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Chapter 1IntroductionAn event-based distributed application is composed of a group of components interacting toaccomplish some logical end. These components interact with each other by producing eventsthat in turn trigger the invocation of procedures. These application modules could be writtenin di�erent programming languages and distributed across a network of possibly heterogeneousprocessors. In this work, we are interested in coarse-grained, or con�guration-level interactionand integration, and we focus on technology and methods for integrating an event-based appli-cation, whether that application is being constructed from scratch or is a synthesis of existingevent-based systems. Our objective is to provide the same software engineering bene�ts to pro-grammers of event-based applications as are currently provided to programmers of applicationsusing traditional RPC or message passing mechanisms.Distributed applications have been traditionally constructed out of modules that interact witheach other by explicitly invoking procedures on named interfaces. Recently, however, softwaredevelopers have shown increasing interest in an alternative integration technique, variously re-ferred to as implicit invocation [16] [18], multicast [9], or selective broadcast [38] [19]. The ideabehind this integration technique is that instead of invoking a procedure directly on a named in-terface, events multicast by modules trigger the invocation of procedures. Multicast 1 is a modeof communication where an event produced by some module can be sent to a set of modules atthe same time. In order for modules to interact in an event-based application, modules mustspecify what events they are interested in receiving. A module registers its interest in an eventby associating a procedure with that event. When an event is multicast, all the modules that areinterested in the event receive it and all procedures that have been associated with the event areinvoked by the system.There are many advantages to this integration approach. First, it provides strong support forsoftware reuse. Since modules are not required to explicitly name other modules, it is possible tointegrate modules by registering their interest in events of the system. In addition, the integration1Multicast refers to one-to-many communication, while broadcast refers to one-to-all communication. In thissense, broadcast is a special case of multicast. 2



approach eases system evolution. A module may be replaced by another without a�ecting theinterfaces of modules that implicitly depend on it. In contrast, in a system based on explicitinvocation, changes made to interfaces of one module will a�ect other modules that interact withit on those interfaces. Since the control paradigm for event-based application is based upon eventsrather than named interfaces, developers �nd reduced coupling between their modules, and arehence free to vary the structural design easily.Developing an event-based distributed application of any kind can be di�cult for programmers,who must deal with several issues not found in traditional systems and, currently, must do sowithout much assistance. These issues include event declaration, structure, binding, and alsocomplexity in naming events used in communication. Several languages have been developedto enable programmers to build a single event-based program, intended to execute on one or avery small number of hosts [11] [18] [13] [27] [33] [39]. But a language-based approach does notscale up to systems of event-based components; where interaction among components is complex,application modules could be written in di�erent programming languages and distributed acrossa network of possibly heterogeneous processors.When the complexity of building a large program became too great, our research �eld quicklyshifted to building systems of smaller components instead. This was enabled by the use ofmodule interconnection languages and by technology for integrating those components [3] [5] [12][28] [35] [41]. In particular, software packaging [4] | that is, reasoning about compatibility ofsoftware modules in order to determine valid means for integrating and interconnecting them| has been successful in simplifying system design and implementation, with all the bene�tswidely known about modular programs. To date, however, this technology has not encompassedapplications that are event-based; programmers must resort to manual techniques for developingand integrating components, mixing code having to do with communication with code havingto do with the application's functionality. This reverses the trend towards software that is lesscostly to build and more easily reused.In the remainder of this chapter, we introduce two examples to illustrate some of the problemsdriving this research and discuss possible approaches to integrating event-based distributed ap-plications. We then describe our integration approach and the support provided by our work.We discuss other related research e�orts. Finally, we give an outline of the thesis.1.1 Motivating ProblemsTo illustrate the problems of integrating event-based applications, we will �rst introduce twoexamples, a 2D and a 3D virtual environment applications. We will then discuss di�erent ap-proaches to building the applications from scratch and to supporting interactions between them.Figure 1.1 shows an application that simulates a 3D virtual environment (VE3D) where a usercan walk through a building. This application consists of four modules, Controller, Display,Simulator and Log, which are distributed on di�erent host machines. Module Controller is3



used to enter the current user's position. Module Simulator simulates the position of users ofother walkthroughs. Information on the current user and the users of other walkthroughs is fedto module Display, which displays users of other walkthroughs as objects in the current world.Module Log records both the current user's position and other users' positions into a log �le.The execution of VE3D can be modeled as an event-based application where modules interact witheach other by multicasting events that in turn trigger the invocation of procedures. Figure 1.2shows the pseudo code of VE3D. Module Controller multicasts event obj describing the currentuser's position. Module Simulator multicasts event ext obj describing other users' positions.Modules Display and Log register their interest in events obj and ext obj. Figure 1.3 showsmodules' interest in events in VE3D and procedures associated with them. When moduleDisplayreceives event obj, it invokes procedure update viewpoint, and event ext obj triggers invocation ofprocedure update ext obj. Similarly, events obj and ext obj received by module Log trigger theinvocation of procedures log obj and log ext obj, respectively.Figure 1.4 shows an application that simulates a 2D virtual environment (VE2D) where a user canwalk through a building. This application consists of six modules, Controller, Display XY,Display YZ, Display XZ, Simulator and Log, which are distributed on di�erent host ma-chines. Like VE3D, module Controller is used to enter the current user's position. ModuleSimulator simulates the position of users of other walkthroughs. Module Log records both thecurrent user's position and other users' positions in a log �le. Information on positions of thecurrent user and the users of other walkthroughs is fed to display modules, which display usersof other walkthroughs as objects in the current world. Unlike VE3D, modules in VE2D displayobjects in the 2D world instead of the 3D world. Display XY, Display YZ, and Display XZdisplay objects in the XY plane, YZ plane, and XZ plane, respectively.Similarly, the execution of VE2D can be modeled as an event-based application. Figure 1.5 showsthe pseudo code of VE2D. Module Controller multicasts events obj, obj xy, obj yz, and obj xzdescribing the current user's position. Module Simulator multicasts events ext obj, ext obj xy,ext obj yz, and ext obj xz describing other users' positions. Figure 1.6 shows modules' interestin events in VE2D and procedures associated with them. For example, module Display XYregisters its interest in events obj xy and ext obj xy. When event obj xy is received, it triggersinvocation of procedure update viewpoint xy, and event ext obj xy triggers invocation of procedureupdate ext obj xy.First, let us consider building an event-based application from scratch. One approach to buildingor integrating event-based distributed software applications is to transform the modules manually,mixing the code having to do with event-based communication with code having to do with theapplication's functionality. While the multicast primitives must still be explained, Figure 1.7shows what the source code for modules Controller and Display in VE3D would look like usingPolylith. For example, module Controller of VE3D application would include the code todeclare event obj and de�ne the event structure as three integers before it multicasts the event.Module Display of VE3D would include the code to de�ne procedures update viewpoint andupdate ext obj, would register its interest in events obj and ext obj, would get the next eventavailable for processing, would decode the events according to the event structure, and would4
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Figure 1.1: Application structure for VE3D
Display()
begin
  while ( true) {
     e = next event;
     if event_name is obj
       update_viewpoint;
     else if event_name is ext_obj
       update_ext_obj;
  }
end Display

Controller()
begin
  while ( true ) {
    read current user’s position 
    from input;
    multicast event obj;
  }
end Controller

Simulator()
begin
  while ( true ) {
    read users’ positions in other
    walkthroughs from input;
    multicast event ext_obj;
  }
end Simulator

Log()
begin
  while ( true) {
      e = next event;
      if event_name is obj
          log_obj;
      else if event_name is ext_obj 
          log_ext_obj;
  }
end LogFigure 1.2: Pseudo code for VE3D
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Module Events of Interests ProceduresDisplay obj update viewpointext obj update ext objLog obj log objext obj log ext objFigure 1.3: Module event interests in VE3Dinvoke the corresponding procedures. When application modules are tailored to event interactionproperties of the application, both system calls for event interaction in the underlying run timeenvironment (also called interface software) and the application's functionality become part of themodule implementation. Creation of interface software is di�cult and time consuming, becauseit demands the comprehension of interaction among modules as well as an understanding ofthe architecture and communication mechanism of the target machine. Programmers have tomodify the source code for the modules if the event-based application must be ported to a newenvironment. It is also di�cult to reuse a module in a new application where event interactionsare di�erent.There has been increasing interest in combining existing pieces of software to produce new ap-plications as many realize that future breakthroughs in software productivity will depend onour ability to reuse components. By constructing new applications out of reusable softwarecomponents, developers can build large, high-quality software applications using less time thanbuilding similar applications from scratch. These bene�ts led to a number of e�orts to standard-ize component interaction [31] and to promote component-based software reuse [15] [44]. Whenprogrammers try to reuse software components, however, they cannot �nd exactly what theywant; often such components need to be adapted before they can be reused. This is also thecase when constructing event-based applications out of existing applications. We next discusshow to integrate separately developed but related event-based distributed applications. Lookingback at VE3D and VE2D applications, the interoperation between them is clear. Instead of usinga module to simulate users of other walkthroughs, we want to build an application out of theexisting VE3D and VE2D in order to let two users (one in VE3D, the other in VE2D) controltheir own positions and display the other user as an object in their respective (3D or 2D) worlds.The question is how to integrate two related but separately developed applications without thecost of developing an entire third application (as shown in Figure 1.8). In order to build thecomposite application, the two original applications need to be adapted in the following areas:� Application StructureThe composite application will consist of eight modules as shown in Figure 1.8. The Sim-ulator modules from both VE3D and VE2D are not needed in the composite application.Module Simulator in VE2D should be replaced by modules Display, Controller andLog from VE3D. Similarly, module Simulator in VE3D should be replaced by modulesDisplay XY, Display YZ, Display XZ, Controller and Log from VE3D.� Module Names 6
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Display_XY()
begin
  while ( true) {
      e = next event;
      if event_name is obj_xy
          update_viewpoint_xy;
      else if event_name is ext_obj_xy
          update_ext_obj_xy;
  }
end Display_XY

Controller()
  while ( true ) {
    read current user’s position 
    from input;
    multicast event obj;
    multicast event obj_xy;
    multicast event obj_yz;
    multicast event obj_xz;
  }
end Controller

Simulator()
  while ( true ) {
    read users’ positions in other 
    walkthroughs from input;
    multicast event ext_obj;
    multicast event ext_obj_xy;
    multicast event ext_obj_yz;
    multicast event ext_obj_xz;
  }
end Simulator

Log()
  while ( true) {
      e = next event;
      if event_name is obj
          log_obj;
      else if event_name is ext_obj 
          log_ext_obj;
  }
end Log

Display_YZ()
begin
  while ( true) {
      e = next event;
      if event_name is obj_yz 
          update_viewpoint_yz;
      else if event_name is ext_obj_yz
          update_ext_obj_yz;
  }
end Display_YZ

Display_XZ()
begin
  while ( true) {
    e = next event;
    if event_name is obj_xz
       update_viewpoint_xz;
    else if event_name is ext_obj_xz 
       update_ext_obj_xz;
  }
end Display_XZ

Figure 1.5: Pseudo code for VE2D7



Module Events of Interests ProceduresDisplay XY obj xy update viewpoint xyext obj xy update ext obj xyDisplay YZ obj yz update viewpoint yzext obj yz update ext obj yzDisplay XY obj xz update viewpoint xzext obj xz update ext obj xzLog obj log objext obj log ext objFigure 1.6: Module event interests in VE2DIn both applications, we have modules Controller and Log. When there is a con
ictbetween module names, we need to di�erentiate one module from the other.� Event NamesSince the two applications have been fabricated separately, they may have di�erent eventnaming systems. We need to match up events of interest. For example, both applicationshave events obj and ext obj. In VE3D, event obj represents the current user's position. Itcorresponds to ext obj ( not obj) in VE2D, where it represents the other user's position. Soevent obj in VE3D should be matched up with event ext obj in VE2D. Similarly, event objin the VE2D should be matched up with event ext obj in VE3D.� Event StructuresThe event structures of two matching events may not match. For example, event obj inVE3D is de�ned to be three integers:obj (x:integer; y:integer; z:integer)while in VE2D, its matching event ext obj is de�ned to be a string followed by a recordstructure consisting of three integers:ext obj (name:string; fx:integer; y:integer; z:integerg)We need to transform the event structure from one application to the other.� Event GenerationWhen some modules from the original applications are removed from the composite ap-plication, such a change may a�ect events generated or multicast by those modules. Forexample, in VE2D, events ext obj xy, ext obj yz and ext obj xz are only generated by moduleSimulator. When module Simulator is removed from the composite application, we needto decide whether or not we still need the missing events. If the missing events are stillneeded, we need to determine which module should generate them and how they should begenerated.One approach to adapting the existing applications for reuse in the new application is to modifythe applications by hand, tailoring them to the way we want them to interact. Unfortunately, this8



#include <stdio.h>
main(argc, argv)
int argc;
char *argv[];
{  
   char s[256];
   int x, y, z;

   mh_init(&argc, &argv, NULL, NULL);
   mh_declare_event("obj", "III");
   while (gets(s, sizeof(s))!=NULL) {
      sscanf(s, "%d %d %d", 
                &x, &y, &z);
      mh_multicast("obj", "III",
                     x, y, z);
   }
}

/* Controller.c */ /* Display.c */

#include <stdio.h>

void update_viewpoint(x, y, z)
int x, y, z;
{
    ...
}

void update_ext_obj(name, x, y, z)
char *name;
int x, y, z;
{
   ...
}

main(argc, argv)
int argc;
char *argv[];
{  
   char *event_name, *event_buf;
   int x, y, z;
   char *name;

   mh_init(&argc, &argv, NULL, NULL);
   mh_rgsmulticast("obj");
   mh_rgsmulticast("ext_obj");
   while (TRUE) {
      mh_next_event(event_name, 
                    event_buf);
      if (strcmp(event_name, 
                 "obj")==0) {
        mh_decode_event(event_buf,
                        &x,&y,&z);
        update_viewpoint(x, y, z);
      } 
      else if (strcmp(event_name,
                      "ext_obj"==0) {
        mh_decode_event(event_buf, 
                        name,&x,&y,&z);
        update_ext_obj(name, x, y, z);
      }
   }
}Figure 1.7: Source code for Controller (left) and Display (right) in VE3D
9
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Figure 1.8: Application structure for the integrated VE3D/VE2Dis a di�cult task for programmers, who must change the application structure, rename modules,match up events of interest, transform the event structures, and generate the missing events.Suppose programmers rename events obj and ext obj in VE3D as 3D obj and 3D ext obj so thatthe event names are unique. They must modify the source code to change the old event namesto the new ones. For those missing events, programmers must modify the source code for moduleController in VE3D. Besides multicasting 3D obj, extra code must be added to project the right�elds from the input data and to multicast events ext obj xy, ext obj yz and ext obj xz. In additionto event renaming and event generation, programmers also must decide which event structure tochoose. If programmers choose to use the event structure in VE2D to represent points, i.e., ifthey choose to use a record structure consisting of three integers for a 3D point, and a recordstructure consisting of two integers for a 2D point, then they must change modules' source code inVE3D in order to multicast/receive events of the appropriate structure and to match procedures'formal parameters. For example, module Controller must aggregate the integers into recordstructures consisting of integers in order to multicast events of the appropriate event structures.Figure 1.9 illustrates how modules Controller and Display in VE3D from Figure 1.7 wouldgrow in complexity merely in order to map the event names and event structures when adaptedmanually.The above approach requires programmers to manually edit software modules' sources for reusein a new application where the event interactions are di�erent. If programmers introduce extrainterfacing code into the existing software modules to have the event names and event structurescorrespond, it would make the application modules more complex, more costly to maintain,would increase the chance that programmers will introduce errors to the applications. The costof adapting modules for reuse is high and the economic bene�t of reusing modules resulting fromthis e�ort remains unrealized. 10



   mh_declare_event("3D_obj", "{III}");
   mh_declare_event("ext_obj_xy", "{II}");
   mh_declare_event("ext_obj_yz", "{II}");
   mh_declare_event("ext_obj_xz", "{II}");

   while (gets(s, sizeof(s))!=NULL) {
      sscanf(s, "%d %d %d", &x, &y, &z);
      point_3d.a = x;
      point_3d.b = y;
      point_3d.c = z;
      mh_multicast("3D_obj", "{III}", 
             "chen", point_3d);
      point_2d.a = x;
      point_2d.b = y;
      mh_multicast("ext_obj_xy", "{II}", 
             "chen", point_2d);
      point_2d.a = y;
      point_2d.b = z;
      mh_multicast("ext_obj_yz", "{II}", 
             "chen", point_2d);
      point_2d.a = x;
      point_2d.b = y;
      mh_multicast("ext_obj_xz", "{II}",
             "chen",  point_2d);
   }

/* Controller.c */ /* Display.c */

void update_viewpoint(x, y, z)
int x, y, z;
{
    ...
]

void update_ext_obj(name, x, y, z)
char *name;
int x, y, z;
{
    ...
}

main(argc, argv)
int argc;
char *argv[];
{  
   char *event_name, *event_buf;
   char *name;

   mh_init(&argc, &argv,NULL,NULL);

#include <stdio.h>
struct {
    int a, b;
} point_2d;
struct{
    int a, b, c;
} point_3d;
main(argc, argv)
int argc;
char *argv[];
{
   char s[256];
   int x, y, z;

   mh_init(&argc, &argv, NULL, NULL);

}

#include <stdio.h>
struct {
    int a, b;
} point_2d;
struct {
    int a, b, c;
} point_3d;

mh_rgsmulticast("3D_obj");
mh_rgsmulticast("2D_obj");

While (TRUE) {
   mh_next_event(event_name, 
                 event_buf);

if (strcmp(event_name, 
           "3D_obj")==0) {
   mh_decode_event(event_buf,
                   &point_3d);
   update_viewpoint(point_3d.a,
      point_3d.b, point_3d.c);
}
else if (strcmp(event_name, 
          "2D_obj")==0) {
   mh_decode_event(event_buf, 
          name, &point_2d);
   update_ext_obj(name,
                  point_2d.a,
                  point_2d.b);
}

}
}Figure 1.9: Hand-coded source code for Controller (left) and Display (right) in VE3D. Theadapted code is shown in bold type. 11



1.2 Our Integration ApproachIn this work, we are concerned with the technology and methods for integrating an event-basedapplication, whether that application is being constructed from scratch or is a synthesis of existingsystems. In this section, we �rst describe our approach to integrating event-based distributedapplications from scratch, we then describe our approach to building event-based distributedapplications from existing applications. Finally, we give a brief description of the three layers ofsupport we have provided for integrating event-based distributed applications.Our approach to integrating event-based distributed applications from scratch is to separate theevent interactions of an application from the implementation of the application modules, so thatsystem integration can be performed using only the abstraction. Then, based on the abstractaggregate, customized interface software is generated automatically. Using our approach, pro-grammers provide both the source code for the modules and an abstract description of them.The abstract description includes the module interaction properties of an application in a mod-ule interconnection language. Module interaction properties are the event-based behavior andcommunication of individual modules in an application. Given module interaction speci�cationsfor an application, the integration tool extracts and preprocesses the information and writes theinformation to a �le, which is the input to both the software bus and an integration tool. Theintegration tool then creates a Make�le containing the con�guration commands needed to buildthe application and the customized interface software that maps the speci�cation to the executionenvironment.The obligations for a user of this approach to building an event-based application from scratchare as follows:1. Provide a speci�cation of the event interaction properties of individual modules in theapplication.2. Provide the source code for the application modules.3. Execute the stub generator to generate interface software tailored to the environment.4. Execute the generated con�guration commands to create executables for the application.The ability to reuse components is an economic necessity with software development projects.However, often such components must be adapted in some manner before they can be used. Asthe amount of adaptation increases, the economic bene�t of reusing the component is decreased.In order to reduce the cost of manually adapting software for reuse when integrating existingapplications, we turn to automatic techniques for transforming the abstract speci�cations intovalid implementations.We approach the problem of interoperation between existing applications by providing a speci�-cation language that allows programmers to express desired interactions between existing appli-cations, and by then generating the valid implementation automatically. The generated software12



modules (also called coercion modules) implement programmer-de�ned interactions between ex-isting applications. Given module interaction speci�cations for the existing applications and acomposite interaction speci�cation, our integration tools will analyze these interaction speci�-cations and output a bus �le and some event transformation �les. The bus �le contains a listof modules that make up the composite application as well as attributes associated with thosemodules. This preprocessed information is written in a format understood by the software bus,which will use the information written in the bus �le to start up the composite application. Theevent transformation �les contain a set of event transformation rules for mapping events from oneapplication to another. Our integration tools can take the event transformation �les as input andautomatically generate the coercion modules and Make�les for building the coercion modules. Inthis way, the interoperation can be achieved without the cost of developing a third entire systemor the need for any changes to module implementations.The obligations for a user of this approach to building an event-based application from existingapplications are as follows:1. Provide a speci�cation of the event interaction properties for each existing application thatwill be part of the new application. 22. Provide a speci�cation of the event interaction properties for how the existing applicationsare to interact in the new application.3. Provide the executables for the existing applications that will be part of the new application.34. Execute the stub generator to generate coercion modules tailored both to the interactionbetween existing applications and to the environment.5. Execute the generated con�guration commands to create executables for the coercion mod-ules.In using our integration approach programmers do not have to introduce extra interfacing code inthe application modules. This allows the application source to remain simple and easy to main-tain. Our approach reduces the opportunity of introducing errors if changes are made manually.The generated interface software is the valid implementation of the interaction. Since interac-tions are speci�ed separately from the application modules, programmers can build applicationsof di�erent interactions using the same application modules, allowing the software modules to bereused in a broad range of applications. However, the real value of this work is realized whenprogrammers seek to change the event interactions, because they can reason about the interactionat the abstract level and then have the valid interface software generated automatically. In thisway, programmers can de�ne complex event interactions abstractly without having to edit themodules' sources; thus making it easier to integrate and experiment with event-based distributedapplications, and facilitating reuse in a broader range of applications.2The speci�cation for each existing application is already created when the application is built from scratch.3The executable for each existing application is already created when the application is built from scratch.13
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Figure 1.10: Three layers of support for integrating event-based distributed applicationsIn this thesis, we provide three layers of support for integrating event-based distributed applica-tions as shown in Figure 1.10. The top layer presents the speci�cation languages used to describeevent interaction properties. The middle layer is a set of integration tools that analyze speci�-cation languages and generate interface software that maps the speci�cations to the underlyingenvironment. The bottom layer provides an execution environment built on a software bus modelto accommodate event-based distributed applications.At the top layer, we focus on specifying event interaction properties of distributed applications,which properties include not only the means to support the module interactions in an event-basedapplication, but also the means to facilitate the interoperation between separately developed butrelated event-based distributed applications. We have de�ned the speci�cation languages usedto describe event interaction properties, which can be divided into two types of requirements:module interaction requirements and composite interaction requirements.� Module interaction requirements are the event-based behavior and communication ofindividual modules in an application. Events that are sent to or received by modules shouldbe declared along with their event structures. In order to let modules interact in an event-based application, modules need to register their interest in a set of events by associating aprocedure with each event name. These are called event-triggered rules or event bindings.More than one module may be interested in the same event, but the modules may reactdi�erently upon receiving them. A module can generate or multicast multiple events, andan event can be generated by di�erent modules.� Composite interaction requirements de�ne a set of relations among the existing event-14



based distributed applications and describe the way we want them to interact. They helpus relate the abstractions among the existing applications, such as the applications fromwhich the composite application is built, the modules from the original applications whichare no longer needed in the composite application, the means to rename modules so thatmodule names are unique, and the means of mapping an event from one application toanother, including event names and event structures.At the middle layer, we concentrate on analyzing and using event interaction speci�cations inthe integration process. We have developed a set of integration tools for building an event-based application both from scratch and from the existing applications. The integration toolswill help programmers analyze speci�cation languages, generate interface software that mapsthe speci�cations to the underlying environment, and preprocess information for the executionenvironment to support interoperation among existing applications.At the bottom layer, we have built an execution environment to support event-based distributedapplications. An environment to support event-based distributed applications in the presence ofheterogeneity should meet the following requirements. While the �rst two requirements applyto building event-based applications both from scratch and from existing applications, the lastrequirement is solely for supporting interoperation among the existing applications:1. Communication across heterogeneous hosts: Communication between modules shouldfunction normally in the presence of system architecture heterogeneity. The environmentmust not compromise the data type system of the programming languages in which themodules are written. The parameters must be marshaled correctly. The low-level represen-tations of primitive data types on diverse underlying architectures should match.2. Event multicast: Modules should be able to declare events, de�ne event structures, reg-ister interest in events, multicast events, and receive events of interest.3. Event mapping: The environment should be able to transform events from one applica-tion to another at run time; such transformations should include event names and eventstructures. The transformation should be transparent to the application modules.The main contributions of this work are simplifying the task of building event-based distributedapplications by helping programmers de�ne and analyze the event interaction properties, andproviding support for integrating an application from scratch and for enabling interoperationamong existing event-based applications. We have de�ned an approach to integrating event-based applications at the con�guration-level by de�ning, relating, and using the abstractions ofevent interactions. 15



1.3 Related WorkThere are many systems which use implicit invocation to compose their components. Thesesystems can be divided into three categories. The �rst category is based on special-purposelanguages. Systems in this category use specialized notations and run-time support to accessimplicit invocation. The specialized notations are designed into the language from the start.Examples are given in [18].The second category is adding implicit invocation to traditional programming languages, such asAda [18], C++ [40], and Common Lisp [20]. The objective of work in this category is to make im-plicit invocation available in traditional programming languages without de�ning special-purposemechanisms. Notkin et al. [30] discuss design issues that arise when embedding implicit invo-cation in traditional programming languages. Although the basic mechanisms have substantialsimilarities, the details di�er signi�cantly because of the natures of the underlying programminglanguages.The third category comprises systems which can be classi�ed as integration frameworks. In thiscategory, a system is usually composed of a group of components running as separate processes.These components interact with each other by multicasting events or messages. An agent imple-mented as a separate process is responsible for routing events through communication channelsto the components. Examples are Field [38], Forest [16], HP SoftBench [19], and Sun ToolTalk[26] [43]. Our work falls into the third category.Field [38] is a principal programming environment for teaching undergraduates. It is also aresearch programming environment and a testbed for developing new tools. Field uses messagepassing to integrate a set of tools, including an annotation editor, a cross-referencer, a debugger,a viewer, etc. Field shows how its selective broadcast message facility Msg connects Unix tools.In Field, tools register patterns with Msg to describe the messages that interest them. When amessage is received by Msg, it routes the message to the appropriate tools. Interfaces are addedto the existing Unix tools to allow them send/receive messages and take appropriate actions.Since the interface software is part of the implementation, policies of when and how the tools areinvoked are hand-coded in the program. Di�erent tool interaction would require a change in theinterface software.Forest is an extension of Field [16]. As in Field, Forest's tool integration framework is basedon selective broadcast. Unlike Field, Forest separates policies of when and how the tools areinvoked from what tools do when they are invoked, with the goal of allowing dynamic con�gurablepolicies of tool interaction. In Forest, policies are implemented by a set of condition-action pairs,where conditions are boolean expressions of numeric expressions, functions, and state variables.Programmers can change the values of state variables dynamically. Although policies of toolinteraction are speci�ed separately, programmers must still manually adapt the existing Unixtools to send and receive messages.The HP SoftBench product is an integrated software development environment designed to facili-16



tate rapid, interactive program construction, testing, and maintenance in a distributed computingenvironment. The environment provides an architecture for integrating a set of CASE tools, in-cluding a program editor, a static analyzer, a program debugger, a program builder, and mail.As in Field, the SoftBench integration framework is also based on selective broadcast.The HP Encapsulator can build message-based application program interfaces to the tools [14].To encapsulate a tool means to integrate it into the HP SoftBench architecture. The HP Encap-sulator does not require changes to the source code of the tools being encapsulated. It allowsusers to integrate tools for which no source code is available. However, the tools to be encapsu-lated must have command-line interfaces, as in the case with Unix tools, script �les, etc. Highlyinteractive tools are not good candidates for encapsulation, since the HP Encapsulator does notcomprehend the tool's activity. In order to achieve a better level of event granularity, eachoperation needs a unique command-line interface.There are also e�orts to formalize design spaces of implicit invocation mechanisms and event-based software integration frameworks [17] [1]. The goal of such research is to identify commonproperties of these systems so that researchers can reason about the properties of certain systemsas well as the relationships among di�erent systems. A potential research area for future researchis to explore the interoperability issues among di�erent mechanisms.1.4 Outline of the ThesisThe rest of the thesis is organized as follows:� Chapter 2 discusses top-layer support and introduces the speci�cation languages used todescribe module interaction requirements and composite interaction requirements.� Chapter 3 discusses bottom-layer support and describes our underlying execution environ-ment based on event multicasting.� Chapter 4 describes middle-layer support and presents our integration method as well as themeans of generating interface software that maps the given speci�cation to our underlyingevent-based execution environment.� Chapter 5 presents the use of our approach in some more complex examples.� The �nal chapter summarizes this work. 17



Chapter 2Event Interaction Speci�cationIn this chapter, we discuss how to specify event interaction properties in order to generate the in-terface software automatically and to support interoperation among existing applications. Section2.1 �rst describes the use of enhanced Polylith MIL to specify module interaction requirementsand then gives speci�cations for modules in VE3D and VE2D applications. In Section 2.2 we dis-cuss how to use a speci�cation language ENimble to specify composite interaction requirementsand to illustrate its use in the integrated VE3D/VE2D example.2.1 Module Interaction RequirementsModule interaction requirements are the abstract descriptions of the event-based behavior andcommunication of individual modules in an application. We use the Polylith Module Inter-connection Language (MIL) [23] [21] to specify interfaces and attributes for each module; thesespeci�cations include the location of the executable code, the name of the host machine whereit should run, and the interfaces of a module. In addition to information about interfaces andattributes, we also need to specify information about events for each module, including the eventsin which the module is interested, their event structures, the procedures that are associated withevents of interest. Information about module interaction requirements is made part of the speci-�cations of a module. Figure 2.1 and Figure 2.2 show how an enhanced Polylith MIL could beused to specify module interaction requirements for VE3D and VE2D applications, respectively.In the enhanced Polylith MIL, the declare clauses specify events that a module will use. Anevent consists of an event name and an event structure. An event name is a string of characters.An event structure could be any legal data type of a programming language in which the moduleis written. In Figure 2.1, module Controller declares an event: the event name is obj; theevent structure is three integers x, y, and z. In Figure 2.2, module Simulator declares fourevents: ext obj, ext obj xy, ext obj yz, and ext obj xz. The event structure for ext obj is a string18



module "Display":{
  binary = "/thumper/chenchen/display";
  machine = "thumper.cs.umd.edu";
  file = "display_user.c";
  when obj => update_viewpoint;
  when ext_obj => update_ext_obj; 
}

module "Log":{
  binary = "/xring/chenchen/log";
  machine = "xring.cs.umd.edu";
  file = "log_user.c";
  when obj => log_obj;
  when ext_obj => log_ext_obj;
}

module "Controller":{
  binary = "/harvey/chenchen/controller";
  machine = "harvey.cs.umd.edu";
  file = "controller_user.c";
  declare obj (x:integer; y:integer; z:integer);
}

module "Simulator":{
  binary = "/bugs/chenchen/simulator";
  machine = "bugs.cs.umd.edu";
  file = "simulator_user.c";
  declare  ext_obj(name: string; x: integer; y: integer; z: integer);
}

orchestrate "VE3D":{
  tool "Display";
  tool "Simulator";
  tool "Controller";
  tool "Log";
}Figure 2.1: Module interaction requirements for VE3D using an enhanced Polylith MIL
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module "Display_XY":{
  binary = "/thumper/chenchen/display_xy";
  machine = "thumper.cs.umd.edu";
  file = "display_xy_user.c";
  when obj_xy => update_viewpoint_xy;
  when ext_obj_xy => update_ext_obj_xy;  
}

module "Log":{
  binary = "/xring/chenchen/log";
  machine = "xring.cs.umd.edu";
  file = "log_user.c";
  when obj => log_obj;
  when ext_obj => log_ext_obj;
}

module "Controller":{
  binary = "/harvey/chenchen/controller";
  machine = "harvey.cs.umd.edu";
  file = "controller_user.c";
  declare obj ({x:integer; y:integer; z:integer});
  declare obj_xy ({x:integer; y:integer});
  declare obj_yz ({y:integer; z:integer});
  declare obj_xz ({x:integer; z:integer});
}

module "Simulator":{
  binary = "/bugs/chenchen/simulator";
  machine = "bugs.cs.umd.edu";
  file = "simulator_user.c";
  declare  ext_obj(name: string; {x: integer; y: integer; z: integer});
  declare  ext_obj_xy(name: string; {x: integer; y: integer});
  declare  ext_obj_yz(name: string; {y: integer; z: integer});
  declare  ext_obj_xz(name: string; {x: integer; z: integer});
}

orchestrate "VE2D":{
  tool "Display_XY";
  tool "Display_YZ";
  tool "Display_XZ";
  tool "Simulator";
  tool "Controller";
  tool "Log"
}

module "Display_YZ":{
  binary = "/thumper/chenchen/display_yz";
  machine = "thumper.cs.umd.edu";
  file = "display_yz_user.c";
  when obj_yz => update_viewpoint_yz; 
  when ext_obj_yz => update_ext_obj_yz;
}

module "Display_XZ":{
  binary = "/thumper/chenchen/display_xz";
  machine = "thumper.cs.umd.edu";
  file = "display_xz_user.c";
  when obj_xz => update_viewpoint_xz;
  when ext_obj_xz => update_ext_obj_xz;
}

Figure 2.2: Module interaction requirements for VE2D using an enhanced Polylith MIL20



name, followed by a record consisting of three integers x, y, and z. The brackets represent recordstructures.The when clauses de�ne which procedures will be invoked when events of interest are receivedby the module. These are called event-triggered rules or event bindings. An event-triggeredrule consists of two parts: an event-name trigger and a procedure body. The semantics ofevent-triggered rules is outlined as follows. When an event of interest is received by a module,the module checks the event name with the trigger of each rule. When a match is found, thecorresponding procedure is invoked. The event structure is passed to the procedure. In Figure2.1, module Display uses when clauses to register its interest in two events, obj and ext obj, andto de�ne two event-triggered rules:when obj ) update viewpoint;when ext obj ) update ext obj;Each module has its own set of event bindings, which are only visible to the module and arenot a�ected by event bindings of other modules in the application. Thus, modules can associatedi�erent procedures with the same event in di�erent modules. As in Display, module Log inFigure 2.1 is interested in events obj and ext obj but has di�erent event bindings:when obj ) log obj;when ext obj ) log ext obj;Within an individual module, the mappings between events and procedures can be one-to-one ormany-to-one.Rather than creating a new language, we have enhanced the Polylith MIL in order to describemodule interaction requirements. We made this decision for two reasons:� Since module interaction requirements are the abstract description of the event-based be-havior of an individual module, and the module speci�cation of the original Polylith MILalready describes attributes and interfaces associated with an individual module, it is onlynatural to include the module interaction in the speci�cations of an individual module.� For those programmers who are already familiar with Polylith MIL, it should not bedi�cult to learn the new event-related statements.The declarative nature of events �ts well with the concept of implicit invocation. For example, thedeclare clauses de�ne event names and event structures; the when clauses associate procedureswith event names. There should be no conceptual problems for programmers to transfer theirunderstanding of the abstract model of implicit invocation into speci�cations in the enhancedPolylith MIL. 21



composite "VE3D/VE2D":{
  application VE3D;
  application VE2D;
  
  exclude Simulator from VE3D;
  exclude Simulator from VE2D;

  name Controller from VE3D Controller_3D;
  name Log from VE3D Log_3D;

  map VE3D obj(x: integer; y: integer; z: integer)
  to VE2D ext_obj(string(’chen’); {x; y; z}) 
  to VE2D ext_obj_xy(string(’chen’); {x; y})
  to VE2D ext_obj_yz(string(’chen’); {y; z})
  to VE2D ext_obj_xz(string(’chen’); {x; z});

  map VE2D obj({x:integer; y: integer; z: integer})
  to VE3D ext_obj(string(’jim’); a.x; a.y; a.z); 
}Figure 2.3: Composite interaction speci�cation for the integrated VE3D/VE2D application usingENimbleModule interaction speci�cations are used to construct event-based distributed applications fromscratch. In the integration process, the speci�cation will be the input of a stub generator forpreparing the interface software for execution. The details of the integration process are describedlater in Chapter 4.2.2 Composite Interaction RequirementsComposite interaction requirements de�ne a set of relations among existing event-based dis-tributed applications in order to support the interoperation between them. We have de�neda composite interaction speci�cation language called ENimble, which allows programmers todescribe the way they want the existing applications to interact [8]. In this language, we specifyapplications from which the the composite application is built. Modules that no longer need tobe in the composite application are identi�ed. If there is a con
ict between module names, wecan rename the software modules. When there are di�erent event naming systems and di�erentevent structures, we can map an event from one application to another. An earlier version ofthis language can only map events with di�erent event names but the same event structures [7],ENimble has advanced features for mapping events of di�erent event structures. Figure 2.3shows the composite interaction speci�cation for the integrated VE3D/VE2D example.The application clauses enumerate the applications from which the composite application isbuilt. In Figure 2.3, we specify that the composite application is built from VE3D and VE2D,thus corresponding to identi�ers following orchestrate in the module interaction speci�cationsin Figure 2.1 and Figure 2.2.The exclude clauses identify modules from the original applications that are not needed in the22



maplist ::= maplist map application event ( event-structure ) tolist j �tolist ::= to application event ( enimble ) tolist j �event-structure ::= arg j arg; event-structure j �arg ::= unlabeled-arg j labeled-arglabeled-arg ::= label : unlabeled-argenimble ::= primitive(value) j label j primitive(label) jprimitive(label); enimble jprimitive(value); enimble j label; enimble j fenimbleg j �unlabeled-arg ::= primitive j structured j pointer j arraystructured ::= fevent-structuregarray ::= primitive[indexlist]indexlist ::= number j number, indexlistpointer ::= " unlabeled-argprimitive ::= boolean j integer j float j string : : :Figure 2.4: ENimble grammarcomposite application. In Figure 2.3, we specify that module Simulator from VE3D applicationand module Simulator from VE2D application are excluded from the composite application.While we could enumerate all the modules we want to keep instead of those we delete from thetwo original applications, we chose not to do so.The name clauses can be used to rename modules when there is a con
ict between modulenames. Since there are two modules named Controller, we rename Controller from VE3D asController 3D so that when it is integrated with other modules, it will not be confused withmodule Controller from VE2D.The map clauses map events from one application to another when they have di�erent eventnames and/or di�erent event structures. ENimble allows programmers to rearrange the orderof the parameters, to initialize data, to mask out data, to coerce data, to 
atten and aggregatedata. The event mapping notation in the ENimble language is similar to the interface mappingnotation in Nimble, a language for declaring how the actual parameters in a procedure call areto be transformed at run time [36]. The BNF for the map clauses in ENimble is shown in Figure2.4.In ENimble, each parameter in an event structure is assigned a unique name, either providedeither by programmers or by the system. The labeling allows programmers to refer to parametersexplicitly when declaring an event map from one application to another. Maps, are a list oflabels separated by semicolons; they contain optional curly brackets to indicate record structures,optional square brackets to indicate arrays, and optional initial values. A map is created in termsof the labels of the event structure.Now let us look at some examples to illustrate six basic coercion scenarios that can be handledby our event mapping notation. In the following examples, we map event event1 in application23



A to event event2 in application B:1. Rearrange the order of the parametersExample 1: Event event1 from application A consists of an integer x and and a string ofcharacters y. Event event2 from application B consists of a string and an integer. We wantto have the parameters reordered after the map.map A event1(x: integer; y: string)to B event2(y;x)2. Initialize dataExample 2: Event event1 from application A consists of two integers: x and y. Eventevent2 from application B consists of two integers followed by a string. We want to keepthe parameters in the same order and have the string initialized to `hello' after the map.map A event1(x: integer; y: integer)to B event2(x; y; string(`hello'))3. Mask out dataExample 3: Event event1 from application A consists of two integers: x and y. Eventevent2 from application B is an integer. We want to keep only the second parameter ofevent1 after the map.map A event1(x: integer; y: integer)to B event2(y)4. Coerce dataExample 4: Event event1 from application A consists of two integers: x and y. Event event2from application B consists of an integer and a string. We want to keep the parameters inthe same order and cast y to a string after the map.map A event1(x: integer; y: integer)to B event2(x; string(y))5. Flatten dataExample 5: Event event1 from application A is a record consisting of two integers: x and y.Event event2 from application B consists of two integers. We want to keep the parametersin the same order after the map.map A event1(fx: integer; y: integerg)to B event2(a.x; a.y)where a is a system-provided label. Programmers could also provide their own descriptivelabels. For example, 24



map A event1(point:fx: integer; y: integerg)to B event2(point.x; point.y)6. Aggregate dataExample 6: Event event1 from application A consists of two integers: x and y. Eventevent2 from application B is a record consisting of two integers. We want to keep theparameters in the same order after the map.map A event1(x: integer; y: integer)to B event2(fx; yg)The above list only addresses the basic coercion scenarios. Programmers can combine any ofthem when creating a map. The mapping between events of two di�erent naming systems couldbe one-to-one, one-to-many or many-to-one as shown in Figure 2.5. The many-to-one mappingis not shown in this particular example. In Figure 2.3, the clausemap VE3D obj(x: integer; y: integer; z: integer)to VE2D ext obj(string(`chen'); fx; y; zg)to VE2D ext obj xy(string(`chen'); fx; yg)to VE2D ext obj yz(string(`chen'); fy; zg)to VE2D ext obj xz(string(`chen'); fx; zg)maps event obj in VE3D to four events in VE2D:1. event ext obj consists of a string initialized to `chen', followed by a record consisting of allthree integers of event obj. It aggregates the three integers;2. event ext obj xy consists of a string initialized to `chen', followed by a record consisting ofthe �rst two integers of event obj. The parameter z is masked out;3. event ext obj yz consists of a string initialized to `chen', followed by a record consisting ofthe last two integers of event obj. The parameter x is masked out;4. event ext obj xz consists of a string initialized to `chen', followed by a record consisting ofthe �rst and the third integers of event obj. The parameter y is masked out;The clausemap VE2D obj(fx: integer; y: integer; z: integerg)to VE3D ext obj(string(`jim'); a.x; a.y; a.z)
attens the record of obj and adds a string `jim' before the three integers.25
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Notice that not all events in VE3D and the VE2D appear in the ENimble speci�cation given inFigure 2.3. We only map events that the other application is interested in receiving, i.e., eventsthat have matching events in the other application. Events in which the other application isnot interested do not appear in the ENimble speci�cation because they are irrelevant to theapplication's interoperation. For example, VE3D is only interested in receiving event obj fromVE2D, and VE2D is only interested in receiving event obj from VE3D. Neither is interested inthe rest of the events from the other application. Therefore, we map only events obj in VE3Dand VE2D in the ENimble speci�cation.There are several advantages of using the ENimble speci�cation language for composite inter-action requirements. First, ENimble provides a place for a user to describe composite interac-tion requirements separately from module interaction requirements. In addition, ENimble is adeclarative language similar to the Polylith MIL. For programmers who are familiar with thePolylith MIL, it should not be di�cult to learn ENimble. Finally, ENimble can be used toexpress complex composite interaction requirements among existing applications. Although theexample in this section shows only the composite interaction between two applications, ENimblecan be used to relate abstractions of more than two applications. When more applications areinvolved, the interactions among them become more complex, the amount of manual adapta-tion requires more programming e�ort, and the ability to de�ne the interactions at a high leveland then automatically to generate valid coercion modules becomes more important and moredesirable.There are also some limitations of ENimble which should be understood before an ENimbleprogram is attempted. The current version of ENimble does not allow for any computation(other than previously stated coercions) to be done when events are mapped. For example,with two events from di�erent coordinate systems, we cannot specify an arbitrary event mappingbecause there are many ways that an event could be mapped. ENimble is not intended tosolve all the problems of event mapping. However, the current version could be extended todeal with such situations. We could provide extensions for code/expressions to be evaluated byallowing programmers to provide the name of a customized event mapping routine. We couldeasily generate the skeleton for the event mapping routine in the corresponding coercion moduleand let programmers �ll in what they need.The cost of creating composite interaction speci�cations is the cost of understanding the interac-tions among applications in addition to the cost of translating such interactions into ENimble.The most challenging aspect of creating the composite interaction speci�cations is to understandthe way the existing applications interact. This task requires programmers to understand thecon�guration of the applications as well as to be familiar with the event names and structuresinvolved. Once the interaction is clear at the conceptual level, it should not be di�cult forprogrammers to translate it into speci�cation in ENimble.The composite interaction speci�cation given by programmers, along with module interactionspeci�cations, will be used as the input of an integration tool for integrating existing event-baseddistributed applications. The details of how to use these abstractions to enable the interoperationamong existing systems are given in Chapter 4.27



Chapter 3Execution EnvironmentIn this chapter, we describe our underlying event-based execution environment. In the Introduc-tion, we listed the requirements of the execution environment, including the ability to communi-cate across heterogeneous hosts, to multicast events, and to transform events. Our approach tomeeting the above requirements is to build an execution environment upon the existing PolylithSoftware Interconnection System. The Polylith already provides programmers with an envi-ronment that facilitates construction of distributed applications. Using Polylith, the modulesinterface directly with a software toolbus for execution in heterogeneous environments. Polylithcurrently helps users accommodate heterogeneity in their choices of programming languages, hostoperating systems, and communication mechanisms. The software toolbus already manages datamarshaling by encoding data into a stream. When an encoded stream is transmitted to anothermodule, Polylith decodes it into the corresponding data structure. In addition to data marshal-ing, the software toolbus coerces the low-level representation of primitive data types on di�erentunderlying architectures. Thus, the Polylith Software Interconnection System satis�es our �rstrequirement.The remaining requirements for an event-based execution environment were not supported by theoriginal Polylith system. Our approach is to enhance the Polylith software toolbus by addingmulticast primitives and transformation facilities to support the remaining requirements. Section3.1 describes a set of multicast primitives. Section 3.2 describes our event mapping facilities.3.1 MulticastMulticast is a mode of module interaction where an event produced by some module can be sentto multiple modules at the same time. In order to enable modules to interact in a multicastingenvironment, application modules need to specify what events they are interested in receiving.When an event is multicast from some module, all modules that are interested in the event canreceive it. Modules that want to multicast (or publish) an event are not required to know which28



modules are interested in the event, and modules that want to receive (or subscribe) events arenot required to know where the events come from.In Section 3.1.1, we discuss the design issues related to adding multicast primitives to a softwarebus model. These multicast primitives allow modules to declare events, to de�ne their eventstructures, to register events of interest, to multicast events, and to receive events of interest. Weillustrate the use of these primitives in a database example in Section 3.1.2.3.1.1 Design IssuesThere are several issues to consider when adding multicast primitives to a software interconnectionsystem. These issues are event declaration, event structure, event bindings, multicast events,receive events, and concurrency. Garlan et al. discussed design considerations when addingimplicit invocation to three traditional programming languages: Ada, C++, and Common Lisp[30]. Di�erent design decisions were made because of the nature of the di�erent languages. Ourdiscussion focuses on how the nature of a software bus in
uenced our design decisions.In the following discussion of each of the design issues, we �rst brie
y introduce possible ap-proaches as summarized by Garlan and Scott [18]; we then describe our approach and explainwhy this approach was chosen.� Event Declaration | fixed event vocabulary, static event declaration, dynamicevent declaration, and no event declaration.A fixed event vocabulary allows programmers to use only a �xed set of events deter-mined before the application is created. Static event declaration requires that allevents be declared at compile time. These two approaches do not �t well with a softwarebus model, which supports dynamic recon�guration activities [37]. For example, modulesthat are added later to an application during dynamic recon�guration could declare newevents. Obviously, the �rst two approaches do not support this situation. Field and HPSoftBench took the fourth approach and chose not to declare events in their systems. Com-ponents in these systems can multicast events named by arbitrary strings, but events usedin the system are typically described in external documents.We have chosen dynamic event declaration, which �ts well with the software bus model.In order for this method to run with a software bus, a module is usually written in atraditional programming language (such as C) with some library calls or primitives tointerface and synchronize with the software bus. An event declaration primitive can appearanywhere in a program before the event is used. In other words, modules can declare anyevent dynamically at run time.One thing to notice is that all events can be declared within a single module or the dec-laration could be distributed across modules. In either situation, every module in theapplication can use the declared event. Usually a module declares the events that it willmulticast. 29



� Event Structure | simple event names, fixed event structures, structuresdetermined by event name, and structures determined by announcement.Simple event names imply that an event has only an event name and no event structure.This is clearly insu�cient for a software bus model, where modules of a distributed applica-tion usually need to exchange data. Fixed event structures imply that all events in thesystem have the same event structure. One can easily imagine a situation where modulesneed to exchange a variety of events of di�erent event structures. Structures determinedby announcementmeans that a module speci�es the event structure only when it multicaststhe event; the event structure can vary. If an event does not have a �xed event structure,it maybe di�cult for modules to decode the event as well as to interpret the meaning ofthe data.We have chosen the third approach, structures determined by event name. Each eventhas a �xed event structure (or list of parameters). There are several advantages of thisapproach. First, it is easy for the software bus to perform type checking. In addition, itis easy for modules to decode events. Finally, it allows modules to send/receive events ofdi�erent structures. Two or more events can have the same physical structure but di�erentlogical meanings.� Event Bindings | static event bindings and dynamic event bindings.Static event bindings require that procedures be associated with events at compile time.In this approach, modules cannot change their interest in events at run time. This approachprevents modules from re-associating procedures with events. As such, it is not 
exibleenough for distributed applications.We have chosen the dynamic event binding approach. Modules can register and unregis-ter their interest in events dynamically at run time. Using our approach, programmers havetotal control of what to do when events are received by modules. A primitive is designedto decode an event into appropriate parameters according to its event structure. Program-mers can pass either some or all of the parameters to a procedure, or they may do somecomputation with the event.� Multicast Events | single multicast procedure, multiple multicast procedure,language extension, and implicit multicast.Language extension refers to the addition of implicit invocation to traditional program-ming languages. It does not �t in our situation. Single multicast procedure implies asingle procedure or primitive for multicasting all events in the system. In contrast, multiplemulticast procedure uses one procedure for each event name so that the procedure tomulticast events can be designed to take exactly the same parameters of the event. Forexample, the number of the parameters is exactly the same, and the type and order of theparameters match exactly. This approach does not �t with a software bus model becausethe software bus is designed for general distributed applications and not for a particularapplication. It is impossible to provide a multicast primitive for each event. The implicitmulticast approach allows events to be multicast as a side e�ect of executing some proce-dures. 30



mh declare event (event name, event structure)Declare an eventmh rgsmulticast (event name)Register its interest in an eventmh unrgsmulticast (event name)Unregister its interest in an eventmh multicast (event name, event structure, var1; : : : ; varn)Multicast an eventmh signal multicast (event name, event structure, var1; : : : ; varn)Multicast an event and send signals at the same timemh bgetmsg (event structure, event name, var1; : : : ; varn)Receive an event (blocking)mh getmsg (event structure, event name, var1; : : : ; varn)Receive an event (non-blocking)mh next event (event structure, event name, event)Receive an event (blocking)mh decode event (event structure, event, var1; : : : ; varn)Decode an event according to its event structuremh nomsg (event)Declare a standard null eventmh query msgtype (event)List all declared eventsmh query rgsmsgtype (event)List all event names in which which it has registered an interestFigure 3.1: Polylith Multicast PrimitivesWe have taken the �rst approach of providing a single multicast primitive for all events.Our multicast primitive takes an event name, an event structure, and actual parameters.It is 
exible enough to take a variable number of parameters. Modules can multicastany declared events. A module can multicast events declared either by itself or by othermodules. We have also implemented a variation of the multicast primitive. When a modulemulticasts an event, it also has the capability of sending signals to modules that are ininterested in the event.� Receive Events | blocking and non-blocking.The �rst approach allows a module to block its execution when waiting for a multicastevent. The second approach allows a module to receive events in a non-blocking fashion.If there is are no events available, a module can continue its execution. Both situationsare quite common in distributed applications. We have implemented both blocking andnon-blocking primitives for receiving events.� Concurrency | concurrency and no concurrency.Because of the nature of distributed computing, di�erent modules need the capability ofexecuting di�erent callback functions concurrently upon receiving the same event.31



We have added a set of multicast primitives to the Polylith software interconnection system asshown in Figure 3.1. A detailed description of the multicast primitives is given in Appendix Aand in the Polylith programming manual [21].3.1.2 The Database ExampleIn this section, we introduce a database application in order to demonstrate the use of themulticast primitives. Figure 3.2 shows an application consisting of �ve modules input1, input2,db, output1 and output2, which are distributed across di�erent host machines in order tobalance the load on the system. Module db is a front-end to a relational database. Modulesinput1 and input2 are simply input windows where a user of the application can enter sqlqueries. Module db will receive the queries sent from input1 and input2 and will multicastthe results of the queries to output1 and output2, the modules responsible for displaying theresults of the queries. Pseudo code for module input1(input2), output1(output2) and db inthis database application is shown in Figure 3.3.Figure 3.4 is the application speci�cation for the database example using Polylith's ModuleInterconnection Language (MIL). In the MIL program, we specify information for each module,including the location of the executable code and the name of the host machine where it shouldrun. For the application as a whole, we specify what modules make up the application (usingtool).Programmers can take ordinary software modules and add multicast primitives to the modules'source code to execute in a multicast-based environment. Figure 3.5 shows what the pseudo codelooks like in Polylith for the database example using our multicast primitives. Module db callsmh declare event to declare event db event. By using mh rgsmulticast, db registers its interestin events input1 event and input2 event. Then db calls mh bgetmsg to receive an event. If theevent queue for the multicast interface of module db is not empty, then an event is dequeued andsent back to db; otherwise it waits for events. When an event arrives, module db consults thedatabase and multicasts the result of the query as event db event. Since module output1 andoutput2 are interested in event db event, a copy of the event is enqueued on interfaces of bothoutput1 and output2.The source code needs to be compiled and linked with the Polylith library to create the exe-cutable objects for the application modules. Once these steps are taken, the executables need tobe installed in the appropriate paths on their destination machines. The information describedin the MIL program is processed, and at run time Polylith's software toolbus is responsiblefor invoking processes and for coercing data representation, synchronization, and communicationamong application modules. 32
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Figure 3.2: Application structure for the database example
input1()
begin
  q = query;
  while ( q is not empty) do
    send q to database;
    q = next query;
  end while
end input1

output1()
begin
  while ( true ) do
    r is the results received from database;
    write r to output;
  end while
end output1

db()
begin
  while ( true ) do
    q is a received query
    r = result of executing query q;
    send r to output modules;
  end while
end dbFigure 3.3: Modules for the database example
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module "input1":{
   binary = "/jteam/input1.exe";
   machine = "bugs";
}

module "input2":{
   binary = "/jteam/input2.exe";
   machine = "thumper";
}

module "db":{
   binary = "/jteam/db.exe";
   machine = "xring";
}

module "output1":{
   binary = "/jteam/output1.exe";
   machine = "harvey";
}

module "output2":{
   binary = "/jteam/output2.exe";
   machine = "highpower";
}

orchestrate "example":{
  tool "input1";
  tool "input2";
  tool "db";
  tool "output1";
  tool "output2"
}Figure 3.4: MIL for the database example using multicast
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input1()
begin
  /* declare event */
  mh_declare_event("input1_event", "S");

  q = query;
  while ( q is not empty) do
     /* multicast query */;
     mh_multicast("input1_event", "S", q);
     q = next query;
  end while
end input1

db()
begin
  /* declare event */
  mh_declare_event("db_event", "S");

  /* register its interest in events */
  mh_rgsmulticast("input1_event");
  mh_rgsmulticast("input2_event");

  while (true) do
    /* receive an event  in q */
     mh_bgetmsg("S", event_name, q);

     r = result of executing query q;
     /* multicast the result of the query */;
     mh_multicast("db_event", "S", r);
  end while
end db
   

output1
begin
  /* register its interest in event */
  mh_rsgmulticast("db_event");

  while (true) do
     /* receive an event into r */;
     mh_bgetmsg("S", event_name, r);
  end while
  write r to output;
end output1

Figure 3.5: Modules for the database example using multicast35



main()beginevent-list = events generated or multicast by modules in application Athat application B is interested in receiving;register interest in event-list;while trueget events of interest from application A;transform_event(event_name)end whileendprocedure transform_event(event_name)begin decode the event according to the old event structure;coerce the event to the new event structure;multicast event with its new event name and new event structure tomodules in application B;end Figure 3.6: Algorithm for the coercion module3.2 Event MappingIn this section, we describe our facilities for mapping events from one application to another at runtime when there are di�erent event names and/or di�erent event structures. Our goal is to be ableto transform events transparently so that no changes need to be made to the application modules.First, we describe our techniques for dealing with the basic coercion scenarios in Section 3.2.1.In Section 3.2.2, we demonstrate how to apply our techniques to the integrated VE3D/VE2Dexample.To allow transparent event mapping, we createcoercion modules to implement the interactionbetween existing applications. Each application has a coercion module that acts as an adaptor.The task of a coercion module is to intercept an event of interest from another application andto transform it to the matching events of the corresponding event name and event structurefor its associated application. The coercion modules are implemented in such a way that thetransformation is transparent to the application modules.Coercion modules are generated automatically in our approach. Programmers do not have tocreate coercion modules manually. In this section, we concentrate on explaining what the coercionmodules look like and how they transform events. Details of how the coercion modules aregenerated will be described later in Section 4.2.Suppose we want to build a composite application from existing applications A and B, and acoercion module named Coercion AB is responsible for transforming events from applicationA to application B. The algorithm for the coercion module is given in Figure 3.6.36



#include <stdio.h>#include <strings.h>extern transform_A_event1_B_event2();main(argc, argv)int argc;char *argv[];{ char event_name[256], tape[256];char *event;mh_init(&argc, &argv, NULL, NULL);mh_rgsmulticast("event1");while(1) {mh_next_event(tape, event_name, &event);if (!strcmp(event_name, "event1"))transform_A_event1_B_event2(tape, event);}} Figure 3.7: The main routine for the coercion module Coercion ABIn a multicasting environment, modules receive events without knowing where the events comefrom. Therefore, modules receive and react to events multicast by a coercion module as if theywere multicast by an ordinary application module; they are unaware of the existence of a coercionmodule. In this way, we can enable the interoperation of existing applications while keeping theapplication modules intact.3.2.1 Basic Coercion ScenariosWhen we map an event from one application to another, it can undergo two possible changes:changes in event names and event structures. Changing an event name is simple, since the nameis a string of characters. Changing an event structure is more di�cult, since the structure couldbe any legal data type of the programming language in which the module is written. There areseveral possible changes which can be made to the event structure: parameters may appear indi�erent order; data types may not exactly match; some data may need to be initialized; somedata may be masked out; some data may need to be 
attened; and some data may need to beaggregated. In Section 2.2, we discussed how to use the event mapping notation ENimble toexpress those changes. In this section we describe what the coercion modules would look likewhen we implement the event mapping. We use the same examples from Section 2.2 to mapevent event1 in application A to event event2 in application B.A coercion module consists of two parts, a main routine and a transformation routine. Figure3.7 shows the main() routine for a coercion module, which is the same for all six examples.The transformation routine is di�erent for each example. The source code for the transforma-37



struct A_event1 {int x;char *y;};struct B_event2 {char *a;int b;};struct A_event1 From_A_event1;struct B_event2 *To_B_event2;struct B_event2 *Coerce_A_event1_B_event2(From)struct A_event1 *From;{ struct B_event2 To;To.a = From->y;To.b = From->x;return(&To);}void transform_A_event1_B_event2(tape, event)char *tape;char *event;{ mh_decode_event(tape, event, &(From_A_event1.x),&(From_A_event1.y));To_B_event2 = Coerce_A_event1_B_event2(&From_A_event1);mh_multicast("event2", "SI",To_B_event2->a,To_B_event2->b);} Figure 3.8: Transformation routine for Example 1tion routine is straightforward. Let us study the transformation routines for the basic coercionscenarios:1. Rearrange the order of the parametersExample 1:map A event1(x: integer; y: string)to B event2(y;x)The transformation routine is given in Figure 3.8.2. Initialize dataExample 2:map A event1(x: integer; y: integer)to B event2(x; y; string(`hello'))The transformation routine is given in Figure 3.9.38



struct A_event1 {int x;int y;};struct B_event2 {int a;int b;char *c;};struct A_event1 From_A_event1;struct B_event2 *To_B_event2;struct B_event2 *Coerce_A_event1_B_event2(From)struct A_event1 *From;{ struct B_event2 To;To.a = From->x;To.b = From->y;To.c = "hello";return(&To);}void transform_A_event1_B_event2(tape, event)char *tape;char *event;{ mh_decode_event(tape, event, &(From_A_event1.x),&(From_A_event1.y));To_B_event2 = Coerce_A_event1_B_event2(&From_A_event1);mh_multicast("event2", "IIS",To_B_event2->a,To_B_event2->b,To_B_event2->c);} Figure 3.9: Transformation routine for Example 2
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struct A_event1 {int x;int y;};struct B_event2 {int a;};struct A_event1 From_A_event1;struct B_event2 *To_B_event2;struct B_event2 *Coerce_A_event1_B_event2(From)struct A_event1 *From;{ struct B_event2 To;To.a = From->y;return(&To);}void transform_A_event1_B_event2(tape, event)char *tape;char *event;{ mh_decode_event(tape, event, &(From_A_event1.x),&(From_A_event1.y));To_B_event2 = Coerce_A_event1_B_event2(&From_A_event1);mh_multicast("event2", "I",To_B_event2->a);} Figure 3.10: Transformation routine for Example 33. Mask out dataExample 3:map A event1(x: integer; y: integer)to B event2(y)The transformation routine is given in Figure 3.10.4. Coerce dataExample 4:map A event1(x: integer; y: integer)to B event2(x: string(y))The transformation routine is given in Figure 3.11.5. Flatten dataExample 5:map A event1(point:fx: integer; y: integerg)to B event2(point.x; point.y) 40



struct A_event1 {int x;int y;};struct B_event2 {int a;char *b;};struct A_event1 From_A_event1;struct B_event2 *To_B_event2;struct B_event2 *Coerce_A_event1_B_event2(From)struct A_event1 *From;{ struct B_event2 To;To.a = From->x;To.b = Int2Str(From->y);return(&To);}void transform_A_event1_B_event2(tape, event)char *tape;char *event;{ mh_decode_event(tape, event, &(From_A_event1.x),&(From_A_event1.y));To_B_event2 = Coerce_A_event1_B_event2(&From_A_event1);mh_multicast("event2", "IS",To_B_event2->a,To_B_event2->b);} Figure 3.11: Transformation routine for Example 4
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struct Aa {int x;int y;};struct A_event1 {struct Aa a;};struct B_event2 {int a;int b;};struct A_event1 From_A_event1;struct B_event2 *To_B_event2;struct B_event2 *Coerce_A_event1_B_event2(From)struct A_event1 *From;{ struct B_event2 To;To.a = From->a.x;To.b = From->a.y;return(&To);}void transform_A_event1_B_event2(tape, event)char *tape;char *event;{ mh_decode_event(tape, event, &(From_A_event1.a));To_B_event2 = Coerce_A_event1_B_event2(&From_A_event1);mh_multicast("event2", "II",To_B_event2->a,To_B_event2->b);} Figure 3.12: Transformation routine for Example 5The transformation routine is given in Figure 3.12.6. Aggregate dataExample 6:map A event1(x: integer; y: integer)to B event2(fx; yg)The transformation routine is given in Figure 3.13.The above examples illustrate the basic coercion scenarios. Coercion modules may deal withcombinations of the basic coercion scenarios.3.2.2 Coercion Modules for VE3D/VE2D42



struct Fa {int a;int b;};struct A_event1 {int x;int y;};struct B_event2 {struct Fa a;};struct A_event1 From_A_event1;struct B_event2 *To_B_event2;struct B_event2 *Coerce_A_event1_B_event2(From)struct A_event1 *From;{ struct B_event2 To;To.a.a = From->x;To.a.b = From->y;return(&To);}void transform_A_event1_B_event2(tape, event)char *tape;char *event;{ mh_decode_event(tape, event, &(From_A_event1.x),&(From_A_event1.y));To_B_event2 = Coerce_A_event1_B_event2(&From_A_event1);mh_multicast("event2", "{II}",To_B_event2->a);} Figure 3.13: Transformation routine for Example 6
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#include <stdio.h>
extern transform_VE2D_obj_VE3D_ext_obj();
main(argc, argv)
int argc;
char *argv[];
{  
   char event_name[256], tape[256];
   char *event;

   mh_init(&argc, &argv, NULL, NULL);
   mh_rgsmulticast("obj");
   while (1) {
      mh_next_event(tape, event_name, &event);
      if (!strcmp(event_name, "obj"))
       transform_VE2D_obj_VE3D_ext_obj(tape, event);
   }
}

/* VE2DVE3D.c */

/* VE2D_obj_VE3D_ext_obj.c */

#include <stdio.h>
struct Aa {
   int x;
   int y;
   int z;
};
struct VE2D_obj {
   struct Aa a;
};
struct VE3D_ext_obj {
   char *name;
   int x;
   int y;
   int z;
};
struct VE2D_obj From_VE2D_obj;
struct VE3D_ext_obj *To_VE3D_ext_obj;

struct VE3D_ext_obj *Coerce_VE2D_obj_VE3D_ext_obj(From)
struct VE2D_obj *From;
{  
   struct VE3D_ext_obj To;
 
   To.name = "jim";
   To.x = From->a.x;
   To.y = From->a.y;
   To.z = From->a.z;
   return(&To);
}

void transform_VE2D_obj_VE3D_ext_obj(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VE2D_obj.a));
      To_VE3D_ext_obj = Coerce_VE2D_obj_VE3D_ext_obj(&From_VE2D_obj);
      mh_multicast("ext_obj", "SIII", To_VE3D_ext_obj->name, To_VE3D_ext_obj->x,
                    To_VE3D_ext_obj->y, To_VE3D_ext_obj->z);
} Figure 3.14: Source code for coercion module Coercion VE2DVE3D44



#include <stdio.h>
extern transform_VE3D_obj_VE2D_ext_obj();
extern transform_VE3D_obj_VE2D_ext_obj_xy();
extern transform_VE3D_obj_VE2D_ext_obj_yz();
extern transfrom_VE3D_obj_VE2D_ext_obj_xz();
main(argc, argv)
int argc;
char *argv[];
{  
   char event_name[256], tape[256];
   char *event;

   mh_init(&argc, &argv, NULL, NULL);
   mh_rgsmulticast("obj");
   while (1) {
      mh_next_event(tape, event_name, &event);
      if (!strcmp(event_name, "obj"))
       transform_VE3D_obj_VE2D_ext_obj(tape, event);
      if (!strcmp(event_name, "obj"))
       transform_VE3D_obj_VE2D_ext_obj_xy(tape, event);
   }
}

/* VE3DVE2D.c */

/* VE3D_obj_VE2D_ext_obj.c */

#include <stdio.h>
struct Fa {
   int x;
   int y;
   int z;
};
struct VE3D_obj {
   int x;
   int y;
   int z;
}
struct VE2D_ext_obj {
   char *name;
   struct Fa b;
};
struct VE3D_obj From_VE3D_obj;
struct VE2D_ext_obj *To_VE2D_ext_obj;

struct VE2D_ext_obj *Coerce_VE3D_obj_VE2D_ext_obj(From)
struct VE3D_obj *From;
{  
   struct VE2D_ext_obj To;
 
   To.name = "chen";
   To.b.x = From->x;
   To.b.y = From->y;
   To.b.z = From->z;
   return(&To);
}

void transform_VE3D_obj_VE2D_ext_obj(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VE3D_obj.x),
                      &(From_VE3D_obj.y), &(From_VE3D_obj.z);
      To_VE2D_ext_obj = Coerce_VE3D_obj_VE2D_ext_obj(&From_VE3D_obj);
      mh_multicast("ext_obj", "S{III}", To_VE2D_ext_obj->name,
                      To_VE2D_ext_obj->b);
}Figure 3.15: Source code for coercion module Coercion VE3DVE2D (part 1 of 4)45



/* VE3D_obj_VE2D_ext_obj_xy.c */

#include <stdio.h>
struct Fa {
   int x;
   int y;
};
struct VE3D_obj {
   int x;
   int y;
   int z;
}
struct VE2D_ext_obj_xy {
   char *name;
   struct Fa b;
};
struct VE3D_obj From_VE3D_obj;
struct VE2D_ext_obj_xy *To_VE2D_ext_obj_xy;

struct VE2D_ext_obj_xy *Coerce_VE3D_obj_VE2D_ext_obj_xy(From)
struct VE3D_obj *From;
{  
   struct VE2D_ext_obj_xy To;
 
   To.name = "chen";
   To.b.x = From->x;
   To.b.y = From->y;
   return(&To);
}

void transform_VE3D_obj_VE2D_ext_obj_xy(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VE3D_obj.x), 
                      &(From_VE3D_obj.y), &(From_VE3D_obj.z);
      To_VE2D_ext_obj_xy = Coerce_VE3D_obj_VE2D_ext_obj_xy(&From_VE3D_obj);
      mh_multicast("ext_obj_xy", "S{II}", To_VE2D_ext_obj->name,
                      To_VE2D_ext_obj->b);
}Figure 3.16: Source code for coercion module Coercion VE3DVE2D (part 2 of 4)
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/* VE3D_obj_VE2D_ext_obj_yz.c */

#include <stdio.h>
struct Fa {
   int y;
   int z;
};
struct VE3D_obj {
   int x;
   int y;
   int z;
}
struct VE2D_ext_obj_yz {
   char *name;
   struct Fa b;
};
struct VE3D_obj From_VE3D_obj;
struct VE2D_ext_obj_yz *To_VE2D_ext_obj_yz;

struct VE2D_ext_obj_yz *Coerce_VE3D_obj_VE2D_ext_obj_yz(From)
struct VE3D_obj *From;
{  
   struct VE2D_ext_obj_xy To;
 
   To.name = "chen";
   To.b.y = From->y;
   To.b.z = From->z;
   return(&To);
}

void transform_VE3D_obj_VE2D_ext_obj_yz(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VE3D_obj.x), &(From_VE3D_obj.y),
                      &(From_VE3D_obj.z);
      To_VE2D_ext_obj_yz = Coerce_VE3D_obj_VE2D_ext_obj_yz(&From_VE3D_obj);
      mh_multicast("ext_obj_yz", "S{II}", To_VE2D_ext_obj->name,
                      To_VE2D_ext_obj->b);
}Figure 3.17: Source code for coercion module Coercion VE3DVE2D (part 3 of 4)
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/* VE3D_obj_VE2D_ext_obj_xz.c */

#include <stdio.h>
struct Fa {
   int x;
   int z;
};
struct VE3D_obj {
   int x;
   int y;
   int z;
}
struct VE2D_ext_obj_xz {
   char *name;
   struct Fa b;
};
struct VE3D_obj From_VE3D_obj;
struct VE2D_ext_obj_yz *To_VE2D_ext_obj_xz;

struct VE2D_ext_obj_xz *Coerce_VE3D_obj_VE2D_ext_obj_xz(From)
struct VE3D_obj *From;
{  
   struct VE2D_ext_obj_xy To;
 
   To.name = "chen";
   To.b.y = From->y;
   To.b.z = From->z;
   return(&To);
}

void transform_VE3D_obj_VE2D_ext_obj_xz(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VE3D_obj.x), &(From_VE3D_obj.y),
                      &(From_VE3D_obj.z);
      To_VE2D_ext_obj_xz = Coerce_VE3D_obj_VE2D_ext_obj_xz(&From_VE3D_obj);
      mh_multicast("ext_obj_xz", "S{II}", To_VE2D_ext_obj->name, 
                      To_VE2D_ext_obj->b);
}Figure 3.18: Source code for coercion module Coercion VE3DVE2D (part 4 of 4)
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We use the integrated VE3D/VE2D example to illustrate how the coercion modules work. InVE3D/VE2D, we need two coercion modules, Coercion VE3DVE2D for transforming eventsfrom VE3D to VE2D, andCoercion VE2DVE3D for transforming events from VE2D to VE3D.Coercion VE3DVE2D takes event obj from VE3D and transforms it to four events ext obj,ext obj xy, ext obj yz, and ext obj xz in VE2D. Coercion VE2DVE3D takes event obj fromVE2D and transforms it to event ext obj in VE3D.Figure 3.14 gives the source code for the coercion module Coercion VE2DVE3D, which isgenerated automatically. The coercion module registers its interest in event obj. Since it is acoercion module, it receives only events of interest multicast from VE2D and not from VE3D.After receiving an event, it calls proceduretransform VE2D obj VE3D ext obj(tape,event);to transform the old event structure to the new one. During the transformation, it �rst decodesthe event according to its event structuremh decode event(tape, event, &(Actuals VE2D obj.a));it then transforms the old event structure to a new oneFormals VE3D ext obj= Coerce VE2D obj VE3D ext obj(&Actuals VE2D obj);and �nally it re-multicasts the event with the new event name and new event structure to appli-cation modules in VE3D by usingmh multicast("ext obj", "SIII", : : :);Similarly, the other coercion module Coercion VE3DVE2D is responsible for transformingevents from VE3D to VE2D. Its automatically generated source code is given in Figure 3.15,Figure 3.16, Figure 3.17, and Figure 3.18.3.3 SummaryOur execution environment supports event-based distributed applications, whether they are beingconstructed from scratch or from the synthesis of existing applications. In our execution envi-ronment, communications between modules can function normally across heterogeneous hosts.Using multicast primitives, modules can declare events, de�ne event structures, register interestin events, multicast events, and receive events of interest. For interoperation between existingapplications, our execution environment uses coercion modules to transform events at run time.The event transformation is transparent to the application modules.
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Chapter 4IntegrationIn this chapter, we discuss how to integrate event-based distributed applications given eventinteraction properties. Section 4.1 focuses on how to construct an event-based application fromscratch. We describe the technique of automatic generation of interface software or stubs for usein an event-based application given module interaction speci�cations for application modules.In Section 4.2, we concentrate on how to use composite interaction speci�cations to integraterelated but separately developed event-based distributed applications. In Section 4.3, we discussadvantages and limitations of our integration approach.4.1 Interface Software GenerationAs in other stub generation approaches, programmers using our approach provide the sourcecode for the modules and an abstract description of them. The abstract description includes thedesired geometry and module interaction properties of an application speci�ed in the PolylithMIL. Given module interaction speci�cations for an application, we generate interface softwareor stubs for use in module interactions of an application. These stubs are customized to both themodule interaction requirements and the Polylith execution environment.Figure 4.1 shows the integration process of building an event-based distributed application fromscratch. Given module interaction speci�cations for an application (desc.cl), the preprocessortool extracts and preprocesses information from desc.cl and writes the information to thedesc.bus �le, which is the input to both the software bus and the stub generator Polystub.Polystub then generates a Make�le containing the con�guration commands needed to buildboth the application and the customized interface software that maps the speci�cation to theexecution environment.When compiled with or otherwise included in the module implementations, the stubs act as anintermediary between the module and the rest of the application. The stubs include appropriate50
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LITH = /bugs/chenchen/SuperBusall: Display Simulator Controller LogDisplay: display_stubs.c display_user.ccc display_stubs.c display_user.c -L${LITH} -lith -o displaySimulator: simulator_stubs.c simulator_user.ccc simulator_stubs.c simulator_user.c -L${LITH} -lith -o simulatorController: controller_stubs.c controller_user.ccc controller_stubs.c controller_user.c -L${LITH} -lith -o controllerLog: log_stubs.c log_user.ccc log_stubs.c log_user.c -L${LITH} -lith -o loginstall:rcp display thumper:/thumper/chenchen/.rcp controller harvey:/harvey/chenchen/.rcp log xring:/xring/chenchen/.Figure 4.2: Make�le for the VE3D applicationcalls for the underlying system to initialize modules for execution, to declare events, to de�netheir event structures, to register interest in events, to receive events of interest, to decode events,and to invoke the corresponding procedures.The interface software and user-supplied modules containing procedures associated with eventsare compiled to create an executable for each module on its destination machine. After theinstallation, the enhanced Polylith uses the preprocessed module interaction speci�cations toinvoke processes and is responsible for coercing data representation, synchronization, marshalingof data, and communication between modules at run time.We use VE3D example described in Chapter 1 to illustrate the integration process of buildingan application from scratch. The module interaction speci�cation for VE3D given in Figure 2.1(desc.cl) is preprocessed using commandpreprocess desc.clThis causes the information in desc.cl to be extracted, preprocessed and rewritten in �ledesc.bus. This �le contains detailed information about each application module, including theinterfaces of the module and the attributes associated with the module, as well as informationconcerning the event-based interactions. The desc.bus �le is the input for the software bus andthe stub generator. Thus, based on desc.bus, the Polystub can generate both the Make�leand the customized interface software via commandpolystub desc.bus .Figure 4.2 gives the Make�le for VE3D application. The generated Make�le contains con�gura-tion commands for compiling the interface software and user-supplied source code and for linking52



/* Display.c */

#include <stdio.h>

main(argc, argv)
int argc;
char *argv[];
{  
   char *event_name, *event_buf;
   int x, y, z;
   char *name;

   mh_init(&argc, &argv, NULL, NULL);
   mh_rgsmulticast("obj");
   mh_rgsmulticast("ext_obj");

   while (TRUE) {
      mh_next_event(event_name, event_buf);
      if (strcmp(event_name, "obj")==0) {
          mh_decode_event(event_buf,&x,&y,&z);
          update_viewpoint(x, y, z);
      } 
      else if (strcmp(event_name, "ext_obj"==0) {
          mh_decode_event(event_buf, name,&x, &y, &z);
          update_ext_obj(name, x, y, z);
   }
}Figure 4.3: Interface software for Display of VE3D (display stubs.c)to Polylith's library to create an executable for each module. For example, the interface soft-ware for module Display produced by Polystub is in �le display stubs.c. This �le andthe user-supplied source code (display user.c containing procedures update viewpoint and up-date ext obj) are input to the C compiler and linker to produce an executable display. Oncecreated, the executable is installed at the desired location (/thumper/chenchen/display) on itsdestination machine.Figure 4.3 shows the interface software for module Display of VE3D application. It is tailored toboth module interaction requirements and the Polylith execution environment. After initial-ization (mh init),Display calls mh rgsmulticast to register its interest in events obj and ext objand calls mh next event to receive an event. It decodes the event (mh decode event) accordingto the event structure and then invokes the corresponding procedure.Using our integration approach, users are not required to transform the modules manually, to mixthe code for event-based communication with code for the application's functionality. Instead,users give the module interaction speci�cations for an application and provide the basic modulesource code. Based on the abstract aggregate, customized interface software will be generatedautomatically. The interface software is tailored to the event-based interaction properties ofthe application and contains system calls for event-based interaction in the underlying run timeenvironment. In this way, designers can de�ne complex event-based interactions abstractly, thusintegrating and experimenting with them more easily.53
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 Coercion ModulesFigure 4.4: Composite integration process4.2 Composite Interaction IntegrationIn this section, we discuss how to use composite interaction speci�cations to guide the compositeapplication integration process (Figure 4.4). Given module interaction speci�cations for both theoriginal applications and a composite interaction speci�cation, we have developed a tool calledPolyan to analyze these interaction speci�cations. The output of this tool is a bus �le and someevent transformation �les.The bus �le contains both a list of modules that make up the composite application and alsoattributes associated with those modules. This preprocessed information is written in a formatunderstood by the software bus, which will use the information written in the bus �le to start upthe correct application modules and coercion modules of the composite application.An event transformation �le contains a set of event transformation rules for transforming events54



from one application to another. We have developed a tool called Bridge which takes an eventtransformation �le as input and automatically generates the coercion module and the Make�le forbuilding the coercion module. The Bridge tool is essential to the composite integration process.The execution of Bridge can be broken down into several steps:1. Split event transformation �les (.enimble) into separate �les (.data), each containing onlyone event transformation rule;2. Invoke enimble to perform an equivalence checking between the target event structure andthe range of the event map;3. Create the operational speci�cation (.p �les) for the event transformation rule;4. Invoke eventgen to translate the operational speci�cation to the source code for the co-ercion module in the target programming language (including the main routine and thetransformation routine);5. Create the Make�le (.makefile) for building the coercion module.We use the VE3D/VE2D example described in Chapter 1 to illustrate the integration process ofbuilding an application from two related but separately developed applications. Figure 4.5 showsthe production graph for the VE3D/VE2D example. The module interaction speci�cations forthe VE3D (ve3d.cl shown in Figure 2.1) and VE2D ( ve2d.cl shown in Figure 2.2), alongwith the composite interaction speci�cation for the VE3D/VE2D (comp shown in Figure 2.3), areanalyzed after issuing the commandpolyan ve3d.cl ve2d.cl comp desc.busThis command causes the information in these �les to be analyzed, extracted, and rewritten inthe bus �le desc.bus in a format understood by the bus. The bus �le contains information con-cerning eight application modules and two coercion modules, Coercion VE3DVE2D and Co-ercion VE2DVE3D. The command also outputs event transformation �les VE3DVE2D.enimbleand VE2DVE3D.enimble. We then use commandsbridge VE3DVE2D.enimblebridge VE2DVE3D.enimbleto generate the source code for two coercion modules, Coercion VE3DVE2D (given in Figure3.15 and Figure 3.16) and Coercion VE2DVE3D (given in Figure 3.14), and their make�les,VE3DVE2D.makefile (given in Figure 4.6) and VE2DVE3D.makefile (given in Figure 4.7). TheMake�le contains con�guration commands needed to build the coercion module. After makingthe coercion modules, programmers invoke the software bus to start up the composite applicationusing the command sbus -b desc.busThe run-time option -b tells the bus that this is a composite application built from existingapplications. When all processes for modules are invoked, the software bus will handle eventmapping automatically at run time. 55
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LITH=/bugs/chenchen/SuperBusall: Coercion_VE3DVE2DCoercion_VE3DVE2D: VE3DVE2D.o VE3D_obj_VE2D_ext_obj.occ -o coercion_VE3DVE2D VE3DVE2D.o VE3D_obj_VE2D_ext_obj.o \VE3D_obj_VE2D_ext_obj_xy.o VE3D_obj_VE2D_ext_obj_yz.o \VE3D_obj_VE2D_ext_obj_xz.o -L${LITH} -lithVE3DVE2D.o: VE3DVE2D.ccc -c -L${LITH} -lith VE3DVE2D.cVE3D_obj_VE2D_ext_obj.o: VE3D_obj_VE2D_ext_obj.ccc -c -L${LITH} -lith VE3D_obj_VE2D_ext_obj.cVE3D_obj_VE2D_ext_obj_xy.o: VE3D_obj_VE2D_ext_obj_xy.ccc -c -L${LITH} -lith VE3D_obj_VE2D_ext_obj_xy.cVE3D_obj_VE2D_ext_obj_yz.o: VE3D_obj_VE2D_ext_obj_yz.ccc -c -L${LITH} -lith VE3D_obj_VE2D_ext_obj_yz.cVE3D_obj_VE2D_ext_obj_xz.o: VE3D_obj_VE2D_ext_obj_xz.ccc -c -L${LITH} -lith VE3D_obj_VE2D_ext_obj_xz.cFigure 4.6: Make�le for coercion module Coercion VE3DVE2DLITH=/bugs/chenchen/SuperBusall: Coercion_VE2DVE3DCoercion_VE2DVE3D: VE2DVE3D.o VE2D_obj_VE3D_ext_obj.occ -o coercion_VE2DVE3D VE2DVE3D.o VE2D_obj_VE3D_ext_obj.o -L${LITH} -lithVE2DVE3D.o: VE2DVE3D.ccc -c -L${LITH} -lith VE2DVE3D.cVE2D_obj_VE3D_ext_obj.o: VE2D_obj_VE3D_ext_obj.ccc -c -L${LITH} -lith VE2D_obj_VE3D_ext_obj.cFigure 4.7: Make�le for coercion module Coercion VE2DVE3D57



Using our integration approach, users are not required to manually modify the application struc-ture or change the module implementation. Given the composite interaction speci�cation, inter-operation between two related but separately developed applications is achieved not only withoutthe cost of developing a third entire system, but also without making any changes to module im-plementations.4.3 DiscussionThere are numerous advantages of our integration approach. Programmers are not required tomanually adapt the existing applications for reuse in a new application. If programmers were tointroduce extra interfacing code into the existing application modules in order to have the eventnames and event structures correspond, it would make the application modules more complexand more costly to maintain. In our approach, such adaptations are done by the coercion modulesgenerated automatically, and the application modules remain intact. This approach allows theapplication source to remain simpler and easier to maintain.If programmers were to adapt the application modules manually, they would have to modify theapplication structure, the modules names, the event names, and the event structures. Thereis a good chance that they would introduce errors in the applications. Our approach allowsprogrammers to de�ne the interactions at an abstract level and to automatically generate thevalid software modules that implement the programmer-de�ned interactions. Thus, our approachreduces the opportunity for introducing errors and makes it easier to construct an applicationfrom existing systems.Since interactions are speci�ed separately from the application modules, programmers can buildapplications with di�erent interactions from the same existing applications. For example, in theintegrated VE3D/VE2D, we can remove some modules, like Log and Display XY, from thecomposite application by simply changing the interaction speci�cation. If we want to displaythe ZX plane instead of the XZ plane, we can rearrange the order of the parameters in thespeci�cation and have the coercion module generated automatically. Our approach allows thesoftware modules to be reused in a broader range of applications.Finally, our approach greatly facilitates software prototyping. Prototyping is an experimentalactivity intended to expose properties or design alternatives to developers before they makecritical decisions. When prototyping, developers need to quickly build a prototype apparatus ata relatively low cost. If the cost of building a prototype is high, then the bene�ts of prototypingremain unrealized. Our approach not only reuses software modules to keep the cost down, but alsoautomates their adaptation. Using our approach, developers can easily construct a prototype fromexisting applications and experiment with prototypes of di�erent interactions. Thus developersspend less time adapting software modules and more time studying the prototyping apparatusbehavior.Although our current speci�cation languages and integration tools limit us to interconnecting58



existing applications built in Polylith, our integration approach can be applied within anysoftware bus environment. Indeed, by leveraging the power of the software bus model, it ispossible to interconnect components from several di�erent integration frameworks; but whetherthis is possible to do across all frameworks remains an open question. For example, we can notautomatically support the interoperation between two existing applications, where one is built inPolylith and the other is built in Field.It is di�cult to facilitate interoperation among di�erent integration mechanisms, because as yetthere is no consistent model for describing existing event-based integration framework. Barrettet al. at University of Massachusetts attempt to address this problem by specifying a generic,event-based integration framework [1]. They provide an abstract data type based model fordiscussing and comparing event-based integration approaches. They intend to explore issues ofinteroperability and examine the extent to which the model can be used directly to supportinteroperability.Although so far the examples used in this thesis show only how to integrate two existing applica-tions, our approach can be applied to the integration of more than two applications. An exampleof interoperating among three applications will be shown in Chapter 5. When more applicationsare involved, the interactions among them become more complex, the amount of manual adapta-tion requires more e�ort from programmers, and the ability to de�ne the interactions at a highlevel and then automatically to generate valid coercion modules becomes more important anddesirable.
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Chapter 5ExamplesIn this chapter, we demonstrate the use of our approach with more complex examples. We addanother related but separately developed virtual environment application, called VEAR, to thetwo existing virtual environment applications and experiment with interactions among them. Theexperiment demonstrates that we can achieve di�erent interoperations by de�ning the interactionsat the abstract level. It also gives us a rough idea of the amount of code generated in our approach.In this chapter, we �rst describe VEAR and explain how it is related to VE3D and VE2D. Afterdescribing di�erent possible interactions between VE3D, VE2D, and VEAR, we perform a casestudy on one particular interaction and discuss how to achieve di�erent interactions by changingthe speci�cations.Figure 5.1 shows the VEAR application that simulates a 3D virtual environment where a usercan walk through a building. This application consists of four modules, Controller, Display,Simulator, and Log, which are distributed on di�erent host machines. Module Controller isused to enter the current user's position. Module Simulator simulates the position of users ofother walkthroughs. Information on the current user and the users of other walkthroughs is fedto module Display, which displays users of other walkthroughs as objects in the current world.Module Log records both the current user's position and other users' positions into a log �le.The event structures of obj and ext obj in the VEAR are di�erent from those of VE3D and VE2D.For example, event obj in VEAR is de�ned to be an array of three integers:obj (point:integer[3])and event ext obj is de�ned to be a string followed by an array of three integers:ext obj (name:string; point:integer[3])There are numerous ways in which the three applications can interact. We study the possibleinteractions among them and discuss how to capture the interaction in the speci�cations. First,we study the possible interactions at the con�guration level or application level. If an applicationdesires interaction with other applications, it is apparently interested in events generated from60
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Figure 5.1: Application structure for VEAR
module "Display":{
  binary = "/thumper/chenchen/display";
  machine = "thumper.cs.umd.edu";
  file = "display_user.c";
  when obj => update_viewpoint;
  when ext_obj => update_ext_obj; 
}

module "Log":{
  binary = "/xring/chenchen/log";
  machine = "xring.cs.umd.edu";
  file = "log_user.c";
  when obj => log_obj;
  when ext_obj => log_ext_obj;
}

module "Controller":{
  binary = "/harvey/chenchen/controller";
  machine = "harvey.cs.umd.edu";
  file = "controller_user.c";
  declare obj (point:integer[3]);
}

module "Simulator":{
  binary = "/bugs/chenchen/simulator";
  machine = "bugs.cs.umd.edu";
  file = "simulator_user.c";
  declare  ext_obj(name: string; point:integer[3]);
}

orchestrate "VEAR":{
  tool "Display";
  tool "Simulator";
  tool "Controller";
  tool "Log";
}Figure 5.2: Module interaction requirements for the VEAR using an enhanced Polylith MIL61
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other applications. When considering interoperation at the con�guration-level, we can studyeach application's interest in events. In the virtual environment examples, if an application isinterested in events from other applications, it means the application wants to display usersof other walkthroughs as objects in its world. An application can select which users of otherwalkthroughs to display. For example, if VE3D is interested in VE2D and VEAR, it will displayusers of VE2D and VEAR as objects. VE2D may be only interested in VEAR but not VE3D,so it will only display users of VEAR as objects in VE2D. VEAR may be interested in neither ofthem. When integrating three applications, there are 57 possible interactions at the con�gurationlevel. 1Next, we go down one level and study the possible interactions at the module level. Because wecan tailor an application by removing some redundant modules, we can achieve a greater varietyof possible interactions. For example, we can delete the simulation modules, log modules, and/orsome display modules in some of the virtual environment applications.At this point, given a �xed con�guration at both the application level and module level, wecan still achieve more interactions by varying the event transformation rules. A di�erent eventmapping implies a di�erent interaction. For example, if we want to display the ZX plane insteadof XZ plane, we can rearrange the order of the coordinates in the speci�cation.In the remainder of this chapter, we will perform a case study of one particular interaction amongthe three applications. We �rst give an informal description of how we want the applications tointeract in Section 5.1. Then we describe how we capture the intended interaction using thespeci�cation language in Section 5.2. After explaining the integration process in Section 5.3, weevaluate in Section 5.4 the amount of code generated by our approach and discuss how to changethe speci�cation to achieve di�erent interactions.5.1 Case Study: VE3D/VE2D/VEARVersion 1In this case study, we want to integrate VE3D, VE2D, and VEAR. We let three users controltheir own positions and display all the other users as objects in their respective worlds. Thereare several issues we need to consider before the speci�cation is created:� Application StructureThe composite application will consist of eleven modules as shown in Figure 5.3. Mod-ules Simulator from VE3D, VE2D, and VEAR are no longer needed in the compositeapplication.1Consider the con�guration of the three applications as a directed graph G = (V , E), where V consists of threevertices (representing applications) and E is a binary relation on V . E consists of up to six possible edges. Byvaring the edges in E, we have 57 (C26 +C36 + C46 + C56 +C66 ) combinations.63



� Module NamesIn all three applications, we have modules Controller and Log. In both VE3D and VEAR,we have module Display. When there is a con
ict between module names, we need todi�erentiate one module from the other.� Event NamesSince the three applications have been fabricated separately, they have di�erent event nam-ing systems. We need to associate events of interest. For example, all applications haveevents obj and ext obj. In VE3D, event obj represents the current user's position. It corre-sponds to ext obj (not obj) in VE2D and VEAR and represents the other user's position.So event obj in VE3D should be associated with with event ext obj in VE2D and VEAR.Similarly, event obj in VEAR should be associated with event ext obj in VE3D and VE2D;event obj in VE2D should be associated with event ext obj in VE3D and VEAR.� Event StructuresThe event structures of associated events do not exactly match. For example, event obj inVE3D is de�ned to be three integers:obj (x:integer; y:integer; z:integer)while in VEAR, its associated event ext obj is de�ned to be a string followed by an arrayof three integers: ext obj (name:string; point:integer[3])and its matching event ext obj in VE2D is de�ned to be a string followed by a record con-sisting of three integers:ext obj (name:string; fx:integer; y:integer; z:integerg)Not only are the applications' event structures totally di�erent, but the meaning of eachcoordinate is also di�erent. The x, y, z coordinates in VE3D correspond to the last, sec-ond, and �rst element of the array in VEAR, respectively. We need to transform the eventstructure from one application to another with projection of the right parameters.� Event GenerationWhen some modules from the original applications are removed from the composite appli-cation, there is an e�ect on events generated or multicast by those modules. For example,in VE2D, events ext obj xy, ext obj yz and ext obj xz are only generated by module Sim-ulator. When module Simulator is removed from the composite application, we need to�gure out whether we still need those missing events or not. If there are needed, we mustdecide which module should generate the missing events and how they should be generated.5.2 Speci�cationFigure 5.4 gives the composite interaction speci�cation for the integratedVE3D/VE2D/VEAR. 64



composite "VE3D/VE2D/VEAR":{
  application VE3D;
  application VE2D;
  application VEAR;
  
  exclude Simulator from VE3D;
  exclude Simulator from VE2D;
  exclude Simulator from VEAR;

  name Controller from VE3D Controller_3D;
  name Log from VE3D Log_3D;
  name Controller from VE2D Controller_2D;
  name Log from VE2D Log_2D;
  name Display from VEAR Display_AR;
  name Controller from VEAR Controller_AR;
  name Log from VEAR Log_AR;

  map VE3D obj(x: integer; y: integer; z: integer)
  to VE2D ext_obj(string(’chen’); {x; y; z}) 
  to VE2D ext_obj_xy(string(’chen’); {x; y})
  to VE2D ext_obj_yz(string(’chen’); {y; z})
  to VE2D ext_obj_xz(string(’chen’); {x; z})
  to VEAR ext_obj(string(’chen’); [z, y, x]);

  map VE2D obj({x:integer; y: integer; z: integer})
  to VE3D ext_obj(string(’jim’); a.x; a.y; a.z)
  to VEAR ext_obj(string(’jim’); [a.z; a.y; a.x]);

  map VEAR obj(point: integer[3])
  to VE3D ext_obj(string(’liz’); point[2]; point[1]; point[0])
  to VE2D ext_obj(string(’liz’); {point[2]; point[1]; point[0]})
  to VE2D ext_obj_xy(string(’liz’); {point[2]; point[1]})
  to VE2D ext_obj_yz(string(’liz’); {point[1]; point[0]})
  to VE2D ext_obj_xz(string(’liz’); {point[2]; point[0]}) 
}Figure 5.4: Composite interaction speci�cation for the VE3D/VE2D/VEAR application usingENimble (version 1)

65



The clauseapplication VE3D;application VE2D;application VEAR;enumerates three applications from which the composite application is built.The clauseexclude Simulator from VE3D;exclude Simulator from VE2D;exclude Simulator from VEAR;excludes three Simulator modules from the composite application.The clausename Controller from VE3D Controller 3D;name Log from VE3D Log 3D;name Controller from VE2D Controller 2D;name Log from VE2D Log 2D;name Display from VEAR Display AR;name Controller from VEAR Controller AR;name Log from VEAR Log ARsolves name con
icts among modules from di�erent applications.The clausemap VE3D obj(x: integer; y: integer; z: integer)to VE2D ext obj(string(`chen'); fx; y; zg)to VE2D ext obj xy(string(`chen'); fx; yg)to VE2D ext obj yz(string(`chen'); fy; zg)to VE2D ext obj xz(string(`chen'); fx; zg)to VEAR ext obj(string(`chen'); [z; y; x])maps event obj in VE3D to �ve events:1. Event ext obj in VE2D consists of a string initialized to `chen', followed by a recordconsisting of all three integers of event obj. It aggregates the three integers.66



2. Event ext obj xy in VE2D consists of a string initialized to `chen', followed by a recordconsisting of the �rst two integers of event obj. The parameter z is masked out.3. Event ext obj yz in VE2D consists of a string initialized to `chen', followed by a recordconsisting of the last two integers of event obj. The parameter x is masked out.4. Event ext obj xz in VE2D consists of a string initialized to `chen', followed by a recordconsisting of the �rst and the third integers of event obj. The parameter y is masked out.5. Event ext obj in VEAR consists of a string initialized to `chen', followed by an array ofthree integers of event obj. It constructs an array and rearranges the order of the threeintegers.The clausemap VE2D obj(fx: integer; y: integer; z: integerg)to VE3D ext obj(string(`jim'); a.x; a.y; a.z)to VEAR ext obj(string(`jim'); [a.z; a.y; a.x])maps event obj in VE2D to two events:1. Event ext obj in VE3D consists of a string initialized to `jim', followed by three integersof event obj. It 
attens the record structure.2. Event ext obj in VEAR consists of a string initialized to `jim', followed by an array of threeintegers of event obj. It 
attens the record structure, constructs an array, and rearrangesthe order of the coordinates.The clausemap VEAR obj(point: integer[3])to VE3D ext obj(string(`liz'); point[2]; point[1]; point[0])to VE2D ext obj(string(`liz'); fpoint[2]; point[1]; point[0]g)to VE2D ext obj xy(string(`liz'); fpoint[2]; point[1]g)to VE2D ext obj yz(string(`liz'); fpoint[1]; point[0]g)to VE2D ext obj xz(string(`liz'); fpoint[2]; point[0]g)maps event obj in VEAR to �ve events:1. Event ext obj in VE3D consists of a string initialized to `liz', followed by three integersof event obj. It 
attens the array structure and rearranges the order of the three integers.67



2. Event ext obj in VE2D consists of a string initialized to `liz', followed by a record con-sisting of three integers of event obj. It 
attens the array structure, constructs a recordstructure, and rearranges the order of the three integers.3. Event ext obj xy in VE2D consists of a string initialized to `liz', followed by a recordconsisting of the third and second elements of event obj. It 
attens the array structure,constructs a record structure, and rearranges the order of the two integers. The �rst elementof the array point[0] is masked out.4. Event ext obj yz in VE2D consists of a string initialized to `liz', followed by a recordconsisting of the second and the �rst elements of event obj. It 
attens the array structure,constructs a record structure, and rearranges the order of the two integers. The thirdelement of the array point[2] is masked out.5. Event ext obj xz in VE2D consists of a string initialized to `liz', followed by a recordconsisting of the third and �rst elements of event obj. It 
attens the array structure,constructs a record structure, and rearranges the order of the two integers. The secondelement of the array point[1] is masked out.5.3 IntegrationFigures C.1 through C.7 show the production graph for the VE3D/VE2D/VEAR example. Themodule interaction speci�cations for VE3D (ve3d.cl in Figure 2.1), VE2D ( ve2d.cl in Figure2.2), and VEAR ( vear.cl in Figure 5.2), along with the composite interaction speci�cations forthe VE3D/VE2D/VEAR (comp in Figure 5.4) are analyzed via commandpolyan ve3d.cl ve2d.cl vear.cl comp desc.busThis command causes the information in these �les to be analyzed, extracted, and rewritten inthe bus �le desc.bus in a format understood by the bus. The bus �le contains informationabout eleven application modules and six coercion modules. The command also produces sixevent transformation �les: VE3DVE2D.enimble,VE3DVEAR.enimble,VE2DVE3D.enimble,VE2DVEAR.enimble,VEARVE3D.enimble,VEARVE2D.enimble.We then use commands bridge VE3DVE2D.enimblebridge VE3DVEAR.enimblebridge VE2DVE3D.enimblebridge VE2DVEAR.enimblebridge VEARVE3D.enimblebridge VEARVE2D.enimble68



to generate the source code for six coercion modules:Coercion VE3DVE2D (Figures 3.15 through 3.18),Coercion VE3DVEAR (Figure C.8),Coercion VE2DVE3D (Figure 3.14),Coercion VE2DVEAR (Figure C.9),Coercion VEARVE3D (Figure C.10),Coercion VEARVE2D (Figures C.11 through C.14)and their Make�les: VE3DVE2D.makefile (Figure 4.6),VE3DVEAR.makefile (Figure C.15),VE2DVE3D.makefile (Figure 4.7),VE2DVEAR.makefile (Figure C.16),VEARVE3D.makefile (Figure C.17),VEARVE2D.makefile (Figure C.18).The Make�les contain con�guration commands needed to build the coercion modules. Aftermaking the coercion modules, programmers invoke the software bus to start up the compositeapplication via command sbus -b desc.busThe run-time option -b tells the bus this is a composite application built from existing applica-tions. When all processes for modules are invoked, the software bus will handle event mappingautomatically at run time.5.4 DiscussionThe virtual environment applications give us a rough idea of the amount of code automaticallygenerated using our integration approach. We have measured four virtual environment examples:VE3D, VE2D, VEAR, and integrated VE3D/VE2D/VEAR.Figure 5.5 summarizes the amount of code generated in the VE3D application. The moduleinteraction speci�cation created by users has 32 lines of code. Based on this speci�cation, weautomatically generated a Make�le speci�cation (15 lines), a bus �le (12 lines) and 95 lines ofinterface software in C.Figure 5.6 lists the amount of code generated in the VE2D application. The module interactionspeci�cation created by users has 54 lines of code. Based on this speci�cation, we automaticallygenerated a Make�le speci�cation (19 lines), a bus �le (18 lines) and 221 lines of interface softwarein C.Figure 5.7 shows the amount of code generated in the VEAR application. The module interactionspeci�cation created by users has 32 lines of code. Based on this speci�cation, we automaticallygenerated a Make�le speci�cation (15 lines), a bus �le (12 lines) and 95 lines of interface softwarein C. 69



User-written Code Module Interaction Spec 32Makefile 15Generated Code Interface Software in C 95Bus File 12Figure 5.5: Amount of code generated for VE3DUser-written Code Module Interaction Spec 54Makefile 19Generated Code Interface Software in C 221Bus File 18Figure 5.6: Amount of code generated for VE2DUser-written Code Module Interaction Spec 32Makefile 15Generated Code Interface Software in C 95Bus File 12Figure 5.7: Amount of code generated for VEARModule Interaction Spec for VE3D 32User-written Code Module Interaction Spec for VE2D 54Module Interaction Spec for VEAR 32Composite Interaction Spec 30Bus File 68Generated Code Event Transformation Files 36Source Code for Coercion Modules in C 634Makefiles for Coercion Modules 90Figure 5.8: Amount of code generated in the VE3D/VE2D/VEAR (version 1)
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Figure 5.8 summarizes the amount of code generated in the �rst version of the VE3D/VE2D/VEARexample. The interaction speci�cations created by users have 148 lines of code, including 30 linesfor the composite interaction speci�cation, 32 lines for ve3d.cl, 54 lines for ve2d.cl, and 32lines for vear.cl. Notice that users must only create the composite interaction speci�cationsat this point because the module interaction speci�cations were already created when buildingthe applications from scratch. Based on these speci�cations, Polyan automatically generated abus �le (68 lines) and six event transformation �les (36 lines). From the event transformation�les, Bridge automatically generated the source code for the coercion modules in C (634 lines)and six Make�les for the coercion modules (90 lines). The Make�les contain 22 con�gurationcommands needed to build the coercion modules.The above application shows how to integrate three existing applications by de�ning the interac-tions at a high level and having the interface software generated automatically. Since interactionsare speci�ed separately from the application modules, programmers can build applications of dif-ferent interactions out of the same existing applications by changing the speci�cations. The aboveexample illustrates one of many possible interactions of the three applications. Next, we will studythree more versions, each with di�erent interactions among the modules. We will use version 1as our baseline and discuss what programmers need to do to achieve di�erent interactions.Version 2Version 2 has a di�erent interaction at the con�guration level. In version 2, VE3D is still interestedin both VE2D and VEAR, but VE2D is only interested in VE3D, and VEAR is only interested inVE2D. To build the second version of the composite application, programmers can simply delete�ve lines of code in the original composite speci�cation (Figure 5.4). For example, event obj fromVE3D will not be mapped to event ext obj in VEAR; event obj from VEAR will not be mappedto events ext obj, ext obj xy, ext obj yz and ext obj xz in VE2D. The new composite speci�cationis shown in Figure 5.9. Changes made in speci�cations will result in changes to the applicationstructure, which is re
ected in the bus �le. Two coercion modules, Coercion VE3DVEARand Coercion VEARVE2D, from version 1 are not needed. The integration tools will handleall the low-level changes automatically.Version 3Version 3 has a di�erent interaction at the module level. In version 3, we will remove all Logmodules and Display XY from version 1. This can be done by changing nine lines of code inthe original composite speci�cation, that is, by adding four exclude clauses, by deleting threename clauses, and by changing two map clauses (i.e., event obj from VE3D and VEAR will notbe mapped to event ext obj xy in VE2D. The new composite speci�cation is shown in Figure5.10. It will result in changes to the application structure re
ected in the bus �le, to the eventtransformation rules re
ected in the event transformation �les, to the source code for two coercionmodules, and to the Make�les for building those two coercion modules.Version 4 71



composite "VE3D/VE2D/VEAR":{
  application VE3D;
  application VE2D;
  application VEAR;
  
  exclude Simulator from VE3D;
  exclude Simulator from VE2D;
  exclude Simulator from VEAR;

  name Controller from VE3D Controller_3D;
  name Log from VE3D Log_3D;
  name Controller from VE2D Controller_2D;
  name Log from VE2D Log_2D;
  name Display from VEAR Display_AR;
  name Controller from VEAR Controller_AR;
  name Log from VEAR Log_AR;

  map VE3D obj(x: integer; y: integer; z: integer)
  to VE2D ext_obj(string(’chen’); {x; y; z}) 
  to VE2D ext_obj_xy(string(’chen’); {x; y})
  to VE2D ext_obj_yz(string(’chen’); {y; z})
  to VE2D ext_obj_xz(string(’chen’); {x; z})

  map VE2D obj({x:integer; y: integer; z: integer})
  to VE3D ext_obj(string(’jim’); a.x; a.y; a.z)
  to VEAR ext_obj(string(’jim’); [a.z; a.y; a.x]);

  map VEAR obj(point: integer[3])
  to VE3D ext_obj(string(’liz’); point[2]; point[1]; point[0]) 
}Figure 5.9: Composite interaction speci�cation for the VE3D/VE2D/VEAR application usingENimble (version 2)Version 4 keeps the same con�guration as in version 1 at both the con�guration level and modulelevel. It di�ers in that it has a di�erent set of event transformation rules. Suppose the �rst,second, and third elements of the array in VEAR correspond to x, y, z coordinates in VE3D andVE2D (instead of z, y, x). This transformation can be made by changing seven lines of code inthe original composite speci�cation, i.e., changing seven event transformation rules in the twomap clauses. The new composite speci�cation, shown in Figure 5.11, is the result of changes tofour event transformation �les and to the source code for four coercion modules scattered throughseven di�erent .c �les.The four versions of the virtual environment example demonstrate that we can build compositeapplications of di�erent interactions out of the same existing applications. Given version 1 as thebaseline, programmers need only change several lines of code in the speci�cations; the integrationtools are responsible for the low-level changes. Our work greatly facilitates prototyping. Whenprototyping, our approach allows developers to easily construct a prototype from existing appli-cations and to experiment with prototypes of di�erent interactions. The real value of this work isrealized when programmers seek to change the interactions among existing applications becauseprogrammers can de�ne event interactions at a high level and have the valid implementationsgenerated automatically. 72



composite "VE3D/VE2D/VEAR":{
  application VE3D;
  application VE2D;
  application VEAR;
  
  exclude Simulator from VE3D;
  exclude Simulator from VE2D;
  exclude Simulator from VEAR;
  exclude Log from VE3D;
  exclude Log from VE2D;
  exclude Log from VEAR;
  exclude Display_XY from VE2D;

  name Controller from VE3D Controller_3D;
  name Controller from VE2D Controller_2D;
  name Display from VEAR Display_AR;
  name Controller from VEAR Controller_AR;

  map VE3D obj(x: integer; y: integer; z: integer)
  to VE2D ext_obj(string(’chen’); {x; y; z}) 
  to VE2D ext_obj_yz(string(’chen’); {y; z})
  to VE2D ext_obj_xz(string(’chen’); {x; z})
  to VEAR ext_obj(string(’chen’); [z, y, x]);

  map VE2D obj({x:integer; y: integer; z: integer})
  to VE3D ext_obj(string(’jim’); a.x; a.y; a.z)
  to VEAR ext_obj(string(’jim’); [a.z; a.y; a.x]);

  map VEAR obj(point: integer[3])
  to VE3D ext_obj(string(’liz’); point[2]; point[1]; point[0])
  to VE2D ext_obj(string(’liz’); {point[2]; point[1]; point[0]})
  to VE2D ext_obj_yz(string(’liz’); {point[1]; point[0]})
  to VE2D ext_obj_xz(string(’liz’); {point[2]; point[0]}) 
}Figure 5.10: Composite interaction speci�cation for the VE3D/VE2D/VEAR application usingENimble (version 3)
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composite "VE3D/VE2D/VEAR":{
  application VE3D;
  application VE2D;
  application VEAR;
  
  exclude Simulator from VE3D;
  exclude Simulator from VE2D;
  exclude Simulator from VEAR;

  name Controller from VE3D Controller_3D;
  name Log from VE3D Log_3D;
  name Controller from VE2D Controller_2D;
  name Log from VE2D Log_2D;
  name Display from VEAR Display_AR;
  name Controller from VEAR Controller_AR;
  name Log from VEAR Log_AR;

  map VE3D obj(x: integer; y: integer; z: integer)
  to VE2D ext_obj(string(’chen’); {x; y; z}) 
  to VE2D ext_obj_xy(string(’chen’); {x; y})
  to VE2D ext_obj_yz(string(’chen’); {y; z})
  to VE2D ext_obj_xz(string(’chen’); {x; z})
  to VEAR ext_obj(string(’chen’); [x, y, z]);

  map VE2D obj({x:integer; y: integer; z: integer})
  to VE3D ext_obj(string(’jim’); a.x; a.y; a.z)
  to VEAR ext_obj(string(’jim’); [a.x; a.y; a.z]);

  map VEAR obj(point: integer[3])
  to VE3D ext_obj(string(’liz’); point[0]; point[1]; point[2])
  to VE2D ext_obj(string(’liz’); {point[1]; point[1]; point[2]})
  to VE2D ext_obj_xy(string(’liz’); {point[0]; point[1]})
  to VE2D ext_obj_yz(string(’liz’); {point[1]; point[2]})
  to VE2D ext_obj_xz(string(’liz’); {point[0]; point[2]}) 
}Figure 5.11: Composite interaction speci�cation for the VE3D/VE2D/VEAR application usingENimble (version 4)
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Chapter 6SummaryAn event-based distributed application is a group of software components interacting with eachother by producing events which in turn trigger the invocation of procedures. In this work, we areconcerned with technologies and methods for integrating an event-based application, whether thatapplication is being constructed from scratch or synthesized from existing systems. Developingan event-based application is a complex task for programmers, who must address several issuesnot found in traditional systems and, currently, must do so without much assistance. These issuesinclude event declaration, structure, binding, and naming.While much work has been done on automatic generation of interface software for distributedapplications using explicit invocation or point-to-point communication, there is little supportfor event-based distributed applications using implicit invocation or multicast communication,especially for facilitating interoperation among existing event-based applications. Our objectivehas been to provide the same software engineering bene�ts to programmers of event-based ap-plications as are currently provided to programmers of applications using traditional RPC ormessage-passing mechanisms.In this work, we have broadened the technology for integration to encompass event-based pro-gramming. This thesis describes an approach for integrating event-based distributed applicationsat the con�guration-level by de�ning, relating, and using the abstractions of event interactions.Our approach separates the event interaction properties from the implementation of the appli-cation modules, so that system integration can be performed using only the abstractions. Theevent interaction properties can be divided into two types of requirements: module interactionrequirements and composite interaction requirements. Module interaction requirements are theevent-based behavior and communication of the individual modules in an application. Compos-ite interaction requirements de�ne the relationships among the existing event-based applicationsand describe the way we want them to interact. Based upon the abstract aggregate, our integra-tion tools can automatically generate the interface software that implements programmer-de�nedinteractions. 75



The obligations for a user of this approach to building an event-based application from scratchare listed below:1. Provide a speci�cation of the event interaction properties of individual modules in theapplication.2. Provide the source code for the application modules.3. Execute the stub generator to generate interface software tailored to the environment.4. Execute the generated con�guration commands to create executables for the application.The obligations for a user of this approach to building an event-based application from existingapplications are listed below:1. Provide a speci�cation of the event interaction properties for each existing application thatwill be part of the new application.2. Provide a speci�cation of the event interaction properties for how the existing applicationsare to interact in the new application.3. Provide the executables for the existing applications that will be part of the new application.4. Execute the stub generator to generate coercion modules tailored to the interaction amongexisting applications and to the environment.5. Execute the generated con�guration commands to create executables for the coercion mod-ules.The main contributions of this work are simplifying the task of building event-based distributedapplications by helping programmers to de�ne and analyze the event interaction properties, andproviding support for integrating an application from scratch and for enabling interoperationamong existing event-based applications.This work demonstrates that event interaction properties of event-based distributed applicationscan be speci�ed separately from the implementation of the application modules. These speci�ca-tions can be used to generate interface software automatically. The generated interface softwareimplements programmer-de�ned interactions. Using our approach, programmers do not have tointroduce extra interfacing code to the application modules. This allows the application sourceto remain simpler and easier to maintain. Our approach reduces the opportunity of introducingerrors if changes are made manually. The generated interface software is the valid implementa-tion of the interaction. Since interactions are speci�ed separately from the application modules,programmers can build applications with di�erent interactions using the same application mod-ules. Our approach allows the software modules to be reused in a broader range of applications.The real value of this work is realized when programmers seek to change the event interactions76



because they can reason about the interactions at the abstract level, and then have the validinterface software generated automatically. In this way, programmers can de�ne complex eventinteractions abstractly without having to edit modules' sources; programmers can more easilyintegrate and experiment with event-based distributed applications and can more easily reuse theexisting software in a broader range of applications.Finally, our integration approach can be applied to other software interconnection systems. Al-though we chose the Polylith software bus as our execution environment, this software busselection does not constrain the applicability of our integration approach; the speci�cation lan-guages and integration tools can be updated and extended to include other run-time systems asnew standards and systems are developed.
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Appendix APolylith Multicast PrimitivesIn order to let modules interact in a multicasting environment, application modules should beable to declare events, de�ne their event structures, register events of interest, multicast eventsand receive events of interest. In this chapter, we give detailed description of Polylith multicastprimitives.Declare an event and de�ne the event structure:mh declare event ( EventName, EventStructure )char* EventName ;char* EventStructure ;The mh declare event call declares an event: the event name is EventName; the event structureis EventStructure. An event must be declared by some module before it is used. The call tomh declare event returns 0 if everything is ok, else it returns a negative value.Register interest in an event:mh rgsmulticast ( EventName )char* EventName ;The mh rgsmulticast call registers a module's interest in event EventName. A module mustregister its interest in an event before receiving it. When event EventName is multicast, a copy78



of the event will be sent to this module's prede�ned multicast interface, then the module couldreceive the event by calling mh next event, mh bgetmsg or mh getmsg. A module could registerits interest in more than one event. The call to mh rgsmulticast returns 0 if everything is ok,else it returns a negative value.Unregister interest in an event:mh unrgsmultcast ( EventName )char* EventName ;The mh unrgsmulticast call deregisters a module's interest in event EventName. When eventEventName is multicast, a copy of the event will not be sent to this module's prede�ned multicastinterface anymore, so the module can not receive event EventName. The call to mh unrgsmulticastreturns 0 if everything is ok, else it returns a negative value.Multicast an event:mh multicast ( EventName, EventStructure, var1, : : : , varn )char* EventName ;char* EventStructure ;type1 var1 ;... ...typen varn ;The mh multicast call multicasts event EventNamewith the parameters of the event in var1, : : : , varn.The EventStructure is a string made up of tape codes from Table A.1 which must match thevariables var1, : : : , varn. The type of the ith variable must match the ith element of theEventStructure. Multicast is a mode of communication where events produced by some modulecan be sent to a set of modules at the same time (See TR for details). The bus will send a copyof the event to each module that has registered its interest in event EventName. The call tomh multicast returns 0 if everything is ok, else it returns a negative value.Multicast an event and send signals:mh signal multicast ( EventName, EventStructure, var1, : : : , varn )79



Tape Code Variable Type DescriptionS char* Stringi int* Pointer to integerb int* Pointer to booleanf double* Pointer to doublef StructTape g struct StructName Structuref StructTape g struct StructName* Pointer to structureTable A.1: Polylith tape codes when multicasting events in Cchar* EventName ;char* EventStructure ;type1 var1 ;... ...typen varn ;The mh signal multicast call is similar to mh multicast. It multicasts event EventName withthe parameters of the event in variables var1, : : : , varn. The EventStructure is a string madeup of tape codes from table A.1 which must match the variables var1, : : : , varn. The type ofthe ith variable must match the ith element of the EventStructure. In addition to multicastingevent EventName with the event structure in EventStructure, it sends signals at the same time.The bus will send a copy of the event and signal SIGUSR1 (see <signal.h>) to each module thatis interested in event EventName. It is useful when modules want to be informed of the arrival ofevent immediately. The call to mh signal multicast returns 0 if everything is ok, else it returnsa negative value.Receive an event (non-blocking):mh getmsg ( EventStructure, EventName, var1, : : : , varn )char* EventStructure ;char* EventName ;type1 var1 ;... ...typen varn ;The mh getmsg call receives an event, assigns event name to variable EventName, event structureto variable EventStructure, and parameters of the event to variables var1, : : : , varn. TheEventStructure is a string made up of tape codes from table A.1 which must match the variablesvar1, : : : , varn. The type of the ith variable must match the ith element of the EventStructure.This operation is non-blocking, returning an event from the event queue if one is available,80



otherwise a standard null event will be returned (see mh nomsg). If mh signal multicast iscalled to multicast events, usually mh getmsg or mh bgetmsg is called in its signal handler Thecall to mh getmsg returns 0 if everything is ok, else it returns a negative value.Receive an event (blocking):mh bgetmsg ( EventStructure, EventName, var1, : : : , varn )char* EventStructure ;char* EventName ;type1 var1 ;... ...typen varn ;The mh bgetmsg call receives an event, assigns event name to variable EventName, event struc-ture to variable EventStructure, and value of the event to variables var1, : : : , varn. TheEventStructure is a string made up of tape codes from table A.1 which must match the variablesvar1, : : : , varn. The type of the ith variable must match the ith element of the EventStructure.This operation is blocking, returning an event from the event queue if one is available, otherwiseit waits until one is available. The call to mh bgetmsg returns 0 if everything is ok, else it returnsa negative value.Get next event:mh next event ( EventStructure, EventName, Event )char* EventStructure ;char* EventName ;char* Event ;The mh next event call receives a multicast event, assigns value of event structure to the variableEventStructure, value of event name to the variable EventName, and the raw event to bu�er Event.The event bu�er will be decoded using mh decode event. This operation is blocking, returningan event from the event queue if one is available, otherwise it waits until one is available. Thecall to mh next event returns 0 if everything is ok, else it returns a negative value.Decode an event according to the event structure:mh decode event ( EventStructure, Event, var1, : : : , varn )81



char* EventStructure ;char* Event ;type1 var1 ;... ...typen varn ;The mh decode event call decodes an event pointed to by Event according to the event structuregiven in the variable EventStructure, and assigns values to the variables var1, : : : , varn. eventname to the variable EventName. The EventStructure is a string made up of tape codes fromtable A.1 which must match the variables var1, : : : , varn being decoded. The type of the ithvariable must match the ith element of the EventStructure. The call to mh decode event returns0 if everything is ok, else it returns a negative value.Declare a standard null event:mh nomsg ( EventStructure, var1, : : : , varn )char* EventStructure ;type1 var1 ;... ...typen varn ;The mh nomsg call declares a standard null message. The EventStructure is a string made up oftape codes from table A.1 which must match the variables var1, : : : , varn. The type of the ithvariable must match the ith element of the EventStructure. When a module calls mh getmsg andno one is available, a standard null event will be returned ( see mh getmsg). It should be calledbefore mh getmsg in case no events are available. The call to mh nomsg returns 0 if everything isok, else it returns a negative value.Query declared events:mh query msgtype ( Bu�er, rsize )char* MsgTypeBu�er ;int rsize ;The mh query msgtype call queries events that have already declared. It returns event namesof all the declared events in Bu�er, including event names of events declared by other modules.Event names are separated by \,". The format of Bu�er is \event1,event2,..." for example. Thecall to mh query msgtype returns 0 if everything is ok, else it returns a negative value.82



Query event registration status:mh query rgsmsgtype ( Bu�er, rsize )char* Bu�er ;int rsize ;The mh query rgsmsgtype call queries event registration status. It returns its registration statusof all the declared events in Bu�er. The format of Bu�er is \event1,yes,event2,no, ..." forexample. Each event is followed by \yes" if the module registered its interest in it, otherwisefollowed by \no". Once again, the events may be declared by other modules. The call tomh query rgsmsgtype returns 0 if everything is ok, else it returns a negative value.
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Appendix BIntegration ToolsIn this chapter, we summarize a set of tools we have built to support the integration process.These tools analyze event interaction speci�cations and generate customized interface softwareautomatically.PreprocessorThis tool takes enhanced Polylith module interaction speci�cations (.cl), extracts, preprocessesand rewrites them in a format understood by the Polylith software bus (bus.desc). The outputof the tool will be fed to the bus to start up the application.Example:preprocessor ve3d.cl bus.descThe input �le ve3d.cl contains Polylith module interaction speci�cations. The output �lebus.desc contains the operational speci�cations for the software bus.PolystubThis tool takes the bus �le as input, generates interface software for the application modules andmake�les containing con�guration commands needed to build the modules (.makefile).Example:polystub bus.desc ve3d.makefile 84



The input �le bus.desc contains the operational speci�cations for the software bus. The output�le ve3d.makefile is the Make�le for building the application.PolyanThis tool takes module interaction speci�cations and composite interaction speci�cations as input,analyzes them, and rewrites them in a format understood by the Polylith software bus. It alsoproduces event transformation �les (.enimble) containing event transformation rules.Example:polyan ve3d.cl ve2d.cl comp bus.descThe input �les ve3d.cl and ve2d.cl contain Polylith module interaction speci�cations; compcontains composite interaction speci�cations. The output �le bus.desc contains the operationalspeci�cations for the software bus. Other output �les contain event transformation rules.BridgeThis tool takes an event transformation �le as input, generates source code for coercion modulesand make�les containing con�guration commands needed to build the coercion modules. Theexecution of Bridge could be broken down into several steps:� Split event transformation �les (.enimble) into separate �les (.data), each containing onlyone event transformation rule;� Invoke tool enimble to perform the equivalence checking between the target event structureand the range of the event map, and� Create the operational speci�cation (.p �les) for the event transformation rule;� Invoke tool eventgen to translate the operational speci�cation to the source code for thecoercion module in the target programming language (including the main routine and thetransformation routine), and� Create the Make�le (.makefile) for building the coercion module.Example:bridge VE2DVE3D.enimble 85



The input �le VE2DVE3D.enimble contains a set of event transformation rules. The output�les are a source �le VE2DVE3D.c for the main routine of the coercion module, and a Make�leVE2DVE3D.makefile for building the coercion module.EnimbleThis tool takes a separate event transformation �le containing only one event transformation ruleas input, performs the equivalence checking between the target event structure and the range ofthe event map, and creates the operational speci�cation (.p �les) for the event transformationrule. The .p �les will be input for tool eventgen. This tool is invoked by Bridge, not by users.Example:enimble VE2DVE3D.enimble1.dataThe input �le VE2DVE3D.enimble1.data contains an event transformation rule. The output�le VE2D obj VE3D ext obj.p contains the operational speci�cation for the event transformationrule.EventgenThis tool takes the operational speci�cation for the event transformation rule (.p) as input,translates the operational speci�cation to the source code for the coercion module in the targetprogramming language (including the main routine and the transformation routine), and createsthe Make�le (.makefile) for building the coercion module. This tool is invoked by Bridge, notby users.Example:eventgen VE2D obj VE3D ext obj.p VE2D obj VE3D ext obj.cThe input �le VE2D obj VE3D ext obj.p contains the operational speci�cation for the event trans-formation rule. The output �le VE2D obj VE3D ext obj.c contains the source code for the eventtransformation routine.
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Appendix CSome Figures from the Case StudyIn this chapter, we list some �gures from the case study described in Chapter 5.
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VE3DVEAR.enimble VE2DVEAR.enimble VEARVE3D.enimble VEARVE2D.enimbleFigure C.1: Production graph for the integrated VE3D/VE2D/VEAR example (part 1 of 7)
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eventgen eventgenFigure C.2: Production graph for the integrated VE3D/VE2D/VEAR example (part 2 of 7)
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VE3D_obj_VEAR_ext_obj.p

VE3D_obj_VEAR_ext_obj.c
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VE3DVEAR.c VE3DVEAR.makefile

Figure C.3: Production graph for the integrated VE3D/VE2D/VEAR example (part 3 of 7)
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Figure C.4: Production graph for the integrated VE3D/VE2D/VEAR example (part 4 of 7)89
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VE2D_obj_VEAR_ext_obj.p

VE2D_obj_VEAR_ext_obj.c
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VE2DVEAR.c VE2DVEAR.makefile

Figure C.5: Production graph for the integrated VE3D/VE2D/VEAR example (part 5 of 7)
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VEAR_obj_VE3D_ext_obj.c

eventgen
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Figure C.6: Production graph for the integrated VE3D/VE2D/VEAR example (part 6 of 7)90



VEARVE2D.enimble

VEARVE2D.enimble1.data VEARVE2D.enimble2.data
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enimble enimble

VEAR_obj_VE2D_ext_obj.p VEAR_obj_VE2D_ext_obj_xy.p
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eventgen eventgenFigure C.7: Production graph for the integrated VE3D/VE2D/VEAR example (part 7 of 7)
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#include <stdio.h>
extern transform_VE3D_obj_VEAR_ext_obj();
main(argc, argv)
int argc;
char *argv[];
{  
   char event_name[256], tape[256];
   char *event;

   mh_init(&argc, &argv, NULL, NULL);
   mh_rgsmulticast("obj");
   while (1) {
      mh_next_event(tape, event_name, &event);
      if (!strcmp(event_name, "obj"))
       transform_VE3D_obj_VEAR_ext_obj(tape, event);
   }
}

/* VE3DVEAR.c */

/* VE3D_obj_VEAR_ext_obj.c */

#include <stdio.h>
struct VE3D_obj {
   int x;
   int y;
   int z;
};
struct VEAR_ext_obj
   char *name;
   int point[3];
}
struct VE3D_obj From_VE3D_obj;
struct VEAR_ext_obj *To_VEAR_ext_obj;

struct VEAR_ext_obj *Coerce_VE3D_obj_VEAR_ext_obj(From)
struct VE3d_obj *From;
{  
   struct VEAR_ext_obj To;
 
   To.name = "jim";
   To.point[0] = From->z;
   To.point[1] = From->y;
   To.point[2] = From->x;
   return(&To);
}

void transform_VE3D_obj_VEAR_ext_obj(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VE3D_obj.x),
                      &(From_VE3D_obj.y), &(From_VE3D_obj.z));
      To_VEAR_ext_obj = Coerce_VE3D_obj_VEAR_ext_obj(&From_VE3D_obj);
      mh_multicast("ext_obj", "SV3I", To_VEAR_ext_obj->name, 
                      To_VE3D_ext_obj->point);
     
}Figure C.8: Source code for coercion module Coercion VE3DVEAR92



#include <stdio.h>
extern transform_VE2D_obj_VEAR_ext_obj();
main(argc, argv)
int argc;
char *argv[];
{  
   char event_name[256], tape[256];
   char *event;

   mh_init(&argc, &argv, NULL, NULL);
   mh_rgsmulticast("obj");
   while (1) {
      mh_next_event(tape, event_name, &event);
      if (!strcmp(event_name, "obj"))
       transform_VE2D_obj_VEAR_ext_obj(tape, event);
   }
}

/* VE2DVEAR.c */

/* VE2D_obj_VEAR_ext_obj.c */

#include <stdio.h>
struct Aa {
   int x;
   int y;
   int z;
};
struct VE2D_obj {
   struct Aa a;
};
struct VEAR_ext_obj {
   char *name;
   int point[3];
};
struct VE2D_obj From_VE2D_obj;
struct VEAR_ext_obj *To_VEAR_ext_obj;

struct VEAR_ext_obj *Coerce_VE2D_obj_VEAR_ext_obj(From)
struct VE2D_obj *From;
{  
   struct VEAR_ext_obj To;
 
   To.name = "jim";
   To.point[0] = From->a.z;
   To.point[1] = From->a.y;
   To.point[2] = From->a.x;
   return(&To);
}

void transform_VE2D_obj_VEAR_ext_obj(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VE2D_obj.a));
      To_VE3D_ext_obj = Coerce_VE2D_obj_VEAR_ext_obj(&From_VE2D_obj);
      mh_multicast("ext_obj", "SV3I", To_VEAR_ext_obj->name, 
                    To_VEAR_ext_obj->point);
}Figure C.9: Source code for coercion module Coercion VE2DVEAR93



#include <stdio.h>
extern transform_VEAR_obj_VE3D_ext_obj();
main(argc, argv)
int argc;
char *argv[];
{  
   char event_name[256], tape[256];
   char *event;

   mh_init(&argc, &argv, NULL, NULL);
   mh_rgsmulticast("obj");
   while (1) {
      mh_next_event(tape, event_name, &event);
      if (!strcmp(event_name, "obj"))
       transform_VEAR_obj_VE3D_ext_obj(tape, event);
   }
}

/* VEARVE3D.c */

/* VEAR_obj_VE3D_ext_obj.c */

#include <stdio.h>
struct VEAR_obj {
   int point[3];
};
struct VE3D_ext_obj {
   char *name;
   int x;
   int y;
   int z;
};
struct VEAR_obj From_VEAR_obj;
struct VE3D_ext_obj *To_VE3D_ext_obj;

struct VE3D_ext_obj *Coerce_VEAR_obj_VE3D_ext_obj(From)
struct VEAR_obj *From;
{  
   struct VE3D_ext_obj To;
 
   To.name = "jim";
   To.x = From->point[2];
   To.y = From->point[1];
   To.z = From->point[0];
   return(&To);
}

void transform_VEAR_obj_VE3D_ext_obj(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VEAR_obj.point));
      To_VE3D_ext_obj = Coerce_VEAR_obj_VE3D_ext_obj(&From_VEAR_obj);
      mh_multicast("ext_obj", "SIII", To_VE3D_ext_obj->name, To_VE3D_ext_obj->x,
                    To_VE3D_ext_obj->y, To_VE3D_ext_obj->z);
} Figure C.10: Source code for coercion module Coercion VEARVE3D94



#include <stdio.h>
extern transform_VEAR_obj_VE2D_ext_obj();
extern transform_VEAR_obj_VE2D_ext_obj_xy();
extern transform_VEAR_obj_VE2D_ext_obj_yz();
extern transform_VEAR_obj_VE2D_ext_obj_xz();
main(argc, argv)
int argc;
char *argv[];
{  
   char event_name[256], tape[256];
   char *event;

   mh_init(&argc, &argv, NULL, NULL);
   mh_rgsmulticast("obj");
   while (1) {
      mh_next_event(tape, event_name, &event);
      if (!strcmp(event_name, "obj"))
       transform_VEAR_obj_VE2D_ext_obj(tape, event);
      if (!strcmp(event_name, "obj"))
       transform_VEAR_obj_VE2D_ext_obj_xy(tape, event);
   }
}

/* VEARVE2D.c */

/* VEAR_obj_VE2D_ext_obj.c */

#include <stdio.h>
struct Fa {
   int x;
   int y;
   int z;
};
struct VE3D_obj {
   int point[3];
}
struct VE2D_ext_obj {
   char *name;
   struct Fa b;
};
struct VEAR_obj From_VEAR_obj;
struct VE2D_ext_obj *To_VE2D_ext_obj;

struct VE2D_ext_obj *Coerce_VEAR_obj_VE2D_ext_obj(From)
struct VE3D_obj *From;
{  
   struct VE2D_ext_obj To;
 
   To.name = "chen";
   To.b.x = From->point[2];
   To.b.y = From->point[1];
   To.b.z = From->point[0];
   return(&To);
}

void transform_VEAR_obj_VE2D_ext_obj(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VEAR_obj.point));
      To_VE2D_ext_obj = Coerce_VEAR_obj_VE2D_ext_obj(&From_VEAR_obj);
      mh_multicast("ext_obj", "S{III}", To_VE2D_ext_obj->name,
                    To_VE2D_ext_obj->b);
}Figure C.11: Source code for coercion module Coercion VEARVE2D (part 1 of 4)95



/* VEAR_obj_VE2D_ext_obj_xy.c */

#include <stdio.h>
struct Fa {
   int x;
   int y;
};
struct VEAR_obj {
   int point[3];
}
struct VE2D_ext_obj_xy {
   char *name;
   struct Fa b;
};
struct VEAR_obj From_VEAR_obj;
struct VE2D_ext_obj_xy *To_VE2D_ext_obj_xy;

struct VE2D_ext_obj_xy *Coerce_VEAR_obj_VE2D_ext_obj_xy(From)
struct VEAR_obj *From;
{  
   struct VE2D_ext_obj_xy To;
 
   To.name = "chen";
   To.b.x = From->point[2];
   To.b.y = From->point[1];
   return(&To);
}

void transform_VEAR_obj_VE2D_ext_obj_xy(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VEAR_obj.point));
      To_VE2D_ext_obj_xy = Coerce_VEAR_obj_VE2D_ext_obj_xy(&From_VEAR_obj);
      mh_multicast("ext_obj_xy", "S{II}", To_VE2D_ext_obj->name,
                    To_VE2D_ext_obj->b);
}Figure C.12: Source code for coercion module Coercion VEARVE2D (part 2 of 4)
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/* VEAR_obj_VE2D_ext_obj_yz.c */

#include <stdio.h>
struct Fa {
   int y;
   int z;
};
struct VEAR_obj {
   int point[3];
}
struct VE2D_ext_obj_yz {
   char *name;
   struct Fa b;
};
struct VEAR_obj From_VEAR_obj;
struct VE2D_ext_obj_yz *To_VE2D_ext_obj_yz;

struct VE2D_ext_obj_yz *Coerce_VEAR_obj_VE2D_ext_obj_yz(From)
struct VEAR_obj *From;
{  
   struct VE2D_ext_obj_yz To;
 
   To.name = "chen";
   To.b.y = From->point[1];
   To.b.z = From->point[0];
   return(&To);
}

void transform_VEAR_obj_VE2D_ext_obj_yz(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VEAR_obj.point));
      To_VE2D_ext_obj_yz = Coerce_VEAR_obj_VE2D_ext_obj_yz(&From_VEAR_obj);
      mh_multicast("ext_obj_yz", "S{II}", To_VE2D_ext_obj->name, 
                    To_VE2D_ext_obj->b);
}Figure C.13: Source code for coercion module Coercion VEARVE2D (part 3 of 4)
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/* VEAR_obj_VE2D_ext_obj_xz.c */

#include <stdio.h>
struct Fa {
   int x;
   int z;
};
struct VEAR_obj {
   int point[3];
}
struct VE2D_ext_obj_xz {
   char *name;
   struct Fa b;
};
struct VEAR_obj From_VEAR_obj;
struct VE2D_ext_obj_xz *To_VE2D_ext_obj_xz;

struct VE2D_ext_obj_xz *Coerce_VEAR_obj_VE2D_ext_obj_xz(From)
struct VEAR_obj *From;
{  
   struct VE2D_ext_obj_xz To;
 
   To.name = "chen";
   To.b.x = From->point[2];
   To.b.z = From->point[0];
   return(&To);
}

void transform_VEAR_obj_VE2D_ext_obj_xz(tape, event)
char *tape;
char *event;
{
      mh_decode_event(tape, event, &(From_VEAR_obj.point));
      To_VE2D_ext_obj_xz = Coerce_VEAR_obj_VE2D_ext_obj_xz(&From_VEAR_obj);
      mh_multicast("ext_obj_xz", "S{II}", To_VE2D_ext_obj->name,
                    To_VE2D_ext_obj->b);
}Figure C.14: Source code for coercion module Coercion VEARVE2D (part 4 of 4)

98



LITH=/bugs/chenchen/SuperBusall: Coercion_VE3DVEARCoercion_VE3DVEAR: VE3DVEAR.o VE3D_obj_VEAR_ext_obj.occ -o coercion_VE3DVEAR VE3DVEAR.o VE3D_obj_VEAR_ext_obj.o \-L${LITH} -lithVE3DVEAR.o: VE3DVEAR.ccc -c -L${LITH} -lith VE3DVEAR.cVE3D_obj_VEAR_ext_obj.o: VE3D_obj_VEAR_ext_obj.ccc -c -L${LITH} -lith VE3D_obj_VEAR_ext_obj.cFigure C.15: Make�le for coercion module Coercion VE3DVEARLITH=/bugs/chenchen/SuperBusall: Coercion_VE2DVEARCoercion_VE2DVEAR: VE2DVEAR.o VE2D_obj_VEAR_ext_obj.occ -o coercion_VE2DVEAR VE2DVEAR.o VE2D_obj_VEAR_ext_obj.o -L${LITH} -lithVE2DVEAR.o: VE2DVEAR.ccc -c -L${LITH} -lith VE2DVEAR.cVE2D_obj_VEAR_ext_obj.o: VE2D_obj_VEAR_ext_obj.ccc -c -L${LITH} -lith VE2D_obj_VEAR_ext_obj.cFigure C.16: Make�le for coercion module Coercion VE2DVEARLITH=/bugs/chenchen/SuperBusall: Coercion_VEARVE3DCoercion_VEARVE3D: VEARVE3D.o VEAR_obj_VE3D_ext_obj.occ -o coercion_VEARVE3D VEARVE3D.o VEAR_obj_VE3D_ext_obj.o \-L${LITH} -lithVEARVE3D.o: VEARVE3D.ccc -c -L${LITH} -lith VEARVE3D.cVEAR_obj_VE3D_ext_obj.o: VEAR_obj_VE3D_ext_obj.ccc -c -L${LITH} -lith VEAR_obj_VE3D_ext_obj.cFigure C.17: Make�le for coercion module Coercion VEARVE3D99



LITH=/bugs/chenchen/SuperBusall: Coercion_VEARVE2DCoercion_VEARVE2D: VEARVE2D.o VEAR_obj_VE2D_ext_obj.occ -o coercion_VEARVE2D VEARVE2D.o VEAR_obj_VE2D_ext_obj.o \VEAR_obj_VE2D_ext_obj_xy.o VEAR_obj_VE2D_ext_obj_yz.o \VEAR_obj_VE2D_ext_obj_xz.o -L${LITH} -lithVEARVE2D.o: VEARVE2D.ccc -c -L${LITH} -lith VEARVE2D.cVEAR_obj_VE2D_ext_obj.o: VEAR_obj_VE2D_ext_obj.ccc -c -L${LITH} -lith VEAR_obj_VE2D_ext_obj.cVEAR_obj_VE2D_ext_obj_xy.o: VEAR_obj_VE2D_ext_obj_xy.ccc -c -L${LITH} -lith VEAR_obj_VE2D_ext_obj_xy.cVEAR_obj_VE2D_ext_obj_yz.o: VEAR_obj_VE2D_ext_obj_yz.ccc -c -L${LITH} -lith VEAR_obj_VE2D_ext_obj_yz.cVEAR_obj_VE2D_ext_obj_xz.o: VEAR_obj_VE2D_ext_obj_xz.ccc -c -L${LITH} -lith VEAR_obj_VE2D_ext_obj_xz.cFigure C.18: Make�le for coercion module Coercion VEARVE2D
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