1

Chapter

Event-Based Execution Architectures for Dynamic

Software Systems

James Vera, Louis Perrochon, David C. Luckham

Computer Systems Laboratory

Stanford University

Stanford,, CA 94305, USA

{ vera,perrochon,dcl}@ pavg.stanford.edu

Key words: Evoluti onary software architectures, software artifacts, component engineering.

Abstract: Distributed systems’ runtime behavior can be difficult to understand. Concurrent, distributed activity make notions of global state difficult to grasp. We focus on the runtime structure of a system, its execution architecture , and propose representing its evolution as a partially ordered set of predefined architectural event types.

This representation allows a system’s topology to be visualized, analyzed and co n - strained. The use of a predefined event types allows the execution architectures of different systems to be readily compared.

1. INTRODUCTION

Distributed softwaresystems consist of computational components interacting over a communications infrastructure. The executions of thesesystems can be highly dynamic with components being created and destroyed and thecommun i - cations infrastructureundergoing continual reconfiguration. Weproposeto repr e - sent the evolution of thestructureof such a running system, termed the execution architecture of thesystem, as a set of events, partially ordered by timeand ca u - sality. This partial order of architectural events enables thepreciseanalysis of thetopological evolution of a system, just as a partial order of behavioral events enables a precise analysis of the functional activity of a system [1] .

Theneed for understanding execution architectures is driven by themain trends of software. Component-oriented software engineering has resulted in systems composed of components connected through middleware. Distribution , especially largescale, leads to asynchronous systems. The effect on execution architectureis dramatic: theremay beno singledepiction of the execution arch i - tectureof an asynchronous distributed systemat a particular "point’’ in time.

I n stead, different observers can have a different views of what the architecture is.

Wedefinea model for execution architectures and event types used to indicate changes in such a model. Weshow how systems such as distributed Java pr o - grams or systems communicating over commercial middlewarecan havetheir topological evolution projected onto our model. Using a predefined set of event types allows us to comparethe execution architectures of systems implemented in different languages and which utilized different communications middleware.

Finally, weshow how our representation of an execution architectureallows a system’s topological evolution to be visualized, analyzed, and constrained.

2. PREVIOUS WORK

Our work is builds on two previously separatelines of research: softwarea r - chitecture and causal modeling.

2. 1 Software Architecture

Theterm architecture has been widely discussed in theliterature(e.g., [2] [3]

[4] [5] ). Soni et al. [6] discuss four categories of architecture: Conceptual, Mo d - ule, Execution and Code. Conceptual architecturedescribes a systemin terms of high level, abstract elements. Modulearchitectureis thea moredetailed fun c - tional decomposition. Execution architectureis thestructureof therunning sy s - tem. Codearchitectureis theorganizational structureof thesourcecodeof the system. Execution architectureis uniqueamong thefour in being a dynamic structure. Wefocus on execution architectureand arguethat its appropriatere p - resentation is a partially ordered set of events.

Current research in softwarearchitectures has often focused on conceptual or modulearchitectures (wewill termarchitectures in either of thesecategories as

Systems

3 component architectures). Architectures aredescribed as entities possibly within other entities and interconnected somehow. Such descriptions aresometimes r e - ferred to as "boxes and arrows’’ representations. Whilebeing useful for many purposes, they havetheir shortcomings in describing a dynamic system. There p - resentation of an execution architectureneeds to beableto deal with change. In simplecases, execution architectures may bethought of as a series of static a r - chitectures, snapshots at different points in time. However, in many cases this is not enough.

TheACME systemdeveloped by Garlan et al. is designed as an languagefor exchanging architectural designs [7] . TheACME systemis inherently static though thereis a proposed extension to allow thespecification of potential dyn a - mism. Darwin [8] focuses on design specification and is not intended to beused in systems wherenew component types and thepathways between themared e - fined and added at runtime.

2. 2 Causal Modeling

Theuseof partial orders of events to depict thebehavior of distributed sy s - tems is well established [9, 10] . Therelation of thepartial order, typically called causality , enables trueconcurrency to berepresented, information which is lost in a trace-based model.

Fidgeand Mattern [11, 12] separately developed thenotion of vector time which is an algorithmic way of representing and analyzing thecausal relation.

Subsequent work has been donein improving theperformanceof such algorithms in special cases (e.g., [13] . See [14] for an excellent survey). Other work has been doneon applying causal modeling notions to existing programming languages

[15] .

Our framework for execution architectures is an extension of our previous work in event-based systems [16, 17] . Therewecreated a programming language,

RAPIDE , in which a causal record of a program’s behavior was automatically deduced and recorded during the program’s execution.

3. A THEORY OF EXECUTION ARCHITECTURE

3. 1 Execution Architectures

Execution architecture is a runtimenotion. It is thearchitectureof an ex e - cuting system. Its building blocks are executableconstructs (e.g., objects, pro c - esses, tasks) which wecall modules and themechanisms they useto communicate which wecall pathways . Both of thesebuilding blocks may becreated and deleted during thesystem’s execution making execution architecturean inherently d y - namic notion. It can best bethought of as therecord of the evolution of the structure of a running system.

3. 2 Modules and Pathways

Our framework for execution architectures is built on two basic constructs:

˘ Modules which are groupings of computational capabilities, and

˘ Pathways which are the means modules use to communicate amongst the m - selves.

Module: A moduleis a grouping of computational capabilities. Modules have an associated type. Thetypeconsists of a set of provided and required features of each module, called declarations . Thesedeclarations areused to communicate with other modules. In an event-based system, thesedeclarations would denote what events a modulecan send and receive. In a systembased on synchronous

(remote) procedurecalls, thedeclarations would describetheprocedures provided and called by each module. Thetypeof a moduledescribes what themoduler e - quires fromother modules as well as what themoduleprovides to other modules.

Somearchitecturedescription languagetypesystems only describewhat modules provide.

In addition, wedefinea parent-child containment relationship over modules.

Each modulehas maximumoneparent. Theparent relationship forms a directed graph. Being dynamic, theparent of a modulemay change. Whileparent-child is theonly modulerelation wepredefine, additional relationship may bedefined, such as a relation between thesoftwaremodules and thehardwaremodules they currently run on, etc.

Pathway: A pathway represents potential communication among modules. A pathway has a name, a set of inputs and a set of outputs. Theinputs may be thought of as thosethings which invokeor usethepathway and theoutputs as

Systems

5 thosethings which result fromtheinvocation or observetheuseof thepathway.

Theinputs and outputs of a pathway may change. Typically, oneinput or output identifies a pair (module, declaration). Moregenerally, weallow theuseof pa t - terns to concisely specify sets of inputs or outputs. For example, a pattern could express "any moduleof typeAirplaneperforming a RadioOut event.’’ A pathway also has a scopeover which it operates. Thescopemay bea particular moduleor the entire system.

A pathway can represent a mechanismor simply a stateor condition. Possible examples of pathways area UNIX pipe, a Java socket, a serial cablebetween two computers, or a dynamic scoping rule of a particular programming language.

What constitutes a moduleis a subjectivedetermination. For example, in a producer-consumer example, theproducer and consumer arelikely to bemodules whilethedata communicated between themis probably not. Thus what is defined as objects in thesourcelanguagedoes not necessarily correspond to modules. Not all objects need bemodules, not all modules need beobjects. In a systemof wor k - stations and network links one modeler may chooseto havetheworkstations be represented as modules and thenetwork links to bepathways. However, for a modeler moreconcerned with thenetwork protocols, thenetwork links might be themodules and theworkstations thepathways. Thekey point is that modules represent thebuilding blocks of thearchitecture. Thedefinition of theactual co r - respondenceis determined by thesystem implementor though language/system defaults may be used.

3. 3 Execution Architecture Events

An execution architecturechanges over time. Modules arecreated and d e - stroyed, pathways comeinto and go out of existence. Such occurrences may be serialized or may happen independently. Wemodel such changes as events . For example, thecreation of a moduleor theadditional of an output to a pathway would each bedenoted by events. In our framework, wehavetemplates for nine architectural events to describecreation and deletion of modules and pathways, addition and deletion of inputs and outputs frompathways, and changing of the parent of a module.

Events haveparameters containing additional information. A

CreateMo d ule e.g., has parameters denoting thetypeof themodulethat was created, theparent of that moduleand thenameof themodule. Wegivethesim - plified d e scription of the templates below:

CreateModule(type : ModuleType, parent : Event, name : String);

DeleteModule(module : Event);

CreatePathway(inputs : Pattern, outputs : Pattern, name : String);

DeletePathway(pathway : Event);

ChangeParent(module : Event, parent : Event);

AddPathwayInputs(pathway : Event, inputs : Pattern);

AddPathwayOutputs(pathway : Event, outputs : Pattern);

DeletePathwayInputs(pathway : Event, inputs : Pattern);

DeletePathwayOutputs(pathway : Event, outputs : Pattern);

Some explanations may benecessary: first, our events do not directly refer to modules or pathways, as modules and pathways aretransient objects in an ex e - cution architecture. In many cases, such as debugging post mortem, theseobjects no longer exist. Instead, werefer to the event that denotes thecreation of the moduleor pathway. This can beseen in theparent parameter of

CreateMo d ule Instead of referring to theparent module, werefer to the

CreateModule -event of the parent.

Second, wewould liketo beableto definetheinputs and outputs of a pat h - way in a descriptiveway, rather than as an enumeration of all possibleinputs.

RAPIDE allows us to easily describethesets of input and output of a pathway using a pattern . For our purpose, thepattern in CreatePathway just specifies a set of declarations of certain modules. If a pattern languageis not available, sets of pairs of a module(denoted by an event) and a declaration would work also.

Events areordered temporally and causally. In thecontext of an event pro c - essing systemsuch as

RAPIDE , our architectural events can betreated likeno r - mal events. This allows us to use existing browsing tools and, moreinterestingly, pattern matching and constraint tools on architectural events. Using event co n - straint tools, wecan write topological architectureconstraints. Examples of such are presented in section 4.1.

3. 4 Causal and Time Orders

When events arecreated they are(partially) ordered by causeand time. Two events aretemporarily ordered if their temporal relation can bedetermined by any singleclock in thesystem. Thetemporal order of two events in a distributed sy s - temwithout a common clock is not a priory known, but may bederived later.

Systems

7

Two events arecausally ordered if onecauses theother (transitively). The exact meaning of cause is configurableand is captured by thesystemarchitect in a causal model. A common definition is that the events produced by a thread are totally ordered, the receipt of an event causally follows its sending.

Thepartial ordered set (poset) of architectural events forms a record of the evolution of thearchitecture. Recording relations between events in distributed systems as partial orders (instead of just time-stamping them) reveals that "the execution architectureat a certain point in time’’ is not a well defined concept.

[18] introduces thenotion of consistent cuts as architectural observation points.

A consistent cut partitions a partially ordered set into a before and after part. If an event is in theafter part, then all events that follow it temporarily or causally arein theafter part, and viceversa. Informally, an observer could haveseen only and exactly the before part of theposet. When wespeak of a "point’’ in the ex e - cution we mean "at a consistent cut’’.

3. 5 Static Snapshots

At any consistent cut in theposet, a static representation or snapshot of the execution architecturesimilar to a component architecturemay bederived from all of the events preceding theconsistent cut. Such a snapshot is amenableto the types of analysis typically done on component architectures.

A compatible sequence of consistent cuts is graphically defined as a sequence of cuts which do not cross. Such a sequencemay beviewed as an animated movie of thearchitecture’s evolution. Sincea poset may contain a set of such sequences, an execution architecturemay contain a set of such animations. Each animation corresponds to a particular observers view of thearchitectureover time. The e x - amplebelow gives examples for such compatibleand incompatiblesequences of consistent cuts.

4. APPLICATIONS OF EXECUTION

ARCHITE C TURES

4. 1 An Air Traffic Control System

ControlTower RunwayControl

AirTrafficSector co ci

ri ro

Figure 1 . Initial air traffic architecture

Consider an air traffic control systemas depicted in figure1 . Its architecture consists of AirTrafficSector which co n tains a ControlTower and a Runway-

Control module. This initial architecturewas created by the execution represented by theposet in figure2 . Thearrows denotethecausal relation. Notethat the consistent cut C1 in figure2 marks the"point’’ in the execution at which the architecture depicted in figure 1 holds.

CreatePat hway(^RunwayControl.ro~,

^ControlTower.ci~, ^~)

CreatePat hway(^ControlTower.co~,

^RunwayControl.ri~,^~)

CreateModule(RunwayControlType,

E1, ^RunwayControl~)

CreateModule(ControlTowerType,

E1, ^ControlTower~)

CreateModule(Ai rTrafficSectorType,

Null, ^AirTrafficSector~) Event E1

C1

Figure 2 . An initial execution of the air traffic system

Next imaginethat two Flights (onecalled UA17, theother AA23) arecreated and that their creations areindependent. A pathway fromeach Flight to the

Co n trolTower is also created. This execution is represented by theposet in

Systems

9 figure 3 . At thepoint in that poset indicated by consistent cut C3 thearchitecture depicted in figure 4 holds.

Cr eateModule(FlightT ype,

E1 , ^AA23") Cr eateModule(FlightT ype,

E1 , ^UA17")

Cr eatePathway(~UA17.fo~,

^C ontrolTower.cai~) Cr eatePathway(~AA23.fo~,

^C ontrolTower.cai~)

Cr eatePathway(^Run wayControl.ro~,

^ ControlTower.ci~, ^~)

Cr eatePathway(^Con trolTower.co~,

^ RunwayC ontrol.ri~ ,^~)

Cr eateModule(RunwayControlType,

E 1, ^RunwayControl~)

Cr eateModule(Contro lTowerT ype,

E 1, ^ControlTower~ )

Cr eateModule(AirTra fficSectorType,

N ull, ^AirT rafficSe ctor~) Event E1

Event E6 Event E7

Event E8 Event E9

C2b

C3

C2a

C1

Figure 3 . Continuation of execution of the air traffic system

In between consistent cut C1 and consistent cut C3 thereareseven consistent cuts 1 two of which areshown in figure3 . Cuts C2a and C2b areinconsistent

(graphically thecuts cross) so they would not both appear in thesamearchite c - tureanimation. Onearchitectureanimation A1 could consist of sequenceof co n - sistent cuts C1, C2a, C3 and another architectureanimation A2 could consist of the sequence C1, C2b, C3.

1 The consistent cut for which the maxima is (1) Event E6, (2) Event E7, (3) Event E8 (this cut is labeled C2a in figure 3 ), (4) Event E9 (this cut is labeled C2b in figure 3 ), (5) Events E6 and

E7, (6) Events E6 and E9 and (7) Events E7 and E8

R u n w a y C o n t r o l c o c i

r i r o cai fo fo

UA17 AA23

ControlTower

AirTrafficSector

RunwayControl

Figure 4 . Air traffic architecture at consistent cut C3

In architectureanimation A1, theinitial snapshot shown in figure1 would a p - pear, then Flight UA17 and its connection to the ControlTower would appear and finally Flight AA23 and its connection to the ControlTower would appear. In a r - chitectureanimation A2, thesameinitial architectureas in A1 would appear, followed by theappearanceof Flight AA23 and its connection to the

Contro l Tower followed by Flight UA17 and its connection to the ControlTower.

In a systemwhich is merely time-stamping its architectural changes, or which observes themby break-pointing thesystem, only animation A1 or animation A2 would beseen (or potentially a third animation A3 in which at one"frame’’ neither flight is visibleand in thenext both are. This animation would result froman overly coursetime-stamping or breakpointing interval.) This is a specific instance of a moregeneral case. Whenever thereareconcurrent changes to an architecture, a singletraceof thosechanges (such as would result fromtime-stamping or breakpointing) will only captureoneanimation. They cannot capturetheinfo r - mation contained in incompatible consistent cuts.

4. 1 .1 Use ofPartially Ordered Architectural Events

Therepresentation of execution architectureas partially ordered sets ( posets) of events allows poset oriented tools and methods to beapplied to execution a r - chitectures. In particular, thepattern and constraint languages developed in the

RAPIDE project may beapplied to specify topological (as opposed to purely functional) constraints on executing systems. The RAPIDE languages can be used to set up simplefilters, constraints or maps. Someillustrative examples fo l - low.

Systems

11

4. 1 .2 Filters

Filters areoperators which takes as input a poset and outputs a subset of its input selected by a pattern. Filters allow a reduction of thespacebeing examined.

Supposeweareonly interested in themodulecontainment structure. Thefollo w - ing filter could be used:

observe select CreateModule() or DeleteModule() or ChangePa r ent();

4. 1 .3 Constraints

Therepresentation of an execution architectureas a poset allows us to write constraints about its evolution as well as static snapshots. For example, wecould constrain that a Radar modulemust becreated beforea Depot module. Or that a particular communication topology (full connected, strongly connected) exists among a class of modules before some condition.

Given a poset constraint languagesuch as that availablein RAPIDE , the e x - istenceof architecture events allows thesespecifications of topological co n - straints. In an event generating system(wherethebehavior is also represented as events), mixed-mode functional/topological constraints can be expressed.

Supposewewant to requirethat thecreation of Flight modules must beser i - alized. Wemight makethis requirement becausethecreation of a new Flight moduleinvolves themanipulation of someglobal state(e.g., thenumber of

Flights currently in thesector). Wecan express this constraint as requiring the events signifying the creation of Flight modules be totally ordered:

observe select CreateModule(type is FlightType) match [* rel -> ] CreateModule;

4. 1 .4 Maps

Maps areoperators which transforma poset into a new poset. Thenew poset is generally at a higher level of abstraction. That allows thebehavior of systemto be understood in more abstract terms than those in which it was implemented.

As a simple example, supposewewish to abstract ControlTower moduleand

RunwayControl modulepairs into single AirportControl module. To do this we would createa map that does this abstraction and adjusts thecommunication structureaccordingly. If theinput poset also contained thefunctional behavior of thesystemthen behavior of a ControlTower or RunwayControl modulewould also need to be mapped into behavior by an AirportControl module.

A subset of such a map is given below:

map AirportAbstract is trans : array [Event] of Event;

(? c,?r,?p, ?a : Event; ?s1,?s2 : String)

? c@CreateModule( ControlTowerType, ?p, ?s1) and

? r@CreateModule( RunwayControlType, ?p, ?s2)

=> ? a@CreateModule( AirportControlType, ?p, ?s1+?s2);

trans[?c] := ?a; trans[?r] := ?a; end map;

Theaboverulelooks for pairs of CreateModule events, onedenoting thecre a - tion of a ControlTower module, theother a RunwayControl module. If they both havethesameparent then a CreateModule event is created in thenew poset which denotes thecreation of an AirportControl module. Theassociation of the lower level events to thehigher level event is stored in an associativearray for subsequent use by other rules.

4. 1 .5 Conformance to Reference Architectures

By combining maps and constraints, theconformanceof systems to reference architectures may bechecked [16] . Architecture events allow topological confo r - manceto be expressed. This can beuseful for checking requirements such as d u - plicate communication channels.

4. 1 .6 Reverse Engineering

Reverse engineering of architectures is necessary when theoriginal archite c - turehas been lost (or never existed). Research has focused on extracting comp o - nent architectures fromsourcecode [19] . By extracting architecture events froma running systemvia instrumentation (such as monitoring middleware) wecan e x - tract the execution architecture even when theoriginal sourcecodeis unavailable.

Perhaps morecomparativework is the extraction of call trees by debugging sof t - ware. Thesetools can bethought of as providing a maximal depiction of theuse of the execution architecture. An execution architectureposet, in contrast, ca p - tures its evolution.

Systems

13

4. 2 Applications to Other Domains

Themapping of concepts fromevent-based systems into our architectural constructs is flexibleand in each case, different strategies aresupported with e m - phasis on different attributes.

Whatever choiceis made, theability to map oneposet into another allows such decisions to bechanged ex post facto. In theabove example, thechoiceof the assignment to modules and pathways could be inverted by a mapping.

In this subsection wepresent some exampletranslations of distributed systems to our execution architecture constructs.

4. 2 .1 A SystemImplemented inJava

TheJava notion of objects is easily mappableto our moduleconcept. More interesting is the choice of constructs which map to pathways.

Theability of oneobject to namean other object (generally known as dynamic scoping) is oneformof pathway. If an object A can namean object B then we can say that a pathway exists from A to B.

TheJava socket construct is amenableto translation into a pathway. A Java socket is a bidirectional mechanismover which data may besent fromoneobject to another. It has two ends. Any object which can namean end may send or r e - ceivedata along thesocket. Therefore, a Java socket could betranslated into two of our pathway constructs (pathways areonedirectional whilesockets are bid i - rectional) wherethesources of oneof thepathways arethedestinations of the other (and vice versa).

4. 2 .2 A SystemHosted onCommercial Middleware

TheInformation Bus (TIB) [20] is a communication middlewarewhich su p - ports thesubject-based publish-subscribemetaphor. Objects send out (publish) messages labeled with a particular textual field (subject). Other objects can r e - quest to receive(subscribeto) messages with a particular subject. Higher level protocols arebuilt on top of thepublish/subscribemechanismsuch as point to point communication, synchronous communication, and automatic selection of one from several destinations.

In our application of execution architectures to theTIB [21] , wemap each

TIB client into a moduleand map thebasic publish/subscribemechanisminto pathways. In a component architecturedescription, for every subject a connection is needed fromthemodules which may publish that subject to themodules that may subscribeto thesubject. Not surprisingly, pictures of such architectures show theTIB only as a bus. In an execution architecture, pathways areonly maintained between modules that actually publish and modules that actually listen to a certain subject, e.g., only after a modulesubscribes to a subject it is added as a destination of thepathway which corresponds to that subject. This results in a point-to-point depiction of the communication network.

Other TIB protocols can becaptured via their implementation on top of the publish/subscribeprotocol. However, thesemantics of thehigher level protocols are more accurately captured by dealing with them individually.

5. SUMMARY AND CONCLUSIONS

Wedeveloped a technology to define, track and control execution archite c - tures of dynamically changing softwaresystems. Architectural changes arerepr e - sented by causally and temporarily (partially) ordered events. Our framework has the following features:

˘ Architecture events provide a formal language to describe execution archite c - tures.

˘ Filters and maps, together with the visualization tools such as those available in RAPIDE allow real time monitoring of execution architectures.

˘ The RAPIDE engine raises exception when the formal specification (i.e., co n - straints) of an execution architecture is violated. Maps allow corrective a c - tions in non fatal error conditions.

˘ Static snapshots at consistent cuts provide backward compatibility with prev i - ous approaches.

˘ Posets of architecture events capture the execution architecture of an asy n - chronous, distributed system in cases where static architectures are not e x - pressive enough.

˘ Posets can easily be stored and analyzed at a later time.

Our technology is applicableto systems that aredistributed, asynchronous and havea high changerate. Webelieveunderstanding execution architectures is important becauseit fills thegap between theabstractness of conceptual arch i - tectures and what is actually implemented in systems. In particular, our partiallyordered event-based execution architectures is superior to simple, time-stamped traces of architectural changes.

Systems

15

6. REFERENCES

1. Peled, D. A., et al., Partial Order Methods in Verification Series in Discrete Mathematics and

Theoretical Computer Science, ed. 29. 1996, American Mathematical Society.

2. Garlan, D. and Shaw, M., An Introduction to Software Architecture Advances in Software

Engineering and Knowledge Engineering, ed. 1. 1993, World Scientific Publishing Company.

3. Moriconi, M. and Qian, X., Correctness and Composition of Software Architectures . In

Proceedings of SIGSOFT’94 Software Engineering Notes . 1994. New Orleans, LA: ACM

Symposium on Foundations of Software Engineering.

4. Perry, D. E. and Wolf, A. L., Foundations for the Study of Software Architecture . In

Proceedings . 1992. SIGSOFT ’92, Software Engineering Notes: ACM Symposium on

Foundations of Software Engineering.

5. Thompson, C., ed. Workshop on Compositional Software Architectures . 1998, OMG,

DARPA, MCC, OBJS: Monterey, California.

<http://www.objs.com/workshops/ws9801/report.html>

6. Soni, D., et al., Software Architecture in Industrial Applications . In Proceedings of 17th

International Conference on Software Engineering . 1995: ACM.

7. Garlan, D., et al., ACME - Software Architecture Interchange Language. 1995.

8. Magee, J., et al., Specifying Distributed Software Architectures . In Proceedings of 5th

European Software Engineering Conference (ESEC 95) . 1995. Sitges, Spain. < http:// wwwdse.doc.ic.ac.uk/research/ darwin/>

9. Lamport, L., Time, Clocks, and the Ordering of Events in a Distributed System. CACM,

1978. 21(7): p. 558-565.

10. Pratt, V. R., Modeling concurrency with partial orders. Int. J. of Parallel Programming,

1986. 15(1): p. 33-71.

11. Fidge, C. J., Partial Orders for Parallel Debugging . In Proceedings of Workshop on Parallel and Distributed Debugging . 1988. Madiscon, Wisconsin: ACM SIGPLAN/SIGOPS.

12. Mattern, F., Virtual Time and Global States of Distributed Systems . In Proceedings of

Parallel and Distributed Algorithms . 1988: Elsevier Science Publishers.

13. Meldal, S., et al., Exploiting Locality in Maintaining Potential Causality . In Proceedings of

10th ACM Symposium on the Principles of Distributed Computing . 1991. New York, New

York: ACM Press.

14. Schwarz, R. and Mattern, F., Detecting Causal Relationships in Distributed Computations:

In Search of the Holy Grail. Distributed Computing, 1994. 7(3): p. 149-174.

15. Santoro, A., et al., eJava - Extending Java with Causality . In Proceedings of 10th

International Conference on Software Engineering and Knowledge Engineering (SEKE’98) .

1998. Redwood City, CA, USA. < http:// pavg.Stanford.EDU/ cep/>

16. Luckham, D. C., et al., Specification and Analysis of System Architectures using RAPIDE.

IEEE Transactions on Software Engineering, 1995. 21(4).

17. Luckham and Vera, An Event-Based Architecture Definition Language. IEEE Transactions on

Software Engineering, 1996. 21(9): p. 717-734.

18. Vera, J. S., Software Architecture Description Languages: Descriptive Constructs and

Execution Algorithms. PhD thesis (forthcoming). Stanford University, Stanford, 1998.

19. Harris, D. R., et al., Reverse Engineering to the Architectural Level . In Proceedings of 17th

International Conference on Software Engineering . 1995: ACM.

20. TIBCO, TIBCO Web Site , . 1998, TIBCO. < http:// www.tibco.com/>

21. Luckham, D. C. and Frasca, B., Complex Event Processing in Distributed Systems. Computer

Systems Laboratory Technical Report CSL-TR-98-754. Stanford University, Stanford, 1998.

< http:// pavg.Stanford.EDU/ cep/>