479Chapter 17Realizing the PABC machine

17.1Representing the PABCmachine components17.2Garbage collection on adistributed machine17.3The transputer processor17.4Representing PABC componentson transputers17.5Generating transputer code andperformance

This chapter discusses the concrete realization of the PABC machine.For this purpose one at least needs a good sequential code generator.Such a code generator can be developed using the techniques de-scribed in Part 4. First, Section 17.1 treats in general terms the manyadditional problems one has to solve when ’going parallel�. Suitablerepresentations of the different new PABC machine components aregiven. In particular, attention is given to the rather long list of run-timesupport that has to be offered on the concrete target machine in eitherhardware or software. Garbage collection on a distributed machine ar-chitecture is discussed separately (Section 17.2).The remaining part of this chapter treats the realization of thePABC machine on a specific machine, a 32 node transputer architec-ture. The transputer processor is explained in Section 17.3. A concreterepresentation of each of the PABC components on this processor isgiven (Section 17.4). Finally, the most important concrete aspects ofactual code generation are treated, including a discussion of the ob-tained performance (Section 17.5).17.1Representing the PABC machine componentsThe PABC machine has been specifically designed to be realized on aconcrete MIMD architecture in which each processor has its privatememory and processors are (sparsely) connected via some special com-munication network. This section briefly explains how each of thePABC machine components can be realized on concrete architectures.

480REALIZING THE PABC MACHINEThe most complex component of the PABC machine is clearly the ab-stract operating system. The PABC machine abstracts from a lot ofproblems for which a solution has to be found on a concrete architec-ture. So one not only has to provide facilities like lazy copying andcommunication between arbitrary processes and processors: one alsohas to take care of the collection of garbage that can now be distributedover the different processors and of the memory management for the al-location of the dynamically created stacks. Furthermore, the distributionof tasks has to be dealt with such that all processors are utilized in thebest possible way. All these activities have to be performed by the run-time system of the application in combination with the support offeredby the concrete operating system of the machine. The complexity of theconcrete run-time system therefore depends heavily on the facilities of-fered by the processor and the concrete operating system.17.1.1Representing the reducer componentsThe program store and the program counterEach processor in a distributed memory machine will need its own copyof the program in its private memory. The easiest way to accomplishthis is by copying the complete program to a particular location in thestore of each of the processors before the execution starts (static load-ing). Most concrete machines have instructions to support this. Anotherstrategy is to load precisely that part of the program into each memorythat is actually being used by the corresponding reducer (dynamicloading). This saves memory occupation but it may become an ineffi-cient strategy if process creation occurs very frequently and differentpieces of code have to be (re)loaded often. Also the addressing may be-come more complex, especially when the architecture has no facility tosupport dynamic loading.The program counter of an abstract PABC reducer can, of course,be directly represented by the program counter of the concrete processorthe reducer is running on.The A-stack, B-stack and C-stackBecause several reducers may run on one processor, several stacks haveto be allocated in memory instead of just three stacks as in the sequen-tial case. Furthermore, stacks are created dynamically when a new re-ducer is created. Consequently, the stack (frame) management is muchmore complicated than in the sequential case. In general, it is not knownin advance how large a stack a reducer needs. If (too) small stackframes are allocated initially, problems arise when the stacks becometoo large. If too big stacks are allocated initially, heap space is wasted.One solution is to use linked stacks, but then stack addressing becomes

REPRESENTING THE PABC MACHINE COMPONENTS 481more complicated. Another solution is to allocate small stacks initiallyand to reallocate these when necessary. In that case a new and largerstack frame is allocated in a contiguous piece of memory to which thecontents of the old one are copied. This copying seems to be a quite in-efficient solution, but it often works satisfactorily in practice. Normally,reducers only use small stacks and reallocations are not often needed.When a reducer dies, its stacks become garbage. They have to becollected such that the space they occupy can be reused. An obvious so-lution for this problem is to handle stacks as normal heap objects, suchthat their space can be reclaimed by an ordinary garbage collector.When stacks are incorporated into the heap one has the additional ad-vantage that no distinction has to be made between the amount of mem-ory available for stacks and the amount of memory available for graphs.This division can automatically be tuned at run-time. If stacks are allo-cated randomly in the heap (just as ordinary nodes) they will always becopied during a garbage collection when a copying or compactinggarbage collector is activated. To avoid this problem it is better to re-serve a special part of the heap to accommodate stack frames (whichmakes the heap management a bit more complicated).As discussed in Chapter 12, one can combine the stacks of a re-ducer in an actual implementation. Merging the B- and C-stacks is cer-tainly advisable for parallel environments. It makes the management ofstack frames easier and reduces the amount of boundary checks. Forgarbage collection it is convenient to keep a separate A-stack such thatpointers to nodes can easily be distinguished from other data.The N-queue and the waiting list registerThe implementation of an N-queue can be realized in the same way asthe implementation of stacks, e.g. as a special relocatable object in theheap space. For the waiting list register any free machine register ormemory location can be used.The graph storeA new aspect of the graph store is that one now has to deal with waitinglists and with defer attributes. Defer attributes can either be representedby a special indirection node (as suggested in the PABC machine) or bya tag in the node itself.Waiting lists are more problematic. The easiest way to representthem is by inserting an additional field in the fixed part of a node con-taining a pointer to the actual waiting lists. The waiting list itself can berepresented in the heap. Adding an additional field has the disadvantagethat all nodes become larger. This gives rise to increased memory con-sumption. However, in practice it is possible to (mis)use one of the ex-isting fields that is not being used when the waiting list has to be con-

482REALIZING THE PABC MACHINEstructed. For instance, it is possible to use one of the argument fields ofa node because a node with a waiting list is certainly being reduced andfor a node being reduced the original arguments have already beensaved on the stack.Another solution is not to use waiting lists at all. Instead, waitingreducers can execute a polling loop in which they examine whether thenode they are waiting for is updated or not. With clever schedulingscheme polling can be cheaper than a waiting list administration withexplicit reactivation of locked reducers (Van Groningen et al., 1992).The descriptor storeThe descriptor store can be treated in the same way as the programstore: a copy of (a part of) the store has to be loaded either statically ordynamically into each of the processor stores.17.1.2Operating system and communication processThe abstract parallel reducer instructions are effectively all handled bythe operating system located on the corresponding abstract processor.The operating systems communicate with each other via the communi-cation processes. In practice, the tasks performed by these abstractcomponents are realized by the run-time system of the program with thehelp of the concrete operating system running on top of the concretemachine. Furthermore, many other tasks which we have abstracted inthe PABC machine have to be performed by these systems.Process creation, scheduling and context switchingNot all kinds of processor have direct hardware support for process cre-ation, scheduling and context switching. In most cases additional soft-ware support is needed. The PABC machine instructions specify when acontext switch between processes is allowed. The scheduling has to befair. This means that the generated code must be such that contextswitches indeed take place regularly and that all reducers eventually willget a time slice. Some concrete processors (like, for example, the trans-puter) support an automatic context switch (consisting of a move ofmerely two pointers) on certain instructions (e.g. after each jump in-struction). This makes switching reasonably efficient. Other systems of-fer a possibility to raise interrupts at a specified time interval. When theinterrupt occurs it can be used by the interrupt handler to schedule an-other process. In that case one has to ensure that context switches onlytake place when the stores are in a consistent state and no critical ac-tions are being undertaken (e.g. garbage collection). A context switchcan then also be done rather efficiently, but special code is needed toprevent switching at unwanted moments. If the individual processors

REPRESENTING THE PABC MACHINE COMPONENTS 483are of a more conventional type (like Motorola�s) special code has to beinserted at certain places that forces a switch on a regular basis. Contextswitches are probably a bit more expensive in this way. Anyhow, everycontext switch will cause a certain amount of overhead for saving theold context and restoring a previous one. So on the one hand one shouldswitch regularly for fairness reasons and on the other hand one shouldnot switch unnecessarily to avoid wasting of CPU time.Communication between processorsThe PABC instructions require that any two processes located on arbi-trary processors can directly communicate with each other. In practice,the processors in a distributed memory architecture are only sparselyconnected in some network topology. Some systems provide the possi-bility for any two processors to communicate with each other even ifthere is no direct hardware link between them. Other systems only pro-vide communication between processors that have a direct link. In thatcase additional communication software (a router) is needed to providereliable and fast communications between arbitrary processors.Load balancingParallel reducers can be created on arbitrary processors. The operatingsystem is free to use any information to select such a processor. In orderto obtain ultimate performance the system should distribute the workevenly over the available processors. This distribution of work is calledload balancing. In an optimal balanced system all processors have anequal amount of work to do: they all have enough free memory whilethe communication overhead is minimal due to the fact that processeswhich communicate heavily with each other are ideally located.Load balancing is an important task of the operating system. How-ever, in general it is undecidable to determine an optimally balanceddistribution of tasks. To find a good approximation, ideally all proces-sors should always be kept completely informed about the status of thewhole machine. This is hard to realize on a distributed memory architec-ture without introducing an unacceptable amount of communicationoverhead. Therefore, in practice a suitable processor has to be chosenbased on only partial knowledge about the workload of other proces-sors. Neighbouring processors or processors with which communicationis already taking place are good candidates to obtain the above informa-tion without facing too much communication overhead.Process migrationIt is a waste of machine capacity if the load is not well distributed andsome processors have too little work or even nothing to do at all. Things

484REALIZING THE PABC MACHINEbecome problematic when processors have so much work to do thatthey are running short of memory space (even after garbage collectionhas been performed). In that case one either has to stop the whole ma-chine or one has to try to get the system in balance by transferring workfrom overloaded processors to other processors. Moving work effec-tively means moving a reducer by making a lazy copy of its graph. Thisis a delicate task since there is probably not much heap space on theoverloaded processors to prepare the lazy copy.Channels and global nodesA channel node refers to a global node located on a remote processor.Such a reference cannot simply be the address of that node on the re-mote machine. Global nodes are, like ordinary nodes, sometimes movedby the garbage collector. An indirection table on the remote machinecan be used to obtain a fixed address location. A channel node thenrefers to a fixed location in the table in which the varying address of theglobal node is stored. The table can also be used to store a referencecount (representing the number of channels pointing to the graph) usedfor global garbage collection (see next section).When a processor has to answer a request it must know to whichprocessor it has to send the graph such that the channel node on the re-questing reducer can be overwritten with the result. Clearly, channelnodes can be moved around by the garbage collector as well. Therefore,the address of a requested channel node has to be stored in an indirec-tion table as well.Lazy copyingA lazy copy of a graph must preserve the graph structure. One cannotsimply apply an algorithm like those often used by copying garbagecollectors: forwarding pointers (see Section 12.2) violate the originalgraph. Furthermore, garbage collection cannot be allowed during a lazycopy action: the garbage collector should not find the heap in an incon-sistent state. There are several possible solutions, each with their ownspace-time behaviour. An important aspect to keep in mind is thatgraphs to be copied are expected to be relatively small, since otherwisethe communication overhead would probably be too large.One solution uses pointer reversal to traverse the original graph inadvance to compute the size of the graph before copying starts. Next,the garbage collector is called (if necessary), directly followed by the(indivisible) copy action itself using forwarding addresses. Finally theoriginal graph is restored, again using pointer reversal to traverse it. Anadvantage of this algorithm is that it does not require more memory thanneeded to store the lazy copy itself. A disadvantage is that it requiresthree scans of the graph to be copied.

REPRESENTING THE PABC MACHINE COMPONENTS 485Another solution uses the end of the heap temporarily as a stack tokeep track of the original nodes. Whenever a node is encountered forthe first time during copying its address is pushed on this stack. Aftercopying has taken place the stack is traversed and all nodes encounteredare restored. Finally, the stack is removed. If the garbage collector hasto be called during copying the original graph must be restored in ad-vance (again using the stack at the end of the heap). The copy that hasbeen built so far has to be considered lost. After the garbage collectionhas been performed the copying must start all over again, increasing thecost of a copy action considerably (in the worst case it takes twice aslong). But this situation is not likely to happen very often.Sending of graphsSending a graph to another processor is usually realized as follows. Lo-cally a lazy copy of the graph is made, as explained above. This copy isprovided with relocation information. The copy cannot be sent awayimmediately. On the destination processor enough heap space must beavailable as well. This implies that first enough heap space on the re-mote processor has to be reserved. Further sending has to be suspendeduntil an acknowledgement has been received that the amount of mem-ory indeed could be reserved. Hereafter the graph can be sent away and,finally, when the graph arrives at the destination, all pointers in thegraph have to be adjusted using the relocation information.Deadlock detectionIt is possible to write functional programs that contain deadlock (seeChapter 14). It would be nice if deadlock could be detected by the sys-tem. This is certainly important in a multi-user environment where adeadlock blocks (a whole) part of the machine. Deadlock that involvesreducers located on one processor is not difficult to detect: one has tocheck whether locked reducers are mutually waiting on each other. Ofcourse, deadlock will be much harder to detect without considerablecommunication overhead when the reducers involved are located on dif-ferent processors.Input/outputThe treatment of I/O highly depends on the kind of I/O (file I/O, screenI/O) and the architecture of the concrete machine. In most concrete ar-chitectures only a few of the available processors will have a direct con-nection to secondary memory (disk) or to a video processor. Most of thetime only one processor offers such facilities, sometimes indirectly via aconnection with a host machine. This means that all I/O actions have tobe realized by sending messages across the communication network to

486REALIZING THE PABC MACHINEthis particular processor. I/O is therefore typically a facility offered bythe operating system of the concrete machine.17.2Garbage collection on a distributed machineIt is difficult to accomplish efficient garbage collection on a distributedmachine. The possibly cyclic graph is now distributed across the differ-ent processors. To determine whether or not a node has become garbagereferences to that node from other processors have to be taken into ac-count. One certainly would not like to stop the whole machine becauseone of its processors needs a garbage collection. Therefore, generallythe collection process is first split into a local part and a global part(Kingdon et al., 1991). The global garbage collection tries to determinewhich of the global nodes are garbage. The local garbage collectionbasically removes garbage locally, knowing which of its global nodesare garbage or not. Often for local and global garbage collection differ-ent techniques are combined. To recover all cyclic structures, informa-tion has to be passed from the local to the global collector and viceversa. There still does not exist a completely satisfactory solution to re-cover all distributed garbage efficiently.Local garbage collectionIn principle, local garbage collection can be done by using a standardcopying garbage collector/mark—scan technique (see Chapter 12). Eachof the non-garbage global nodes must now be regarded as a root of asubgraph that cannot be collected. The global nodes themselves are col-lected differently (see below).In a sequential implementation the garbage collector is only in-voked when a processor runs out of heap memory. In a parallel imple-mentation garbage collection needs to occur more regularly (for instancewith the help of a timer) even when there is enough local memory avail-able. Suppose a processor p1 holds a node n1 that contains a reference toa node n2 on another processor p2 and suppose that n2 is the root of alarge graph. At some point in time n1 may become garbage but p1 willnot discover this until it performs a local garbage collection. Conse-quently n2 will not be removed before this time either.In a parallel implementation it is very important that collectiontakes place as soon as possible. When a processor cannot reclaim itsheap space because it is unaware of the status of its global nodes, noneof its reducers can continue either and eventually the whole parallel ma-chine will get blocked. Furthermore, if a process has been created on anode that has become garbage (a garbage reducer), it has to be stoppedquickly because such a process is actively creating garbage, wasting theresources of the computer.

GARBAGE COLLECTION ON A DISTRIBUTED MACHINE 487Global garbage collectionFor garbage collection of global nodes a reference count garbage collec-tor has certain advantages over copying/mark—scan. With a referencecount collector a global node (and the possibly large subgraph with thisnode as root) can be collected locally as soon as its reference count be-comes zero. When a channel node containing a reference to a globalnode is collected by its local garbage collector, a message is sent to thecorresponding processor to decrement the reference count of the globalnode. When a channel node is copied or requested, a message is sent toincrease the global reference count. A disadvantage of reference count-ing is that it cannot reclaim cyclic structures (see Chapter 12).The straightforward implementation of global reference countingmay cause severe problems. When a decremental message arrives be-fore an incremental one it can result in removal of a global node that isnot garbage at all. This problem can be solved by a weighted referencecount algorithm (Bevan, 1987; Watson and Watson, 1987). The advan-tage of this algorithm is that only decremental messages are needed.Initially, a huge power of two is stored as reference count in both thechannel node and the corresponding global node. When a channel nodeis copied its reference count is divided by two. This new reference countis stored in the original channel node as well as in its copy. When thereference count drops down to one (which is not very likely to happenoften in practice) a new indirection node to the channel is created, againcontaining a huge power of two. When a channel node is deleted itsreference count is sent to the processor it is referring to, such that thereference count of the global node can be decremented by that number.When this reference count drops down to zero the global node has be-come garbage and it can be collected.Removal of cyclic structuresCyclic structures that are distributed over multiple processors cannot becollected when a reference count collector is being used. An option is touse a mark—scan collector (for the whole network, for all local andglobal nodes) as a secondary collector, solely to remove cyclic struc-tures when memory gets scarce in spite of local and global collecting at-tempts. For this purpose either a stop-and-collect or an on-the-fly col-lector can be used.Removal of garbage reducersTo check whether a reducer is a garbage reducer it is sufficient to checkwhether all the nodes the reducer has reserved have become garbage.

488REALIZING THE PABC MACHINE17.3The transputer processorA transputer is a processor with hardware support for concurrent pro-cessing. It has instructions to start and stop processes at two priorities.Low-priority processes are automatically time-sliced in a round robinfashion by means of a hardware scheduler. High-priority processes arenot time-sliced. Each transputer has four hardware links with which itcan be connected to four other transputers (Figure 17.1). Instructionsexist that enable a process to communicate with another process oversuch a link or with another process on the same transputer. Each trans-puter has some on-chip memory (static RAM) and a memory interfaceto connect it to at most 4 Gbyte of external memory. The access time ofthe static RAM is 3 to 5 times smaller than the access time of the exter-nal memory.a

wsppointeriptroperandOperandAregBregCAC

Ccontentswordlengthinstruc theloAll stacks are allocated in the heap and occupy one contiguous area

—D2).

jumpweighted reference count algorithm is implemented. So cyclic structuresdresses and a reference count. A stack is used for graph copyroutingdeadlock

Starvation tion the return address is stored in local 0. No stack checks are needed sievefastfourier times possible to combine PABC instructions to reduce the amountof communication between these processors. Furthermore, the initializa-localcollectionroutingload nfib17.3{Par}{P}{I}.