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ForkLight: A Control{Synchronous Parallel Programming LanguageChristoph W. Ke�ler Helmut SeidlFachbereich IV - Informatik, Universit�at TrierD-54286 Trier, Germanye-mail: fkessler;seidlg@psi.uni-trier.deAbstract: We present ForkLight, an imperative paral-lel programming language for massively parallel asyn-chronous shared memory machines. It is based onANSI C and o�ers additional constructs to hierarchi-cally divide thread groups into subgroups and manageshared and private address subspaces.While no assumptions are made on uniformity ofmemory access time or instruction{level synchronicityof the underlying hardware, ForkLight aims to providethe programmer with a powerful mechanism for coor-dination of parallel processes in the tradition and no-tation of PRAM algorithms. Beyond the usual asyn-chronous mode, ForkLight o�ers a mode for control{synchronous execution of a program which relates theprogram's block structure to parallel control ow, andwhich directly maps to parallel divide&conquer imple-mentations. Also, other important parallel algorithmicparadigms can be elegantly expressed, e.g. pipelining.We give a scheme for compiling ForkLight to C withcalls to a small set of basic shared memory access op-erations such as atomic fetch&add. With this interfacewe can achieve portability across parallel architecturesand exploit the local optimizations of their native Ccompilers.Keywords: parallel programming language design,shared memory parallel computer, control{synchronousprogram execution, SPMD model, nested parallelism,source{to{source compiler, ForkLight1 IntroductionParallel processing o�ers an attractive way to increasecomputer performance. MIMD1 architectures seem too�er a high degree of exibility in programming. Nev-ertheless, devising parallel algorithms, implementingthem on a parallel machine, and reasoning about exist-ing parallel programs (e.g., debugging) is di�cult anderror{prone. Even more di�culties arise if the pro-1In a MIMD (multiple instruction streams and multiple datastreams) architecture each thread has its own program counter,thus the program control is individual.

grammer has to care about explicit data distributionin order to achieve reasonable performance. Unfortu-nately, automatic parallelization and automatic datadistribution is still in a stage that can handle onlyrather regular programs. Addressing the latter prob-lem, parallel computer manufacturers and researchgroups recently devised several types of massively par-allel (or at least scalable) machines simulating or emu-lating a shared memory. Most of these machines havenon{uniform memory access time (NUMA). Some ofthese still require program tuning for locality in orderto perform e�ciently, e.g. Stanford DASH [28], whileothers use multithreading to hide the memory accesslatency and thus become more or less independent oflocality issues, e.g. Tera MTA [2].So far there is only one massively parallel sharedmemory architecture which o�ers uniform memoryaccess time (UMA), the SB-PRAM [1]. Due to acommon clock all processors of the SB-PRAM worksynchronously, i.e. they start (and complete) exe-cution of an instruction simultaneously. This syn-chronicity makes parallel programming very easy, asit leads to deterministic parallel program execution;it is particularly well suited for the implementationof synchronous algorithms, e.g., �ne{grained pipelinesor data{parallel operations. Furthermore, such syn-chronous MIMD machines with UMA shared mem-ory are very popular in theoretical computer science,where they are known as PRAMs (Parallel RandomAccess Machines).On the other hand, no massively parallel MIMD ma-chine which is commercially available today is UMAor synchronous in this sense. Rather, the commonfeatures are the following:� the user sees a large amount of threads (due toscalable architecture and multithreading)� the user sees a monolithic shared memory (due toa hidden network)� there is no common clock� the memory access time is non{uniform, but more1



C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 2or less independent of locality (due to multi-threading)� program execution is asynchronous (due to theprevious two items, and because of system fea-tures like virtual memory, caching, and I/O)� there is e�cient hardware support for atomicfetch&op instructionsA typical representative of this class of parallel ma-chines is the Tera MTA [2].In order to abstract from particular features andto enhance portability of parallel algorithms and pro-grams, one often uses a programming model that de-scribes the most important hardware properties. Suit-able parameterization allows for straightforward esti-mates of run times; such estimations are the more ac-curate, the more the particular parallel hardware �tsthe model used. Typically, also a standard program-ming interface is de�ned for such models, e.g. MPI forthe message passing model, HPF for data{parallel ex-ecution on distributed memory machines, BSPlib forthe BSP model, or Fork95 for the PRAM model.In our case, the programming model is the Asyn-chronous PRAM introduced in the parallel theorycommunity in 1989 [18, 12, 13]. An AsynchronousPRAM (see Fig. 1). is a MIMD parallel computerwith a sequentially consistent shared memory. Eachprocessor runs with its own private clock. No assump-tions are made on uniformity of shared memory accesstimes. Thus, much more than for a true PRAM, theprogrammer must explicitly take care of avoiding raceconditions (nondeterminism) when accessing sharedmemory locations or shared resources (screen, shared�les) concurrently. We add to this model some atomicfetch&op instructions like fetch add and atomic up-date instructions like atomic incr, which are requiredfor basic synchronization mechanisms and typicallysupported by the parallel machines in consideration.Note however that this is not an inadmissible modi-�cation of the original Asynchronous PRAM model,since software realizations for these primitives are alsopossible (at the expense of signi�cant overhead [35]).In short, this programming model is closely related tothe popular PRAM and BSP models but o�ers, in ourview, a good compromise, as it is closer to real paral-lel machines than PRAMs and easier to program thanBSP.Programming languages especially designed for\true" PRAMs such as Fork95 [24] cannot directly beused for Asynchronous PRAMs, as their e�cient im-plementation relies on unit memory access time andinstruction{level synchronous program execution.

In Section 2 we propose ForkLight, a task{parallelprogramming language for the Asynchronous PRAMmodel which retains a considerable part of the pro-gramming comfort known from Fork95 while droppingthe requirement for exactly synchronous execution onthe expression operator level, which would inevitablylead to poor performance on any existing asynchronousmachine. Rather, synchronicity is relaxed to the basicblock level.In contrast to other task{parallel programming lan-guages such as ParC [4], Tera-C [9], or Cilk [27],ForkLight follows the SPMD model of parallel execu-tion, i.e. all p available processors (or threads) are run-ning just from the beginning of main execution. Thus,ForkLight does not need a spawn resp. forall state-ment to spawn new parallel threads from a currentone. Coordination is provided e.g. by composing thethreads into groups. The threads of a group can al-locate group{local shared variables and objects. Theywork control{synchronously, i.e. all branches of controlow are synchronized. In order to adapt to �ner lev-els of nested parallelism, a group can be (recursively)subdivided into subgroups. In this way, ForkLight sup-ports a parallel recursive divide{and{conquer style assuggested in [5], [11], [17], [20], [21], as well as dataparallelism, task farming, pipelining, and many otherparallel algorithmic paradigms. Control{synchronousexecution can locally be relaxed towards totally asyn-chronous computation where this is desired by the pro-grammer, e.g. for e�ciency reasons. Also, a clevercompiler will aim at removing as many synchroniza-tion points as possible without courting the risk ofrace conditions.For the compilation of ForkLight discussed in Sec-tion 3, we only assume a shared memory and e�cientsupport of atomic increment operations and atomicfetch&increment instructions (see Fig. 1). These arepowerful enough to serve as the basic component ofsimple locking/unlocking and barrier mechanisms andto enhance e.g. the management of parallel queues orself{scheduling parallel loops [34] and occur in severalroutines of the ForkLight standard library.A source{to{source compiler for ForkLight has beenimplemented based on the methods given in Section3. It generates C source code plus calls to the routineslisted in Fig. 1 that are currently implemented by callsto the P4 library (shared memory part; [8]); whichprovides platform independence. The generated codecurrently runs successfully on SOLARIS workstationswith P4 support and on the SB-PRAM. As soon as thefuture OpenMP standard [30] becomes available for C,we will also provide an OpenMP{based backend.
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private  memory  modulesFigure 1: Asynchronous PRAM model with shared memory access operations. Assuming that theprocessors' native load/store operations are used for accessing private memory, the seven operations listed on theright hand side are su�cient to handle shared memory parallelism as generated by the ForkLight compiler. Otherauxiliary functions for thread handling, like inspecting the thread ID or the total number of threads, could alsobe implemented by the run{time library of the compiler.2 ForkLight language descriptionThe fork-join model of parallel execution correspondsto a tree of processes. Program execution starts witha sequential process, and any process can spawn arbi-trary numbers of child processes at any time. Whilethe fork-join model directly supports nested paral-lelism, the necessary scheduling of processes requiressubstantial support by a runtime system and incurshigh overhead.In contrast, ForkLight follows the SPMD model ofparallel execution, i.e. there is a constant set of threadsthat are to be distributed over the available tasks, e.g.parallel loop iterations. Given �xed sized machines,SPMD seems better suited to exploit the processorresources economically. Nevertheless, ForkLight sup-ports nested parallelism as well, as we will see in thissection.ForkLight is based on ANSI C [3]. The new con-structs handle the group organization, shared and pri-vate address subspaces, and various levels of relaxedcontrol{synchronicity.2.1 Shared and private variablesThe entire shared memory of the AsynchronousPRAM is partitioned | according to the program-mer's wishes | into private address subspaces (onefor each thread) and a shared address subspace whichmay be again dynamically subdivided among the dif-ferent thread groups. Accordingly, variables are clas-si�ed either as private (this is the default) or as shared(to be declared with storage class quali�er sh), where

\shared" always relates to the thread group2 that ex-ecutes that variable's declaration. Private objects ex-ist once in each thread's private address subspace,whereas shared objects exist only once in the sharedmemory subspace of the thread group that declaredthem.The total number of started threads is accessiblethrough the constant shared variable__P__The physical thread ID of each thread is accessiblethrough the function_PhysThreadId()The special private constant variable $ is intended tohold the current group{relative thread ID. It is initiallyset to the physical thread ID, automatically rede�nedwhen the thread enters a subgroup, and automaticallyrestored when the thread leaves it.2.2 Control{synchronous and asyn-chronous program regionsForkLight o�ers two di�erent program execution modesthat are statically associated with source code regions:control{synchronous mode in control{synchronous re-gions, and asynchronous mode in asynchronous re-gions.In control{synchronous mode ForkLight maintainsthe invariant that all threads belonging to the same2Groups will be de�ned in more detail in Section 2.3.



C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 4(active) group work on the same basic block3. Sub-group creation and implicit barriers occur only incontrol{synchronous mode. The group concept willbe explained in detail in section 2.3.In asynchronous mode, control{synchronicity is notenforced. The group structure is read{only; sharedvariables and automatic shared heap objects cannotbe allocated. There are no implicit synchroniza-tion points. Synchronization of the current groupcan, though, be explicitly enforced by a call to thebarrier() function, or, to optically emphasize it inthe program code, by a barrier statement like===========i.e., a sequence of at least three ='s.Initially, one thread on which the program has beenstarted by the user executes the startup code andinitializes the shared memory. Then it spawns theother threads requested by the user program. Allthese threads start execution of the program in asyn-chronous mode by calling function main().Functions are classi�ed as either control{synchron-ous (to be declared with type quali�er csync) or asyn-chronous (this is the default). main() is asynchronousby default.A control{synchronous function is a control{synchronous region, except for statements explicitlymarked as asynchronous by async or as sequential byseq.An asynchronous function is an asynchronous re-gion, except for statements explicitly marked ascontrol{synchronous by start or join().The async statementasync <stmt>causes the processors to execute <stmt> in asyn-chronous mode. In other words, the entire <stmt>(which may contain loops, conditions, or calls to asyn-chronous functions) is considered to be part of the\basic" (w.r.t. control{synchronicity) block containingthis async. There is no implicit barrier at the end of<stmt>. If the programmer desires one, (s)he may usean explicit barrier (see above).The seq statementseq <stmt>causes <stmt> to be executed by exactly one threadof the current group; the others skip <stmt>. There isno implicit barrier at the end of <stmt>.3A basic block is a sequence of instructions which containsno joinings (except the �rst instruction) and no branches (ex-cept the last instruction) of control ow. Thus, a basic block isentered by control ow only at the �rst and left only with thelast instruction.

Asynchronous functions are executed in asyn-chronous mode, except for blocks starting with thestart statementstart <stmt>The start statement, only permitted in asynchronousmode, switches to control{synchronous mode forits body <stmt>. It causes all available threadsto barrier{synchronize, to form one large group,and execute <stmt> simultaneously and in control{synchronous mode, with unique thread IDs $ num-bered consecutively from 0 to __P__�1.A generalization of start, the join statement [25],allows to more exibly collect a variable amount ofthreads over a speci�ed time or event interval andmake them execute a control{synchronous statement:join(<delaystmt>;<springoffcond>;<SMsize>)<stmt>else <other_work>The �rst thread arriving at that program point ini-tializes a new (root) group and then waits accord-ing to the delay statement speci�ed in <delaystmt>.During that waiting time, other threads arriving atthis join statement may also join the new group.Thereafter the threads of the new group will executethe control{synchronous region <stmt> in control{synchronous mode. An upper limit of the new group'ssize can be installed by specifying a private condition<springoffcond> that, where evaluating to a non{zero value, enforces the thread to skip the executionof <stmt> immediately before the new group starts.These threads, as well as the \late" threads arrivingat the join statement after the group started execu-tion of <stmt>, execute asynchronously the optionalelse branch. If they run across a retry statementinside the <other_work>, they jump back to the entrypoint of the join statement (very similar to continuein C loops). When the new group �nishes its executionof <stmt>, it is destroyed, its threads proceed with thenext statement. At the same time, this join is resetto its original state, i.e. the �rst thread now arrivingthere initializes ... etc.To maintain the static classi�cation of code intocontrol{synchronous and asynchronous regions, withinan asynchronous region, only async functions can becalled. In the other way, calling an async functionfrom a control{synchronous region is always possibleand results in an implicit entering of the asynchronousmode.Shared local variables can only be declared / allo-cated within control{synchronous regions. In particu-lar, asynchronous functions must not allocate shared
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root group

leaf groups  (currently active)Figure 2: The group hierarchy in ForkLight forms alogical tree.local variables. In contrast to Fork95 there are noshared formal parameters in ForkLight.Control{synchronous functions contain an implicitgroup{wide barrier synchronization point at entry andanother one after return, in order to re{install control{synchronous execution also when the function is leftvia di�erent return statements. Note also that thereturn value of a non{void function is always private.2.3 The group conceptForkLight programs are executed by groups of threads,rather than by individual threads. When program ex-ecution starts, there is just one group, the root group,that contains all available threads. Groups may be re-cursively subdivided. Thus, at any point of programexecution, all presently existing groups form a tree{like group hierarchy. Only the leaf groups of the grouphierarchy are active (see Figure 2).Subgroups of a group can be distinguished by theirgroup ID. The group ID of the leaf group a thread ismember of can be accessed through the shared vari-able @. Di�erently from Fork95, @ can be explicitlyrede�ned by the programmer only at the fork state-ment. join and start initialize @ to 0. Moreover,in ForkLight, the group{relative thread ID $ is read{only and automatically computed whenever a new sub-group is created, by renumbering the subgroup's pthreads consecutively from 0 to p�1. Both the group{relative thread ID $ and the group ID @ are automat-ically saved when splitting the current group, and re-stored when reactivating it. Thus, the value of @ andthat of $ remain constant throughout the lifetime of agroup.Also, all threads within the same group have accessto a common shared address subspace. Thus, newlyallocated shared objects exist once for each group al-locating them. A thread can inspect the number ofthreads belonging to its current group using the rou-

tineint groupsize();At the entry into a control{synchronous region (i.e.,a join or start body), the threads form one singlethread group. However, without special handling con-trol ow could diverge for di�erent threads at condi-tional branches such as if statements, switch state-ments, and loops. Only in special cases it can be stat-ically determined that all threads are going to takethe same branch of control ow. Otherwise, control{synchronicity could be lost. To prevent the program-mer from errors based on this scenario, ForkLight guar-antees control{synchronicity by suitable group split-ting. Nevertheless, the programmer may know in somesituations that such a splitting is unnecessary. Forthese cases, (s)he can specify this explicitly.We consider an expression to be stable if it is guar-anteed to evaluate to the same value on each threadof the group for all possible program executions, andunstable otherwise.An expression containing private variables (e.g., $)is generally assumed to be unstable. But even an ex-pression e containing only shared variables may bealso unstable: Since e is evaluated asynchronously bythe threads, it may happen that a shared variable oc-curring in e is modi�ed (maybe as a side e�ect in e,or by a thread outside the current group) such thatsome threads of the group (the \faster" ones) use theold value of that variable while others use the newerone, which may yield di�erent values of e for di�erentthreads of the same group. The only shared variablewhich can always be assumed to be stable is @ (seelater), thus expressions that only involve @ and con-stants are stable.Technically, the compiler de�nes a conservative,statically computable subset of the stable expressionsas follows:(1) @ is a stable expression.(2) A constant is a stable expression. (This includesshared constant pointers, e.g. arrays.)(3) The pseudocast stable(e) is stable for any ex-pression e (see below).(4) If expressions e1, e2 and e3 are stable,then also the expressions e1 � e2 for � 2f+;�; �; =;%;&; j;&&; jjg, 	e1 for 	 2 f�; ^; !g,e1[e2], e1:�eld, e1 ! �eld, �e1, and e1?e2 : e3 arestable.(5) All other expressions are regarded as unstable.Conditional branches with a stable condition expres-sion do not a�ect control{synchronicity. Otherwisecontrol{synchronicity can generally be lost; this couldresult in unforeseen race conditions or deadlock. For



C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 6this reason, unstable branches in control{synchronousmode lead to a splitting of the current group into sub-groups | one for each possible branch target. Con-trol synchronicity is then only be maintained withinthe subgroups. Where control ow reuni�es again, thesubgroups cease to exist, and the previous group is re-stored. There is no implicit barrier at this programpoint. 4For an unstable two{sided if statement, for in-stance, two subgroups are created. The processorsthat evaluate their condition to true join the �rst, theothers join the second subgroup. The branches associ-ated with these subgroups are executed concurrently.For a loop with an unstable exit condition, one sub-group is created that contains the iterating processors.Unstable branch conditions in control{synchronousmode may nevertheless be useful for performance tun-ing. Thus, there is the possibility of a pseudocaststable (<expr>)which causes the compiler to treat expression <expr>as stable. In this case the compiler assumes that theprogrammer knows that possible unstability of <expr>will not be a problem in this context, for instance be-cause (s)he knows that all processors of the group willtake the same branch. 5Splitting a group into subgroups can also be doneexplicitly, using the fork statement, which is only ad-missible in control{synchronous regions. Executingfork ( e1; @=e2 ) <stmt>means the following: First, each thread of the groupevaluates the stable expression e1 to the number ofsubgroups to be created, say g. Then the current leafgroup is deactivated and g subgroups g0; :::; gg�1 arecreated. The group ID of gi is set to i. Evaluating ex-pression e2 (which is typically unstable), each threaddetermines the index i of the newly created leaf groupgi it will become member of. If the value of e2 is out-side the range 0; :::; g � 1 of subgroup IDs, the threaddoes not join a subgroup and skips <stmt>6. The IDs$ of the threads are renumbered consecutively withineach subgroup from 0 to the subgroup size minus one.Each subgroup gets its own shared memory subspace,thus shared variables and heap objects can be allo-cated locally to the subgroup. | Now, each subgroupgi executes <stmt>. When a subgroup �nishes exe-4As a rule of thumb: Implicit barriers are, in control{synchronous mode, generated only at branches of control ow,not at reuni�cations.5Alternatively, there is the option to declare such controlconstructs as asynchronous by async.6Note that empty subgroups (with no threads) are possible;an empty subgroup's work is immediately �nished, though.

cution, it ceases to exist, and its parent group is re-activated as the current leaf group. Unless the pro-grammer writes an explicit barrier statement, the pro-cessors may immediately continue with the followingcode.2.3.1 Calling control{synchronous functionsAt entry to a control{synchronous function there is animplicit barrier synchronization of the current group,in order to guarantee that local shared variables of thecallee can be properly allocated.2.3.2 break and gotoFor break jumps, the target group is statically known;it is an ancestor of the current leaf group in the grouphierarchy tree. In this case, the compiler will provide asafe implementation even for the control{synchronousmode.By a goto jump, control{synchronicity is, in princi-ple, not lost. However, the target group may not yethave been created at the time of executing the jump.Even worse, the target group may not be known atcompile time. Nevertheless, as long as source and des-tination of a goto are known to be within the activityscope of the same (leaf) group, there is no danger ofdeadlock. For this reason, we have renounced to for-bid goto in control{synchronous regions, but all othercases cause a warning to be emitted.2.4 Pointers and heapsThe usage of pointers in ForkLight is slightly more re-stricted than in Fork95 since we no longer assume thatthe private address subspaces are embedded into theglobal shared memory. Thus, shared pointer variablesmust not point to private objects. As it is generallynot possible to statically verify whether the pointee isprivate or shared, dereferencing a shared pointer con-taining a private address will lead to a run time error.Nevertheless it is legal to make a private pointer pointto a shared object which is visible for all threads.ForkLight supplies three kinds of heaps: one per-manent, private heap for each thread, one automaticshared heap for each group, and a global, perma-nent shared heap. Space on the private heaps canbe allocated and freed by the asynchronous functionsmalloc() and free() known from C. Space on thepermanent shared heap is allocated and freed accord-ingly using the asynchronous functions shmalloc()and shfree(). The automatic shared heap is intendedto provide fast temporary storage blocks which are lo-cal to a group. Consequently, the life range of objects



C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 7allocated on the automatic shared heap by the control{synchronous shalloc() function is limited to the liferange of the group by which that shalloc() was exe-cuted. Thus, such objects are automatically removedif the group allocating them is released.Pointers to functions are also supported inForkLight. Dereferencing a pointer to a control{synchronous function is only legal in control{synchronous mode if it is stable.2.5 Standard atomic operationsAtomic fetch&op operations, also known as multipre�xcomputations when applied in a fully{synchronouscontext with priority resolution of concurrent writeaccesses to the same memory location, have beenintegrated as standard functions called fetch add,fetch max, fetch and and fetch or, in order to givethe programmer direct access to these powerful oper-ators. They can be used in control{synchronous aswell as in asynchronous mode. Note that the orderof execution for concurrent execution of several, say,fetch add operations to the same shared memory lo-cation is not determined in ForkLight.For instance, determining the size p of the currentgroup and consecutive renumbering 0,1,...,p� 1 of thegroup{relative thread ID $ could also be done bycsync void foo( void ){ int myturn;sh int p = 0;============= //guarantees p is initializedmyturn = fetch_add( &p, 1 );============= //guarantees p is groupsize...}where the function{local integer variable p is sharedby all threads of the current group.The fetch&add machine instruction executed in thecourse of the evaluation of a fetch add() expressionis assumed to work atomically. This is very useful toaccess semaphores in asynchronous mode, e.g., simplelocks that sequentialize access to some shared resourcewhere necessary. Like Fork95, ForkLight o�ers severaltypes of locks in its standard library: simple locks, fairlocks, and reader{writer locks.The atomic op operators are available as library rou-tines. They can e.g. be used for integer global sum, bit-wise or, bitwise and, maximum, and minimum com-putations.

2.6 Enforcing exact synchronicityThere are some cases where exact synchronicity wouldallow more elegant expression of parallel operations.For instance, a parallel pointer doubling operationwould, in synchronous mode of Fork95, just look likea[$] = a[a[$]];under the assumption that the shared integer array ahas as many elements as there are threads available.In order to guarantee correct execution in ForkLight,one has to introduce temporary private variables anda barrier statement:int temp = a[a[$]];==============a[$] = temp;Nevertheless, we claim that this is not a serious re-striction for the programmer, because (s)he must usethe second variant also in Fork95 if not enough threadsare available to perform the operation in one step (i.e.,if the number N of array elements exceeds the numberof threads):int i, *temp, prsize;prsize = (int)ceil(N/groupsize()));temp = (int *)malloc(prsize);for (i=0; i<prsize && $*prsize+i<N, i++)temp[i] = a[a[$*prsize+i]];============ // only required in ForkLightfor (i=0; i<prsize && $*prsize+i<N, i++)a[$*prsize+i] = temp[i];free(temp);Currently under discussion is an extension of thecurrent ForkLight design by a statementstrict <stmt>that causes fully{synchronous execution for a state-ment. A drawback of strict is that the compilermust perform data dependence analysis and gener-ate code that protects the correct order of accessesto the same shared memory location by locks or bar-riers. Worst{case assumptions may even lead to com-plete sequentialization. strict would be admissi-ble only in control{synchronous regions. Functionscalled from <stmt> would be executed in control{synchronous rather than fully{synchronous mode.2.7 Example: Parallel MergesortThe parallel mergesort algorithm sorts an array of nitems (here: integers) with p threads by splitting the
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automatic shared heap
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sps
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shared global variablesFigure 3: Organization of the shared memory.array into two halves, sorting these recursively in par-allel by p=2 threads each, and then merging the twosorted subarrays in parallel into one sorted array. Therecursion stops if either the size of the array to besorted falls below a certain threshold, or if the num-ber of threads available for sorting becomes 1. Inboth cases a sequential sorting algorithm (e.g. the na-tive qsort() routine) may be applied. The run timeis O(n=p � log p logn), assuming that an optimal se-quential sorting algorithm is used for the sequentialparts. A ForkLight implementation of the mergesortalgorithm is given in appendix A.3 Compilation of ForkLightTo compile ForkLight programs, we �rst allocate a suf-�ciently large slice of shared memory. To the bot-tom of this shared memory slice we map the sharedglobal initialized resp. non{initialized variables. In theremainder of this shared memory part we arrange ashared stack and an automatic shared heap. Groupsplitting operations also cause a splitting of the re-maining shared stack space where we maintain an ownshared stack for each subgroup; thus the shared stackhas the form of a cactus stack. The automatic sharedheap is handled in the same way (a cactus heap); it isallocated at the other end of this shared memory. Theshared stack pointer sps and the automatic sharedheap pointer eps may be permanently kept in regis-ters on each thread. A shared stack or automatic heapoverow thus occurs if the sps crosses the eps or viceversa (see Figure 3).Another shared memory slice is allocated to installthe global shared heap accessed by shmalloc() and

shfree().Clearly also a private stack is arranged in eachthread's private memory (maintained by the native Ccompiler) and each thread's private heap can be ac-cessed by the native functions malloc() and free().As usual, at each function call a (private) procedureframe is allocated by the native C compiler on eachthread's private stack, holding the procedure argu-ments, saved registers, the return address, and privatelocal variables.When calling a control{synchronous function whichhas shared local variables declared at top level, ashared procedure frame is allocated on the group'sshared stack. An asynchronous function never has ashared procedure frame.Shared block{local (and thus, group{local) variablesare allocated in a shared group frame on the sharedstack, pointed to by the shared group frame pointergps. Each shared group frame is complemented by aprivate group frame on the private stack, containingthe private group information.Intermixing procedure frames and group frames onthe same stack is not harmful, since occurrences ofthe subgroup-creating language construct fork are al-ways properly nested within a function. Thus, sepa-rate stacks for group frames and procedure frames arenot required, which preserves scarce memory resourcesfrom additional fragmentation.In this section we will explain creation and usage ofthese frames and the compilation of the most impor-tant language constructs into C source code with callsto the basic shared memory access operations.3.1 Group frames and group{wide bar-rier synchronizationTo keep everything consistent, the compiler buildsshared and private group frames at each group{forming statement.A shared group frame (see Figure 4) is allocated oneach group's shared stack (in its shared memory sub-space). For each thread belonging to a group, the reg-ister gps points to the group's shared group frame.The shared group frame contains the shared variableslocal to this group. Moreover, it contains three syn-chronization cells sc[0], sc[1], sc[2]. Each thread holdsa private counter csc pointing to the current synchro-nization cell, so it holds one of the indices7 0, 1, or2. If no thread of the group is currently at a barriersynchronization point, the current synchronization cell7When a new group is created, csc is initialized to 0, sc[0] isinitialized to the total number of threads in the new group, andsc[1] and sc[2] are initialized to 0.



C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 9group{localshared variablessc[2]sc[1] synchronization cellsgps! sc[0]Figure 4: Shared group framecontains just the exact number of threads belonging tothis group.At a (group{wide) barrier synchronization point,each thread �rst atomically increments the next syn-chronization cell by 1 (in order to initialize the fol-lowing barrier synchronization) and then atomicallydecrements the current synchronization cell by 1 andwaits until it sees a zero in the current synchronizationcell.barrier:Rcsc  csc // private loadRnext = Rcsc + 1;if (Rnext > 2) Rnext = 0 // (wrap{around)atomic add sc[Rnext], 1atomic add sc[Rcsc], -1while (SMread(sc[Rcsc] 6= 0) ; (wait) // load shcsc Rnext // private storeThe algorithm guarantees that all threads havereached the barrier when threads see a zero in the cur-rent synchronization cell. Only then they are allowedto proceed. At this point of time, though, the next cur-rent synchronization cell, sc[Rnext], already containsthe total number of threads, i.e. is properly initializedfor the following barrier synchronization point. Oncethe current synchronization cell sc[Rcsc] reaches value0, all threads of the group are guaranteed to see this,as this value remains unchanged at least until after thefollowing synchronization point. 8The run time is, for most shared memory systems,dominated by the group{wide atomic increment andthe SMread accesses to shared memory, while all otheroperations are performed locally.The corresponding private group frame (see Figure5), pointed to by register gpp, is allocated on eachthread's private memory subspace. It mainly containsthe current values of the group ID @9 , the group{relative thread ID $, and the current synchroniza-tion cell index csc. The ignoredframes entry will8On many parallel machines there is hardware support forglobal barrier synchronization, which is usually more e�cientthan this explicit handling of semaphores. Thus, where thegroup is statically known to contain all started processors, theglobal barrier routine can be called instead.9Note that @ needs not be stored on the shared group framesince it is read{only.

$ thread ID local to this group@ this group's IDcsc current synchronization cell indexignoredframes counts non{allocated group framesold gps parent group's gpsold eps parent group's epsold sps parent group's spsgpp! old gpp parent group's gppFigure 5: Private group framebe explained later. Also, the parent group's sharedstack pointer sps, group{local heap pointer eps, andgroup frame pointer gps are stored in the private groupframe, together with the parent group's private groupframe pointer gpp, thus the parent group can easily berestored when being reactivated.For each group, its automatic shared heap is installedat the end of its shared memory subspace. The pointereps to the current lower boundary of the heap is savedin the private group frame at each subgroup{formingoperation that splits the shared memory subspace fur-ther, and restored after returning to that group. Test-ing for shared stack or heap overow thus just meansto compare sps and eps.3.2 Translation of a function callAsynchronous functions are just compiled as knownfrom sequential programming, as no care has to betaken for synchronicity.A control{synchronous function with shared localvariables allocates a shared procedure frame on theshared stack. These locations should be accessed onlywhen all threads have entered the function. For thisreason, there is an implicit barrier synchronization(local to the current group) at the entry point of acontrol{synchronous function.3.3 Translation of the fork statementA straightforward implementation of the fork state-ment assumes that all k subgroups will exist and thusdistributes shared stack space equally among these.Forfork ( k; @=e ) <stmt>the following code is generated:(1) Rk  eval(k); R@  eval(e);(2) if R@ � 0 and R@ < Rkset private pointer to future sc[0]:sc  sps+R@*(eps-sps)/Rk;SMwrite( sc, 0 );



C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 10(3) barrier local to the parent group(necessary to guarantee the zero value in sc[0])(4) if R@ � 0 and R@ < RkR$  fetch add(sc,1);(5) if (R@ � 0 and R@ < Rk) fif (R$ == 0) (leader of subgroup R@)allocate a shared group frame starting at sc;allocate a private group frame(including storing R$ and R@); g(6) barrier local to the parent group (necessary toguarantee the �nal subgroup sizes in sc[0])(7) if (R@ � 0 and R@ < Rk)enter subgroup R@by setting gps and gpp to the new frameselse goto (10)(8) <stmt>(9) atomically decrement sc[csc] by 1 to cancelmembership in the subgroup, and leave the sub-group by restoring gps, sps, eps, gpp, spp fromthe entries in the private group frame(10) (next statement)Allocation of a shared group frame: The currentgroup's free shared memory space (located betweenshared stack pointer sps and shared heap pointer eps)is split into k equally{sized blocks B0; :::; Bk�1 (seestep (2)). The leader (R$ = 0) of each subgroup jinitializes the remaining cells of the shared group frameat the beginning of block Bj , 0 � j � k�1, pointed toby sc (see step 5); the other processors in the subgroupjust set their gps, sps and eps pointers accordingly.10 Then sc[1] and sc[2] are initialized to zero, andthe sps is advanced by the frame size, i.e. three plusthe number of shared variables declared locally to thesubgroup.Allocation of a private group frame (see step 5):Each thread allocates 8 cells of private memory andenters the gpp, sps, eps and gps pointer of the parentgroup. The synchronization cell index csc is initializedto zero.Altogether, the overhead of the above implemen-tation mainly consists of the parallel time for threegroup{wide barriers, one subgroup{wide concurrentSMwrite, and one subgroup{wide fetch add opera-tion. Furthermore, there are two exclusive SMwrite10The shared stack memory may be distributed among thegroups also in the ratio of subgroup sizes. While this propor-tional splitting method seems, on the average, to be the betterchoice with respect to memory fragmentation compared to theuniform splitting of the shared stack, it may nevertheless be dis-advantageous if the subgroups turn out to have equal memoryrequirements independent of the number of threads executingthem. A possible solution may be to install a compiler optionthat causes the compiler to generate code for proportional split-ting if desired by the user.

accesses to shared memory locations. The few privateoperations can be ignored, since their cost is usuallymuch lower than shared memory accesses.3.3.1 OptimizationsA �rst optimization may address the fact that sub-group splitting may be completely skipped if the cur-rent group consists of only one thread. Then, alsogroup{wide barrier synchronizations can be skipped.A private status ag ONE keeps track of this property;it is set to 1 when at entering a subgroup the groupsize reaches 1, and veri�ed (and reset to 0 if neces-sary) whenever the thread leaves a subgroup. Thenumber of skipped subgroup constructions may justbe handled in a counter ignoredframes stored in theprivate group frame. Initially set to zero when allocat-ing that frame, the counter is incremented when a newsubgroup should have been entered, and decrementedwhen it is left. In that case, however, care must betaken if @ is rede�ned to a value di�erent from thatin the parent group | then the former value of @ ispushed on the private stack and restored when the re-de�ning subgroup ceases to exist.A second optimization exploits the observation thatsome of the subgroups may be empty. In that case,space fragmentation can be reduced by splitting theparent group's stack space in only that many parts asthere are di�erent values of R@. The additional cost isan atomic incr operation to a zero{initialized scratchcell executed by the leader (R$ == 0) of each newsubgroup, another barrier on the parent group, and aSMread operation, Clearly, clever static program anal-ysis may avoid this dynamic test in some situations.For instance, if the exact space requirements of onesubgroup were statically known, all remaining spacecould be left to the other subgroups. Unfortunately,the presence of non{exact synchronicity, pointers andweak typing makes such analysis quite di�cult.3.4 Translation of breakThreads that leave the current group on the \unusual"way via break,have to cancel their membership in allgroups on the path in the group hierarchy tree fromthe current leaf group to the group corresponding tothe target of that jump statement. The number ofthese groups is a compile{time constant. For each ofthese groups (including the current leaf group) g, thethreads must cancel their membership in g. This isdone by executing step 9 (exit subgroup()) of Section3.3 for each such group g when ignoredframes= 0,and decrementing ignoredframes by 1 otherwise. Fi-nally, the jumping threads wait at the synchroniza-



C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 11tion point located (in the case of continue), at theend of the surrounding loop resp. switch for the otherthreads of the target group to arrive at that point andto re{synchronize with them.3.5 Accessing local shared variablesBlock{local declarations of shared variables enforce amore complicated addressing scheme for these whenthe block is local to a subgroup{creating construct,e.g. incsync void foo(){fork(...) {sh int x = @; /*declaration*/...fork(...)... = x; /*use*/}} Clearly, each subgroup created by the fork state-ment needs its own copy of x. For this reason, sharedlocal variables are allocated on the shared group frameand addressed relative to gps.Subgroup creation within the same function can bestatically nested. The compiler can determine thegroup nesting depth of the declaration of such a vari-able x, call it gd(x), as well as that of each use of x,call it gu(x). For each use of x, the compiler computesthe di�erence d = gu(x)� gd(x) and, where d > 0, in-serts code to follow the chain11 of gps pointers d timesupwards the group tree, in order to arrive at the groupframe containing x. Because d is typically quite small,this loop is completely unrolled. Note that all theseread accesses but the last one are private memory ac-cesses.3.6 Optimization of barriersImplicit barriers are generated by the compiler beforeshared data is allocated, e.g. when entering a csyncfunction with shared local variables. This guaranteesthat space for them on the shared stack can be safelyreused.In addition, the programmer adds explicit barrierstatements where (s)he considers them necessary.In order to incur minimum overhead due to syn-chronization, the total number of barriers generated11As an optimization for deeply nested accesses, fast access tothe shared local variables declared at the top level of the function(i.e., where gd(x) = 0) can be provided by an additional framepointer.

must be minimized. This can e.g. be done by a post-processing of the generated program. First, a programow graph is constructed for it. Then, elimination ofbarriers may follow the following rules:� if between two subsequent barriers for the samegroup there are no shared memory accesses in be-tween, then one of these barriers can be elimi-nated.� if between three subsequent barriers there are onlyreading accesses to shared memory, or only ac-cesses to di�erent shared memory locations (thisrequires data dependence analysis), then the mid-dle barrier can be eliminated.3.7 Virtual processingUp to now we required the number of threads p (orprocesses) executing the program to be a run{timeconstant limited to the hardware resources, i.e. each ofthe P hardware processors executes exactly one pro-cess. Now we describe what has to be done if p > Pthreads should be generated. In this case, each of the pphysical processors could simulate k = dp=P e threads,in a round-robin fashion.It is important to note that this is impossible to real-ize for the fully{synchronous language Fork95 withoutincurring prohibitive overhead in time and space [24].But the relaxed synchronicity of ForkLight permits astraightforward implementation.Context switching is often supported by the nativelanguage resp. the processor hardware. The remain-ing question is where to insert context switches in thegenerated C program.If no detailed program dependence analysis is made,it is conservatively safe if a context switch is inserted� before each reading access to shared memory (i.e.,SMread and fetch add).� after each writing access to shared memory (i.e.,SMwrite, atomic add and fetch add).This implies that for a barrier statement (see subsec-tion 3.1) at least three context switches would be ex-ecuted. An optimization is also possible here, similarto the optimizations of barriers discussed in the previ-ous subsection; e.g., if between two subsequent contextswitches no access to shared memory takes place, oneof these switches can be eliminated, etc. This meanse.g. for the barrier implementation that the contextswitch inserted immediately after the atomic incr canbe eliminated.More optimizations are possible if data dependen-cies are computed. Then context switches betweensubsequent read accesses to the same shared memorylocation are not necessary if no write access may occur



C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 12in between, and subsequent accesses that are guaran-teed to access di�erent shared memory locations needno context switch in between.4 Performance ResultsWe have implemented the compiler for the two par-allel platforms that are currently accessible to us andthat are still supported12 by P4: multiprocessor SO-LARIS workstations and the SBPRAM. As we shallsee, these two completely di�erent types of architec-ture represent two quite extremal points in the spec-trum of shared{memory architectures regarding exe-cution of P4 / ForkLight programs.On a loaded three{processor 13 SOLARIS 2.5.1workstation, where atomic memory access is sequen-tialized, we observed modest or no speedup:parallel mergesort for 48000 integers using thehost's optimized qsort() routine for sequential sort-ing:#threads 1 2 3 4time [ms] 1020 984 1559 3299parallel mergesort for 48000 integers using ahandwritten routine for sequential sorting, thus a morefair comparison:#threads 1 2 3 4time [ms] 4390 3581 3619 4650parallel quicksort for 120000 integers using thehost's optimized qsort() routine for sequential sort-ing:#threads 1 2 3 4time [ms] 4447 4656 8087 8834parallel quicksort for 120000 integers using ahandwritten quicksort routine for sequential sorting(without synchronization, of course), thus a more faircomparison:#threads 1 2 3 4time [ms] 14498 9834 13433 12700On the SBPRAM we obtained an important im-provement by exploiting its native fetch add andatomic add operators which do not lead to sequen-12Unfortunately P4 has not been updated since 1993/94and is thus not available on recent parallel supercomput-ers. We will thus have to switch to a di�erent portableplatform, namely Open-MP, as soon as it becomes avail-able for C. For latest developments, please check the Fork-Light WWW page http://www.informatik.uni-trier.de/�kessler/forklight.html13For p >= 4 at least one processor has to simulate severalthreads, which dramatically hurts parallel performance becausethere is no means in P4 programs to release a processor e.g.when waiting at a barrier.

tialization, in comparison to standard P4 which doesnot e�ciently support atomic fetch-add or atomic-add.For the 128 PE prototype 14 of the SBPRAM atSaarbr�ucken running the SBPRAM operating systemPRAMOS, we obtained the following performance re-sults:parallel mergesort on 1000 integers using the op-timized sequential qsort() function:#threads 1 2 4 8 16 32 64time [ms] 573 373 232 142 88 57 39parallel mergesort on 10000 integers using ahand-written sequential quicksort routine:#threads 1 2 4 8 16 32 64time [ms] 2892 4693 3865 1571 896 509 290parallel quicksort on 1000 integers using a hand-written sequential quicksort routine:#threads 1 2 4 8 16 32 64time [ms] 1519 807 454 259 172 145 130These �gures allow the following interpretations:� E�cient support for non-sequentializing atomicfetch add and atomic add, as in the SBPRAMor Tera MTA, is essential when running ForkLightprograms with large numbers of threads. (Fork-Light) executables relying only on pure P4 suf-fer from serialization and locking/unlocking over-head and are thus not scalable to large numbersof threads.� On a non{dedicated (multiuser/multitasking)machine like the SOLARIS multiprocessor work-station, performance would be much better forp > 1 if the ForkLight run time system hadcomplete control over context switching for itsthreads. Otherwise, much time is lost spinningon barriers to �ll the time slice assigned by an OSscheduler that is unaware of the parallel applica-tion.� Explicit load balancing in an SPMD applicationmay be problematic in particular for small ma-chines (quicksort), or when the machine size doesnot �t the requirements of the algorithm, e.g.when the number of threads is not a power of2 (mergesort, p = 3).� Where these requirements are met, our prototypeimplementation achieves acceptable speedups and14Due to some operating system restrictions, only up to 124PE's can be used for the application program, the other ones(one PE per processor board) are reserved as I/O servers byPRAMOS.



C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 13performance scales quite well even for rather smallproblem sizes (N = 1000).5 Related WorkFor a more general survey on parallel programminglanguages, we refer e.g. to [32]. Here we focus on im-perative parallel programming languages that supportthe shared memory programming model. Our classi�-cation scheme is sketched in Figure 6.(Control{)Synchronous execution is natural for thedata{parallel programming paradigm, which denotesthe parallel application of simple operations to theelements of large arrays. Dataparallel programminglanguages maintain, in general, a sequential ow ofprogram control. This is either naturally enforced bySIMD hardware (e.g., vector processors or array pro-cessors), or installed by the compiler when the tar-get is a MIMD machine. Examples of such languagesare Modula-2*, C� Dataparallel C. The data{parallel Fortran dialects partially allow to exploit alsoMIMD parallelism in a very restricted way; proper taskparallelism is not provided. Typically, all program ob-jects are shared, and parallelism is speci�ed by par-allel loops or special dataparallel operators. Nestedparallelism, if supported at all, is either speci�ed bynested forall loops or induced by nested data struc-tures (like nested parallel lists) that are attened bythe compiler to �t the SIMD hardware, as e.g. in thefunctional dataparallel language NESL [6].So-called task{parallel or MIMD programming lan-guages o�er separate, independent control ow foreach processor or thread. The language must pro-vide explicit means like barriers, locks, futures, etc.,for generation and coordination of parallel activities.Almost all MIMD languages support sequential con-sistency of shared memory accesses from the program-mer's view.Languages following a recursive fork{join executionmodel such as Cilk [27], ParC [4], or Tera-C [9] supportnested parallelism, but repeated spawning of threadsat run time is an expensive operation. Under somecircumstances, fork-join parallel programs can be au-tomatically converted to SPMD programs [15].In contrast, SPMD languages like Denelcor HEPFortran [23], EPEX/Fortran [16], PCP [7], Split-C[14], AC [10] start program execution with all avail-able threads and keep their number constant dur-ing program execution. The program is often parti-tioned into parallel and serial sections separated byimplicit barriers, i.e. execution is control{synchronousat the top level of program control. Typically, recur-sively nested parallelism with correspondingly nested

levels of control{synchronicity as in ForkLight is notsupported; mostly there is only one global namespace supported; thus, a parallel recursive divide{and{conquer style as suggested in [5], [11], [17], [20],[21] is not supported. Only PCP has a hierarchicalgroup concept similar to that of ForkLight; neverthe-less ForkLight o�ers more features, like static distinc-tion between control{synchronous and asynchronouscode regions, automatic group splitting for unstablebranches, more exible explicit group splitting, sharedlocal variables, group IDs, or the join statement.PRAM languages are those MIMD languages whichsupport exact synchronicity: Modula-2* [31], FORK[19], Fork95 [24], and ll [29]. Although there are stillsome syntactical similarities between ForkLight andFork95, there are fundamental di�erences in seman-tics: The PRAM programming model, as supportedby Fork95, allows the programmer to exploit determin-istic write conict resolution and operator{level syn-chronous execution: there are no race conditions atall, data dependencies need not be protected by locksor barriers. Unfortunately, this ideal parallel program-ming model leads to very ine�cient code when com-piled to asynchronous machines, in particular if thecompiler fails to analyze data dependencies in irreg-ular computations and resorts to worst-case assump-tions. In contrast, ForkLight seems to constitute anacceptable compromise between automatic thread co-ordination for ease of programming and e�ciency ofthe generated code.Valiant's BSP model [33] is an alternative to the se-quential consistency of shared memory accesses main-tained by most parallel programming languages. In-stead, sequential consistency is only valid betweenso-called supersteps that may contain asynchronouscomputation with relaxed shared memory consistency.The BSP model does not support nested parallelism;in particular, there is no group concept provided inBSPlib. Clearly, this enforces a less comfortable pro-gramming style, such that BSP programming for non{regular problems becomes quite hard. A library exten-sion for C called BSPlib [22] and a programming lan-guage [26] based on C++ supporting BSP have beendeveloped at Oxford.6 ConclusionWe have presented the ForkLight language. ForkLightis suitable for irregular, mainly non{numerical compu-tations. It is intended for compilation to asynchronousMIMD shared memory machines with e�cient supportfor atomic incr and atomic fetch&incr operators.We have shown at the mergesort example that
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Figure 6: Classi�cation of imperative parallel programming languages for the shared memory modelForkLight o�ers similar expressibility as its fully{synchronous predecessor Fork95 and permits writinghighly readable code. From a software engineeringpoint of view, control{synchronous execution is an im-portant guidance to the programmer since it transpar-ently relates the program block structure to the par-allel control ow.The SPMD model of execution that limits the num-ber of threads to a run{time constant forces the pro-grammer to write scalable parallel code and to thinkabout economic usage of the given parallel machinepartition, in contrast to fork-join languages that incura higher overhead for scheduling and hide the schedul-ing policy from the user by the system. Nevertheless,by the support of nested parallelism in ForkLight, pro-gramming is as comfortable as fork-join languages.We have furthermore given a source{to{source com-pilation scheme for ForkLight. Optimizations addressavoidance of group splitting for one{thread groups,minimization of barrier synchronizations, and mini-mization of context switches.References[1] F. Abolhassan, R. Drefenstedt, J. Keller, W. J. Paul,and D. Scheerer. On the physical design of PRAMs.Computer Journal, 36(8):756{762, Dec. 1993.[2] R. Alverson, D. Callahan, D. Cummings, B. Koblenz,A. Porter�eld, and B. Smith. The Tera ComputerSystem. In Proc. 4th ACM Int. Conf. on Supercom-puting, pages 1{6. ACM Press, 1990.[3] ANSI American National Standard Institute, Inc.,New York. American National Standards for Infor-mation Systems, Programming Language C. ANSIX3.159{1989, 1990.[4] Y. Ben-Asher, D. Feitelson, and L. Rudolph. ParC| An Extension of C for Shared Memory Paral-
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C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 16A Example: Parallel Mergesort/* Parallel Mergesort in ForkLight. C.W. Kessler 8/98* Sorts N elements using p processors.* Assumes that all elements are different;* otherwise the result will be wrong.*/#include <ForkLight.h> // required for ForkLight programs#include <stdio.h> // host stdio.h#include <stdlib.h> // host stdlib.h#define THRESHOLD 1/* print an array a of size n sequentially*/void print_array( int *a, int n ){int i;printf("Array %p of size %d:\n", a, n);for (i=0; i<n; i++) printf(" %d", a[i]);printf("\n");}/* compare function used by the sequential qsort() routine*/int cmp( const void *a, const void *b ){ if (*(int *)a < *(int *)b) return -1;else if (*(int *)a > *(int *)b) return 1;else return 0;}/* in sequential compute the rank of key within* array of size n, i.e. # array-elements < key*/int get_rank( int key, int *array, int n ){int left = 0;int right = n-1;int mid;if (key >= array[n-1]) return n;if (key == array[n-1]) return n-1;if (key <= array[0]) return 0;while (left < right-1) { /*binary search*/// always maintain array[left] <= key < array[right]mid = (right+left)/2;if (key < array[mid]) right = mid;else left = mid;}if (key==array[left]) return left;else return left+1;}/* merge array src1 of size n1 and src2 of size n2* into one array dest of size n1+n2.* Assertions: p>1, n1*n2>=1, dest array is allocated.*/csync void merge( int *src1, n1, *src2, n2, *dest){sh int iter, iter2;sh int *rank12, *rank21; /*temp. rank arrays*/int p = groupsize();int i;

rank12 = (int *)shalloc( n1 * sizeof(int) );rank21 = (int *)shalloc( n2 * sizeof(int) );seq iter = 0;seq iter2 = 0;=================async/* self-scheduling par. loop over rank computations: */for (i=fetch_add(&iter,1); i<n1; i=fetch_add(&iter,1))rank12[i] = get_rank( src1[i], src2, n2 );=================asyncfor (i=fetch_add(&iter2,1); i<n2; i=fetch_add(&iter2,1))rank21[i] = get_rank( src2[i], src1, n1 );=================/* copy elements to dest using the rank information */async for (i=$; i<n1; i+=p) dest[i+rank12[i]] = src1[i];async for (i=$; i<n2; i+=p) dest[i+rank21[i]] = src2[i];}/* mergesort for an array of size n.* The sorted array is to be stored in* sortedarray which is assumed to be allocated.*/csync void mergesort( int *array, n, *sortedarray ){int p = groupsize();int i;if (stable(p==1)) {qsort( array, n, sizeof(int), cmp );async for (i=0; i<n; i++) sortedarray[i] = array[i];}elseif (stable(n<=THRESHOLD)) { // parallelism doesn't pay offseq qsort( array, n, sizeof(int), cmp );================async for (i=$; i<n; i+=p) sortedarray[i] = array[i];}else {sh int *temp = (int *)shalloc( n * sizeof(int) );fork (2; @=$%2)mergesort( array + @*(n/2),(1-@)*(n/2) + @*(n-n/2), temp + @*(n/2));//============= implicit barrier at merge() call:merge( temp, n/2, temp+n/2, n-n/2, sortedarray );}}void main( void ){start {sh int *a, *b;int N, j;N = 100;a = (int *) shalloc( N * sizeof(int) );b = (int *) shalloc( N * sizeof(int) );=================== // arrays allocatedasync for (j=$; j<N; j+=__P__) a[j] = N - j;=================== // array a initializedseq print_array( a, N );=================== // array a printedmergesort( a, N, b );=================== // mergesort completedseq print_array( b, N );}}
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ForkLight special program variablesname meaning sharity type remark__P__ total number of available threads shared int read{only@ current group ID shared int rede�nable by fork$ current thread ID private int automatically renumbered in forkForkLight function (pointer) type quali�ersname meaning remark example for usagecsync declare (pointer to) control-synchr. function csync int foo( int k ) {....}(none) declare (pointer to) asynchronous function default sh void (*task[Pmax])(void);ForkLight storage class quali�erssh declare a shared variable sh int k=1, *pk, a[32];(none) declare a private variable default int i,*pi, b[100];ForkLight language constructs: statementskeyword meaning example for usage region bodystart all threads enter control-synchr. mode start f a[$]=$; g asynchr. csync.join some threads enter control-synchr. mode join(;0;99) bustour(); asynchr. csync.retry jump back to the corresponding join else retry; asynchr. |async enter asynchronous mode async puts("Hello"); csync. asynchr.seq one thread per group enters asyn. mode seq puts("Hello"); csync. asynchr.fork split current group in subgroups fork(3;@=$%3) fn(@); csync. csync.=== group{wide barrier synchronization f1(); ======= f2(); both |ForkLight standard functions for atomic operationsname meaning example for usage mode operands resultfetch add(ps,ex) multipre�x sum $=fetch add(&p,1); both int *, int intfetch max(ps,ex) multipre�x maximum fetch max(&m,a[$]); both int *, int intfetch and(ps,ex) multipre�x bitwise and k=fetch and(&m,0); both int *, int intfetch or(ps,ex) multipre�x bitwise or k=fetch or(&m,1); both int *, int intatomic add(ps,ex) atomic increment atomic add(&p,1); both int *, int noneatomic max(ps,ex) atomic maximization atomic max(&p,1); both int *, int noneatomic and(ps,ex) atomic bitwise and atomic and(&p,1); both int *, int noneatomic or(ps,ex) atomic bitwise or atomic or(&p,1); both int *, int noneForkLight memory allocation routinesname mode type parameters meaningmalloc async. char * unsigned int allocate block on private heapfree async. void char * free block on private heapshmalloc async. char * unsigned int allocate block on global shared heapshfree async. void char * free block on global shared heapshalloc csync char * unsigned int allocate block on automatic shared heapshavail async. unsigned int void get size of free automatic shared heap spaceForkLight group structure inspectionname mode type parameters meaninggroupsize both int void get the number of threads in my current groupTable 1: ForkLight at a glance.



C.W. Ke�ler, H. Seidl: ForkLight. Technical Report 98-13, FB IV - Informatik, Universit�at Trier, 54286 Trier, Germany. 18B Technical remarks on theForkLight compiler packageThe technical requirements to run ForkLight on yourlocal system are an ANSI-C compiler like gcc and aninstallation of the P4 library.B.1 InstallationThe ForkLight compiler package can be obtained fromthe WWW pagehttp://www.informatik.uni-trier.de/�kessler/forklight.htmlAfter unpacking the ForkLight compiler distributionin a directory, the environment variable FLDIR has tobe set to this directory. Also, $(FLDIR)/bin must beadded to the search PATH.Furthermore the Makefiles in $(FLDIR)/lib and$(FLDIR)/ex have to be edited in order to set thepaths to the P4 installation and to the target compilerappropriately.Installation is then done just by make all in$(FLDIR).By default, ForkLight uses gcc -E as preprocessor.If your system does not support gcc, you must changethe string thepreprocessor in $(FLDIR)/src/flcc.happropriately.B.2 Compiler optionsThe ForkLight compiler flcc is built in the$(FLDIR)/bin subdirectory. To compile ForkLightsources with flcc the following ags should be set:� -ForkLight to tell the compiler that the sourceto be compiled is a ForkLight program rather thanordinary C code.� -nprocsnum to produce an executable that ex-pects num processors, where num is a nonnega-tive integer. If num is zero, the run{time systemwill infer the total number of available processorsat program startup.If the -nprocs option is omitted, the compiler willchoose a default value (4).� -I$(FLDIR)/include to �nd the header �les ofForkLight.As an example, consider the Makefile in$(FLDIR)/ex.In addition, some other ags known from standardC compilers, as -c (no linking), -v (print version), or-S (keep assembler �le, i.e. here the generated C code)can be used.

The ags for the target compiler and tar-get linker are architecture dependent. Theycan be looked up in $(FLDIR)/ex/Makefile resp.$(FLDIR)/lib/Makefile. The target compilermust specify -DP4 to activate the P4 backend,-I$(P4 INCLUDE DIR) to include the P4 header �les,and, if compiling for the SBPRAM, additionally-DSBPRAM to activate the SBPRAM{speci�c opti-mizations (non-sequentializing atomic operations, fastspawning of parallel processors). The target linkermust link the P4 library; for the SBPRAM, addition-ally the sbp library must be linked.Currently, debugging is only possible on the C level(target compiler ag -g) but not on the ForkLight level.


