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Horizons of Parallel Computation�Gianfranco Bilardiyand Franco P. PreparatazMay 28, 1993AbstractThis paper considers the ultimate impact of fundamental physi-cal limitations|notably, speed of light and device size|on parallelcomputing machines. Although we fully expect an innovative andvery gradual evolution to the limiting situation, we take here theprovocative view of exploring the consequences of the accomplishedattainment of the physical bounds. The main result is that scala-bility holds only for neighborly interconnections, such as the squaremesh, of bounded-size synchronous modules, presumably of the area-universal type. We also discuss the ultimate infeasibility of latency-hiding, the violation of intuitive maximal speedups, and the emergingnovel processor-time tradeo�s.1 IntroductionParallel computation has been for some time a hot topic for computer sci-ence research. The extraordinary technological advances|globally referred�A preliminary version of this paper appeared in the Proceedings of the Symposiumfor the 25th Anniversary of INRIA, Springer-Verlag LNCS 653, pp. 155-174; December,1992.yDipartimento di Elettronica ed Informatica, Universit�a di Padova, Via Gradenigo 6/A,35131 Padova, Italy. This author's work was supported in part by the Italian NationalResearch Council and the Italian Ministry of University and Research.zDepartment of Computer Science, Brown University, Providence, RI 02912-1910. Thisauthor's work was supported in part by NSF Grant CCR91-96152 and by ONR ContractN00014-91-J-4052, ARPA order 8225. 1



to as VLSI|which occurred over the last �fteen years exhibit the capabilityto enable what was previously the object of mainly academic speculation.Despite the enabling technology, there is wide consensus, eloquently and au-thoritatively expressed [S86, V90a, V90b], that parallel computation has notenjoyed to this day the development that was to be reasonably expected,notwithstanding some remarkable realizations (see, e.g., [Be92]) that haveappeared in the last few years. A major reason for this failed expectationhas been convincingly identi�ed [V90a] in the lack of an agreed-upon modelof parallel computation, one that would unleash the independent develop-ment of hardware and software, the key feature of the extraordinary successof the von Neumann serial computer. Such model would be the \bridge"between a growing library of programs and an evolving variety of machinesconforming with it. In its absence, largely di�erent interconnection structuresresult in largely diverse programming styles: indeed, the recently marketedsystems|comprising hypercubes, CCC-variants, fat trees, meshes, toruses,ring-of-trees, etc.|o�er a substantially varied spectrum of solutions.This paper, however, does not confront this important issue directly. Ourpresent outlook is of a di�erent nature, the focus being on how physicallimitaitons are likely to constrain the structure of very large computers. Theconnection to the theme of the model is supplied by the observation thatthe physical constraints can play an important role in identifying|almostforcing it on us|the most appropriate model.The unrelenting progress of computing technology over the past half-century is frequently expressed by sentences whose syntax is: parameter \so-and-so" has been improved by \so-large-a" factor every \so many" years.Such sentences naturally encourage the view of unbounded technologicalprogress. The repercussion of this outlook upon the theory of computingmachines is something we may dub the \topological view." In the topolog-ical view, a system is a directed graph, i.e., an interconnection of sites (bethey devices, modules, subsystems, etc.), so that communication between ad-jacent sites occurs with �xed delay (or, for that matter, instantaneously, if the�xed communication delay is interpreted as some kind of set-up time at thesite). This view is commonly, although not felicitously, denoted \synchronousmodel", reference being made to the assumption that changes of state occurin synchrony with some sort of clocking mechanism. Perhaps the quali�er\topological" could be more appropriate for the following reason: topology (inour context, simply a directed graph) will always be implemented as a geom-2



etry (in our context, a laid-out assembly of wires and physical devices). Thesynchronous model corresponds to the assumption that timing of operationsdepends only upon the topology of the system and is independent of its real-izing geometry (that is, it takes constant time to transmit through an edgeregardless of its layout length). This view was naturally elicited by the earlygenerations of computing systems, encompassed by the following eloquentcharacterization by Vitanyi [Vi86]: \a wire had magical properties of trans-mitting \instantly" from one place to another." It must be recognized thatthe synchronous model has been the basis of a number of signi�cant resultson size-time trade-o�s, simulations between di�erent topologies, achievablespeed-ups, latency-hiding mechanisms, which adequately express its algorith-mic capabilities. It must also be understood that to some extent, through theclever deployment of a careful mix of technologies and architectural tricks,this view is supported by current computer engineering.Nevertheless, any buildable machine will consist of physical componentsand thus will be subject to the laws (and limitations) of physics. Some ofthese limitations are of an absolute nature (�niteness of the speed of lightand layout in ordinary space), others are related to material science as weknow it today. These constitute ultimate bounds to what is achievable, forwhat we know. We fully realize that the road towards these bounds will notend catastrophically, but will be more like a gradual evolution tempered byengineering insights. However, in this paper we take the provocative outlookof considering a technology for which these limitations are fully operativeand with which arbitrarily large machines are to be built. Thus, we radicallyseparate topological and geometric structures. The illustrated consequencesare admittedly projected in the future, but involve principles that are lurkingand must ultimately be reckoned with.Several of the considerations and suggestions presented here do not en-tirely originate with this paper. They are an outgrowth of an intellectualclimate to which an entire community of researchers has contributed overthe years through both scholarly work and machine design. The pioneeringwork of Chazelle and Monier [CM85] raised severe objections to the syn-chronous hypothesis, and unequivocally pointed to the goal of laying \thefoundation of a general theory of physical computability," which is also thefocus of this paper. Vitanyi [Vi88] established lower bounds to wire lengths interm of network diameter under very liberal assumptions, and suggested that\mesh-connected architectures may be the ultimate solution for interconnect-3



ing the extremely large computer complexes of the future," a conclusion fullyendorsed by this paper. Quite recently Feldman and Shapiro [FS92], alight-ing from fundamental physical constraints, propose as a realistic model ofparallel computation a 3D-mesh-interconnection dubbed \spatial machine."Further developing these threads, in this paper we analyze how funda-mental physical limitations appear to naturally lead to a scalable parallelcomputing structure in the form of a spatial mesh. Once the mesh is acceptedas the candidate interconnection for large computing machines in the limit-ing technology, we shall recognize the spontaneous emergency of parallelism(i.e., the desirability of a �xed processor/memory ratio), the disappearance oftraditional space-time trade-o�s, the ultimate infeasibility of latency-hidingmechanism, and the attainability of unintuitive speed-ups through the opti-mal exploitation of data locality.2 Fundamental LimitationsAlthough it is very fruitful and appropriate to think of a computation as of anabstract process involving precisely de�ned mathematical objects|as, for ex-ample, the constituents of the Turing machine model|one should never losesight of the fact that any concrete implementation of that process involvesthe utilization of physical phenomena. The physical reality will ultimatelydetermine what can be accomplished by means of computing machines.One may see that the present situation is vaguely reminiscent of the di-chotomy between classical and modern views that characterized physics inthe early part of this century: on one hand the inducement into inde�nitelyextrapolating common experience, on the other the awareness of limitationsthat alter the common-sense intuition of reality. When clock rates are ofthe order of 1 millisecond, it is natural to view as instantaneous the signalpropagation on a wire; when a transistor area is of the order of square mil-limeters, it is natural to view a size reduction by a factor of two as a desirabletechnological improvement not a�ecting the functionality of the device.Both views have become shakier under the relentless technological progressthat occurred in the past decade. The pillars of the revolution that usheredmodern physics|relativity theory and quantummechanics|become increas-ingly relevant to the structure of computing machines, by exhibiting somehard limitations to what is ultimately physically realizable. We shall now4



discuss these limitations.1. Speed-of-light limitation. This is the crucial most fundamentalconstraint. Speed of light is �nite, and this fact is already quite relevant tocomputing systems. This relevance is striking when one considers that theduration of 1ns is already \long" for today's technology, and that in 1nslight travels a bare 30cm. Although signal propagation on electric conduc-tors is frequently governed by slower processes (such as charging or discharg-ing a capacitive load) [MC80, BPP82, CM85], we shall assume that signaltransmission time is proportional to the length of the connection, which, forsu�ciently long wires [BPP82], is the best achievable performance.2. Size limitation. It is reasonable to make reference to a �xed technol-ogy, characterized by a minimum attainable value of the \feature" [MC80] ofan integrated circuit. This, of course, does not naively mean the preclusionof technological improvements (reductions of feature size) that are bound tooccur in the near future; our assumption is that forthcoming technologicaladvances will ultimately lead to a situation where the same down-scalingmechanisms will no longer work. The debate is open [BL85] on the mini-mum size of a digital device or on the minimum energy required by a logicaloperation. Although no de�nitive answer appears forthcoming, there is aconsensus that a bounded volume can only store a bounded number of bits.This enables our assumption that there exists a minimum size for a digitaldevice (in other words, down-scaling is not endless).3. Degree-boundedness. The topology of any digital network is adirected graph with bounded indegree and outdegree. This corresponds toassume the use of digital gates with bounded fan-in and fan-out, which is awell-known requirement if one wishes to use gates with basically homogeneousperformance.4. Planar layout. Although this is not a prescription dictated by anyfundamental law, it is reasonable to assume that a digital computing systembe physically realized by laying out its constituents on a surface. In a sense,this corresponds to the current common practice of printed-circuit-board as-sembly of integrated circuits. There are clear engineering reasons favoringthis solution: ease of assembly, ease of maintenance, and ability to removeheat generated by switching devices, and, more cogently, ease of fabrication,since the third dimension is used by the processes that create two-dimensionallayouts. However, we argue that the removal of this assumption is inconse-quential. In fact, in all cases system layout must occur in the ordinary three-5



dimensional space. Even postulating a rather implausible layout technologywhere the three dimensions have comparable lattices, we would only achievea nonessential modi�cation of the conclusions; typically, the replacement ofsquare-roots with cubic-roots in some performance measures related to thephysical diameter of the layout domain [Ros81]. Therefore, all space analyseswill be expressed in terms of \area".These four limitations are the basis of the conclusions derived in theforthcoming sections. We shall frequently refer to the model governed by theabove constraints as the \limiting technology."3 Machine Modelling and ScalabilityA pervasive objective of computer science is the development of increasinglylarge machines with the capabilities to solve increasing-size instances of anygiven problem. This motivation has been a driving force in the brief historyof the discipline, although serious caveats are being raised about postulatingarbitrarily large problem sizes (a criticism of asymptotic analysis).In the most abstract formulation, a digital computing system is a �nite-state machine whose behavior is formally speci�ed by a state-transition func-tion. Of course, a description in terms of \states" is totally unwieldy. Instead,computer architecture is normally concerned with structural descriptions ofmachines as assemblies of well-de�ned and relatively simple functional con-stituents. Typically, the description makes reference to a small collection ofcharacteristic parameters, each representing the measure of some signi�cantitem or resource (for example, input size, memory size, etc.). Thus, a givenarchitecture implicitly de�nes a \family" of machines, parametrized as illus-trated. Our present objective is to develop a simple but adequate model ofsuch families, referred to as families of networks of processors, containing asa special case the conventional uniprocessor systems.In view of the size limitation discussed in Section 2, it is ideally desirablethat machines of a given family be buildable with a homogeneous technol-ogy, i.e., by assembling increasing numbers of building blocks of �xed types.In common parlance, this property is called \scalability," and is one of thecentral objectives of computer architecture. In order to deal with this impor-tant notion under the limitations introduced above, we shall now attempt asimple formalization of scalability. 6



At the abstract level, a computation is a sequence of steps (state tran-sitions) of the machine, and its cost is the number of steps. In a chosenphysical implementation, however, each step has a duration (measured inseconds) and the cost of a computation is appropriately measured by exe-cution time. For a class of machines, scalability means that the durationof one machine step is the same for all members of the family (i.e., in theappropriate units, the number of steps is a correct measure of running time).To deal with the more 
exible notion of \degree of scalability," we proposethe following de�nition.De�nition 1. Let F = fMk : k 2 Ig be a family of machines, whereI is a set of tuples of architectural parameters. With reference to a chosenphysical implementation, we say that F has slowdown � (k) if the maximumduration (measured in seconds) of any step of Mk is � (k), for all values of k.We say that F is strict-sense scalable if � (k) = O(1).We now illustrate the previous de�nition with a few examples. Often thefamilies arise by considering �nite versions of structures theoretically de�nedas in�nite machines.Example 1. The most immediate example of a strict-sense scalable ma-chine is a d-dimensional (d = 1; 2; 3) cellular automaton. We are referringhere to the case where for, say, d = 3, k = (k1; k2; k3) and Mk consistsof k1:k2:k3 identical �nite-state machines (with structure independent of k)placed at the points of integer coordinates of a parallelepiped of sidelengthsk1; k2; and k3, with near-neighbor connections. Observe that, if the structureof the �nite-state machine were considered a free parameter, then the result-ing family would no longer be strict-sense scalable. Indeed, a machine witha larger number of states requires a larger layout area, and hence a longertime to execute one state transition.Example 2. One-head Turing machines also form families of strict-sensescalable machines. Within a family, all members have identical �nite-statecontrol and Mk has k cells of tape. Mk is transformable to a one-dimensionalcellular automaton of k cells, each containing an instance of the Turing ma-chine's �nite-state control, with only one cell active at any time (in otherwords, a k-cell cellular automaton can simulate with no slowdown a Turingmachine with a k-cell tape). 7



The fundamental reason why the above are families of scalable machinesis that communication occurs only within bounded distance (essentially be-tween spatially contiguous modules whose size is independent of k). Theseare the only examples of strict-sense scalable machines we know of. Considernow the following examples:Example 3. In multihead Turing machines, communication between headsintroduces a delay proportional to tape length, which precludes strict-sensescalability.Example 4. The von Neumann machine, or Random Access Machine (RAM)[CR73], Mm has a single memory of m addressable words, each of dlog2mebits (to store addresses), and a CPU tailored to dlog2me-bit words. Underthe speed-of-light limitation, the memory access time forMm is 
(pm logm)since, in the most favorable situation, the memory is laid out in a planar do-main of diameter 
(pm logm) and the clock period is tailored to the farthestaccess. These lower bounds are achievable so that � (m) = �(pm logm),yielding the conclusion that the von Neumann machine is not strict-sensescalable.This conclusion may seem in contrast with the half century of indisputablesuccess enjoyed by the von Neumann architecture, expressed by both fasterclocks and larger memories. However, it can be argued that the \apparentscalability" of the RAM is due to the impressive technological progress thathas occurred in its brief history, resulting in faster and smaller devices. In-deed, if we consider just gains in device speed, by increasing m only to afraction of the size which would maintain constant access time (which is es-sentially proportional to the clock period), a concomitant reduction of � (m)has been achieved. Analogous results are obtainable by judiciously allocatinggains in device size. Moreover, commercial machines are augmentations ofthe abstract RAM with a memory hierarchy leading to di�erent access timesfor di�erent regions of memory. For programs exploiting locality the result isa reduction of the average access time, hence of the observed � (m).As indicated earlier, of central importance to parallel computing are ma-chine families based on the notion of network of processors.De�nition 2. A network of processors is a machineMp;G;m characterizedby three parameters: p, the number of processing elements (PE's), G, a8



directed graph of p vertices de�ning the processor interconnection, and m,the number of addressable memory cells of dlog2me bits each. Each PE isessentially a RAM with a memory of m=p cells, and is uniquely identi�edby an ID-tag (an integer between 0 and p � 1). The PE's correspond tothe vertices of G. The RAM repertoire of instructions is augmented with(one-step) communication primitives allowing a PE to exchange data withits (topological) neighbors. The fundamental timing parameter is the largestexecution time of such instructions.We assume here that a network of processors is programmed in a SingleProgram Multiple Data (SPMD) mode [F66]. Speci�cally, all PE's executethe same program, but each PE has its own program counter. Althoughthe communication primitives are restricted to adjacent PE's, addresses ofinstruction operands may range over the entire machine memory. Globalmemory accesses must be supported by specialized programs (and cannot beregarded as one-step operations). Network architectures are de�ned around afamily of graphs of increasing sizes such as binary trees, meshes, hypercubes,etc.De�nition 3. Given a set of positive integers J and a set of directedgraphs G = fGp : p 2 J; jGpj = pg, the set fMp;Gp;m : Gp 2 Gg is a family ofnetworks of processors.To assess the scalability of a family of networks, we must evaluate themaximum execution time of the instructions of its PEs. We consider sepa-rately accesses to the PE's private memory and communication primitives.A PE has a memory with �((m=p) logm) bits. Then, assuming that theCPU has a size comparable to or smaller than the size of the memory, thearea of a PE is proportional to (m=p) logm and, due to the speed-of-lightlimitation on memory access time, � (p;m) = 
(q(m=p) logm). The valueof m=p will probably be dictated by a number of engineering tradeo�s. Weassume here this value to be a constant (although most likely a large one) andwill develop later arguments suggesting the adoption of a �xed ratio betweenmemory area and CPU area as m grows. Then, we can regard q(m=p) logmas essentially constant. (Indeed, for present-day microprocessors logm isbetween 32 and 64, and 256 bits would su�ce to address each of the 1080charged particles estimated to exist in the universe.)A more stringent constraint on � (p;m) arises from the communicationprimitives. Indeed, � (p;m) = 
(Lp), where Lp is the length of the longest9



Table 1:Bp Dp LpBINARY TREE �(1) �(log p) 
(pp= log p)MESH �(pp) �(pp) 
(1)CCC �(p= log p) �(log p) 
(p= log2 p)CUBE �(p) �(log p) 
(p= log p)FAT TREE �(pp) �(log p) 
(pp)wire in the layout of Gp minimizing such length. It has been shown [L81]that Lp = 
(max(pp;Bp)=Dp), where Bp is the bisection bandwidth andDp is the topological diameter of Gp. We remark that, whereas networkswith small diameter and high bandwidth appear desirable in the topologicalmodel, they are categorically penalized by the speed-of-light limitation, asthe following table illustrates:The table clearly singles out as highly desirable the mesh of processorsdescribed by the following de�nition:De�nition 4. For p a perfect square, the p-processor mesh is a net-work of PEs fPij : 1 � i; j � ppg, where the neighborhood of Pij isfPi�1;j; Pi+1;j ; Pi;j�1; Pi;j+1g (ignoring PEs's with indices out of range).In a mesh, each processor can be laid out in area O((m=p) logm), andthe entire network takes area O(m logm). Considering both memory accessesand near-neighbor communication, we conclude that � (p;m) = �(q(m=p) logm).Essentially, the slowdown is that due to the PEs, which we have seen to bepractically insensitive to p (for constant m=p). Hence, we reach the centralconclusion that the mesh of processor is scalable, substantiating the reportedsuggestion by Vitanyi [Vi88]. By contrast, the binary tree, the hypercube[P77], and the CCC [PV81] are not scalable. In the rest of this paper weshall adopt the mesh interconnection as the most suitable architecture in thelimiting technology, and investigate its important features.Remark. Although meshes and families of bidimensional cellular au-tomata are all arrays of �nite-state machines, there is a subtle but far reachingdi�erence between the two families. Whereas nodes of a cellular automatonare indistinguishable from each other and independent of array size, nodesof a mesh are distinguished by their ID, which supports addressability andprogrammability, and their size increases, albeit slowly, with the array size.10



4 The Mesh-Connected StructureInformally, the outstanding feature of the mesh interconnection is that itsoperation is insensitive to the speed-of-light limitation. Clearly, any othernear-neighbor interconnection that admits of a planar layout with boundedlength wires, such as the toroidal mesh or the hexagonal mesh, would behaveanalogously to the standard mesh. Therefore we shall restrict our consider-ations to the latter with no loss of generality.In this section we examine in some detail the ability of the mesh to supporta shared-memory (P-RAM) programming style, a desirable feature from theuser's viewpoint.There is consensus on the fact that programming for a bounded-degreenetwork in general, and for the mesh in particular, places on the program-mer the burden of some tasks, such as memory allocation, i.e., assignmentof each variable to a speci�c node of the network (private memory of somePE) where to store it, and message routing, i.e., the selection, for each mes-sage resulting from a memory reference, of a network path and a schedulebetween source and destination. It would de�nitely be convenient for the pro-grammer if these tasks were handled somehow automatically by the compilerand by the runtime system. As is well known, the most serious drawbackof this approach is represented by contentions, occurring either among re-quests/answers competing for the same transmission link or among memoryreferences directed to the same memory node. A number of solutions to thisproblem have been proposed, based both on randomized and on deterministicalgorithms[MV84, UW87, AHMP87, Ran87, KU88, HB88].These schemes are collectively referred to as P-RAM simulations, andeach of them is categorized on the basis of its slowdown, i.e., the number ofnetwork steps needed to simulate a P-RAM step (a global memory reference).Fortunately, the mesh interconnection lends itself to a P-RAM simulationwhose slowdown is of the same order as the intrinsic mesh-traversal time.Indeed, the randomized scheme proposed in [Ran87] for the butter
y networkcan be adapted in a relatively straightforward manner to simulate one step ofa p-processor P-RAM on a p-node mesh in timeO(pp), with high probability[A.G. Ranade, private communication, 1992]. Since, on the average, for aset of p random references on a p-processor mesh, a substantial fraction ofthem are destined to nodes at distance 
(pp) from their respective sources,Ranade's result appears quite satisfactory and indicates the ability for the11



mesh to e�ciently support a shared memory programming model of the P-RAM type, a feature which is highly desirable, and probably necessary, fora machine to be e�ectively usable. However, it is by no means clear thatit would be su�cient, since a P-RAM programming style either ignores ordestroys locality, which is an undisputed source of algorithmic e�ciency. Weshall return to this important issue in Section 8.5 Processor-time Trade-o�sThe traditional view of processor-time trade-o�s is expressed by the so-called\Brent's scheduling principle," which embodies a general simulation schemeof a system with p processors by a system of p0 < p processors of the sametype (provided that processor allocation is not a problem). Speci�cally, al-though in its original formulation Brent's principle does not refer to anyparticular computation model, we may legitimately consider simulations be-tween P-RAMSs (for clarity, we shall refer to such simulations by the term\emulation," reserving the term \simulation" to the situation where a phys-ical machine simulates a P-RAM.) For a given problem instance, we havean algorithm running in S steps on a p-processor P-RAM and we wish toemulate this computation on a p0-processor P-RAM of the same type, withp0 < p. Then Brent's principle states that the product pS (denoted W , \po-tential work") is a nondecreasing function of p, as we can always carry outthe outlined emulation with p=p0 slowdown, each processor of the smallerP-RAM emulating p=p0 processors of the larger one. In other words, Brent'sprinciple embodies a neat slowdown processor-time tradeo�, which rests cru-cially on the assumption that the execution time of one step is independentof p, a characteristic property of the topological model.We now wish to analyze the nature of such tradeo�s in the limiting tech-nology, which sharply separates the notions of ordinary time T and of numberof steps S. Here the tradeo� to be investigated concerns meshes of identicalprocessors, each simulating a P-RAM with the same number of processors.Therefore, the machine to be emulated is a p-processor mesh simulating ap-processor P-RAM (and the emulating machine is an analogous p0-processormesh). We let m0 denote the size of the processor local memory for whichthe memory access time equals the CPU instruction execution time. In orderto explore the full range of p0, we assume that, for a problem requiring global12



memory m, we have p >> m=m0 (corresponding to S execution steps).The running time of the algorithm will not only depend upon the numberof executed steps, but also upon the duration of each such step, which in turndepends upon the layout area of the system. Concretely, let p0; S0; T 0 denotenumber of processors number of steps and running time, respectively, of theemulating system, with p0 � p. Clearly, S 0 = Sp=p0, as speci�ed by Brent'sprinciple. However since processor area dominates memory area, the globalmesh area satis�es A0 = �(p0), so thatT 0 = �(S0qp0) = �(Sp=qp0):Since the product Sp is a constant, we obtain that pp0T 0, or equivalentlyA0T 02; is invariant as long as p0 � m=m0, and that time is at a premium, sincea doubling of computation time allows a four-fold reduction of area. Thistype of trade-o� extends down to p0 = m=m0, below which value, the layoutarea is basically determined by the memory requirement m, i.e., A0 = �(m)and T 0 = �(Spm) = �(Sppm=p0):In this situation, using fewer than m=m0 processors leads to a clear wasteof work since the time T 0 increases inversely to p0 with no corresponding areabene�t. The conclusion is that the tradeo� embodied by Brent's principleis not consistent with the speed-of-light limitation, which suggests insteada balancing of memory and processor resources. This validates our previousassumption to regard the ratio m=p as a constant.This tradeo� is diagrammatically illustrated in the (A;T )-plane (Figure1). The dotted curve represents the traditional Brent tradeo�, and the solidcurve represents the analogous tradeo� in the limiting technology. The num-ber of processors decreases as we traverse this curve from a to b.Remark. We now note that if for a given problem instance there existsa sequential (p = 1) algorithm running in S1 steps with memory m; then inthe limiting technology no more than �(mS21) processors can ever be e�ec-tively used to speed up the solution. Indeed, the running time of sequentialalgorithm is S1�(pm). A parallel system with mS21 processors requires area
(mS21) whose traversal uses time 
(pmS1); thus the simulation of a singlestep of the parallel system|which runs in time of the same order of the lay-out traversal time|runs in time comparable to the execution of the entiresequential algorithm. 13



Figure 1: Diagram illustrating the area/time tradeo�.This observation carries some implication with respect to the widely in-vestigated parallel complexity class NC [P79], which contains exactly thoseproblems that can be solved in polylogarithmic time by a P-RAM with poly-nomially many processors. Membership in NC is often equated with parallelfeasibility. Unfortunately, the correspondence is questionable in two ways.On the one hand, there are algorithms not of the NC type which are excellentparallel algorithms (e.g., many systolic algorithms); on the other hand, someNC algorithms require so many processors that, in the limiting technology,they may be practically slower than some known sequential algorithm for thesame problem.It must be stronly underscored, however, that while it is important tounderstand the impact of physical limitaitons on the performance of parallelalgorithms, a deeper understanding of the structure of computational prob-lems is often better obtained in abstract models of computation (for example,the class NC on the P-RAM) that are not encumbered by the physical lim-itations. Such models have played and will continue to play a vital role inthe development of algorithms.Remark. The preceding limiting-technology analysis suggests an interest-ing interpretation of the emergence of parallelism. As the memory size growsbeyond a given value|basically corresponding to an access time comparableto the appropriate processor clock period|resources are best utilized by in-14



troducing additional processing capabilities within the memory real estate,so that the private memories of the processors are kept at a basically constantsize.6 Is Latency Hiding Feasible?Latency � (measured as a number of system's steps) is the time elapsed be-tween the issue of a data request and the delivery of data to the requestor.Latency, an increasing function of the memory layout area, has been cor-rectly targeted as a negative measure for a computing system. The following\pipeline" approach, referred to as latency hiding, has been sometimes advo-cated to overcome latency.In a network with n nodes, e edges, and latency �, each of p � n processorsis time-shared, suppose in a round-robin fashion, by a set of s � � processes.Whether these processes correspond to subproblems of the same application,or to di�erent pipelined instances of some application, or totally unrelatedapplications, is immaterial for the present analysis. We assume that the nnodes are all of comparable size, p of them are full-
edged processors, whilethe remaining (n � p) ones provide only routing and storage capabilities. Aprocessor devotes to any given process one out of every � steps, so that thetime interval between two consecutive steps allocated to the same process issu�cient for a memory reference to be satis�ed. The approach assumes thatthere are ps concurrent processes, for example, as the result of executing ona physical p-processor machine an algorithm written for a virtual machinewith ps processors. Full latency hiding corresponds to s = �:We now discuss the feasibility of such an intriguing scheme in terms ofnetwork capabilities. We denote by \edge use" the utilization of a networkedge to route a request/response between two adjacent processors. Therefore,each memory request accounts for � edge uses for its satisfaction. During aninterval of duration � (latency cycle), ps memory references are issued andsatis�ed, so that ps� edge uses are requested by the latency-hiding mecha-nism but only e� uses are o�ered by the network. It follows that ps� � e�,that is, ps � e: (1)For any bounded-degree network, e = O(n), and inequality (1) yields p =15



O(n=s). Thus, the average number of operations per step (executed by thep processors) is t = O(ps=�) = O(n=�), independently of the value of p.Essentially, fewer processors can be active if any of them must be time-shared by more than one process. We now examine the feasibility of latencyhiding for the mesh and for the hypercube networks.We begin by referring to the topological model, where the latency is givenby the network diameter. An n-node mesh has a diameter �(pn), so that� = �(pn). Therefore t = O(n=�) = O(pn). This performance can beachieved by choosing either (1) p = pn and s = �(pn) (only pn processorsissuing a memory request at each time unit, i.e., implementing a full latencyhiding scheme), or (2) p = n and s = 1 (all processors issuing a memoryrequest every �(pn) time units, i.e., implementing a conventional P-RAMsimulation scheme). This shows that, in full generality, no advantage canarise from a latency hiding approach on the mesh interconnection. In essence,latency hiding reduces for the mesh to time-multiplexing the s processes.By contrast, consider an n-node hypercube, for which e = n log n and thediameter is logn. Therefore � = �(log n). Choosing p = n and s = log n,which satisfy (1), yields a number of operations per step t = O(n). Thus, inthe topological model, the hypercube has the potential to achieve full latencyhiding. Indeed, this potential is exploited in some schemes to simulate an(n log n)-processor P-RAM on an n-node hypercube, within O(log n) stepswith high probability [V90b]. Such scheme, however, rests on a node-degree�(log n), which is technically questionable as n grows.Taking now into consideration the speed-of-light limitation, we realizethat the previous analysis of the mesh-interconnection remains valid (becausetransmission along an edge takes unit time in either model). However, theoutlined latency-hiding scheme for the hypercube breaks down, since thehypercube has a slowdown � (n) = 
(n= log n) (see Table 1), which translatesinto O(log n) operations per unit time, rather than O(n). At �rst sight, thisdi�culty may be attributed to the width of the wires, since in standardlayout arguments wires are responsible for the large area of high-bandwidthnetworks. However, an analogous, albeit weaker, lower bound on wire lengthholds for the hypercube even for hypothetical zero-width wires [Vi88].On the other hand, the speed-of-light and device-size limitation jointly un-dermine the feasibility of latency hiding for any network in the limiting tech-nology, even under the extreme assumption of zero-width links (which couldmodel optical connections). Indeed, a processor time-shared by s processes16



must use 
(s) area to store their state information. For p processors, thisrequirement leads to overall network area A = 
(ps), latency � = 
(pps),and hence O(ps=�) = O(pps) operations per second. In this case, full la-tency hiding occurs for s = p (under the optimistic assumption that contextswitching between processes be doable in O(1) time). The situation is inter-preted as follows: For s = p, we have a machine (of course, a p-node mesh)of area A = �(p2) performing at most p2 operations every p steps. But inthe same area, we could have a p2-processor mesh that can emulate a p2-processor P-RAM with the same overall performance (p2 operations everyp steps). The only di�erence between the two schemes is whether the p2processes are time-interleaved or not. This indicates that under the speed-of-light limitation no performance advantage can derive from implementinglatency hiding schemes.The above discussion relates to the assumption that a single variable isinvolved in each memory access by a processor. However, similar consid-erations hold in situations when multiple variables are retrieved in a singleaccess (higher-granularity access).7 Synchronous RegionsAlthough the speed-of-light and device-size limitations ultimately appear tolead to machines whose structure on the large scale is of the (geometric) near-neighbor type (neighborly networks), the same limitations do not directlydictate the small and medium size structure of the machine. To obtain insighton some of the relevant factors, we analyze in more detail the fundamentalfeatures of communication as it occurs in digital systems.Each communication action involves the transmission of a message froma source to a destination; the message consists of a number of bits (typicallyencoded as sequences of voltage transitions on suitable electric lines) whichmay be transmitted serially, in parallel, on in combination of these two basicmodes. At the most elementary level, transmission occurs from driving gateto driven gate within a boolean network, from the instant the driving gatebegins to switch, to the instant the driven gate begins an analogous transi-tion. At a less elementary level, we have a memory read-out which runs fromthe instant a memory cell is selected to the instant the read-out informationis usable at the output of some CPU register, etc...17



In the above examples, as in any other, we recognize the following com-mon features: an initial constant-duration set-up event (for example theswitching of a driving transistor) is followed by a propagation event, whichtakes place in a selected support medium, and whose duration is an increas-ing function of the source to destination distance (for example, chargingthe capacity of the wire connected to the input gate of a driven transistor[BPP82].)In all cases, it appears that the duration � (delay) of a transmission eventcan be expressed as the sum of two terms: a constant set-up duration � anda variable transmission time. Conveniently, the latter can be approximatedas a linear function of the travelled distance, so that� = � + �`: (2)This general form of the communication delay has some fundamental im-plications for parallel computation. Note �rst that, as long as the two termsof the right-hand side of (2) are comparable, the distance ` plays a negligiblerole in the transmission delay �, to the point that for ` � �=� we may assume� to be a constant. This indicates that within layout regions of geometricdiameter �=� distance becomes inconsequential: we may appropriately callsuch regions \synchronous", and they are correctly encompassed by the tra-ditional synchronous model of VLSI. One should not naively infer, however,that purely technological parameters determine the size of synchronous re-gions. Architectural considerations may suggest a substantial enlargementof such domains by externally forcing the beginning and the end of com-munication events within the regions by means of a clock. Nevertheless,this approach typically introduces a slowdown with respect to the inherentspeed of the deployed technology, which, beyond some limit, would o�set anyadvantages accruing from architectural innovation. In consideration of suchdiverse factors, for the purposes of this paper we shall say that a synchronousregion is implicitly de�ned as a layout domain where communication is al-lowed to take a single clock cycle.Therefore, in the synchronous regions, the limitations that asymptot-ically dictate the geometric near-neighbor connection are not active con-straints, and the interconnection topology is determined by other factors.Indeed, the opportunity arises to accelerate information transfer by adopt-ing a low-diameter topology. However, if wire delay can be neglected, wire18



area remains an important factor and essentially constrains the availablebandwidth across given sections of the machine. For example, the hypercubeand its derivatives, whose bisection bandwidth is linear (or slightly sublinear)in the number of nodes, have quadratic (or nearly quadratic) area [Tho80].Hence, within the �xed areas of the synchronous regions, only a number ofnodes proportional to (or slightly larger than) the square root of that areacan be connected according to those topologies. Therefore, the available areawould be vastly underutilized by algorithms that can take more advantage ofnumber of processors than they can do of bandwidth (e.g., consider systolicmatrix multiplication).Motivated by considerations of the type developed in the above para-graph, Leiserson [Lei85] proposed the concept of area-universal network. In-formally, an area-universal network is one that can route any collection ofmessages almost as e�ciently as any other network with similar layout area.This property is clearly desirable for a general-purpose computer, which atdi�erent times will have to execute algorithms with di�erent communicationrequirements. However, a priori, the very existence of area-universal networksis not an obvious matter. Leiserson demonstrated the existence of some suchnetworks in [Lei85] and called them fat-trees. A number of subsequent inves-tigations have been devoted to the subject [GL89, LM88, BB90, G90, BB93]with various �ndings. Exploiting the insights obtained over a decade ofstudies on the relation between bandwidth of networks and their layout area[Tho80, L81, V81, BL84, BP86], some networks have been designed that cansolve any instance of the routing problem by losing at most some logarithmicfactors (typically two) against any other network of similar area (even onedesigned speci�cally for that instance). These results are remarkable andhave already in
uenced the design of some commercial machines [Letal92].In conclusion, we reach the view of an \asymptotically" large machine asa square mesh interconnection of small machines, each approximately of thesize of the synchronous regions, exhibiting (in addition to the mesh struc-ture) area-universal topologies. In the next section we shall elaborate on thepossible impact of this mesh interconnection of area universal modules onthe programming of parallel machines.19



8 Considerations on Programming ModelsIt is of interest to speculate what programming model might be appropriatefor the type of machine structure imposed by the physical constraints. Thissubject deserves a deep and systematic investigation well beyond the extentof this section, which o�ers only some preliminary considerations.A convenient programming environment is provided by the shared-memorymodel. As we have seen in Section 4, the mesh supports an e�cient imple-mentation of shared memory, through the mechanism of P-RAM simulation.When this approach is adopted, a p-processor mesh will execute, on theaverage, O(pp) operations per unit time. We have also argued that this per-formance cannot be improved by latency-hiding techniques. It is well-known,however, that a number of algorithms of great practical interest exhibit con-siderable locality with respect to the mesh interconnection, that is, most ofthe memory references generated by any such algorithm are destined to nodesthat are quite close to their respective source nodes, and hence do not incurthe worst-case latency.To illustrate this point, consider the problem of multiplying two pp�ppmatrices and the two following solutions: (1) A uniprocessor system (vonNeumann machine) with a memory of size �(p), executing the standard serialalgorithm, involving �(p3=2) memory accesses and additions/multiplications.Since the memory is laid out in area �(p), each memory access will taketime �(pp) on the average, resulting in total execution time �(p3=2:pp) =�(p2). (2) A mesh-connected pp �pp network of processors, executing thewell-known systolic algorithm for the problem [K82], which runs in time�(pp), performing �(p) useful arithmetic operations per time step. Thisis essentially due to the fact that each arithmetic operation executed by aPE involves data stored in adjacent PE's. Thus, under the speed-of-lightlimitation, we have (without substantially altering the used area) a parallelsolution using p processors that improves over the time of the best sequentialsolution by a factor of p3=2, and therefore greater than p. This result is atvariance with the intuitive principle sometime called the Fundamental Lawof Parallel Computation [S86], which arises in the synchronous model. Thesuperlinear speedup is a combined e�ect of parallelism and locality. Thecomparison would be less dramatic if made against a uniprocessor with ahierarchical memory. Indeed, in the limiting technology, memory could berealized with access time �(px) for the word with address x. In this model,20



matrix multiplication would take time �(p3=2 log p) [ACS87].In general, up to an O(pp) factor in time could be gained in a mesh byminimizing the distance of references. Within the area-universal synchronousregions, the latency of individual references becomes less signi�cant, as thedistances are logarithmic. However, the O(pp) bisection bandwidth is stilla bottleneck, and up to an O(pp) factor in time could be gained by anappropriate reduction of the bandwidth requirements on all sections of thenetwork.Unfortunately, the P-RAM style of programming does not allow controlof data allocation and hence precludes the consideration of locality. Worseyet, all known methods to simulate P-RAMs on bounded-degree networks arebased on memory allocations or maps (hashing in randomized approaches,and generalized expanders in deterministic ones) which randomize the cor-respondence between logical and physical address spaces, thereby destroyingany locality implicit in the logical address space. To some extent, sophis-ticated compiler and runtime system techniques may help in the objectiveof exploiting locality, and this approach will no doubt receive much atten-tion. However, in light of the preceeding considerations, it appears desirablethat, beyond the support of shared memory, the adopted programming lan-guage should allow the programmer to take a more direct control of machineresources.The need for realistic models that would give the programmer a goodsense of parallel program performance has motivated a number of propos-als [S86, ACS89, V90a, Cetal92]. When developing such models, a tradeo�must be faced between accuracy of performance estimates (suggesting thatall relevant features of the machine ought to be modelled) and portability(suggesting that only features common to all target machines ought to bemodelled) [B89]. We predict that the constraints posed by physical limita-tions on machine structure will simplify the above problem considerably, byreducing the meaningful class of target machines.9 ConclusionsTechnological progress in digital system engineering brings about a seriousre-examination of the current models of parallel computing. In this paper,we have taken the extreme view of a technological situation where the ul-21



timate physical limits represented by speed-of-light and device-size (underdegree-boundedness) have been attained, and examined the consequences ofsuch premises. These hypotheses appear to lead, naturally, to an asymptot-ically scalable parallel computing structure, consisting of a mesh-like neigh-borly interconnection of synchronous units, each of the latter being itself, forexample, an area-universal network. While this conclusion appears to nega-tively constrain the feasible network choices, on the positive side it disposesin a sense of the topological chaos of potential computing structures, whichrepresented a widely held view in past years. In addition, the convergencetowards a \favorite" interconnection may provide the consensus model thatwould �nally let hardware and software 
ourish autonomously.We have also examined how the fundamental physical limitations chal-lenge some principles and schemes that are quite natural within the currentlyprevailing synchronous model, such as latency masking and processor-timetradeo�s.Of course, we do not naively suggest that the limit model discussed inthis paper should govern near-term parallel computing. As history teachesus, the evolution towards the outlined situation is likely to be smooth andrich with engineering innovations. There is ample room for retention of thesynchronous model for a long time, but we should be aware of what lies atthe end of the road.References[ACS87] Aggarwal,A., Chandra, A.K., Snir,M.: A model for hierarchicalmemory, Proceedings of the 19th Annual ACM Symposium on Theory ofComputing, (1987), 305-314[ACS89] Aggarwal,A., Chandra, A.K., Snir,M.: On communication latencyin PRAM computation, Proceedings of the 1st ACM Symposium on Par-allel Algorithms and Architectures, (1989), 11-22[AHMP87] Alt, H., Hagerup, T., Mehlhorn, K., Preparata, F.P.: Simulationof idealized parallel computers on more realistic ones, SIAM Journal onComputing, 16, 5 (1987), 808-835 22
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