401Part 5Concurrency issues

Chapter 13Basic language conceptsChapter 14Parallel graph rewritingChapter 15Concurrent CleanChapter 16The parallel ABC machineChapter 17Realizing the PABC machine

402CONCURRENCY ISSUESFunctions written in a functional program have the advantage that theycan be evaluated in any order while the outcome of the computation re-mains the same. This property makes functional programs conceptuallyvery suited for concurrent (i.e. interleaved or parallel) evaluation.However, the exploitation of concurrency in functional programs isstill in its infancy. Automatic creation of parallelism such that a signifi-cant speed-up is obtained is not easy to realize. It is also not clear yetwhat kind of primitives should be given to a programmer for a high-level specification of the required process structure and behaviour. Sothis part of the book is of a rather experimental nature, due to the manyopen research questions and the rapid developments in this interestingand promising area. Nevertheless, we hope that we can give a good im-pression of the conceptual and practical possibilities of the concurrentevaluation of functional programs.a

For simplicity we shall assume that concurrency is specified by the programmer via special process annotations. The pre-sented annotations are especially designed to indicate the desired evaluation order for a multi-processor architecture where each processor isequipped with its own local memory. So functions (work) and construc-tors (data) have to be shipped from one local memory to another. Hencegraphs have to be copied from one processor to another. This is mod-elled by the concept of lazy copying which extends the standard graphrewriting model. The implementation of concurrent functional programson parallel architectures will be discussed via the same translation steps

In a program the program is split up into parts (tasks) thatare exerently, i.e. or in parallel with each other.Each task is evaluated by a separate process. Parallel processes rundifferent processors. Interleaved processes run on the same proces-sor. The result of a functional program is known to be independent ofthe chosen evaluation order (although one has to be a bit careful not tochange the termination behaviour of a program). So functional programs seem to be very suited for concurrent evaluation. Conceptually itis indeed possible to evaluate functions interleaved or even in parallelwith each other. By using mutual recursion arbitrary dependencies between these functions can be specified, thus creating a way to definearbitrary networks of processes (reducers). Comcation and syn-chronization between the processes are realized usingthe lazy evaluation principle. Communication takes place when a pro-cess demands a value that is being calculated by another process. NoWhen concurrent evaluation is used to gain efficiency one actuallywould like to have an analyser that automatically marks expresthat can safely be executed in parallel. A strictness analyser can beused for this purpose. But one often also needs to know whether paral-lel evaluation of expressions is worthwhile. With the creation of eachtask a certain amount of overhead is involved, depending on the number of processes created and the amount of communication that takesplace between them. One can only gain efficiency when a sufficientlylarge amount of work is assigned to a process which involves inter-process communication for the exchange of information. Theamount of work performed by a process and the amount of interprocess communication that is needed to do the work is of course un decidable. The actual overhead will also depend on the concrete ma-chine architecture the program is running on. How to split up work efficiently is therefore very problem- and machine-dependent and oftendifficult to solve, even for a human being. To make things easier, weassume from now on that the programmer has to define the concurrentbehaviour of the functional program explicitly, either in order to achievea certain desired concurrent structure or to achieve a faster program.Furthermore, we assume that concurrent functional programs at leasthave to run conveniently on a widely available class of parallel machinetures: multiple instruction—multiple data machines with adistributed memory architecture. Such a machine can consist ofhundreds or even thousands of more or less conventional processorsIn spite of the conceptual possibilities, concurrent functional pro- is still in its infancy. At the moment, none of the commerciallyavailable functional languages supports concurrent programming. However, in several experimental languages concurrency primitives havebeen proposed in the form of annotations or special functions (Kluge,1983; Goguen et al., 1986; Hudak and Smith, 1986; Burton, 1987;Glauert et al., 1987; Vree and Hartel, 1988; Van Eekelen et al., 1991;lington et al., 1991). With these primitives the default evaluationorder of an ordinary functional program can be changed such that acurrent functional program is obtained. However, there is not yet amon view on which kinds of primitives are handy or definitelyThis chapter therefore does not reflect way to achieve concur-rency, but it presents one of the methods to define concurrency. In thesented method the concurrent behaviour of a program is defined bymeans of special high-level concurrency annotations with an associtype system. By combining the use of higher order functions with thetype system it is possible to specify a very large class of process strucThis chapter first gives a brief introduction on concurrency in gen-eral and concurrency in the context of functional languages (Section13.1). Then the annotations and the type system are introduced in a Miranda-like syntax (Section 13.2). Section 13.3 shows some more elaborate examples of concurrent functional programs. Section 13.4 discusses the advantages and the disadvantages of the functional concur-rency primitives that are used in this chapter.A concurrent program is a program in which parts of the program(called processes) are running , i.e. interleaved or in with each other. An algorithm that is to be executed is called a. Each task involves a certain amount of work. In a concurrent program the task to be performed is split up into subtasks. Each subtask issigned to a process. Parallel processes are processes that performtheir task at the time. Interleaved processes perform their taskTo obtain efficiency: concurrent programs are used to decrease thetime needed to accomplish the complete program task by assubtasks to parallel executing processes. Of course, one needs amulti-processor machine architecture for the execution of theseTo structure software: some programs are logically composed ofcomponents that perform subtasks concurrently (take for instancethe components of an operating system). These subtasks can runterleaved on a single processor machine or in parallel on a multiTo program parallel hardware such as a system that consists ofautonomous components that interact with each other, e.g. a multiprocessor architecture or a system configuration consisting of aThe design and implementation of concurrent programs are a diffi-cult job for a human being. One not only has to decide which subtasksare to be assigned to processes, but one also has to de and whenthe corresponding processes have to communicate with each other. Theinteraction between the processes must be programmed in such a waythat at any moment any communication with another process is handledin the intended manner. In general, special language facilities or systemcalls are available that define the creation of processes with their tasks.Also, primitives are needed to enable the control over communicationWhen concurrent programming is used to structure software or toprogram parallel hardware the design of the concurrent program issubstantially determined by the subtasks that need to be performed bythe separate components in the system. Such a program can becomecomplex when there are many tasks created that heavily depend on eachother. For a human being it is very difficult to think of all the possiWhen concurrent programming is used to obtain a more efficient program the subtasks performed by a program must be assigned to parallel executing processes in such a way that they indeed increase the effi-ciency. But with each process created and each communication thattually only be obtained when the subtask that has been assigned to aparallel process represents a sufficiently large amount of work. The ad-ditional overhead needed for process creation and inter-process com-munication should be low. The problem is now how to tune the numberof processes and the kind and size of the tasks such that an optimal gainOne can split up a program into subtasks in which a relatively smallamount of work is performed. In general, a lot of this fine-grain paral can be found in a program. It is even often possible to find manyof these fine grains automatically. For example, the strict arguments of afunction can safely be evaluated in parallel. Efficiency gain can only beachieved with tiny tasks if there is almost no overhead penalty for thecreation of these tasks on the underlying architecture. However, in real-ity it may well be the case that the additional overhead needed to createthese tiny subtasks becomes larger than the speed gained by evaluatingthem in parallel. The reason for this is that the overhead costs are gener-pendent on the number of tasksAn efficiency gain can be obtained when it is possible to split up aprogram into subtasks that consist of a relatively large amount of workwith only limited communication between the tasks. But, in general,only a limited amount of this coarse-grain parallelism can be found.Besides the knowledge that it is safe to fork off a task one also has totake the complexity of a task and the amount of communication be-tween tasks into account. These last two entities are in general undecid-able. Furthermore, it is even for a human being often rather difficult tofind a suitable coarse-grain partitioning of a program. It generallymeans that one has to redesign the algorithm. When not enough coarsegrain parallelism can be found or created the capacity of a parallel ma-The optimal tuning of a program will not only depend on the problemone has to solve but will also depend heavily on the concrete architec-ture of the parallel machine that is actually being used. There are singleinstruction—multiple data (SIMD) machines and multiple instruction—multiple data (MIMD) machines. In an SIMD machine a very largenumber (say, thousands) of tiny processors all execute the same instruction at the time, albeit on different data. They are especially suited to performing the same type of calculation on a large data structure(array or vector processing). In an MIMD machine there are fewer (say,nary� processors working independently. These architectures are generally more suited for executing concurrent functional pro-grams. There are MIMD architectures with shared memory and with

In a shared memory architecture (Figure 13.1) all processesshare the same memory via a communication device such as a bus or aspecial network switch. Shared memory architectures have the advantage that all processes can communicate with each other via global data.This makes creation of processes and inter-process communicationcheap. The status of each processor can also be inspected relatively easily by the operating system of the machine. As a consequence, the distribution of work between the processors can also be controlled relatively easily. A shared memory architecture is therefore best suited forautomatic creation of parallelism. A disadvantage of such an arture is that there are two bottlenecks, one formed by the communicationnetwork and one formed by the shared memory: generally only oneory access is possible at the same time. So only a certain limitednumber of processors (say, tens of processors with current technol

In a distributed memory architecture (Figure 13.2) each proces-sor has its own local memory. Processors are (sparsely) connected via some special communication network. In a distributed architecture gen-erally not all processors are directly connected to each other. A fullyconnected network would be too complex and too expensive. An important property of distributed architectures is that for each processor it ismore efficient to access objects located in its own local memory than toDistributed memory architectures have the disadvantage that allsors must communicate with each other via a message-passingnism that uses the communication network. Information has to becopied from one processor memory to another. This makes process cre-ation and inter-process communication relatively expensive. Generally,it is also very expensive to get an overall overview of the status of sucha machine. As a consequence, the distribution of work between the pro-cessors is harder to control. Furthermore, garbage collection is difficultto realize. However, the advantage of a distributed architecture is thatthe network is only used for global memory access but not for localmemory access. So the bottleneck formed by the communication network is not so serious when local memory access happens frequentlycompared with global memory access. With a suitable network topolgenerally hundreds of processors can be connected to each other in suchWhen concurrency is used to speed up execution the actual speed-upone can obtain is highly dependent on the algorithm being used, thenumber and the kind of subtasks that are created and the actual multi-processor architecture the program is running on. How to split up workficiently is an undecidable problem. It is often even difficult for a hu-man being to find an acceptable solution. Even when concurrency isused to structure software it is often very hard for a human being toSo an automatic partitioning of a program in concurrently exe-cutable parts seems not to be realistic yet. Therefore, we assume that theprogrammer explicitly has to define the concurrent behaviour of thefunctional program, either to achieve a certain desired concurrentstructure (which cannot be achieved automatically anyway) or toachieve a faster program (which can only be achieved automatically un-der certain conditions). For this purpose one needs special languageconstructs for expressing the desired concurrent behaviour. One basicapproach to express concurrence in imperative languages can be foundin Hoare (1978). Furthermore, we assume that concurrent functionalgrams at least have to run conveniently on MIMD machines with adistributed memory architecture. They are widely available and gener

Imperative programming languages have the disadvantage that one can-not always assign an arbitrary subtask (such as a procedure call) to aprocess. A procedure call can have side-effects via access to globalvariables (see Chapter 1). When such a procedure is executed concur-rently, the correctness of the program is no longer guaranteed. Further-more, inter-process communication has to be defined explicitly. All pos-sible communication situations have to be handled. Programs tend toIn a concurrent functional program a task assigned to a process consistsof the evaluation of a function. Any function (redex) can be assigned toa process. Since there are no side-effects, the outcome of the computa-tion, the normal form, is independent of the chosen evaluation order. Interleaved as well as parallel evaluation of redexes is allowed. Communication between the processes takes place implicitly, simply when oneprocess (function) needs the result calculated by another. No addiprimitives for process communication are needed. Reasoning about theconcurrent algorithm is for most properties similar to reasoning aboutThe fact that the evaluation order cannot influence the outcome ofa computation also gives additional flexibility and for theevaluation of functional programs on parallel architectures. When aprocessor becomes defective or when it is overloaded with work it is inprinciple possible to change the evaluation order and the number ofBesides the advantages mentioned above, the programmer of con-current functional programs has the full power of a functional languageat his or her disposal. This means that the general advantages of func-Concurrent functional programming means that the programmer explicitly defines how the concurrent evaluation of the program must takeplace. As a consequence, a program in a functional language can nolonger be regarded as an executable specification. How expressions areActually, already for ordinary lazy functional programs there aresituations in which a programmer cannot be totally unaware of the eval-uation order of his or her program. For instance, patterns specified on aleft-hand side of a function definition force evaluation. Whether or not afunction can be called with an argument representing an intation will depend on how the function is defined. Furthermore, most functional languages have facilities to influence the default evaluationorder: LML (Augustsson, 1984), Miranda (Turner, 1985), Haskell(Hudak et al., 1992) and Clean (Brus et al., 1987). When these facilitiesare used one also has to be aware of how and when certain expresare evaluated. So although functional languages focus on a declarativestyle of programming there are some points where this goal is not to-In concurrent functional programming the programmer has to beeven more aware of the evaluation order. This actually means that theevaluation order becomes part of the specification. However, when ational program is compiled many transformations are needed tomap the high-level specification efficiently onto the low-level instruc-tion set of the machine. As a consequence, it is very hard to predict inwhich order arbitrary expressions are being evaluated. So the toolsgiven to a programmer should make it possible to specify the reductionorder in such a way that the desired concurrent behaviour becomes clearSuppose that one would like to increase the execution speed of theSince both arguments of the addition have to be calculated before theaddition can take place one could try to optimize the performance bycalculating the two recursive calls of fib in parallel, each on a differentprocessor. This is a typical example of divide-and-conquer We assume that one can create a parallel process for the reduction of afunction application by prefixing the application with a special annota-tion: {Par}. A process created with a {Par} has as task to evaluate the an-notated function in parallelnormal form. With this annotation the de-

The use of {Par} in such a recursive function definition creates a newprocess for each annotated function application in each call of the func-tion. In this way a tree of processes is created. The bottom of the treeconsists of processes that execute the non-recursive alternative of the

Figure 13.3Snapshot of a tree of processes computing fib 5; the arrowsindicate the direction of the flow of information between theIt will often not be worthwhile to evaluate fib n in parallel in such a way.To turn the parallelism into coarse-grain parallelism, athreshold is introduced that ensures that the processes at the bottom of

The {Par} annotation can be used in the body (the right-hand side) of anyfunction definition. In order to keep the semantic description of the annotation as simple as possible, {Par} is only defined for an argumentthat is a function application of the form f a1 a2 � an. The {Par} annota-tion is not defined on ZF-expressions and the like. This is of course notWhen a function with a {Par} annotation in its body is evaluated bya process (the parent process) the following action is taken. For eachPar-annotated function application {Par} f a1 a2 � an specified in thebody of the function a new process is created (a child process). Thischild process preferably runs in parallel on a different processor, withas task the evaluation of f a1 a2 ... an to normal form. If the child processfor one reason or another cannot be created on another processor it is al-lowed to create it on the same processor as the parent process. Parallelprocesses are usually created to perform a substantial task. Therefore, atask performs the reduction of the incated expression to normal formand not just to head normal form. When the child processes have beencreated the parent process continues as usual with the regular evaluationof the function body. Consequently, the creation of parallel processesIn the solutions presented so far processes have not been used in an op-timal way. The parent process did not do much useful work because itThe intention in the fib example above is that the first argument is reduced onfied, the first argument will be calculated by the parent process and thesecond one by another parallel process. However, the solution assumes thatthe parent process directly continues with the evaluation of the first arguIn reality, this may not be the case. If the parent process happens to start withthe calculation of the second argument first, it waits until the child process hascommunicated the result, after which the parent process can evaluate the firstargument. So although the specification is fulfilled, the desired parallel effect

The problem illustrated in the example arose because the programmerhad made some (possibly wrong) assumptions on the precise evaluaorder of the program (in the case above this concerned in particular theorder of evaluation of the strict arguments of -rules). It is generallyvery dangerous to make any assumptions on the evaluation order.Therefore, we have chosen to be very about the evaluation orderwhen processes are created. A new annotation is introduced that createsan executing child process on the same processor as the par-Divide-and-conquer Fibonacci with parent processor (not the parent process)

Figure 13.5Tree of processes for fib; the left branch is computed on theThe {Self} annotation can be used like a {Par}: in the body (the righthand side) of any function definition. When a function with {Self} anno-tations in its body is evaluated by the parent process the following ac-tion is performed. For each self-annotated function application f a1 a2 � an a new process is created as a subprocess. This childprocess runs interleaved on the processor as the parent processIn many cases a better utilization of the machine capacity can beachieved when a subprocess is created on the same processor as the par-ent process. Furthermore, the {Self} annotation is in particular handy tocreate channel processes. When several processes demand informationfrom a particular process, it is useful to create a (channel) subprocess

In the sequential case, when a value is needed, it is evaluated by thecess itself. In the concurrent case such a value can be evaluated byanother process, possibly on another processor. Clearly, the only sensible thing to do for a demanding process is to wait until the needed valuebecomes available. However, for efficiency it is important that a demanding process can continue as soon as possible. Such a processshould not wait until the whole normal form has been calculated. Assoon as part of it is known it can be communicated. This prompt com-munication of information can be compared with the way the result ofan ordinary program is printed. So communication can take place assoon as a head normal form is reached. That part of the result which isstill under evaluation will be communicated later when it becomesneeded as well. So communication is defined implicitly by making useof the lazy evaluation order. This way of communication can be used toA communication stream between processes (Figure 13.6). The function

Figure 13.6Simple pipeline between the processes map and generaWhen the parent process needs a value of the child process and the child process has produced a head normal form, the requested information is communicated to the parent process. That part which is still under evaluation will becommunicated later when there is a demand for it. In this way the generatorAn advantage of functional languages is that it is relatively easy to de-fine general tools for the creation of parallelism by using annotationslike {Par} in combination with the ordinary expressive power of higher

Divide-and-conquer parallelism can be expressed in a general way using

With higher order functions general skeletons can be defined tocreate frequently occurring process structures (this is essentially difent from the process skeletons in Darlington et al. (1991), which are in-herently predefined). Often parallel variants of the basic building blocksA parallel version of map implementing vector-like processing: it creates a

A process can create one or more subprocesses with the {Self} con-struct. These subprocesses (running interleaved on the same procan be used to serve communication channels with other proEach communication link of a process has to be served by a separatesubprocess that reduces the demanded information to normal form. Aprocess with its subprocesses in a functional language acts more or lesslike a process with its channels in a message-passing language like CSP(Hoare, 1978). Serving subprocesses is like sending information over aIn the following parallel version of the quicksort algorithm (see also Chapter2) two child processes are created when the list to be sorted contains morethan threshold elements (this is checked by the predicate that avoids walking down the complete list). Each child process sorts a sublist.The parent process will supply the appropriate sublist to each of its child processes. The parent process can perform both these tasks �simultaneously� with

In the examples shown so far, processes only locally appeared in thefunction body. Complex process topologies can be specified more ele-gantly if processes can be passed as arguments to functions or returnedas function results. The consistent use of processes can be checked bythe compiler. Furthermore, for code generation it can be important toknow that an expression will be (or has been) evaluated by a process. Soa special type attribute {proc} is introduced. This type attribute indiWhen an expression is in process normal form PNF) it will,when its evaluation is demanded, either be in normal form or it will bereduced to normal form by one or more processes. The PNF property isin general undecidable. However, it is possible to introduce a type sys-tem to achieve a decidable approximation of the PNF property (to be in PNF). Clearly, an expression annotated with a annotationor a {Self} annotation is known to be in PNF since a process is created toduce it to normal form. There are more cases in which expressions areknown to be in PNF. A complete survey of these cases is given below.In the following we shall use in PNF instead of known to be in PNFAn expression has type {proc} T when it is of type T and in PNF.This type can be used in the type definition of a function. An expressionIn the function npipe the newly created parallel process will be evaluating afunction applied on an argument evaluated by another process. Due to the

A type inferencer can derive that an argument of a function has aprocess type. However, in many cases the programmer wants to be morerestrictive, indicating process types explicitly. A type can thencheck the consistency of the type attributes and assign process types tosubexpressions of function definitions accordingly. For reasons of sim-plicity it is assumed that these actions are performed after the normalThe following expressions are known to be in PNF and therefore aan argument of a function if on the corresponding position in thetype definition a process type is specified and a result of a functionif on the corresponding position in the type definition a processexpressions of the form C a1 a2 � an, where is a constructor ofarguments of an expression that has a process type and that is ofexpressions statically known to be in normal form, e.g. expresThe decomposition case reflects the property that when a process re-turns a complex value the information that a process is evaluating thisvalue should not be lost when an object contained in this complex valueAssume that g is of type [num]; then using the decomposition property x is ofWith the assigned process types the standard type substitutions andWhere a process type is specified but a process type cannot be as-

This definition of pipeline will be rejected since on the right-hand side in theapplication of npipe for gen no process type is assigned, while in the type defWhere a non-process type is specified but a process type is as-signed no error will occur. In that case the specified type is used insubstitutions and for unification (deprocessing). This deproing, however, does not exclude the possibility that process typesf ({Par} generator 3) has type num due to deprocessing. But, with the moreThe type system is such that in well-typed programs it is guaran-In this section two more elaborate examples of concurrent functionalgrams are given: the sieve of Eratosthenes computing prime num-bers and Warshall�s algorithm solving the shortest path problem. Thepose of the examples is to show that more complex process topolo-gies can be expressed elegantly with help of the presented annotationsand type attributes. It is not the intention to show how ultimate speed-The sieve of Eratosthenes (see also the sequential Clean version inChapter 8) is a classical example generating all prime numbers. In the parallel version a pipeline of processes is created. There is a process for. Those sieves hold the prime numbers in ascending order, onein each sieve. Each sieve accepts a stream of numbers as its input. ThoseIf an incoming number is not divisible by the local prime as well, it issent to the next in the pipeline. A newly created process ac-cepts the first incoming number as its own prime and returns this primeas result such that it can be printed. After that it starts sieving. A genera process is used to feed the first sieve in the pipeline with a stream

In the programs below two concurrent solutions for the sieve of Erthenes are given. In the first toy example only a fixed number (four) of processes is created. No more prime numbers can be found thanthe number of sieves created. So only four prime numbers will be found.The program shows very clearly that each sieve process is returning tworesults in a tuple: the prime number and a stream of numbers that is

The local selector function i, s) static_sieving selects objects being evaluated by a (parallel) process. So the argument si of a sieve is already under calculation by the previous sieving process. As explained in Section 13.2.5, aprocess type can be assigned to the sieve arguments. In this way the requiredIn the second more general solution as many sieves are created assary. Each time a new prime number is produced at the end of thepipeline a fresh sieve is created and the pipeline is extended. Each indiSieve with as many sieve processes as necessary in the pipeline (with theThe following algorithm is a parallel version of Warshall�s solution forGiven a graph consisting of N nodes and directed edges with a distance associated with each edge, the graph can be represented by an N * N matrix inwhich the element at the th row and jth column is equal to the distance fromnode i to node . Warshall�s shortest path algorithm is able to find the shortestA path from node to node k is said to contain a node if it can be split in twopaths, one from node j to node i and one from node i to node k ( and ik). Let) denote the length of the shortest path from node Define a matrix as follows: = SP ( j,,i) for some i. The finalshortest path matrix can be computed iteratively by varying from 0 to using the equations as described above. In the ith iteration it is considered forThe Warshall algorithm is an interesting algorithm to test the ex-ness of parallel languages (Augusteijn, 1985) since it requires aTo illustrate the algorithm it isapplied to the graph on the rightwith the corresponding matrixes

Observing the algorithm it can be concluded that during the eration all updating can be performed in parallel. It seems a good desion to create parallel processes: one for each row that updates its rowduring each iteration step. In the th iteration all the parallel processesneed to have access to row as well as to their own row. This can beachieved by letting parallel process distribute its own row as soon asthe th iteration starts. At the end of the distributed computation the

Initially, a parallel process rowproc is created for each row of thematrix. Before performs its th iteration it distributes its ownrow to the other rowprocs. This is done in a cyclic pipeline, i.e. sends its own row to via rowproci+1, � , rowprocj—1 and It is rather difficult to express this distributing, updating and iterating in a parallel functional language. The cyclic process structure is cre-ated via a recursive local definition of a pair with as first element the fi-nal solution and as second element the output that will be produced by

Writing concurrent programs is in general a much more difficult taskthan writing ordinary sequential programs. Writing concurrent programsin a functional language instead of in an imperative language has certainWith only two annotations, one for the creation of parallel processes and one for the creation of interleaved processes, already verycomplicated concurrent programs can be specified in an elegant andreadable way using the associated type system. Processes can be createddynamically. For the communication between processes no additionalprimitives are needed. Communication is demand driven: whenever aprocess needs information from another process the information iscommunicated as soon as it is available. Flexible and powerful tools forthe construction of frequently occurring process topologies can be de-fined using the expressive power of functional languages. Concurrentfunctional programs can be executed on any processor configuration, inparallel or just sequentially. In principle, the programmer can start withwriting an ordinary sequential program. When this program is finishedhe or she can turn this program into a parallel version by creating pro-Of course, many problems remain that are connected with concurrent programming in general. Sometimes it is very difficult to tell whichfunction application really is worthwhile to be evaluated in parallel. Inthe worst case, the program has to be fully rewritten simply because thechosen algorithm is not suited for parallel evaluation at all. So one can-not expect a real speed-up when the chosen algorithm is not suited forIt is possible to write complicated concurrent functional programswith the proposed language extensions, but there are still many things tobe desired. With explicit use of sharing, e.g. in graph rewriting systems,it would be not only possible to specify cyclic structures explicitly, butit would also be possible to specify process topologies directly. Besides,for some applications one would like to have the possibility of creating processes that reduce to head normal form or to spine normal form in-stead of to normal form. Furthermore, it should be possible to assign acess to a specific concrete processor. With such a facility aconcurrent program can be optimally tuned to the available parallel ar-chitecture. For certain applications one would also like to have bettercontrol of the kind of information that is passed from one process(or) toanother. One would like to ship not only data but also work (redexes).The control of the amount of information that is communicated and themoment at which this happens (synchronous, asynchronous, blocked)To tackle the problems and desires mentioned above it is necessaryA functional program can be turned into a concurrent functionalprogram with help of a {Par} annotation (for the creation of parallelprocesses) and a {Self} annotation (for the creation of interFor the communication between processes no special primitivesare needed since due to the lazy evaluation scheme process com-A process can communicate with several other processes at thesame time using subprocesses that run interleaved In the type specifications of the function definitions the promer can explicitly indicate that certain subexpressions of the pro-gram will be evaluated by a process. In this way complex processWith the proposed primitives and the use of higher order functionsand function composition complex concurrent programs can be ex-pressed elegantly. Divide-and-conquer parallelism can be speci-fied, but also more complicated process topologies such as aConcurrent functional programming is still in its infancy. Manyother language constructs for special forms of concurrency areFor a better understanding of the possibilities, limits and properof concurrent functional programming the underlying comtional model of graph rewriting has to be extended to a parallel

Give a sequential definition of fib n that has a linear complexitywith respect to n. Discuss the differences in efficiency compared Write a Miranda function that computes the determinant of a ma-trix. Use this function to compute the inverse of a matrix using themethod of Cramer. Use {Par} and to construct a parallel pro-gram. Let the main process compute the determinant of the matrix.Each element of the inverse matrix is computed by a parallel pro-Write a function that computes the n queens problem (see Exercise2.5) in parallel using a divide-and-conquer approach. The function