
Implementing ML on the Fujitsu AP1000Peter BaileyMalcolm NeweyDepartment of Computer ScienceAustralian National UniversityAbstractThe CAP ML project seeks to develop a version of ML that is suitable for use on adistributed memory multiprocessor architecture such as the Fujitsu AP1000. Languageextensions are proposed that have been developed in conjunction with a programmmingmethodology that is appropriate to that of a massively parallel computer whilst retaininga functional style. The implementation, which is based on the SML/NJ compiler and theSML2C compiler, is in progress. This paper focusses on the language design.IntroductionWhen one contemplates implementing a functional language on a parallel computer, what �rstcomes to mind is the well known advantage claimed for functional languages, that freedomfrom side-e�ects allows multiple processors to be utilised for the parallel execution of multiplearguments in any function call. There is also a long history of applicative language compilerswhich take advantage of the property of referential transparency, for a variety of purposes.For example, the implementation technique of graph reduction depends on it for achievingspeedup through concurrency. However, experience indicates the opposite - it is hard to harnessa multiprocessor for ML.There are several lessons that have been learned that are important background as we embarkon the enterprise of providing a functional programming capability on a machine such as theAP1000.� Purely functional languages are not found suitable for large application programs. Lispand ML are far more widely used than Miranda; although the latter has been widespreadfor some time, its niche in the market is in the education sector. Programmers still �ndimportant uses, in major applications, for global data structures that are updated, and fori/o operations that can't readily be characterised in functional terms.� Although ML and Lisp both allow assignments to variables, the use of this feature isdiscouraged in situations where concurrency is expected. (ML discourages any such useby the very syntax of reference operations.) Thus the programmer should seek to structurea program so as to have as few routines as possible that side-e�ect the state.� It is only sensible to spawn a process if it is likely to survive for a time which is longcompared to its setup time. Experiments where a compiler does its best to recognisewhich sets of subexpressions can be executed concurrently show there is surprisingly littlechance that substantial parallelism can be achieved in that way; some estimates suggestthat typical Lisp programs would be unlikely to make e�ective use of just ten processors.1



� The conclusion of all implementors of Lisp and ML compilers for parallel machines is thatthe programmer should design algorithms with concurrent execution in mind and giveexplicit advice about which parts of a program can be usefully mapped to processes. Acommon design decision is for the system to spawn processes only at places where the useradvises that multiple arguments to a function should be evaluated concurrently.� Most parallel Lisp and ML compilers have been implemented on shared memory multipro-cessors and really depend on this fact for their success. The rule-of-thumb that has beensuggested is that each process should run for some thousands of instructions to have a cost-e�ective existence. In many applications a programmer is likely to �nd many appropriatesituations.� In a distributed memory machine, each processor has its own memory and so the setupcost includes identifying (by following pointers) all relevant cells, copying these across anetwork, and initialising a new heap space with this data. The operation is something likea garbage collection so we would expect it to sometimes be most economical to simplycopy all of the heap space from one processor to another. In the distributed memory case,spawning processes is likely to be appropriate only if such processes last for some millionsof instructions, hardly a function call.Fujitsu AP1000 Cellular Array ProcessorThe AP1000 is a highly-parallel scalable computer with distributed memory. Each cell consistsof a SPARC CPU, a Weitek FPU, custom message controllers, and 16Mb of local memory. Ithas a front-end host Sun4/330 which connects to the cells. These in turn are connected by threeseparate high-speed networks - a 2D mesh-connection torus network, a broadcast network forone-to-n communications, and a synchronisation network. Typical sizes are 64, 128, 256, 512and 1024 cells.This new style of expensive machine is of the same class as the Thinking Machine Corpora-tion's CM-5, Intel's iPSC and Touchstone Delta. They share the common features of di�cultyof programming and paucity of software (beyond the C and Fortran compilers). The vanguardof applications are those based in the numerical analysis of scienti�c problems. In these applica-tions, processors are typically allocated to independent calculations or computations on a hunkof an array. Typical techniques are Monte Carlo simulation and Finite Element methods, justas employed on SIMD machines.Although MIMD machines exempli�ed by the AP1000 apparently have more scope for fastgeneral purpose computation, we must learn how to use them less for Physics problems andmore for AI (mathematics, knowledge, reasoning etc.).Language DesignFine grain concurrency, especially of the sort envisaged in graph reduction, is inappropriatewhere there is no shared memory. Because functions are closures, there will be potentially largeamounts of heap space that must be copied from one processor to another, even for quite shortexpression evaluations. We see very coarse grain parallelism as necessary for the combination ofdistributed memory machine and applicative language.It is expected that the programmer will carefully design algorithms with concurrency inmind and will take complete charge of the processes, both as syntactic objects and dynamically2



executing entities. Since we insist that the extensions to ML should retain the applicative 
avourof the standard language as much as possible, processes will take arguments and yield a result.The AP1000 style of architecture imposes considerable overheads on process creation, andthus we adopt a programming methodology that discourages the use of more processes thanthere are processors. The programmer should aim to create the required processes early in theexecution of a program and expect that they will last for a time that is long compared to theprocess startup time.In order that long-running processes can be used successfully, we must allow them to co-operate by passing information. In the case of the AP1000 this can only mean we providecommunication between processes by message passing or by distributed shared memory; cur-rently, we have chosen message-passing as the most e�cient system to implement.This design of the language is intended to support a two-level style of program structurewhere the top level is the initiation of `actors' that interact with each other by message passing.Within these top level processes, the programming should resemble that of whole ML programs,where I/O is replaced by message tra�c among the `actors'. Use of messages is certainly notreferentially transparent but the careful programmer can still structure each process in theapplicative style and write most component functions to be side-e�ect free.Based on these major design decisions, we present paraML, an extension of Standard MLthat we claim is suitable for programming the highly parallel computers of the future. TheAP1000 is a leading example, being a machine with many powerful processors, each with itsown large local memory. The major extensions to Standard ML are given below.Processes in ParaMLWe make changes to two areas of ML to accomodate our notions of processes. We add a new sortof declaration (ie process de�nition) and two new forms of expression - one to create a processinstance and one which gets the value computed by the process.Process De�nitionsThe ML code that is the abstracted form of a process is declared in a way that is very similar toa function de�nition. The di�erence is that the external view of a process must re
ect the factthat the process can receive messages on named channels. Thus the type of a process will havethe form similar to � ! � ! 
 where � is the type of the argument supplied, � is the type (arecord type) of the n-tuple of channels, and 
 is the type of the result of executing the processto completion. The complete syntax is given in Bailey [1] and a forthcoming manual, but thefollowing is the usual way in which a single process form is de�ned.declaration:define pdef (channel ch1, ch2, . . . chn) pat = exp;binding:val pdef = prd: `a->`b ->> `cpdef is bound to the process form described in the de�nition; it is an ML routine that takesan argument matching pat, that produces a result by evaluating exp and that receives messageson the channels ch1, ch2, etc. pdef is called the process de�nition identi�er. The words defineand channel are new reserved words for ML and ->> is a new type constructor that is used inexpressions for the types of process forms and process instances.3



Of course, some processes that we wish to de�ne will read no messages and so have no needof the channel list. However, this must be signi�ed, like the unit argument to functions. Thefollowing syntax is appropriate in this case.declaration:define pdef nochannels pat = exp;The indicator, nochannels, is a new reserved word. Finally, there may be several processde�nitions written in the same process form.declaration:define pdef (channel ch1, ch2, . . . chn) pat1 = exp1 |pdef (channel ch1, ch2, . . . chn) pat2 = exp2and pdef2 nochannels pat exp;Process CreationEach instance of a process is created in a create expression; the code associated with a processform is applied to the arguments supplied (which must, of course, be of the right type) and arunning process is then in existence until the expression in the selected clause yields a result. Thisnewly created process executes concurrently with the process containing the create expression.Although we introduce the notions with a simple, but very typical instance, the full syntax canprobably be inferred.create p = pdef exp1 in exp2 end;The syntax is intentionally close to that of local declarations, since the scope of the processidenti�er, p, is just exp2. pdef is a process de�nition identi�er and exp1 is the argument thatwill be bound to the formal parameter of the process program. After this binding, process pis active and executes concurrently with the evaluation of exp2 (called the body of the createexpression). The value that results from evaluating exp2 is deemed to be the value of this createexpression.Within its scope (exp2 in the above example), a process identi�er is taken to be of type �->> �, where � is the type of the channel record and � to be the type of the result.It is possible to initiate multiple processes in the one create expression as the followingexample indicates:-create p1 = pdef1 exp1and p2 = pdef2 exp2in exp3 end;Getting ResultsIn a create expression, the process identi�er's scope is the body (of the create expression) sothat it can be used to reference the result of the process (when that result is available), to sendmessages to the process and as a process descriptor that can be passed to other processes.There is a polymorphic operator called result which takes a process as its argument andyields the result that was produced by that process; result(p) will not return anything untilprocess p has terminated. 4



Message PassingThe way to send a message to another process is by invoking the prede�ned function send:send p #> c expIn this example, p is a process identi�er and c is one of the channel names of the processform of which p is a process instance. The construct p #> c has type � channel and for typeconsistency the message expression should have type �. The semantics of the expression isthat the object that exp evaluates to is sent on channel c to process p. The type of send is �channel ! �! unit. The sending process is not blocked The only possible exception that canbe generated by a send is where the process p has terminated. If process p does not have achannel c, then the error is detected by the type checker.The messages that are sent to a process on one of its channels are extracted from that channel(a message queue) by the prede�ned function get, an example of which follows:expression:get #<cresult: x: `aIn this case, c is a channel of the current process, the type of which must have been �channel. Both #> and #< are new operators, chosen to resemble the IO redirection of UNIX.An ExampleThe Sieve of Eratosthenes (SOE) is a classic problem with various solutions being algorithmsthat are capable of e�ciently using a large number of processors. In the solution below, wehave a pipeline of processes, each one of which takes care of the selection of one prime number.A sequence of all odd numbers which is fed into one end of the array, is �ltered as it passesalong, so that the sequence that goes to the nth process contains no multiple of any of the �rstn primes but contains all other members of the original sequence. When the sequence is reducedto nothing a message 
ows back the other way, gathering primes as it goes.val sieve (channel data:int) ()= let prime = get #<datain if prime =-1 then nilelse create s = sieve ()in let fun f -1 = send s#>data -1fun f dv = if dv mod prime <> -1then (send s#>data dv; f(get #<data))else f(get #<data)in f(get #<data);prime::(result s)endendend;The main program is the following function:5



fun soe(0) = nil |soe(1) = nil |soe(2) = [2] |soe(n) = create s = sieve ()in let fun genlist g = if g<= nthen (send s#>data g; genlist(g+2))else send s#>data -1in genlist(3);2::(result s)endend;MethodologyThere are a number of standard ways of structuring parallel programs, such as worker farms,space partition, data partition etc. We have coded examples of these to show that an applicationthat is amenable to solution by one of these strategies, can readily be written in paraML withoutthe programmer worrying about process creation and inter-process communication.There is insu�cient space available to properly discuss the various recipes, so the reader isasked to watch for a subsequent paper.ImplementationThe SML of New Jersey compiler was used as the starting point for the implementation ofparaML on the AP1000. It is incomplete at this stage although su�cient of the task is done tohave uncovered some interesting problems. These problems and their solutions are presented in[1] and will also be addressed in a forthcoming report.References[1] P. Bailey, \paraML a parallel extension of ML," B.Sc.(Hons) Thesis, Dept. Comp. Sci,Australian National Univ., (1991).[2] R. H. Halstead, \MultiLisp: A Language for Concurrent Symbolic Computation," ACMTransactions on Programming Languages and Systems 7, 4 (October 1985), 501{538.[3] M. C. Newey, \Towards a CAP Implementation of ML," Proceedings of 1990 CAP Workshop,Fujitsu, Kawasaki (Nov. 1990).
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