the assertionscheck the assertions

QuickTime™ and a
TIFF (LZW) decompressor

are needed to see this picture.

We cast our proposal in terms of BPEL processes
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BPEL 2 BPEL BPEL 2 BPEL 
TransformationTransformation

COE Symposium, March 2005COE Symposium, March 2005 4848

What are the advantages?What are the advantages?

Limited design overheadLimited design overhead
–– Comments are easy to add and transformation Comments are easy to add and transformation 

to a monitored BPEL process is automaticto a monitored BPEL process is automatic

Business logic remains separate from the Business logic remains separate from the 
monitoring logicmonitoring logic
We stick to BPELWe stick to BPEL
–– No need for a special workflow engineNo need for a special workflow engine

Monitor alternativesMonitor alternatives
–– Different implementations, possibly coDifferent implementations, possibly co--existingexisting
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Recovery and repair Recovery and repair 
actionsactions

RetryRetry
–– transient faultstransient faults

RebindRebind
–– find a suitable replacement for previous find a suitable replacement for previous 

serviceservice

Restructure (local reconfiguration)Restructure (local reconfiguration)
–– find a collection of services that satisfies find a collection of services that satisfies 

request, or merge given collection into onerequest, or merge given collection into one
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RestructureRestructure

Workflow process as a graphWorkflow process as a graph
Graph transformation rules express Graph transformation rules express 
possible local changespossible local changes
–– sequential compositionsequential composition
–– parallel compositionparallel composition
–– branch compositionbranch composition
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What kind of problems What kind of problems 
due we monitor?due we monitor?

Three different kinds of problems:Three different kinds of problems:
–– TimeoutsTimeouts
–– External exceptions External exceptions --> these can be > these can be 

implementation errors in the services or implementation errors in the services or 
mismatches between how we call the mismatches between how we call the 
service and how the service expects to be service and how the service expects to be 
calledcalled

–– Functional (and/or non functional) Functional (and/or non functional) 
contract enforcementcontract enforcement--> this requires an > this requires an 
external monitor serviceexternal monitor service
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Monitoring contractsMonitoring contracts

An external monitor is needed to An external monitor is needed to 
monitor a functional or a nonmonitor a functional or a non--
functional contractfunctional contract
We implemented two different We implemented two different 
monitors for our assertionmonitors for our assertion--based based 
approach:approach:
–– The first uses C# and .NET frameworkThe first uses C# and .NET framework
–– The second uses CLIX and The second uses CLIX and XlinkItXlinkIt
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Conclusions Conclusions (1)(1)

We are moving towards unprecedented We are moving towards unprecedented 
degrees of flexibility, dynamicity, and degrees of flexibility, dynamicity, and 
decentralization decentralization at all levelsat all levels
New challenges to correctness/ New challenges to correctness/ 
reliability, security, performancereliability, security, performance
Crucial to understand how we can build Crucial to understand how we can build 
on previous approaches and where new on previous approaches and where new 
ones are neededones are needed
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Conclusions (2)Conclusions (2)

The global computing scenario The global computing scenario 
requires more intelligence to be requires more intelligence to be 
moved to run timemoved to run time
Traditional preTraditional pre--deployment tools must deployment tools must 
be moved to run time in a seamless be moved to run time in a seamless 
fashionfashion
–– continuous testingcontinuous testing
–– runrun--time verificationtime verification
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Our workOur work

We have seen an We have seen an initial attemptinitial attempt to use to use 
defensive programming and an defensive programming and an 
assertionassertion--based approach to based approach to 
monitoring to make system partially monitoring to make system partially 
selfself--healinghealing
The advantage of our approach is that The advantage of our approach is that 
it can coexist with current “standards” it can coexist with current “standards” 
developed for developed for SOAsSOAs
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Our workOur work

We developed prototypes for assertionWe developed prototypes for assertion--based based 
monitoring and recovery mechanismsmonitoring and recovery mechanisms
We are completing a second wave of prototypes that We are completing a second wave of prototypes that 
take into account performance and usability issuestake into account performance and usability issues
We will address nonWe will address non--functional propertiesfunctional properties
We will try to achieve a better separation between We will try to achieve a better separation between 
business and monitoring logic to support different business and monitoring logic to support different 
monitoring activities for different stakeholdersmonitoring activities for different stakeholders
Definition of more complex exception handling Definition of more complex exception handling 
routines routines 
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