Enterprise User Manual, V2.4- 2 -Technical Report TR95-2Enterprise User’s ManualVersion 2.4Paul IglinskiSteve MacDonaldChris MorrowDiego NovilloIan ParsonsJonathan SchaefferDuane SzafronDavid WoloschukDepartment of Computing ScienceUniversity of AlbertaEdmonton, AlbertaCanada T6G 2H1{duane, jonathan}@cs.ualberta.caAbstractThis document is a user’s manual for version 2.4 of the Enterprise parallel programmingsystem. Enterprise is an interactive graphical programming environment for designing, coding,debugging, testing and executing programs in a distributed hardware environment. Enterprisecode looks like familiar sequential code because the parallelism is expressed graphically and isindependent of the code. The system automatically inserts the code necessary to correctly handlecommunication and synchronization, allowing for the rapid construction of distributed programs.1. IntroductionOne of the design goals of the Enterprise project has been to provide an environment whereparallel/distributed programming is as close to the sequential model as possible. Enterprise has noextensions to the C programming language, nor does it require the user to insert system or librarycalls into their code. All information describing the parallelism of a program is contained in adiagram (asset diagram). The user’s code is standard C, with the system automatically insertingthe additional code necessary to implement the parallel semantics based on the informationprovided in the asset diagram. This programming model requires new parallel semantics for somefamiliar sequential constructs and, for implementation convenience or performance considerations,

Enterprise User Manual, V2.4- 3 -Technical Report TR95-2imposes a few (minor) limitations. This document provides an introduction to programming withEnterprise.Section 2 describes the assumptions about the execution environment in which Enterpriseprograms run. Section 3 describes the semantics of writing C code in Enterprise (the programmingmodel). Section 4 describes the techniques for specifying parallelism in an application using assetdiagrams (the metaprogramming model). Section 5 describes the user interface by constructing acomplete application. Section 6 describes debugging in replay view. Section 7 describes thedifferences between sequential C and Enterprise C. Some restrictions in the currentimplementation of the model are outlined in Section 8, and Section 9 outlines some deficiencies inthe model. Section 10 gives a number of performance tips for getting the best runtime performancefor Enterprise applications.2. The Execution EnvironmentEnterprise programs are assumed to run on a homogeneous network of workstations withdistributed memory1. They currently cannot take advantage of shared memory. Consequently,each process has its own address space, and does not have access to any other process’ data.Thus, when one process calls another, the caller must provide all the information necessary(through parameters) for the callee to execute the assigned task.A networked file system is also assumed. Any files used by an Enterprise program shouldbe accessible from any machine taking part in the computation.3. The Programming ModelIn a sequential program, components of a program exchange information throughprocedure/function calls. The calling procedure, A, contains a call to a procedure, B, that includesa list of arguments. When the call is made, A is suspended and B is activated. B can make use ofthe information passed as arguments. When B has finished execution, it communicates its resultsback to A via side-effects to the arguments and/or by returning a value (if it is a function). InEnterprise, procedure calls can be made between processes. Since processes are called assets (forreasons described in Section 4), procedure calls between processes are called asset calls. Thesemantics of an Enterprise asset call are almost identical to function calls.As with sequential procedure and function calls, it is useful to differentiate betweenEnterprise asset calls that return a result and those that do not. Asset calls that return a result arecalled f-calls (function calls) and asset calls that do not return a result are called p-calls (procedure

1 This is a temporary restriction due to the different representation of scalar and structures between differentarchitecture and/or operating systems.

Enterprise User Manual, V2.4- 4 -Technical Report TR95-2calls). Conceptually, there is no difference between a sequential procedure call and an Enterpriseasset call except for the parallelism.Assume A and B are Enterprise assets executing on different processors. When A calls B, Ais not suspended. Instead, A continues to execute. However, if the call to B was an f-call, then Awould suspend itself when it tried to use the function result, if B had not yet finished execution. InEnterprise, an f-call is not necessarily blocking. Instead, the caller blocks only if the result isneeded and the called asset has not yet returned. Consider the following example:result = B( data );/* some other code : A & B executing in parallel */value = result + 1;When this code is executed, the arguments of B (data) would be packaged into a message and sentto B (wherever B happens to be running). A would continue executing in parallel with B. When Atries to access the result of the call to B (value = result + 1), it blocks until B has returned its result.If B is defined as a function, but used as a procedure (i.e. the return value is not used), the result isthrown away. This deferred synchronization is called a lazy synchronous call. Assuming that Bdoes not modify anything through side-effects, the execution semantics of A calling B is identicalin the sequential and parallel cases.The p-call in the statement:B( data );/* some other code : A & B executing in parallel */is non-blocking, so that A continues to execute concurrently with B. Of course in this case, Bdoes not return a result to A. This form of parallelism is called purely asynchronous. Again,assuming no side-effects for B, sequential and parallel execution of this code has the samesemantics.The previous examples are intended to illustrate the similarity between programmingsequentially in C and in parallel with Enterprise. This close relationship makes it easier totransform sequential programs to parallel ones and allows the user to change parallelizationtechniques using the graphical user interface, often without making any changes to the code.3.1. Parameter PassingEnterprise assets can accept a fixed number of parameters of varying types. All calls to anasset must have the same number and type of parameters. Arrays and pointers are valid asparameters but they must be immediately followed by an additional size parameter2 that specifiesthe number of elements to be passed (unnecessary in sequential C). Unfortunately, this restriction

2 Enterprise expects the caller to allocate sufficient space for the number of values passed or returned. The sizeparameter is considered a scalar. As such, it is not updated upon return of the asset call.

Enterprise User Manual, V2.4- 5 -Technical Report TR95-2is needed because it is not always possible to statically determine the size of the array to be passed.This feature allows users to pass dynamic storage as well as parts of arrays. The data being passedcannot itself contain pointers (which would be meaningless because of the distributed memory).Enterprise defines three macros for the parameter passing of pointers. The IN_PARAM()macro specifies that a pointer should have its values sent from the caller A to the callee B, but notreturned. The macro OUT_PARAM() specifies a parameter with no initial value3, but one that getsset by B and returned to A. The INOUT_PARAM() macro copies the parameter from A to B onthe call, and copies its value back from B to A on the return. For brevity in the text, the parameterpassing mechanisms will be referred to as IN, OUT and INOUT, respectively.Consider the following code fragment illustrating an INOUT parameter:void A(){int data[100], result;. . .result = B( &data[60], INOUT_PARAM( 10 ) );/* some other code : A & B executing in parallel */value = result + 1;}int B( int * data, int size ){int i, sum;for( sum = i = 0; i < size; i++ ){data[i] *= data[i];sum += data[i];}return( sum );}A would send the 10 elements 60..69 of data to B. When B finishes executing, it copies back to A10 elements, overwriting locations 60..69 of data, as well as returning the sum. Enterprise makescopies of the passed data so that from B’s point of view, there is no distinction between asequential procedure call and a parallel Enterprise call.If IN, OUT or INOUT is not specified, IN is assumed. It is important to observe that thisdoes not preserve the correct semantics of C. In sequential C, INOUT is the default since changesto locations that a parameter points to will be visible to the calling routine. It would be a simplematter to modify Enterprise to preserve the C semantics. However, this difference is explicitlythere to make users more aware of the cost of INOUT parameters. INOUT requires parameters tobe sent to and from the asset; IN and OUT require only one-way communication. In effect,

3An important point about OUT_PARAM variables is that the caller must allocate sufficient space for the OUTparameter. The callee return values will be copied into the caller�s address space.

Enterprise User Manual, V2.4- 6 -Technical Report TR95-2INOUT causes data to be transmitted twice, increasing the overhead at runtime. Thus IN and OUTparameters are to be preferred whenever possible.OUT and INOUT data implement parameter side-effects. Thus they can also be consideredpart of the return value of the function. In the above example, if A accessed data[65] before itaccessed result, it would have to block until B returned, just as it would for the result of the call.Consequently, only p-calls without OUT and INOUT parameters are purely asynchronous; allother p-calls and all f-calls are lazy synchronous. In the rest of the document, the return value ofan asset will refer to the function result or any OUT/INOUT parameters.Enterprise assumes a distributed memory environment; thus there is no shared memory. Alldata needed by an asset must be passed to it via parameters. This is the area where most programswill require some conversion effort.3.2. ReplicationEnterprise allows users, through the asset diagram, to specify that a procedure or function(asset) can be executed in parallel and replicate it as often as needed (make multiple copies).Although discussion of this feature properly belongs in Section 4, it is mentioned here so that thescope of the examples in this section can be expanded.If an asset is replicated, then Enterprise creates multiple copies of the process, subject tominimum and maximum constraints supplied by the user. Each call to that asset is queued byEnterprise and sent to the first available idle instance of that asset. In the following code, assumeSquare is an asset and it has been replicated 3 times:void SumSquares(){int i, a[10];...for( i = 0; i < 10; i++ ){a[i] = Square( i );}...}Since the calls to Square are f-calls, execution continues until a return value of Square isaccessed. In this case, SumSquares will loop 10 times and invoke 10 concurrent calls to Square.Since there are only 3 copies of Square, the first 3 calls are immediately sent to be processed, whilethe remaining outstanding calls are automatically queued. As a Square asset completes its work, itis immediately assigned new work, if available.This example illustrates that a poor replication factor can affect parallel efficiency. If wesimplistically assume that each call to Square takes the same amount of time, then with 3 copies we

Enterprise User Manual, V2.4- 7 -Technical Report TR95-2would expect one to get 4 pieces of work, and the other two to get 3. The loop is complete oncethe last piece of work is done, meaning we have to wait for 4 pieces of work to be done. Thisrepresents a 10/4 = 2.5-fold improvement over the sequential program. However, if thereplication factor is 5, then each process gets 2 pieces of work and the parallel improvement is 10/2= 5. Thus, increasing the number of assets from 3 to 5 doubles the performance.3.3. Unordered AssetsWhen an asset is called, the caller blocks when the return value (function result and/orOUT/INOUT parameter) is accessed, if the asset has not yet completed. This implies that theprogram sees the results of asset calls in the order that the program accesses them. This is thedefault ordered semantics and preserves the semantics of C. Enterprise also supports assets whoseresults are accessed in the order that they are completed (unordered). Consider the followingexample, where Square is an asset that simply returns the square of its argument:void SumSquares(){int sum, i, a[5];for( i = 0; i < 5; i++ ){a[i] = Square( i );}sum = 0;for( i = 0; i < 5; i++ ){sum += a[ i ];printf( "a[%d] = %2d: sum is %2d\n", i, a[i], sum );}}With ordered semantics, each sum += a[ i], will block until that particular a[i]’s value hasbeen obtained, with the following output:a[0] = 0: sum is 0a[1] = 1: sum is 1a[2] = 4: sum is 5a[3] = 9: sum is 14a[4] = 16: sum is 30If the goal of the computation is to compute the sum, then it does not matter in what order theterms are added; the sum will be same since addition is commutative. Assume that Square hasbeen replicated and there are five copies of it running. SumSquares will make five calls, withoutblocking, to Square, and only block when it accesses the first return result. With unorderedsemantics, the sum += a[ i], will block only until the first a[i] result is available, even if it is not theone specified by the code. In other words, a[0] will be assigned the value of the first call to Squarethat returns. A sample output might be the following:

Enterprise User Manual, V2.4- 8 -Technical Report TR95-2a[0] = 4: sum is 4a[1] = 0: sum is 4a[2] = 16: sum is 20a[3] = 9: sum is 29a[4] = 1: sum is 30Note that the output of this program will vary from run-to-run, depending on the timing of whenresults are returned. However, the final answer (sum = 30) will always be the same.Unordered assets result in non-deterministic results, but increased performance since lessblocking occurs. The user should carefully consider the tradeoffs of using ordered versusunordered asset calls. They are dangerous to use if you do not fully understand the possible side-effects. Ordered calls are the default.3.4. Terminating callsWhen an Enterprise asset call returns, all outstanding Enterprise calls made by that asset arecanceled4. For example, consider asset A making several calls to asset B. Perhaps one of theresults returned by B means that A has now completed its task and it returns. If there are any callsthat have been made to B that have not yet returned, a message is sent to B to stop the work. Awill ignore the result returned.Consider the following simplified AlphaBeta tree searching program:int AlphaBeta( int lowerbound, int upperbound ){int branch, result;...for( branch = 0; branch < treewidth; branch++ ){result = AlphaBeta( lowerbound, upperbound );if( result > lowerbound )lowerbound = result;if( lowerbound >= upperbound )break;}return( lowerbound );}The branches are searched sequentially, and when one of the searches returns a value as large asthe upperbound, search at this node is complete (a cutoff has occurred).Consider searching all the branches in parallel. The code won’t have any parallelism, sincethe return value of AlphaBeta (result) is immediately accessed after the call. To introduceparallelism, we have to force each asset call to save its result in a different location:

4 The current implementation of Enterprise has the asset waiting for the other assets to reply to the outstandingwork before returning its value. Later implementations will address the problem of interrupting arbitrary user code.

Enterprise User Manual, V2.4- 9 -Technical Report TR95-2int AlphaBeta( int lowerbound, int upperbound ){int branch, result[treewidth];...for( branch = 0; branch < treewidth; branch++ ){result[branch] = AlphaBeta( lowerbound, upperbound );}for( branch = 0; branch < treewidth; branch++ ){if( result[branch] > lowerbound )lowerbound = result[branch];if( lowerbound >= upperbound )break;}return( lowerbound );}In the first loop, treewidth asset calls to AlphaBeta are made, and only in the second loop are theresults of the asset calls examined, possibly causing the program to block.When a cutoff occurs in the parallel version, the routine returns. There may be severaloutstanding calls to AlphaBeta. Since their results are now irrelevant (the search has been cutoff),Enterprise informs those assets to discontinue their work. These assets are now ready to be calledagain with other work.There are a few items of interest in this example:(1)The function is computing a maximum within the range of values lowerbound toupperbound. Since this computation is commutative, unordered assets could be used toincrease the concurrency. Note that this might cause a different value to be returned by theparallel version than the sequential one. If more than one branch can cause a cutoff, it is non-deterministic which one will cause the routine to exit.(2)This code benefits from a parallel implementation, but the improvement can be hard topredict. Consider two cases of nodes where a cutoff occurs. In the first case, the cutoffoccurs with the first branch. The sequential program will only examine this branch, find thecutoff and return. The parallel version will start all branches in parallel and only stop when acutoff has been found. Most of the parallel work is wasted, since only one branch had to beevaluated.In the second case, assume that the cutoff occurs with the last branch. The sequential versionwill look at all branches and only find the cutoff at the very end. Since the parallel versionconsiders all branches in parallel, it will find the cutoff when the search of the last branchreturns. There is the possibility for super-linear speedup here, since the other branches canbe immediately terminated and less work will have been done than in the sequential case.

Enterprise User Manual, V2.4- 10 -Technical Report TR95-2(3)The sequential program calls AlphaBeta with the latest version of lowerbound. Although it isnot shown in the code fragment given, the lowerbound can be used to reduce tree size. Sincethe parallel calls to AlphaBeta all start their computation with the initial lowerbound, they mayend up doing more work than the sequential program.The parallelism is obvious in this simple example. Predicting the performance of the parallelprogram is a difficult task.4. The Metaprogramming ModelEnterprise’s analogy between program structure and organizational structure eliminatesinconsistent terminology (pipelines, masters, slaves) and introduces a consistent terminology basedon assets in an organization. Currently Enterprise supports the following asset types: enterprise,individual, line, department, division, service, receptionist and representative. Receptionists andrepresentatives are parts of assets that are automatically inserted by Enterprise. Figure 4.1 showsthe assets and their icons in Enterprise. Asset icons are used to draw diagrams that specify theparallelism in an Enterprise program.

Enterprise User Manual, V2.4- 11 -Technical Report TR95-2maximum (possibly unbounded) replication factor, and Enterprise dynamically creates asmany processes as possible, one asset per processor, up to the maximum. Users canexplicitly replicate all assets except receptionists, enterprises and the child asset of anenterprise asset.(3)The Enterprise compiler checks to make sure that all assets calls are consistent with the user-specified asset diagram. For example, if A, B and C are in a line, the compiler enforces therule that A must contain a call to B (and not C) and B must call C (and not A). The onlyexception to this is a service asset; no asset is required to call a service.The following sections describe each of the asset types.4.1. Enterprise

Enterprise User Manual, V2.4- 12 -Technical Report TR95-24.2.2. Representative

Enterprise User Manual, V2.4- 13 -Technical Report TR95-2

Enterprise User Manual, V2.4- 14 -Technical Report TR95-24.3.2. Line

Enterprise User Manual, V2.4- 15 -Technical Report TR95-2Animation does not need to wait until Polygon has completed its computations on the firstframe to start its work on the second. Similarly, Polygon does not need to wait for Render. Theprogram can be converted to a line with 3 individuals. Figure 4.2 shows the Enterprise assetdiagram for this program. In this program, the Polygon and Render assets are good candidates forreplication, to improve performance.

Enterprise User Manual, V2.4- 16 -Technical Report TR95-2As a programming example, consider a program that solves a series of linear equations.There are many different techniques for solving sets of equations, depending on the properties ofthe matrix. In the following code, several matrices are read in and MatrixProperty determines theappropriate routine to use.void Linear(){matrix * m;int property, dimension;...for( ; ; ){dimension = GetMatrix( m );if( dimension == 0 )break;property = MatrixProperty( m, dimension );switch( property ){ case SPARSE:Sparse( m, dimension );break; case TRIDIAGONAL:Diagonal( m, dimension );break; default:Gauss( m, dimension );break;}}}There are three Enterprise solutions to this problem:(1)We can enter the code as an individual, Linear, with local procedure calls. Enterprisecompiles it and runs it sequentially.(2)Linear can be transformed into a department asset, containing the individuals Sparse,Diagonal and Gauss (see Figure 4.3). Linear acts as a receptionist, deciding which asset isgoing to solve each system of equations. When a call is made to one of these individuals,say Sparse, it will execute in parallel with Linear. Since these routines do not have returnvalues or OUT/INOUT parameters, they are p-calls and do not block when there is asubsequent reference to any of their parameters. In the next loop iteration, if Gauss is called,it executes concurrently with Sparse and Linear. However, if in a subsequent iteration of theloop another call is made to Sparse, the second call waits until the outstanding call hascompleted.

Enterprise User Manual, V2.4- 17 -Technical Report TR95-2

Enterprise User Manual, V2.4- 18 -Technical Report TR95-24.3.4. Division

Enterprise User Manual, V2.4- 20 -Technical Report TR95-2the tree. The parallel version uses the principal variation splitting algorithm, which recursivelydescends the leftmost branch of the tree, searches the siblings of the leftmost branch in parallel,and backing up the minimax result to the root of the tree.The complete source for AlphaBeta can be found in the Enterprise release in the subdirectoryExamples/AlphaBeta. A simplified version of the program is presented here. The program hasfour major procedures: AlphaBeta, Pvs, Nsc, and Draw. They have the following functionalityand pseudo-code:The main procedure, AlphaBeta, loops calling Pvs while there are searches to be performed.Draw is used to graphically display the progress of the search.AlphaBeta(){while( do_search ){Draw( INIT );Pvs( 0, -INFINITY, +INFINITY, searchdepth );}}Pvs (Principal Variation Splitting) recurses down the left-most branch of the search tree,doing it sequentially and the remaining width-1 branches in parallel.Pvs( branch, alpha, beta, depth ){/* Recurse until it no longer pays to do things in parallel. Switch to Nsc to search the tree sequentially */if( depth <= granularity )return( Nsc( branch, alpha, beta, depth ) );/* Move down the tree */Descend( branch );Draw( NEW_DEPTH, depth, branch );/* Find out the children of this node */width = Generate( branches );result[1] = -Pvs( branches[1], -beta, -alpha, depth-1 );if( result[1] > alpha )alpha = result[1];if( alpha >= beta ){Ascend( branch );Draw( FINISHED_DEPTH, depth, branch );return( alpha );}/* Search remaining branches in parallel. */

Enterprise User Manual, V2.4- 21 -Technical Report TR95-2for( i = 2; i <= width; i++ ){Draw( PARALLEL_BRANCH, depth, i );result[i] = -Nsc( branches[i], -beta, -alpha, depth-1 );}/* Find the maximum of the values returned */for( i = 2; i <= width; i++ ){value = result[i];Draw( PARALLEL_RETURN, depth, i );if( value > alpha )alpha = value;}/* Move back up the tree */Ascend( branch );Draw( FINISHED_DEPTH, depth, branch );return( alpha );}Nsc, sequential alpha-beta search uses the negascout enhancement. First, it searches the firstmove with the full (alpha, beta) window, and then, the successor moves with a minimal window(alpha, alpha+1). Since the first branch is best most of the time, this allows us to prove a branchinferior with less cost. In the event that the search returns a score > alpha, then this branch isbetter and we have to research it to get its true value.Nsc( branch, alpha, beta, depth ){/* Calls to Draw are not shown *//* Move down the tree */Descend( branch );if( depth == 0 ){/* Evaluate this node - get its deterministic random number */result = Evaluate();Ascend( branch );return( result );}/* Find out the children of this node */width = Generate( branches );for( i = 1; i <= width; i++ ){if( i == 1 )/* First child is special - search with the full window. */result = -Nsc( branches[1], -beta, -alpha, depth-1 );else/* Search with a minimal window (bounds differ by 1). */result = -Nsc( branches[i], -(alpha+1), -alpha, depth-1 );

Enterprise User Manual, V2.4- 22 -Technical Report TR95-2if( result > alpha && result < beta )/* Result is outside the window; re-search to get thecorrect value. */result = -Nsc( branches[i], -beta, -result, depth-1 );/* Improved the bound? */if( result > alpha )alpha = result;/* Cutoff? */if( alpha >= beta )break;}/* Move back up the tree */Ascend( branch );return( alpha );}Draw writes current search activity to a separate program which will graphically display thesearch tree. A separate program, Pixel, is used to avoid conflicts between X windows event loopsand communications kernel message passing. (The code and associated makefile for Pixel is foundin the subdirectory, Examples/AlphaBeta/Draw in the distribution.)Draw( type, parameters ){if( FIRST_TIME ){/* create X process */}/* Send information to display */}5.2. Selecting a Parallelization TechniqueExamining the structure of the AlphaBeta program reveals two places where large quantitiesof work may be generated. The first place is the loop in Pvs which calls Nsc, the second is theloop in AlphaBeta.Pvs uses Nsc to calculate results. Inside of the main loop in Pvs, no dependencies existbetween calls to Nsc. This means that the calls to Nsc can be made in parallel. This structure iseasily expressed by a department asset. Pvs is the receptionist inside of the department, and Nsc isthe other asset inside of the department. The Nsc asset is replicated to allow for parallel calls to theNsc function.AlphaBeta calls Pvs. Pvs or Nsc will then eventually call Draw. Calls to Pvs fromAlphaBeta are required to be sequential to simulate a game playing environment. However, thereis no reason why AlphaBeta has to wait for Pvs to return before starting the next iteration of theloop. A similar relationship exists between the Pvs/Nsc and Draw. Pvs or Nsc do not have to

Enterprise User Manual, V2.4- 23 -Technical Report TR95-2wait for Draw to finish before starting the next iteration of the loop inside of Pvs. This kind ofrelationship is called a pipeline in the literature, and represented by a line asset in Enterprise.5.3. Building the Asset GraphBuilding the asset graph is done from the Enterprise user interface. When Enterprise isinstalled, there either a stand-alone image created for all users or a single-user image and changesfile that a user must copy to their home directory. Check with the installer or read the appropriatefile in the distribution tar file. To run Enterprise using the stand-alone image, the user starts aSmalltalk interpreter using the stand-alone enterprise image (enterprise.im). If the single userimage is used, the user must evaluate the expression ’Enterprise open’. This can be done bytyping it into a workspace, selecting it, and then selecting doit from the middle mouse buttonmenu. In either case, the user interface will then appear as shown in Figure 5.1.Before we proceed with this section, some conventions used in this document needexplanation. When the mouse pointer is inside the scope of a Smalltalk window, a context-sensitive menu is popped up by holding down the middle mouse button (the <operate> button).Moving the mouse so that it points to different items or areas in the window results in differentmenus being popped up. To select a menu item, move the mouse up and down while continuing topress the middle button. The right mouse button will popup a Smalltalk system menu. Thisdocument will not discuss Smalltalk system menus. To select an item, say in a list, use the leftmouse button (the <select> button) to highlight the item. This is true as well when selecting abutton in a dialog display. We use a different typeface, This is an example, to indicate menu oritems (buttons or list views) in a window or dialog view.

Enterprise User Manual, V2.4- 24 -Technical Report TR95-2and returns. The Replay View (Section 6) allows the user to deterministically replay an executionrun and invoke some debugging tools.This Design View initially contains a new enterprise asset. The user has two optionsavailable in the menu5 , Open and Quit. Selecting Open either creates a new program or opensan existing Enterprise program. We wish to create a new program � select Open.When a new Enterprise program is created, a directory structure is automatically set up toorganize the files associated with the application. More details can be found in Section 7.1. For anapplication, such as AlphaBeta, the following directories are maintained by Enterprise:

5 There is a third option in the single-user image (Make standalone) which creates the stand-alone image. This isnot discussed in this document.

Enterprise User Manual, V2.4- 25 -Technical Report TR95-2GraphVarious files for the compiling, running, and recording events of Enterprise binaries arekept here.AssetsSource code for all the assets (using a ".e" suffix on the file names).SrcThe Enterprise precompiler preprocesses ".e" files to produce ".c" files that are placed inthis directory.UserEnterprise puts other user-application code (such as support routines) here.ObjThe Src/*.c and User/*.c files are compiled and placed in Obj.IncludeEnterprise puts all include files (".h") in this directory.TmpUsed for temporary Enterprise files.BinEach architectural binary produced by Enterprise is placed in Bin. Only one binary perarchitecture is produced.DataThis is a convenient location of data files. This directory is intended to be a consistentlogical location regardless of which processor the binary is running on.Out Contains the standard output (stdout) from a program execution for all the assets.Err Contains the standard error (stderr) from a program execution for all the assets.

Enterprise User Manual, V2.4- 26 -Technical Report TR95-2or equal). For instance, for a logged parameter y we could set the two conditions: y >= 0 and y <10. The breakpoint would then be encountered when both these conditions were satisfied for thespecified assets, event type, and collaborators.Finally, a breakpoint is not necessarily triggered each time it is encountered. The user canspecify the number of encounters before a breakpoint is triggered. The default is to break on thefirst, and only on the first, encounter. If the user wishes to break on every encounter, an AlwaysBreak option can be checked. If the user wishes to break on the fifth encounter, the number ofencounters can be set to 5. If the user desires to break on every fifth encounter, both the abovesettings can be made.6.5. The Breakpoint BrowserThe integrated tool for managing breakpoints is the Breakpoint Browser (Figure 6.1). Itsoverall design is similar to the Smalltalk System Browser. The top portion of the Browser consistsof four hierarchically dependent list views for navigating through the breakpoint system. Thebottom portion contains the mechanism for actually defining, editing, and accepting breakpoints.The Breakpoint Browser can be enlarged with proportional enlargement of the list views. It cannotbe resized smaller.

Enterprise User Manual, V2.4- 49 -Technical Report TR95-2by a check mark (�). Only assets with a common base name can be multiply selected. A warningappears if an incompatible multiple selection is attempted. Figure 6.1 shows a Breakpoint Browserwith the assets Square1 and Square2 selected in the Assets list.While the cursor is in the Assets list view, there is a pop-up menu for breakpoint deletionand asset selection. These menu options are context-sensitive, varying with the existence ofbreakpoints and the current selection of assets. The possible menu options are:Remove all breakpointsRemove all selected breakpointsDeselect allSelect all replicas

Enterprise User Manual, V2.4- 50 -Technical Report TR95-2Remove all breakpoints will remove all the set breakpoints for all the assets in the system. Ifthere are no breakpoints in the system, this menu option will not appear.Remove all selected breakpoints will remove all the set breakpoints for all the currentlyselected assets. If no assets are currently selected or if the selected assets have nobreakpoints, this menu option will not appear.Deselect all deselects all the currently selected assets. Alternatively, clicking on a selected assetwith the select button individually deselects it. The Deselect all option does not appear ifno asset is currently selected.Select all replicas will select all the replicas of a currently selected asset. This option will appearonly when an asset is currently selected and replicas of the selected asset are currentlyunselected.The Event Type list, immediately to the right of the Assets list, is empty if no asset isselected in the Assets list. If an asset is selected, the Event Type list will display the types ofmessage-passing events possible for the selected asset. In other words, an event type that yieldsno potential collaborators would not be displayed. For example, a Service asset can only have aReceive Message or Send Reply event type; the first asset in a program can only have a SendMessage or Receive Reply event type. This event type determination is solely based upon theprogram’s Enterprise design as reflected in the asset diagram, not upon the program code or theevents actually logged in the event file.The Event Type list is a list view that allows a single selection. If an unselected item isclicked on, it becomes selected (displayed in reverse video), and any previously selected itembecomes deselected. Clicking on a selected item deselects it. The Breakpoint Browser in Figure6.1 has Send Reply selected in the Event Type list.The context-sensitive menu for this pane contains only two possible options: Remove all breakpointsRemove all selected breakpointsThe behavior of these operations is analogous to that of the Assets list menu options.Removal affects all breakpoints for the selected assets and the pertinent event type(s), irrespectiveof collaborators.The Collaborators list, situated immediately to the right of the Event Type list, is emptyuntil an asset and event type have been selected. When an event type has been selected in theEvent Type list, all the potential collaborating assets are displayed in the Collaborators list. Therules for collaboration are as follows:

Enterprise User Manual, V2.4- 51 -Technical Report TR95-2(1)For a Line, each asset, except the last, can send a message to the next asset in the Line. Thelast asset can send a message out of the Line if the Line is embedded in another Line withmore assets remaining.(2)For a Department, the Receptionist can send a message to all the other Department assets. Allthe assets in a Department, including the Receptionist, can send a message out of theDepartment if the Department is embedded in a Line with remaining assets.(3)For a Division, the Receptionist can send a message to its Representative or Divisioncomponent. All the assets in a Division can send messages out of the Division if the Divisionis embedded in a Line with remaining assets.(4)All Receptionists, Individuals, and Representatives can send messages to all Services.(5)If a message-receiving asset is a replicated asset (represented by a manager), the receivers ofthe message are taken to be all the replicas, rather than the replicated asset itself.(6)If the receiving asset is a composite asset, the collaborator of a Send Message event is theReceptionist of the composite.(7)If a receiving asset is an Individual, Representative, or Service, it becomes a collaborator ofthe Send Message event.(8)The collaborators for a Received Reply event are the same as those for a Send Messageevent.(9)The collaborators for a Send Reply event or a Receive Message event are the inverse of thoseof a Send Message event. That is, if AssetB is a Send Message collaborator for AssetA,then AssetA is a Send Reply collaborator and a Receive Message collaborator for AssetB.At the time a message is sent to a replicated asset, it is not known which replica willultimately receive the message. Although the ultimate destination could be determined in a replaysituation by searching ahead through the event file, it is intuitive and logical to simply list the basename of the replicated asset, rather than all of the replicas individually. Selecting the replicatedasset’s name then effectively selects all the replicas as collaborators for the purpose of defining abreakpoint.Like the Assets list, the Collaborators list is a multi-selection list view. All the selectionoperations and menu choices are identical to those in the Assets list. Breakpoint removal behavior,though not identical, is analogous. Figure 6.1 shows CubeSquare selected in the Collaboratorslist.The Breakpoints list, the rightmost breakpoint navigation tool, is empty until a collaborator,or set of collaborators, is selected. Once the collaborator selection is made, an abbreviated list of

Enterprise User Manual, V2.4- 52 -Technical Report TR95-2breakpoints appears in the Breakpoints list if breakpoints exist for the chosen assets/event-type/collaborators selection. A breakpoint is identified and labeled by the first condition in its setof conditions. A breakpoint with no conditions is labeled as Unconditional. When a breakpoint isselected from this list, its full specification is displayed in the lower portion of the browser. Thisspecification can then be edited as described below.The selection mechanism and menu options are similar to those in the other multi-selectionlist views. Any number of breakpoints can be selected concurrently. However, if more than oneis selected, the information in the lower portion of the browser reverts to the default settings, not arepresentation of any of the selected breakpoints. Multiple selection is only useful for quickselective removal of set breakpoints. Figure 6.1 illustrates a Breakpoint list with one unselectedbreakpoint.There is a subtle feature regarding the removal of breakpoints involving replicas of assets orcollaborators. If, for instance, a breakpoint is set for all replicas of an asset and all replicas of acollaborator, it will appear in the Breakpoints list for any sub-group of those replicas of assetsand collaborators. If removal is then initiated through the Breakpoint list, the breakpoint will beremoved only with regard to the selected assets and collaborators. It will still exist in the systemfor any unselected assets and collaborators left in its specification. If a breakpoint contains noassets or no collaborators in its specification, it is no longer in the system.The lower portion of the Breakpoint Browser contains the breakpoint definition tools. Theseallow the user to specify the conditions for breaking and the number of times those conditions mustbe encountered before the breakpoint is actually triggered.The field labeled Break at Encounter specifies the number of times this breakpoint’sconditions must be satisfied before the breakpoint is triggered. The default setting is 1. TheEncounters Pending field is read only. It is automatically set equal to the value of the Break atEncounter field when the breakpoint is accepted. During replay, when this breakpoint isencountered, the Encounters Pending field counts down by one. When Encounters Pendingreaches zero, the breakpoint is triggered.Once Encounters Pending reaches zero, the breakpoint is no longer active unless the userchecked the box Always Break at the time the breakpoint was created. Checking Always Breakautomatically resets the Encounters Pending to its initial value after the breakpoint has beentriggered and passed. Since the breakpoint is triggered and the replay stopped before the triggeringevent is replayed, the system must allow that breakpoint event to actually get replayed when replayis resumed. Therefore, to prevent deadlock, Encounters Pending is not re-initialized until afterthe event is executed.

Enterprise User Manual, V2.4- 53 -Technical Report TR95-2As previously indicated, a breakpoint need not have any conditions attached to it. Such abreakpoint, labeled as Unconditional in the Breakpoints list, will be triggered on the nthencounter of an event involving the selected assets, event type, and collaborators, where n is thevalue set for Break at Encounter.A breakpoint can have any number of breakpoint conditions attached to it. Each condition isdescribed by selecting a parameter from the Logged Parameter list, selecting an operator fromthe Operators radio buttons, entering an appropriate value in the Value field, and, if necessary,entering an integer index in the Index field.The parameters logged in the event file for the event type in question are listed in the LoggedParameter list using (1) the parameter’s name from the argument list of the called asset, (2) adescription of the parameter’s logged elements, if the parameter is an array, and (3) a description ofthe parameter’s type. The return value of an asset call, which is unnamed, is identified by the caretsymbol (^). The logged elements notation for arrays describes the indices of the array valueswhich have been logged, as described above in Section 5.8. Following the C convention, the firstelement of an array is indexed by 0. Negative index values denote elements referenced from theend of the array. Thus, -1 refers to the last element; -2, the next to last. A range can berepresented by a pair of indices in parentheses ( ). The logged elements notation allows anynumber of single indices and ranges to be included within square brackets [ ]. For example, y[(0 2) 5 (-3 -1)]array of intdenotes that the logged elements (integer values) of the array y are namely the first three elements,the sixth element, and the last three elements. The notationy[(0 -2)] array of charcould be used for logging a character string in C, omitting the terminating null byte, assuming thaty is dynamically allocated to be the size of the string it contains.To reference a value in an array, the user can enter an integer in the Index field. If an indexis entered for a scalar, or if the index entered for an array is incompatible with the logged elementsnotation, attempting to add the condition to the list of conditions will generate an error warning.The invalid condition will not be added to the list. Since arrays can be dynamically allocated and ofvariable length, there is no way to check if an index is out of bounds when any of the loggedelements or the index itself is referenced from the end of the array.The relational operators (==, !=, >, <, >=, and <=) appear as radio buttons. Only oneoperator can be selected at a time.To construct a valid condition, the programmer must make a valid entry in the Value field.If the type of the selected parameter is int, an integer (no decimal point) must be entered. For a

Enterprise User Manual, V2.4- 54 -Technical Report TR95-2float, the decimal point is optional. Scientific notation can also be used. For a char, the user canenter a printable character or the decimal ASCII code preceded by a backslash (\). If the logged pa-rameter is a single range of array of char, a string of characters can be entered in the Value field.This string may contain non-printable characters written as a backslash followed by three digitsrepresenting decimal ASCII code. A backslash character in a string is represented by twobackslashes. (See Section 8 for restrictions)This mechanism of constructing a condition through list view selection, radio buttonselection, and input field validation makes it simple for the user to quickly create legitimatebreakpoints. The possibility of introducing errors is minimized.Once a condition has been constructed, it can be added to the breakpoint’s conditions byclicking on the Add Condition button in the Breakpoint Browser. If the condition is completelyand validly constructed, it will be added to the list view labeled Break when . . . . Otherwise, anappropriate warning message appears. Any number of conditions can be added in this manner.All the conditions in the list view are logically ANDed. If an OR relationship is required, separatebreakpoints can be set up to achieve this relationship. This requirement is not restrictive: logically,any combination of ANDs and ORs can be reduced to disjunctive normal form, a disjunction ofconjunctions of elementary conditions.If a condition added to the Break when . . . list is not desired, it can be removed by selectingit and then clicking on the Remove Condition button in the browser.After all the desired conditions have been added and the encounter setting made, thebreakpoint can be accepted by clicking on the Accept Breakpoint button. When a breakpoint isaccepted, three things occur: (1) the first condition of the breakpoint (or Unconditional) willappear unselected in the Breakpoints list; (2) the breakpoint settings in the Browser will revert tothe defaults; and (3) an icon of a stop sign will appear beside the appropriate asset icons in thegraphical replay view.A breakpoint does not become an active part of the system until the Accept Breakpointbutton is clicked.When a single set breakpoint is selected in the Breakpoints list, the particulars of thebreakpoint are displayed for editing. The encounter setting can be changed and conditions may beadded or removed. When an edited breakpoint is accepted, the operation is equivalent to removingthe previously set breakpoint and accepting the currently defined breakpoint.As pointed out above, when multiple breakpoints are selected from the Breakpoints list, thebreakpoint definition portion of the browser reverts to default values. Breakpoint acceptance is not

Enterprise User Manual, V2.4- 55 -Technical Report TR95-2allowed in this circumstance. All breakpoints in the Breakpoints list should first be deselectedbefore defining and accepting a new breakpoint.A breakpoint can be deactivated, rather than removed, by setting the Break at Encounterfield to 0, ensuring that the Always Break box is not checked, and then accepting the breakpoint.This results in retaining the breakpoint and all its conditions in the system, but the breakpoint willnever be triggered. Such a deactivated breakpoint can easily be reactivated by again editing theBreak at Encounter field and accepting the modified breakpoint.6.6. Graphical Display of BreakpointsThe management of breakpoints is simplified by the coordination among the display in theReplay View, the contents of the Breakpoint Browser, and the breakpoint state of the underlyingmodel.Any time a breakpoint is set, its existence in the system is portrayed as a red (black inmonochrome displays) stop sign icon at a corner of the asset icon with which it is associated. Therelative position of the breakpoint icon and a directional arrow in its center identify the type ofevent to which the breakpoint is responsive:

Send Message (lower left corner of asset icon)

Receive Message (upper left corner of asset icon)

Send Reply (upper right corner of asset icon)

Receive Reply (lower right corner of asset icon)The presence of a stop sign icon indicates that one or more breakpoints of that particularevent type are associated with the particular asset.When an asset is selected in a Breakpoint Browser, its icon is highlighted with a wide red(black in monochrome) border in the Replay View. The zones for the breakpoint icons, whichcorrespond to valid event types for a highlighted asset, are also outlined with a fine black line.Figure 6.2 shows Square1 and Square2 selected as assets.

Enterprise User Manual, V2.4- 56 -Technical Report TR95-2However, control statements such as, if, switch, or return do allow futures.

14The default location for PVM binaries is $(HOME)/pvm3/bin/$PVM_ARCH where PVM_ARCH is a PVMenvironment variable.

Enterprise User Manual, V2.4- 63 -Technical Report TR95-2(7)Futures are not allowed to have side-effects. Our compiler can handle most side effects infutures correctly, but rather than possibly introduce an error in a program, we have decidedto disallow all side effects. For example, if data is a future, theni = data[ ++i ];is not allowed.(8)There is no stdin available for the distributed processes.9. Model DeficienciesA number of deficiencies exist in the current Enterprise model:(1)There is no way to test if an asset has returned. When you access its return value, you eithercontinue (because the value is available) or block (because it has not yet returned); there is nointermediate state.(2)New asset types are needed, such as one to support mesh communication, or one to supportpeer-to-peer communication.(3)There is no virtual shared memory. All data must be passed through asset calls. The usercan simulate shared memory using service assets.10. Performance TipsThis section provides a number of programming suggestions for improving the performanceof an Enterprise application. In the examples given, assume Compute is an asset.(1)Carefully consider the method used to pass all pointer parameters. At runtime, IN is the leastexpensive parameter passing mechanism, while INOUT is the most expensive. Always tryto use the least expensive method possible.(2)Ensure that asset calls do enough work to offset the overhead of the parallelism (have enoughgranularity). A good rule of thumb is that assets (other than services) should execute for atleast one second per call.(3)Reduce the number of references to asset return values in your program. If a variable is partof an asset’s return value, restrict its usage. All references to asset return values must bechecked to see if the asset call has completed, even in obvious cases where no check isneeded. The Enterprise compiler does not do flow control analysis to eliminate unnecessarychecks. Consider the following code:int i, array[10];...for( i = 0; i < 10; i++ )

Enterprise User Manual, V2.4- 64 -Technical Report TR95-2{array[i] = 0;}i = Compute( array, INOUT_PARAM( 10 ) );In this example, array is part of the return value of Compute. The compiler generates code sothat all occurrences of array are checked to see if the asset call has returned. It is obvious inthis example that the usage of array in the for loop has no relation to the usage of array in thecall to Compute, however the compiler does not detect this. The solution is simple - usearray only for the purposes of the call to Compute and references to the return value, and useanother name for array in the for loop. For example, the following would work:int i, * a, array[10];...a = array;for( i = 0; i < 10; i++ ){a[i] = 0;}i = Compute( array, INOUT_PARAM( 10 ) );(4)The previous point implies that if a member of an array is returned by a function, or is anOUT/INOUT parameter, Enterprise must generate code for all references to that array to seeif they are accessing a returned result. Consider the following example:int data[100], result[10];. . .for( i = 0; i < 10; i += 2 ){result[i] = Compute( &data[i*10], OUT_PARAM( 10 ) );}. . .a = result[j];The reference to result[j] might refer to the result of any one of the calls to Compute,depending on the runtime value of j. Enterprise must keep track of all addresses that a call toan asset can modify. Again, minimize references to return values.(5)Always call assets with the minimum size of data needed. For example, when passing anarray to an asset, rather than pass all the elements of the data structure, only pass the range ofvalues that are actually needed.(6)To maximize the benefit of having an asset run in parallel, the user should ensure thatsufficient computing is performed between the asset call and the time the return value fromthe asset is accessed. The following example illustrates what not to do:int a;...a = Compute();printf("Answer is %d\n", a );

Enterprise User Manual, V2.4- 65 -Technical Report TR95-2In this case, the user might as well have not used any parallelism, since the calling asset mustimmediately block and await the return from Compute.(7)Two lazy synchronous calls that modify the same memory locations cannot be active at thesame time. For example, the following code is legal but would be executed sequentially:int i, data[100], result[10];. . .for( i = 0; i < 5; i++ ){result[i] = Compute( &data[i*10], INOUT_PARAM( 20 ) );}Each iteration through the loop has the side-effect of modifying overlapping regions of data.Since the sequential semantics of this loop impose the ordering constraints that the secondcall to Compute would use the copy of data returned from the first call, Enterprise cannotexecute the calls in parallel.(8)Ensure that the parallelism that you expect in your program is the parallelism that is actuallyoccurring. Use the animation tool to view the parallelism and compare it with yourexpectations.11. FeedbackWe would appreciate any feedback that you have on the Enterprise environment. We can bereached electronically at: enter@cs.ualberta.ca. However, if you would like to report a bug, youcan do this automatically by selecting Report Bug from the Design View menu. This menu itemwill email us your message.