Hierarchical Models and Software Tools for Parallel Programming

Massimo Coppola^a, Martin Schmollinger^b

a Department of Computer Science, University of Pisa

coppola@di.unipi.it

b Wilhelm-Schickard-Institut für Informatik, Universität Tübingen

schmolli@informatik.uni-tuebingen.de

Abstract This paper surveys current results about parallel program- 1 ming on hierarchical architectures. We summarize the concepts and char- 2 acteristics of modern architectures, which show a clear trend toward 3 SMP cluster and grid-enabled solutions. These systems need computa- 4 tional and programming models. We present collected results about bulk- 5 parallel bridging models (BSP, CGM and extensions), their emulation 6 in external memory, and some proposed extension to parallel external- 7 memory models. Some software tools already exist that allow to exploit 8 part of the memory and communication hierarchies. We describe exist- 9 ing standards and their development track toward the exploitation of 10 hierarchy-aware parallelism. 11 1 Introduction 12 Hierarchically structured architectures are becoming more and more pervasive 13 in the field of parallel and high performance computing. While memory hierar- 14 chies have been long-time recognized, only in the last years hierarchical parallel 15 structures have gained importance, mainly as a result of the trend toward cluster 16 architectures and high-performance application of computational grids. 17 The similarity among the issues of managing memory hierarchies and those 18 of parallel computation has been already pointed out before (see for instance 19 [1]). It is an open question if a single, unified model of both aspects exists, and 20 if it is theoretically tractable. On the application edge, a single programming 21 environment which includes support for both hierarchies is still lacking. Only if 22 there are well-founded models and efficient tools we can really exploit a connec- 23 tion from algorithm design and complexity results to high-performance program 24 implementation. 25 In this work we survey theoretically relevant results, and we compare them 26 with existing software tools and programming models. One aim of the survey is 27 to show that there are promising results with respect to the theoretical computa- 28 tional models, developed by merging the concepts of bulk-parallel computational 29 models with those from the hierarchical memory field. A second target is to in- 30 vestigate which software supports have been realized, and which ones are still 31

missing, in order to exploit the full performance of modern high-performance 32 cluster architectures. Even in this case, solutions emerge from merging results 33 of different fields. 34 The paper is organized in three parts. The first one describes the architec- 35 tural background of current parallel platforms and supercomputers. The basic 36 architectural options of parallel architectures are explained, showing that they 37 naturally lead to a concept of hierarchy associated with the exploitation of par- 38 allelism. We discuss the technological reasons and future expectations of current 39 architectural trend. 40 The second part of the paper gives an overview on parallel computational 41 models, exploring the connection among the so-called parallel bridging models 42 (PBM) and external memory models, here mainly represented by PDM. There 43 is a similarity of problems between bulk parallelism and block-oriented I/O, as 44 both techniques try to efficiently exploit locality in mapping algorithmic patterns 45 to a hierarchical structure. We discuss the issues of parallel computation models 46 in section 3. In section 4 we survey definitions and results about PBMs, and 47 works that emulate PBM algorithms in sequential and parallel external memory. 48 This part ends presenting two works that exploit parallel hierarchical models for 49 algorithm design. 50 The third part (section 5) gives an overview of software tools and program- 51 ming models which may be used for program implementation. We consider li- 52 braries for parallel and external programming. Regarding parallel software tools, 53 we focus on the approaches which support hierarchy-aware program develop- 54 ment. We present tools and libraries relating them to the different levels of 55 abstraction and structure found in part two. Section 6 summarizes the paper 56 and draws conclusions. 57 2 Architectural Background 58 In recent years, a strong trend has emerged in the field of high performance 59 computers towards two kinds of architectures, clusters of vector computers and 60 clusters of scalar uni- and multiprocessors. Looking at the list of the fastest 500 61 supercomputers in the world, 90% of them belong to these two classes [2,3], with 62 the latter steadily gaining more share. Translated into the taxonomy of Flynn 63 this means that industry and research are focusing on only one class, the MIMD 64 one (Multiple Instruction streams, Multiple Data streams). The MIMD class is 65 subdivided in [4] according to the characteristic of the physical memory, into SM 66 MIMD (shared memory MIMD) and DM MIMD (distributed memory MIMD). 67 The memory banks of a SM MIMD machine form a common address space. 68 Clearly, the design issues are what protocols, and which structures have to be 69 used to connect the processors with the memory banks of the system. Hardware 70 access protocols are needed to avoid inconsistencies due to interference in the 71 memory access between different processors, and the choice of consistency pro- 72 tocols is related to that of the network and to the expected performance. The 73 more processors we put in such systems, the more complex the problem gets. 74

Figure1. General structure of DM and SM MIMD architectures. (a) Generic MIMD machines have multiple processors and memory banks (not necessarily the same number) – (b) example of SMP with multiple memory banks, processor caches and a bus interconnection – (c) example of DM MIMD architecture composed of multiple singleprocessor nodes and a fat-tree interconnection network.

The simplest and less expensive interconnection structure (w.r.t. circuital 75 complexity) is a central bus, the most expensive one is a crossbar. A lot of 76 systems use structures which are in between these two, as a compromise between 77 practical scalability and performance. Multi-stage crossbars are getting more and 78 more important with the increasing number of processors in SM machines. If the 79 processors are connected by a multi-stage crossbar and each processor has some 80 local memory banks, there is a memory hierarchy within the shared memory of 81 the system. 82 Systems in which the access from a processor to some of the memory banks 83 (or its local one) is faster than access to the rest of the memory are called 84 NUMA systems (Non-Uniform Memory Access). By contrast, if the access times 85 to the memory are the same for all processors, then we have a UMA machine 86 (Uniform Memory Access). NUMA systems try to hide this hierarchy by apply- 87 ing appropriate cache strategies. SM MIMD architectures are often called SMP 88 (Symmetric Multiprocessors), since the architecture is fully symmetric from the 89 point of view of the running programs. 90 Contrary to the shared memory machines, there is no common address space 91 in a distributed memory machine. Each processing node has its own address 92 space and, therefore, it is up to the user to define efficient data-decompositions 93 and data-exchange patterns for the applications. Likewise, DM machines have 94 to confront with the issues concerning the interconnection structure among the 95 processing nodes. Popular structures for DM machines are the hypercube, the 96 2D or 3D meshes, fat trees and multi-stage crossbars. DM architectures obvi- 97 ously belong to the NUMA architectural class, as each processing node has its 98 local memory, which is immediately accessible, while it has to go through the 99 (slower) network to access the memories of the other nodes. Hence, we have a 100 memory hierarchy in DM MIMD machines too. On the other hand, DM MIMD 101

architectures are less demanding with respect to the interconnection network, so 102 they are much more scalable than the SM ones. 103 As we previously mentioned, clusters of symmetric multiprocessing nodes 104 (SMP) are nowadays a more and more popular architecture for building su- 105 percomputers. At a different scale, these systems can be classified as DM and 106 SM MIMD architectures, because SM MIMD processing nodes are connected 107 together to form a larger DM machine. The result is a powerful parallel archi- 108 tecture, which combines the high effectiveness of small shared-memory comput- 109 ing nodes with the scalability of the distributed memory parallelism among the 110 nodes. 111 In principle, SMP clusters can be classified either as SM MIMD or as DM 112 MIMD depending on the existence or not of a common address space for all 113 the processors. However, even if the abstraction of a common address space is 114 provided to the software, algorithms should try to exploit the local memory 115 within SMP nodes as much as possible, in order to achieve a good performance. 116 Thus, SMP clusters have a parallel hierarchy of at least two levels. The number 117 of levels may actually be higher, depending on the topology of the intra- and 118 inter-node networks. 119 Grid or metacomputing technologies, where supercomputers or clusters of 120 workstations are connected with each other, result in even more levels and a 121 less regular parallel hierarchy. Broadband connections, ranging from local area 122 networks to geographic ones, add more levels to the hierarchy, with different 123 communication bandwidth and latency [5, chapter 2]. 124

Table1. Order of magnitude of parameters for different levels in a hierarchical parallel architecture

Layer Bandwidth Latency Notes CPU 10-100 GB/s 1-10 ns registers and L1 caches (a) main memory >1000 MB/s 10-100 ns memory latency (b) SM communication 100-1000 MB/s 10-1000 ns considering several effects (c) DM communication 100 MB/s 10 μs - 1 ms dedicated / LAN connections Local I/O 10-100 MB/s 5 ms magnetic disks and RAIDs DM communication 100 MB/s 1-100 ms WAN, hierarchical (d)

(a) Most commercial architectures employ two levels of caching, which we do not explicitly consider here.

(b) Physical memory latency at the chip level is different from, and usually lower than cache miss penalty.

(c) Various mechanisms can influence the performance of shared memory operations:

hardware arbitration and synchronization, software locks and thread scheduling. Physical shared-memory has its own caching mechanisms, which are often incorporated into the level-2 processor cache.

(d) While multi-Gigabit geographic networks are being already built, such connections clearly have higher latency, which show the network hierarchic structure.

Hence, in modern parallel architectures we have the following hierarchy of 125 memory and communication layers. Each one of these layers may exhibit hier- 126 archical effects, depending on its implementation choices. 127 – shared memory 128 – distributed memory 129 – local area network 130 – wide area network 131 Effects of the parallel hierarchy sum to those due to the conventional memory 132 hierarchy of sequential machines. A crucial point is that here is no obvious order 133 or separation among the parameters of these two hierarchies. As we can see in 134 table 1, the bandwidth of some parallel layers is comprised between those of the 135 sequential memory and of the local I/O system, but their latency is usually lower 136 than that of mechanical devices. Assessing the present and future characteristics 137 of this hierarchy [6] and devising appropriate programming models to exploit 138 it are among the main open issues in modern parallel/distributed computing 139 research. 140 2.1 Motivation and Technological Perspective 141 As we explained in the last section, parallel computing architectures employ 142 memory and parallel hierarchies. In the following we summarize arguments that 143 explain the trend toward even more hierarchical architectures than SMP clusters, 144 and we discuss possible future developments. 145 In [7] some main advantages are found of SMP cluster architectures, most of 146 them being technological and economical considerations. 147 – Commercial off-the-shelf processors are getting faster and faster, even with 148 respect to special purpose architectures. Because of their quantity, devel- 149 opment and production costs are getting lower and lower. Special purpose 150 processors (e.g. vector processors) are no longer able to achieve significant 151 advantages over the commercial product lines, so architectures employing 152 multiple commodity processors are going to be preferred for MPP, SMP and 153 cluster machines. 154 – A similar effect shows up due to mass-production of network and architecture 155 components. For clusters of small SMP, which employ standard network and 156 structural components, there will be a very fast capability growth. This 157 will lead to cheaper and more scalable networks, which can compete with 158 the special purpose connection structures of massively parallel processing 159 machines (MPP). As soon as the performance advantages of the special 160 purpose networks will disappear, the SMP clusters will get into the position 161 of the MPPs. 162 – SMP clusters are scalable and expandable. Their architecture is intrinsically 163 more scalable, as we mentioned in section 2, and it is moreover practically 164 expandable by adding more nodes and/or upgrading processing nodes. While 165 it is not possible to add processors in a SMP or MPP, it is easy to build a 166 SMP cluster step by step. 167

– The size of memory, disk subsystem capacity and bandwidth are a critical 168 resource in a supercomputer. SMP clusters are characterized by a greater 169 total memory size and number of disks. Hence, it is possible to have more 170 active jobs, which even have larger data storage available. 171 – Most software for MPPs or SMPs can be ported to SMP clusters. With the 172 knowledge of software for SMP machines and the already existing software 173 for MPPs, it should be possible to provide a powerful environment for parallel 174 software development and execution. We will give an overview in section 5 175 of the efforts in this direction. 176 Some of the preceding considerations have been recognized years ago, while 177 other ones are a more recent discovery. According to [2], the trend will last for 178 more than a while. Bell and Gray depict a scenario of the evolution of parallel 179 computer and computing grid architectures. 180 Users of supercomputers and proprietary software will turn to proprietary 181 clusters using standard software. The clusters themselves are built from commod- 182 ity hardware and software. There will be an era of supercomputing mono-culture 183 where every company or research institute will build its own supercomputer. 184 As a downside, applications which need a large shared memory perform 185 poorly on distributed memory systems. For that reason, computing centers 186 will migrate to super-application centers. They will provide application centric 187 vector- or cellular supercomputers for special research areas. 188 Computing centers will have the role of fully distributed computation brokers. 189 The centers will decide where, when and on which platform a job is executed, 190 exploiting Grid or metacomputing techniques to manage clusters of supercom- 191 puters. Furthermore, computing centers will become super-data centers. They 192 will provide, through a faster Internet, storage for peta-scale data sets with effi- 193 cient access methods. With the increased Internet bandwidth, cluster and Grid 194 technologies will merge in the next decade. Hence, all LAN-based workstations 195 will become part of clusters, all of them together forming the Grid. 196 According to this prediction, hierarchical parallel systems will be the prin- 197 cipal computing structure in the future. Therefore, investments and research 198 in programming environments and in understanding hierarchical parallelism are 199 very important. 200 3 Parallel Computational Models 201 We have already seen in this book that the classical random access machine 202 (RAM) sequential model, the archetype of the Von Neumann computer, does not 203 properly account with the cost of memory access within a hierarchy of memories. 204 The PDM model [8] as well as more complex multi-level computational models 205 have been developed to increase prediction accuracy with respect to the practical 206 performance of algorithms. 207 The same has happened in the field of parallel algorithms. The classical par- 208 allel random access machine (PRAM) computational model is based on several 209

precise assumptions on the structure of the machine and the cost of memory 210 accesses. 211 – An unlimited number of processors (simple processing units with local memo- 212 ries) run the same program. They are connected through an unlimited global 213 memory space where they can read and write in parallel. 214 – Parallel execution is synchronous, all active processors always complete one 215 instruction in one time unit. 216 – No bounds are put on the size of the local and global memories, and on the 217 number of active processors. 218 The PRAM charges the same cost for a computation step, local and global mem- 219 ory access. Practical bandwidth constraints and locality effects are completely 220 ignored. While this assumptions allow to disregard the peculiarities of any spe- 221 cific architecture, and make the PRAM an effective model in studying abstract 222 computational complexity, this set of hypothesis are not realistic for the majority 223 of physical architectures. The PRAM can be seen as simple model of the abstract 224 architecture of fig. 1a, whereas considering the practical issues discussed in sec- 225 tion 2 we see that real MIMD machines are much more complex. The PRAM is 226 thus mis-guiding with respect to real computational costs. 227 Several variants of the PRAM model have been devised, with the aim of rec- 228 onciling theoretical computational costs with real performance, adding different 229 kinds of constraints and costs on the basic operations. A survey on these derived 230 models is given in [9]. 231 In order to account for the details of processor interconnections, part of 232 the research about parallelism concentrated on the study of the communication 233 and algorithmic performance of different network structures. Despite the results 234 about network cross-simulation properties, network-specific algorithms are often 235 too tied to the geometry of the network and show a sub-optimal behavior when 236 running on a different network structure. The design and actual implementation 237 of network-specific programs is difficult, and it heavily depends on the underlying 238 hardware. 239 A third and different research track has started in the last years, which 240 involves the class of parallel bridging computational models. These models, which 241 are the matter of the following sections, aim at exploiting a higher degree of 242 hardware independence. Some of these models explicitly consider the grain of 243 the computation as a key factor in devising efficient and practical algorithms. 244 As early noted by Cormen and Goodrich [1], the bulk-processing nature of 245 external memory algorithms is close to the bulk-parallel approach of most par- 246 allel bridging models (PBM). Most practical problems involving large-scale data 247 structures are definitely a target both for parallel computing and for secondary 248 memory computing techniques. They fostered the development of a single com- 249 putation model which included bulk-like measures for computation, communi- 250 cation and I/O. In this survey we will follow the development path of PBMs 251 with respect to external memory models, as shown in fig. 4, starting from a 252 description of the PBM approach and of the most widely adopted PBMs. 253

4 Parallel Bridging Models 254 Computational models should exhibit the right balance of abstraction and detail, 255 to reflect the actual behavior of parallel algorithms while keeping the analysis 256 tractable. 257 As in the sequential case, useful parallel models should satisfy both efficiency 258 and universality requirements, so that most results about computational costs 259 can be applied in practice and that they are essentially unaffected by the un- 260 derlying architecture. The need to develop a single reference model with these 261 characteristics has lead to the concept of parallel bridging model (PBM). A PBM 262 should thus act as a standard, aiming at the best separation of algorithm and 263 software development from the architecture. Several models of this class have 264 been developed in the 90s, which use a more abstract approach in modeling the 265 interconnection architecture. 266 One of the pioneering works in the field is the paper by Valiant [10], where 267 goals stemming from the initial definition are stated. 268 Cost measure A PBM should have a cost measure to guide algorithm devel- 269 opment, detailed enough for accurate performance prediction. The model 270 should be independent from a specific architecture and technology, but it 271 should reflect the fundamental constraints of parallel machines. 272 Efficient universality Mapping high-level PBM algorithms onto actual ma- 273 chines should not lead to reduced efficiency. We wish to avoid logarithmic 274 simulation losses, and aim at constant bounded inefficiency, so that we can 275 afford developing algorithms for the PBM model only. 276 Neutrality and Portability A PBM should be neutral with respect to the 277 number of processors, i.e. results should be applicable not only asymptoti- 278 cally, but also for very small parallel machines. It should also allow the pro- 279 grammer to write fully portable programs, avoiding explicit memory manage- 280 ment, low-level communications and synchronizations. We are thus requiring 281 that our computational model is a good programming model too. 282 Parallel slackness This is the amount of excess parallelism in the algorithm 283 needed to achieve optimal execution. A PBM program written for v vir- 284 tual processors is thus optimally simulated on p physical processors if p is 285 rather smaller than v (e.g. v = log p). The approach ensures that there is a 286 chance to superimpose computation and communication of different virtual 287 processors on a wide range of interconnection networks. The higher degree of 288 asynchronism introduced in PBMs helps to avoid that fine grain parallelism 289 negatively affects the algorithm execution. 290 4.1 Bulk Synchronous Parallel and Coarse Grain Multicomputer 291 The bulk synchronous parallel model (BSP) that Valiant proposes (as described 292 in [11]) is made up of a set of processing nodes with local memories and a 293 complete interconnection network which delivers messages between pairs of nodes 294 (Fig. 2). Three parameters are used to specify the underlying hardware: the 295

p number of processors L message latency / synchronization g cost parameter for message routing

for processor i in superstep t wi,t local computation λi,t num. sent messages μi,t num. received messages wt = maxi wi,t global work in t ht = maxi max{λi,t, μi,t} global routing in t wt + g · ht + L cost of superstep t

Figure2. (a) BSP symbols and parameters. (b) The BSP abstract architecture.

number p of processors, a latency parameter L, which is the maximum latency 296 of a message or synchronization in the network, and a gap parameter g, which 297 is the amount of time that a processor must wait after a send operation before 298 sending a new message. 299 A BSP computation is made of supersteps. During a superstep processors 300 compute using their local memory and exchange a certain amount of messages 301 with each other. Messages sent during superstep t are received only at the be- 302 ginning of superstep t + 1. The components of a superstep are thus a computa- 303 tion phase, a varying routing relation (which expresses the pattern of message 304 exchange) and the constant-bounded synchronization time L (see fig. 2). The 305 table summarizes the essential definitions of the BSP model, with respect to a 306 superstep t and a processing node i. 307 We define h_{i,t} = max(λ_{i,t}, μ_{i,t}) as the largest number of messages sent or 308 received during current superstep. The routing h-relation among the nodes has 309 size h_t = max_i h_{i,t} for superstep t. w_t and h_t are the largest w and h values in a 310 superstep. If we imagine that supersteps are globally synchronized by barriers, 311 we can estimate the length of a superstep in time units as w_t + g · h_t + L, 312 which becomes instead an upper bound if we assume that synchronization is 313 only enforced when actually needed. 314 We can analyze a BSP algorithm by computing w_t and h_t for each superstep. 315 If the algorithm terminates in T supersteps, the local work W = ∑ t w_t and the 316 communication volume H = ∑ t h_t of the algorithm lead to the cost estimate 317 W + g · H + L · T . A more sound evaluation compares the algorithm performance 318 with that of the best known sequential algorithm. Let T_{seq} be the sequential 319 running time, we call c-optimal a BSP algorithm that solves the problem with 320 W = c · T_{seq} /p and g · H + L · T = o(T_{seq} /p) for a small constant c. 321 Other parallel bridging models have been developed. Among them we cite 322 the CGM model, which is the closest to the BSP, the LogP and the QSM models. 323 The Coarse Grained Multicomputer The Coarse Grained Multicomputer 324 (CGM) model [12] has a similar approach, based on supersteps. CGM supersteps 325

Figure3. (a) BSP superstep execution (b) CGM supersteps

have a more globally fixed nature, thus only two parameters are used, p and n. 326 Each of the p nodes has O(n/p) local memory. The network structure is essen- 327 tially unspecified in the model, because algorithms exploit a reduced number 328 of fixed, parallel computation patterns (e.g. sorting, broadcasts, partial sums) 329 which can be efficiently implemented over various interconnection networks. 330 CGM algorithms are given a parametric cost which depends on n, p and the 331 cost of those primitive communication patterns on O(n) data. For each network 332 topology we can then substitute the running time of the specific global operations 333 used (e.g. complexity of exchanging O(n/p) keys in a 2-hypercube of size log_2 p). 334 A CGM superstep is thus made up of a decomposition phase involving the 335 parallel operations, a local computation phase, and a merge phase also exploiting 336 the parallel primitives. The challenge here is in devising a coarse-grain decom- 337 position of the problem into independent subproblems which exploits a set of 338 “portable” global parallel routines. The best algorithms will usually require the 339 smallest possible number of supersteps. 340 During the years, in the common use CGM has become close to BSP. In recent 341 works, CGM algorithms are often defined as a special class of BSP algorithms, 342 which employ at each superstep a routing relation of size h = Θ(N/v). 343

LogP model. In the LogP [13] model, processors communicate through point- 344 to-point messages. LogP ignores the network geometry, it models communication 345 behavior using four parameters: l, an upper bound on communication latency, 346 o, the overhead involved in a communication, g, a gap parameter (likewise to 347 the BSP model), and the physical parallelism P . Messages are considered to 348 be of small, fixed length, thus introducing the need to consider partitioning 349 large communications. In the original model (stalling LogP) an explicit capacity 350 constraint is imposed on the network, that no processor can have more than 351 ⌈l/g⌉ in transit to it at the same time, and senders in excess to the constraint 352 are assumed to stall. 353 The unstructured and asynchronous programming model (as well as the ca- 354 pacity constraint requirement) make algorithm design and analysis with LogP 355 more complex than with the other models. There are comparably fewer results 356

with LogP, even if most basic algorithms (broadcasts, summing) have been an- 357 alyzed in great detail. 358 QSM model. The Queuing Shared Memory (QSM) [14] model can be seen 359 both as a PRAM evolution and as a shared-memory variants of the BSP. A set 360 of processors with private memory communicate by reading and writing to a 361 shared memory. QSM computation is divided into phases, with reads and writes 362 posted to the shared memory completing only at the end of a phase. Concurrent 363 read (or writes, but not both) to a memory location are allowed 364 Each processor must also perform a certain amount of local computation 365 within each phase. The cost of each phase is defined as max(m_{op}, g · m_{rw}, κ), 366 where m_{op} is the largest amount of local computation in the phase, m_{rw} is the 367 largest number of read and writes from a same processor, and κ is the maximum 368 contention of the phase, i.e. the maximum number of colliding accesses on any 369 location in that phase. The gap parameter g has the usual meaning, whereas 370 latency is not explicitly considered, and it is substituted by the contention. A 371 large number of algorithms designed for variants of the PRAM can be easily 372 mapped on the QSM. 373 A comparison of parallel bridging models Several results about emulation 374 among different parallel bridging models can be found in the literature. Emula- 375 tions are work-preserving if the product p · T (N) (processors per execution time) 376 on the emulating machine is the same as that on the machine being emulated, to 377 within a constant factor. Since typical emulations increase the amount of parallel 378 slackness (the emulating machine has fewer processor than the emulated one), 379 work-preserving emulations are characterized by a certain slowdown. An ideal 380 slowdown of 1 means that the emulation introduces no inefficiency (within a 381 constant factor). Table 2 summarizes some results on the topic taken from a re- 382 cent survey by Ramachandran [15]. The fact that a collection of work-preserving 383 emulations with small slowdown exists suggests that these models are to a good 384 extent equivalent in their applicability as cost models to real parallel machines. 385 On the other hand, some of the bridging models are better suited than others 386 for the role of programming models, as a more abstract view of the algorithm 387 structure and communication pattern allows easier algorithm design and analy- 388 sis. 389

Table2. Slowdown of work-preserving emulation between PBMs. Most of these results concern randomized emulation algorithms. See [15] for details and references.

Emulated model Emulating model BSP LogP (stalling) QSM BSP log^4 p + (L/g) log^2 p ⌈(g log p)/L⌉ LogP (non stalling) L/l (det.) 1 (det.) ⌈(g log p)/l⌉ QSM (L/g) + g log p log^4 p + (l/g) log^2 p + g · log p

Figure4. Development path of PBMs and their relationship with HMMs

From this point of view, LogP is probably the hardest of the models we have 390 seen, as it leads to difficult, low-level analysis of communication behavior, and 391 thus it has been rarely used to evaluate complex algorithms. The QSM can be 392 used to evaluate the practical performance of many existing PRAM algorithms, 393 but is a low-level model too. QSM is a “flat” model, which disregards a hierarchi- 394 cal structure of the computation, and it has an abstract but fine-grain approach 395 to communication cost. 396 The bulk parallel models (BSP and CGM) have been more extensively adopted 397 to code parallel algorithms. They proved to be easier to use when designing al- 398 gorithms, and actually several software tools have been designed to directly 399 implement BSP algorithms. Both the CGM, and extensions of the original BSP 400 model, allow to represent hierarchically structured networks. Finally, the con- 401 cepts of parallel slackness, medium grain parallelism and supersteps have been 402 exploited to develop efficient emulation of BSP and CGM algorithms in external 403 memory, showing up the connections among the design of parallel algorithms 404 and that of external-memory algorithms. 405 4.2 Parallel Bridging Models and Hierarchical Parallelism 406 PBMs reward parallel slackness and aggregate computation/communication pat- 407 terns, so it is not surprising that they are related to external memory models, 408 which reward aggregation of memory accesses. Both kinds of models aim at 409 properly accounting for a kind of access locality. 410 Two different research paths developed from PBMs (see Fig. 4), which we 411 will survey in this section and the next one. One path aims at enhancing the 412 performance accuracy of parallel bridging models. This is done by exploiting the 413 concepts of processor locality and block-oriented communications in a way simi- 414 lar to some hierarchical memory models. Another path explores the relationships 415 among PBMs and HMMs by developing equivalences and emulation procedures 416 that turn bulk-parallel algorithms into external memory ones. 417 Because of the initial aim at modeling parallel computation, the main line 418 of development of PBMs is directed toward a more realistic model of parallel 419 locality effects in the computation. As we saw in section 2, parallel architectures 420

exploit regular, hierarchical structures which reward local data access. Even 421 without making explicit geometric or implementation assumptions about the 422 network, parallel bridging models can be refined by including parameters that 423 indirectly reflect actual communication behavior. 424 The BSP communication model is quite abstract and simple, and can be 425 made more realistic. We describe two different extensions of BSP, which account 426 in an abstract way for effects due to message length and for the relationship 427 among network size and parallel overhead in communications. 428 The BSP* model In real interconnection networks communication time is not 429 independent from message length. The combination of bandwidth constraints, 430 startup costs and latency effects is often modeled as an linear affine function of 431 message length. BSP disregards this aspect of communication. The number of 432 exchanged messages roughly measures the congestion effects on the network. 433 Counting non-local accesses is a first-order approximation that has been suc- 434 cessfully used in external memory models like the PDM. PDM, on the other 435 hand, uses a block size parameter to measure the number of page I/O opera- 436 tion. To model the practical constraint of efficiency for real communications, the 437 BSP* model [11] has been introduced in 1996. BSP* adds a critical block size 438 parameter B, which is the minimum size of data for a communication to fully 439 exploit the available bandwidth. 440 The cost function for communications is modified to account both for the 441 number of message start-ups in a phase (h_t) and for the communication vol- 442 ume s_t (the sum of the sizes of all messages). Superstep cost is defined as 443 w_t + g^∗ · (s_t + h_t · B) + L , where g^∗ = g/B. Each BSP* message is charged a con- 444 stant overhead which depends on B, and a time proportional to its length. The 445 effect on performance evaluation is that there is no gain in sending messages 446 much shorter than B, and algorithms that pack information when communi- 447 cating are rewarded. Thus the BSP* model promotes explicitly block-organized 448 communications, as external memory models do for I/O operations. 449 D-BSP model. The BSP model inherits from the PRAM the assumption that 450 model behavior is independent from its size. While we can easily account for 451 a general behavior by changing parameter values (e.g. adding processors to a 452 bus interconnection leads to larger values of g and L), there is no way we can 453 model more complex situations where the network properties change according 454 to the part of it that we are using. This is an intentional trade-off of the BSP 455 model, but it can lead to inaccurate cost estimates in some cases. We mention 456 two examples. 457 – Networks with a regular geometry, like meshes or hypercubes, can behave 458 quite differently if most of the communication traffic is local, as compared 459 to the general case. 460 – Modern cluster of multiprocessors and multiple-level interconnections cannot 461 be properly modeled with any value of g, L, as shared memory and physical 462

message-passing communications among different kinds of connections imply 463 very different bandwidths and overheads. 464 De La Torre and Kruskal [16] introduce the decomposable BSP model (D- 465 BSP), which rewards locality of computation by allowing hierarchical decompo- 466 sition of the machine into smaller BSP-submachines. The g and L parameters 467 of BSP are replaced with two functions G_m and L_m of the submachine size m. 468 During algorithm execution the computation can be recursively split, and 469 smaller subproblems can be assigned to different submachines. The sub-compu- 470 tations are still D-BSP computations, which proceed independently until they 471 merge together again. Their computational cost is the maximum of the costs, 472 each one being evaluated with appropriate g, L values. The actual shape of 473 G_m, L_m controls the advantage of decomposing the computation into local sub- 474 computations. 475 This abstract way of accounting for parallel locality avoids directly dealing 476 with the geometry of the interconnection structure, which appears only by means 477 of its characteristic functions. D-BSP thus adds the power to explicitly evaluate 478 architectural effects on communications due to the geometry of the network, or 479 due to its implementation. 480 A first comparison among the D-BSP and BSP models can be found in [17]. 481 Meyer auf der Heide and Wanka [11] investigated the relationships among the 482 BSP* and the D-BSP models. Bilardi and others [18] also examine the D-BSP 483 model, concluding that it offers the same design advantages of BSP, but has 484 higher effectiveness and portability over realistic parallel architectures. They 485 show results for characteristic functions of the form C · (n/2^i)^α, (0 ≤ i ≤ log n) ∨ 486 (0 < α < 1), which capture a wide family of commonly used interconnection 487 networks, including multidimensional arrays. 488 4.3 Emulation in External Memory 489 A classical result of emulation of parallel algorithms using external memory 490 techniques is the PRAM emulation algorithm in [19]. The result is described 491 in [20]. It is an asymptotically good emulation, but the asymptotic complexity 492 hides quite large constant terms, as an external-memory sorting of the whole 493 memory is required at each PRAM execution step. 494 It is clearly a fundamental issue to distinguish those emulation that are only 495 asymptotically good, from those that can be practically exploited. 496 The emulation of PBM algorithms in external memory models has been 497 shown to improve over known external memory algorithms in some cases, at 498 least from the point of view of the abstract I/O complexity. The topic of exter- 499 nal memory algorithm design is addressed in other parts of the book, here we 500 want to underline the connections among the two fields and the option to merge 501 the two approaches into a more general, hierarchy-aware one. 502 Sequential BSP-like emulation A simple simulation algorithm is found in [21]. 503 The general scheme of the emulation consists of picking the number v of virtual 504

BSP processor so as to efficiently simulate them in external memory. The sim- 505 ulation is performed by a sequential external-memory machine, which loads in 506 memory the computational context of each virtual processor (its memory im- 507 age and message buffers) once for each BSP superstep. Sibeyn and Kaufmann 508 show that simulating the parallel processors one at a time and implementing 509 communications using external memory data structures, we can derive efficient 510 external memory algorithms from a subclass of BSP ones which only require lim- 511 ited memory and communication bandwidth per processor. There are interesting 512 points to remark, 513 – the use of a bandwidth gap parameter, measuring the ratio between the in- 514 struction execution speed and the I/O bandwidth, 515 – the introduction of a notion of x-optimality, which relates the number of 516 I/O operations of a sequential algorithm with those of an emulated parallel 517 algorithm for the same problem, 518 – the fact that the BSP* messages have a cost depending on their length in 519 blocks helps in determining a relationship among the parallel algorithm and 520 its external memory emulation. 521 Parallel emulation In [22] the emulation results hold under more general as- 522 sumptions. To evaluate the cost of parallel emulation, the EM-BSP* model is 523 defined. EM-BSP* (see fig. 5) is a BSP* model extended with a secondary mem- 524 ory which is local to the processing nodes. Alternatively, we can see it as a PDM 525 model augmented with a BSP* interconnection and a superstep cost function. In 526 addition to the L, g, b, p parameters of BSP*, here we find also local memory size 527 M, the number (per processor) of local disks D, the I/O block transfer size B 528 (mutuated from the PDM model) and the computational to I/O capacity ratio 529 G as in the simpler simulation. 530 The emulation of BSP* algorithms proceeds by supersteps, but each emulat- 531 ing processor loads from disk a set of the virtual processors (with their needed 532 context data) at the same time, instead of a single one. The emulation proce- 533 dure can run sequentially in external memory, or in parallel, where the emulating 534 machine is modeled using EM-BSP*. A reorganization algorithm is provided to 535 perform BSP message routing in the external memories using an optimal amount 536 of I/O. 537 Like in [21], the result in [22] exploits the BSP* cost function to simplify the 538 emulation algorithm. BSP*, BSP and CGM algorithms (by reduction to BSP*) 539 can be emulated, which satisfy given bounds on message sizes and of the memory 540 used by the processors. 541 The c-optimality criterion is refined (taking into account I/O, computation 542 and communication time of the emulated algorithm) and it is used to compare 543 EM-BSP* algorithms with the best sequential algorithms known. 544 Parallel and serial external-memory emulation of bulk parallel algorithms is 545 still under development [23,24]. New results focus more on the CGM model, 546 which is seen as a submodel of BSP with a known kind of routing relation 547 (see section 4.1). Despite technical improvements, the overall structure of the 548

Figure5. The common structure of the combined parallel external-memory models.

model and of the simulation is essentially unchanged from those of fig. 5. These 549 new works also identify an interesting subspace of algorithmic parameters where 550 parallel external memory execution is efficient. Simulation has thus been used to 551 obtain new or improved complexity results for several external memory problems. 552

4.4 Algorithms Designed for Parallel Hierarchical Models 553 In this section we briefly survey two works which exploit mixed models of compu- 554 tation to present a parallel-external memory algorithm. The first work pre-dates 555 most of the results we have previously presented [25]. Aggarwal and Plaxton 556 define a multi-level storage model made up of a set of hypercubes of increas- 557 ing dimension 0 ≤ d ≤ a. A set of four primitive operations is defined on such 558 a structure, which include a scan operation, two routings and a shift of sub- 559 cube data. A parallel hierarchical computation model is then made up of a b- 560 dimensional cube of such devices interconnected along a subset of their elements 561 by bounded-degree networks (it is required that prefix and scan operations are 562 O(b) = O(log p)). 563 They show how to implement an efficient version of the Sharesort algorithm, 564 and they compare the results to several different hierarchical memory models. 565 Apart from the model and the particular algorithm, it is interesting to note that 566 here it is already defined a parallel, hierarchical data space on which to compute, 567 and the authors choose a set of primitive operation that can be practically imple- 568 mented both in external memory and in parallel. In a modern setting, this choice 569 allows a certain degree of flexibility in choosing which levels of the computation 570 map to external memory, and which ones to perform in parallel. 571 The previous work can be fully categorized as a hierarchical model, the next 572 one belongs instead to the track of EM-BSP extensions, thus it only provides two 573 levels of physical memory. However, it uses a D-BSP interconnection structure 574 in the configuration of fig. 5, thus taking into account the hierarchy of the com- 575 munication network. Since it is nowadays more appealing to solve huge problems 576

by a large cluster of workstation than to switch to tertiary storage, this kind of 577 models is of great practical interest for cluster and grid computing. 578 In [26] a set of basic primitives for sorting, merging and broadcasting is de- 579 veloped by careful composition of their corresponding D-BSP and PDM ones. 580 Dehne and others develop a distribution sweeping algorithm (see [27]) which 581 works by partitioning the input in parallel and performing local external mem- 582 ory computation. Composing the local and parallel part of the algorithm is not 583 simple, as the sweep paradigm doesn’t allow a simple, one-shot input decompo- 584 sition. Intermediate results of local computations need to be exchanged. 585 The solution devised is recursive in nature, and it exploits an orthogonal par- 586 titioning of the input and of the intermediate results of the recursion, such that 587 the algorithm takes maximum advantage of parallel locality, and all the gener- 588 ated subproblems are independent and can be assigned to smaller subclusters. 589 5 Software Tools 590 In this section we will survey a set of software tools and programming models 591 that can be used to exploit parallel hierarchical architectures. We classify them 592 according to two main principles. 593 – The kind of hierarchy they exploit (parallel hierarchy, memory hierarchy or 594 both) 595 – The number of levels (2 or more) that they actually manage. 596 As we will see, corresponding to the need for a unifying hierarchical model there 597 is a lack of software tools which span across multiple levels and different hierar- 598 chies. As a consequence, writing programs that fully exploit hierarchical parallel 599 architectures is a difficult and error-prone task, where a large part of the working 600 effort is spent in tuning and debugging activities. 601 5.1 Tools for Managing Parallelism or External Memory 602 Software tools in the first level manage only two levels of a hierarchy. Since 603 the mangement of parallelism and I/O is in principle completely separate, these 604 tools can be combined within the same environment to exploit architectures 605 which correspond to the EM - parallel models of sections 4.3, 4.4. The work in 606 the two separate fields of external memory and parallel programming is mature 607 enough to have already produced some widely recognized standards. 608 Parallel Programming Libraries Looking at parallel programming paradigms, 609 we can expose two extremes. First, there is the message passing paradigm. Each 610 processor has its local data and communicates with other processors by exchang- 611 ing messages. This paradigm represents a shared nothing approach. Second, there 612 is the shared-memory programming paradigm. Here all the data can be accessed 613 by all processors. The programmer has to formulate race-conditions to avoid 614

deadlocks or inconsistencies. This is the shared-everything approach. The two 615 approaches fit exactly to the two classes SM MIMD and DM MIMD. For both 616 paradigms, there is one de facto standard library. For message-passing-based 617 programming, it is the Message-Passing-Interface (MPI), and for shared-memory 618 programming, it is OpenMP. 619 Message-Passing-Interface MPI — In 1994, the MPI-Forum unified the most 620 important concepts of message-passing-based programming interfaces. The result 621 of this unification process was the MPI-1 standard [28]. In 1997, MPI-2 [29], an 622 extension to MPI-1, was defined. Within this process, MPI-1 was clarified. A MPI 623 program starts one process per processor on a given number of processors. On 624 each processor the same program is executed, but on different data. Hence, MPI 625 programs have a SPMD (Single Program Multiple Data stream) structure. Each 626 processor receives a rank during the execution. Subject to the rank, a processor 627 can execute different parts of the program. Hence, it is possible to program in 628 MIMD style. The rank is also the address for communication operations. There 629 are MPI-Implementations for nearly all platforms, which is the assumption for 630 portability. 631 The MPI-1 standard includes mainly the following topics: 632 – Point-to-point communication – Collective operations – Process groups – Communication contexts – Process topologies – Bindings for F77/C – Environmental management and inquiry – Profiling interface 633 The main extensions of MPI-2, besides clarifications of MPI-1 topics, are 634 – Process creation and management – One-sided Communication – Parallel I/O (see MPI-IO in section 5.2) – MPI derived datatypes – External Interfaces – Language bindings for C++ 635 OpenMP — The OpenMP-API [30] is a standard for parallel shared memory 636 programming. OpenMP defines a set of program directives, with which it is 637 possible to define parallel regions in a sequential program. It augments standard 638 C/C++ and Fortran 77/90 directives and facilitates an incremental approach to 639 the parallelization of sequential programs. The base of OpenMP is a fork-join 640 model of parallel execution. The sequential part of the code is executed by one 641 thread (master thread), which forks new threads as soon as a parallel region 642 starts. There are three types of directives: 643 – Parallelism/Work sharing directives define parallel regions in the pro- 644 gram, which are executed with multiple threads. All threads perform the 645 same amount of computation. A work sharing directive may appear within 646 the parallel region. It divides the computation among the threads. An ex- 647 ample is the for/DO directive (each thread executes a part of the iterations 648 of the loop). 649 – Data environment directives control the sharing of program variables, 650 which are defined outside a parallel region (for example shared, private and 651

reduction). Variables defined inside a parallel region are implicitly private to 652 each thread. 653 – Synchronization directives (barrier, critical, flush) are responsible for syn- 654 chronized execution of the several threads. Synchronization is necessary to 655 avoid deadlocks and data inconsistencies. 656 In both cases, possible hierarchies in the parallel target machine are not 657 considered. Both paradigms assume independent processors, which are either 658 connected by shared memory or by an interconnection network. Of course, there 659 are approaches to incorporate hierarchical sensitive methods in both libraries. 660 We will present some of them in section 5.3. 661 External Programming Libraries In parallel programs we can exploit exter- 662 nal-memory libraries designed for sequential processing to efficiently access data 663 on processor-local disks. If secondary memory devices are shared among a set of 664 processors, there is the chance that the interaction will lead to a performance 665 loss. 666 TPIE — TPIE [31] is a library developed as a programming tool to simplify the 667 implementation of algorithms based on the PDM model. 668 TPIE provides data structures and algorithms to solve batched problems, 669 with a strongly stream-oriented interface to the data. Common operations on 670 streams are provided (e.g. sort, merge, distribution, permutation) as well as 671 on simple external-memory data types (matrices, stacks). The assumption is 672 that all operations and access methods exploit the best known EM algorithm 673 for the problem. Clearly, any TPIE-based program can immediately benefit of 674 theoretical and practical improvements in EM algorithms as soon as they are 675 propagated to the library. 676 The fundamental components of TPIE are the memory manager and the 677 block transfer engine (BTE), the software kernel that moves blocks of data from 678 physical devices to main memory and back. Three different implementations 679 of the BTE are based on the UNIX stdio, on blocked read/write calls and on 680 memory-mapped I/O. The current implementation of the library is completely 681 sequential, as each BTE manages a single physical disk, and BTEs on different 682 processors do not cooperate. Interprocess coordination is left to the user like it 683 is in the PDM algorithm. Extension of the library is planned to the full PDM 684 model, with parallel disks, and to multiple, coordinated BTEs. 685 LEDA-sm — LEDA [32] is a commercial library of data structures and algo- 686 rithms for combinatorial and geometric computation. LEDA-sm is a secondary 687 memory extension [33] which is publicly available under the GPL license. It 688 provides external data structures (e.g. arrays, queues, trees, strings) with basic 689 operations, and a few algorithms that work on these structures. Like TPIE, the 690 implementation relies on a library kernel (the EM manager), which implements 691 a PDM abstraction and programming interface over concrete disk devices. 692

5.2 Tools for Parallel-External Programming 693 PDM-like approaches Among the software tools devoted to external memory, 694 the VIC* approach is one that allows to fully exploit the PDM model, with 695 parallel disks and processing elements. 696 VIC* — The Vic* compiler [34] is a compiler for the C* language, a C extension 697 with virtual-memory data parallel constructs. The compiler produces code which 698 interfaces to an implementation of the PDM model. The user can control the 699 number of computing units and data-server processes that are set up on the 700 target machine. 701 The run-time support of VIC* has been implemented over a set of different 702 sequential and parallel architectures, exploiting existing conventional, networked 703 and parallel file systems. PVM or MPI is used for the support of communication. 704 VIC* has been used to evaluate the actual performance of sequential and par- 705 allel PDM algorithms. It shows the effectiveness of the PDM model, as the tested 706 external-memory algorithms are mainly computation bound, whereas their main- 707 memory counterparts are severely I/O bound at the same problem size [34]. 708 While VIC* programs exploit available parallel resources, there is still no 709 model for the communication part. An interesting result in this view is reported 710 in [35], where the problem of out-of-core, parallel FFT is solved by using the 711 dimensional decomposability of the FFT problem to devise a parallel partitioning 712 of the out-of-core computation. 713 MPI-IO The MPI-2 standard includes the specifcation of a standard parallel 714 I/O API. Programs written using MPI-IO can exploit message passing paral- 715 lelism and a shared disks space, while remaining largely portable. A full discus- 716 sion of parallel file systems is not appropriate here, so we summarize the MPI-IO 717 approach and its rationale. 718 A typical parallel I/O scenario is that of multiple processors in a MIMD 719 machine (fig. 1b,c) trying to access different parts of a single large file. SM 720 architectures often use centralized I/O subsystems, and the target is to minimize 721 contention due this bottleneck. DM architectures usually have local disks in each 722 processing node. In order to exploit these disks as a single storage support, data 723 blocks are sent through the network from hosting nodes to the requesting ones. In 724 both cases the solution to the problem is in aggregating several requests to serve 725 them efficiently. The well-known UNIX-like semantics of most file systems does 726 not allow this operation. The gain is even higher if the program explicitly gives 727 information about collective I/O (parallel, logically synchronized I/O requests 728 from a set o processors). 729 MPI derived datatypes are a portable mechanism to specify the memory lay- 730 out of a data structure, which allow MPI functions to minimize communication 731 overheads, and to automatically compact non-contiguous data-structures. MPI- 732 2 has extended the use of MPI datatypes from communication to parallel I/O. 733 Since MPI-IO also offers collective and asynchronous I/O functions, there is 734 plenty of room for optimizations. 735

ROMIO [36,37] is a public domain implementation of the standard. It is 736 based on a virtual device interface, ADIO, which connects to most sequential, 737 networked and parallel file systems in current use. The papers show that two 738 optimizations are fundamental in boosting parallel I/O performance. 739 data sieving Separate asynchronous requests are reordered and merged into 740 bigger ones. In doing this, it is allowed to read a certain amount of extra 741 data in the “holes” in order to reduce the number of separate I/Os. 742 collective request merging Parallel I/O requests to a same file often address 743 small different regions of it according to complex patterns which depend on 744 the application (e.g. processor i reads blocks i + k · j, j = 0, 1 . . .). Merging 745 together all of these patterns we can identify a much simpler I/O pattern 746 at the hosting nodes, which is used to satisfy all the requests by means of a 747 data reorganization phase. 748 We note that most of the optimizations which are possible with MPI-IO rely 749 on exploiting a form of global architecture-level caching. Data from the external 750 memory level are loaded into memory buffers which are shared by hardware 751 and software means. We are thus exploiting the speed relationship among two 752 different kind of hierarchies which we reported in section 2. 753 5.3 Tools for Parallel-Hierarchical Programming 754 Hierarchical Optimizations for MPI The advantages of adapting MPI to 755 SMP clusters are mostly in the portability and readability of the code for users. 756 A lot of MPI programs can be ported easily by compilation on the new archi- 757 tectures and performance will be preserved. Further, there is a huge community 758 of MPI developers, whose programming knowledge and experience is not lost. 759 As already mentioned, the message passing paradigm does not consider the hi- 760 erarchical architecture of SMP clusters. The disadvantage is, that the processors 761 communicate by the network, although they might be in the same node. In the 762 following, we present two approaches for adapting MPI to SMP clusters, which 763 avoid this inefficiency. 764 Shared-Memory Communication — This approach improves the communication 765 between processors, which reside in the same node by using the faster shared- 766 memory instead of the network for the point-to-point communication. When a 767 message is sent, the system has to detect if the target process works on a proces- 768 sor, which resides in the same node. If this is not the case, the message has to be 769 transferred as usual over the network interface. Otherwise the message will be 770 delivered through the shared memory. The performance of this innernode point- 771 to-point communication depends on the number of copies, which are necessary 772 to transmit the message. In [38] an optimization for a free MPI implementation 773 called MPICH, which works on PC-based SMP clusters, is presented. The version 774 1.1 was the first version of MPICH, which supported SMP clusters. It needed 775 two shared memory copies to perform the send and receive within the node. The 776

two copies are necessary, because the sending processor writes the message in 777 the shared memory, and the receiving processor reads out of the shared memory 778 to make a local copy. Due to a special network interface (Myrinet), and a spe- 779 cial communication software (SCore), it was possible to implement a primitive 780 which reads the message directly out of the senders memory. Hence, only one 781 copy operation is necessary, which increases the point-to-point communication 782 performance. 783 In order to test the library, the authors made experiments using the NAS 784 Parallel Benchmark 2.3 (NPB) [39]. The NPB is a set of 8 programs designed to 785 help evaluate the performance of parallel supercomputers. The benchmarks are 786 derived from computational fluid dynamics (CFD) applications. 787 The authors compared the results of a SMP cluster with that of an uni- 788 processor-cluster (UP-cluster), having the same number of processors. The SMP 789 cluster achieved 70-100% of the performance of the UP-clusters. Intuitively, the 790 SMP clusters should perform better, because the shared-memory communication 791 is faster. The following reasons are made responsible that this is not the case. 792 In general, the latency for each process in a SMP cluster is higher than in 793 an UP-cluster, because multiple processors share the network interface. Since 794 synchronization mechanisms are realized by messages, the costs are dominated 795 by communication costs between the nodes, because most messages have to be 796 sent using the network. If an application has to synchronize a lot, the advantage 797 of the faster innernode communication gets lost. The applications of the NPB 798 are examples of such applications. 799 Another argument is, that the total number of messages sent by each pro- 800 cessor is equal in both cases. Of course some of the messages are sent within the 801 node, but the majority has to be sent through the network. Again, the advan- 802 tage of the faster innernode communication is exhausted, because of the higher 803 latency for network messages. 804 Though the point-to-point communication between processors in the same 805 node can be improved by this approach, but it is not guaranteed to improve the 806 overall performance compared to that of an UP-Cluster. 807 The problem with this approach is, that the programmer is not forced to 808 consider the SMP cluster architecture, which is not helpful for efficiency reasons. 809 He can develop his code as if the underlying machine is a flat MPP machine and 810 the efficiency of his program only depends on the MPI implementation and on 811 the general program structure. 812 Threads Only MPI — Until now, the thread only MPI (TOMPI) [40] is just a 813 MPI implementation for single workstations or SMP workstations. The idea is to 814 make the development of MPI programs on workstations less time-consuming. 815 It is inefficient to use the custom MPI implementations, because they use UNIX 816 processes and UNIX domain sockets for inter-process communication, which 817 both involve a large overhead on a single workstation. An implementation us- 818 ing threads and shared memory would perform much faster. TOMPI rewrites 819 an MPI program using a source code translator. The result is a program, using 820 multiple threads on a SMP node or workstation. Messages between processes are 821

copied only once, which is very efficient. With TOMPI it is possible to execute 822 MPI programs with hundreds of MPI processes on a single workstation, with- 823 out bringing the system down. However, there is no such implementation for 824 SMP clusters now. But, the concept itself could be interesting for SMP clusters. 825 It would be an interesting task to extend the translator towards SMP cluster 826 support. Informations about the structure of the cluster, like for example the 827 number of processors per node or the number of nodes, are necessary as input 828 data. 829 This approach seems to have the potential to be more efficient than the first 830 one, because it does not only use a faster shared memory communication within 831 the nodes, it even avoids large memory overhead using processes. 832 Distributed Shared-Memory Programming with OpenMP The usage of 833 OpenMP on SMP clusters brings some advantages along. OpenMP programming 834 is easier than message passing programming. The programmer does not need to 835 take care about data decomposition and distribution. Removing OpenMP di- 836 rectives from a program means to create a sequential version of the program. 837 By converse, it is possible to parallelize a code step by step. The main problem 838 of this approach for SMP clusters is, that there is a need for a global shared 839 memory in physical distributed environment. Software solutions, which provide 840 a distributed shared memory, usually lower the total performance of a program 841 due to memory coherence operations. There are three approaches how to adapt 842 OpenMP to SMP clusters. The first and the second approach use software dis- 843 tributed shared memory (SDSM) systems. In the first approach, OpenMP pro- 844 grams are translated to programs, using library calls to a SDSM systems. The 845 second approach is a compiler directed SDSM approach, where the compiler tries 846 to reduce the overhead of the SDSM system. The third approach does not as- 847 sume a SDSM system, it is an extension of the set of OpenMP directives, library 848 calls and environment variables for data distribution in a distributed systems. 849 Software Distributed Shared Memory — SDSM systems provide a global ad- 850 dress space for physically distributed memory machines. The idea is to translate 851 OpenMP directives into appropriate calls to a certain SDSM system. The result 852 of the source-to-source translation is a standard C/C++ or Fortran program 853 which can be compiled and linked with the SDSM system. An example for this 854 approach is described in [41]. The authors created a translator, which transforms 855 OpenMP programs into standard programs using a special SDSM system, called 856 TreadMarks[42]. Further the SDSM system itself is modified for the use with 857 OpenMP, and for the use on SMP clusters. This modified version of the SDSM 858 exploits the hardware shared memory within a node using POSIX Threads. Ex- 859 perimental testing with several algorithms showed, that the performance of the 860 modified SDSM system got much better compared with the version not using 861 POSIX threads. But, compared with equivalent MPI implementations the per- 862 formance is still worse. The received speedups were only within 7-30% of the 863 speed-ups achieved by the MPI versions. 864

Compiler Directed Software Distributed Shared Memory — One problem with 865 the last approach was, that the SDSM system suffers too much from coherence- 866 maintenance network traffic. Further, the SDSM systems do not exploit appli- 867 cation specific data access patterns, because communication in shared memory 868 is unknown until run time. A more promising approach is the usage of compiler 869 directed SDSM library calls. The OpenMP compiler inserts remote communica- 870 tion primitives to keep the node-distributed memory consistent. This is possible 871 because of the good structure of OpenMP programs. Therefore, the compiler is 872 able to analyze parallel regions in order to optimize communication and syn- 873 chronization. The design of such a compiler is described in [43]. This approach 874 is based on a runtime DSM library and the compiler analysis of the OpenMP 875 programs. The following extensions are made: 876 – In a first step, the compiler inserts memory coherent maintenance code of 877 the base DSM runtime system in every access to shared data. 878 – In a second step, the compiler analyzes the memory access pattern in order 879 to optimize the memory coherence code. Because of the compiler analysis, 880 it is possible to generate efficient collective communication. 881 In the worst case, when no optimization is possible, the performance should 882 be as good as that of the pure SDSM approach. If optimizations are possible, 883 performance will increase. Regrettably, there are no experimental results in the 884 paper, which could confirm this prediction. 885 Distributed OpenMP — A different approach to adapt OpenMP to SMP clus- 886 ters is suggested in [44]. The authors propose the Distributed OpenMP (DMP). 887 This extension of OpenMP with data locality features provides a set of new 888 directives, library routines and environment variables. On each node one pro- 889 cess is created. There is an one-way communication between the nodes. Each 890 process uses multiple threads according to OpenMP directives and library calls. 891 There is no explicit communication. There are directives, which define the data- 892 distribution. The aim is to maintain full source compatibility with OpenMP. The 893 programmer should start with an OpenMP program and later he can add data 894 mapping directives. At the moment, the approach is not yet available. Hence, 895 the following is just a listing of ideas and issues. Among the proposed exten- 896 sions, there is a distribute directive. With this directive it is possible to partition 897 an array over the node memories. For performance reasons, the threads should 898 work on local array elements. Hence, the user must distribute the data with 899 respect to minimize remote data accesses. Another proposed extension is the on 900 home directive in a parallel region. With this directive, it is possible to perform 901 a parallel loop over a distributed array without redistributing the array. The 902 threads of a node perform the iterations for the array elements, which reside 903 in their local memory. Further extensions are library routines and environment 904 variables, which provide specific numbers of the run-time instance of the SMP 905 cluster, like for example the number of involved nodes or processors per node. 906 Disadvantages are, that programs get more complex, and the user still has to 907 take care about an efficient data decomposition. Therefore, after adding DMP 908

directives to a OpenMP program, the user probably has to do performance 909 tuning again. The main disadvantage is, that there is no clear idea nor real 910 result the feasibility of this approach. 911 An advantage of all three approaches is, that one can have a single portable 912 code for SMP systems, distributed memory systems or SMP clusters. Further, 913 the performance of one SMP node will not degrade, and the code can still be 914 parallelized incrementally. 915 Hybrid Programming with MPI and OpenMP The idea of the hybrid pro- 916 gramming model is to use message passing between the SMP nodes, and shared 917 memory programming inside the SMP nodes. The structure of this model fits 918 exactly to the architecture, therefore, the model has potential to produce pro- 919 grams with significant performance improvement. But it is also obvious, that the 920 model is more complicated to use, and, that there may arise unpredicted per- 921 formance problems, because of the simultaneous usage of the two programming 922 models. There are several possibilities for choosing libraries for each model, but 923 it is straightforward to combine the de facto standards MPI and OpenMP. The 924 following section will give an overview of the different approaches to the produc- 925 tion of hybrid programs, with no emphasis on technical details. We also survey 926 some performance evaluations, which compare hybrid programs with pure MPI 927 ones. The general execution scheme is as follows. In each node there is one MPI 928 process. Communication between the nodes is done by the MPI processes. Inside 929 the process, multiple threads are responsible for doing the parallel computation. 930 The number of threads, spawned within a node, is equal to the number of pro- 931 cessors in that node. The base for the design of an efficient hybrid program is an 932 efficient MPI program. According to [45], there are two approaches to incorpo- 933 rate OpenMP directives into MPI programs. The fine-grain and the coarse-grain 934 approach. 935 Fine-Grain Parallelization — This is the straightforward approach, because it 936 can be done incrementally. The computational part of the MPI code is examined, 937 and the loop nests are parallelized with OpenMP directives. Therefore, the ap- 938 proach is also called loop-level parallelization. In order to avoid an unnecessary 939 increase in programming effort, the loop-nests of a program must be profiled 940 according to their contribution to the global execution time. Only loop nests 941 with a significant contribution are selected for OpenMP parallelization. Some 942 loop-nests can not be parallelized directly. But if they contribute significantly to 943 the global execution time, the developer can try to transform these loop-nests 944 into parallel ones, to avoid false sharing or to reduce the number of synchroniza- 945 tions. Techniques for parallelizing non parallel loop-nests are loop permutations 946 or exchanges and the use of temporary variables. 947 Coarse-Grain Parallelization — In this approach a SPMD programming style 948 is used to incorporate OpenMP into MPI programs. OpenMP is used to spawn 949 threads immediately after the spawn and initialization of the MPI processes in 950

the main program. Each thread itself is acting similar to a MPI process. There 951 are several issues which have to be considered for the threads. 952 – The data distribution between the threads is different from that of MPI 953 processes. Because of the shared memory, it is only necessary to calculate 954 the bounds of the arrays for each thread. There has to be a mapping from 955 array regions to threads. 956 – The work distribution between the threads is made according to the 957 data distribution. Instead of an automatic distribution of the iterations, some 958 calculations of the loop boundaries depending of the thread number define 959 the schedule. 960 – The coordination of the threads means managing critical sections by 961 either the usage of OpenMP directives, like MASTER or thread library calls 962 like omp get thread num(), to construct conditional statements. 963 – Communication is still done by only one thread. 964 As far as we know, until now, there has been no work about the coarse-grain 965 approach. Remembering the idea of TOMPI, it seems, that the result of TOMPI 966 for SMP clusters is a coarse-grain hybrid program, because the MPI processes 967 are converted to threads. An important thing, which has to be incorporated in 968 an TOMPI for SMP clusters is the usage of common data structures within the 969 nodes as proposed by the coarse-grain approach. 970 Performance of Fine-Grain Hybrid Programs compared to Pure MPI Programs 971 — Beside knowing, how to develop hybrid programs for SMP clusters, it is nec- 972 essary to look at the achieved performance of the programs. In [45,46,47,48] 973 investigations to measure performance of fine-grain hybrid programs are pre- 974 sented. They try to measure, which programming model performs better on a 975 SMP cluster by comparing the performance achieved by a hybrid and a pure 976 MPI version of NPB. Further, they investigate if it is worth building a SMP 977 cluster instead of an UP-cluster, and they tested, if a PC-based SMP cluster 978 can compete with other supercomputers. An important subject of the papers is 979 the interpretation of the performance measurements. The authors try to explain 980 the behavior of the various programs on SMP clusters in order to understand 981 performance for hybrid programs. Experiments were made on a PC-based SMP 982 cluster with two processors per node and on IBM SP cluster systems with four 983 processors per node. 984 According to the mentioned works, the comparison among the two kinds 985 of models for SMP clusters show no general advantage of one over the other. 986 Depending on the characteristics of the application, some benchmarks perform 987 better with the hybrid version, others perform better with the pure MPI version. 988 The following aspects are responsible, which model performs better. 989 – Level of shared memory parallelization. The more of the total compu- 990 tation can be parallelized, the more interesting is the hybrid approach. The 991 size of the parallelized sections (OpenMP) compared to the whole computa- 992 tion section must be significant. 993

– Communication time. The communication time depends on the commu- 994 nication pattern of an application. To be more precise it depends on the 995 differences between the two models concerning latency, bandwidth, and syn- 996 chronization time. If more processes share one network interface, then the 997 latency for network accesses increases, but the per process bandwidth in- 998 creases too. If there is only one process per node, the latency is low, but 999 the process cannot transfer the data fast enough to the network interface to

1000

achieve the maximum bandwidth of the network. Therefore, the pure MPI

1001

approach performs better, if the application is bandwidth limited. Otherwise,

1002

for latency limited application the pure MPI approach is worse.

1003

– Memory access patterns. The memory access patterns are different for

1004

the two models. Whereas MPI allows to express multi-dimensional blocking,

1005

it is not natural for OpenMP to do so. To achieve the same memory access

1006

patterns, rewriting of loop nests is necessary, which may be very complex.

1007

– Performance balance of the main components (processors, memory

1008

and network). If the processors are so fast, that communication becomes

1009

the bottleneck, then the communication pattern decides which model is best.

1010

Otherwise, if computation is the most significant part, then MPI seems to

1011

be always the best.

1012

Parallel Radix-Sort – An example for improving an algorithm by using hybrid

1013

programming is parallel Radix-Sort. In [49] there is a presentation of the transi-

1014

tion from a message-passing parallel Radix-Sort algorithm to a hybrid parallel

1015

Radix-Sort algorithm using POSIX threads and a special internode communica-

1016

tion library. The hybrid implementation was compared with a pure MPI imple-

1017

mentation and a DSM implementation on a cluster of DEC AlphaServer 2100.

1018

All experiments confirmed, that the hybrid implementation has the best perfor-

1019

mance. In the following, we will show the design of the hybrid parallel Radix-Sort

1020

algorithm. As mentioned in section 5.4, we start with the message-passing ver-

1021

sion, then we replace multiple MPI processes per node with a single process and

1022

multiple shared-memory threads, and finally, we parallelize sequential work into

1023

shared-memory algorithms.

1024

We consider the problem of sorting n integers keys in the range [0, M − 1]

1025

distributed evenly over the SMP cluster. The cluster consists of p SMP nodes,

1026

where each has r processors. The integer keys are divided into groups of d digits.

1027

Radix-Sort sorts the keys using a Counting-Sort algorithm on each digit group.

1028

We start with the least significant bit. Let M = 2^b, then we need^b_d passes of

1029

Counting-Sort. In each pass, the integer keys are sorted by one d-digit group

1030

starting from the least significant group. The Counting-Sort algorithm sorts n

1031

integers in the range [0, 2^d − 1] by using 2^d counters. The counters are used to

1032

accumulate the number of keys with value i in bucket B_i (0 ≤ i < 2^d). After

1033

counting the numbers of the keys, the rank of each key can be calculated. Once

1034

the ranks are known, we can move the keys into their correct position. This

1035

can be done by a collective communication and we assume, that no node is the

1036

source or destination of more than^n_p keys. The pseudo code for Counting-Sort

1037

consists of six steps.

1038

1. Each node i, 0 ≤ i < p − 1, counts the quantity of each value for all its^n_p

1039

keys and computes the array H_i(k), which is the number of keys equal to k

1040

(0 ≤ k < 2^d) in node i.

1041

2. Each node applies an all-to-all communication on its H array with block size

1042

2^d/p. After this step, each node has p rows of size 2^d/p.

1043

3. Each node locally computes the prefix-sums of its rows of the array H for

1044

each key. Further, the node builds an array with the total count for each key.

1045

4. Each node applies an all-to-all communication on the computed prefix-sums

1046

and the total count array. The block size is 2(2^d/p).

1047

5. With the received arrays, each node can compute the ranks of its^n_p local

1048

keys.

1049

6. Each node performs a collective communication of keys to rank locations,

1050

whereby no node is the source or destination of more than^n_p keys.

1051

The computation steps can be parallelized within each node as follows. The

1052

communication steps (2,4,6) remain unchanged. The modified steps and the

1053

unmodified steps form the hybrid program.

1054

– In step 1, each processor of the node scans in parallel^n_{rp} keys and creates an

1055

array with the quantity of each value. After that the r arrays can be merged

1056

in parallel into a single array for the node.

1057

– In step 3, the^{2d}_p prefix-sums can be computed independently. The work

1058

can be distributed evenly among the r threads. Each thread computes^{2d}_{rp}

1059

prefix-sums.

1060

– In step 5, the computation of the ranks can be done in parallel by the r

1061

threads. Each thread computes^n_{rp} ranks of the local keys.

1062

Basically, the pseudo code shows the design of a parallel hierarchical hybrid

1063

program. The single steps of the shared memory computation may be subject

1064

to further optimizations concerning the innernode memory hierarchy.

1065

5.4 Models for Exploiting Hierarchical SMP Clusters

1066

Besides the programming libraries and paradigms above, there are some pro-

1067

gramming models for SMP clusters, which try to build a higher level of abstrac-

1068

tion for the programmer.

1069

SIMPLE Model The SIMPLE model [49] efficiently combines shared memory

1070

programming within a node with message passing between the nodes. The target

1071

parallel architecture of the model consists of a collection of SMP nodes intercon-

1072

nected by a network. The network can be modeled as a complete graph, hence,

1073

communication is determined by latency and bandwidth properties of the net-

1074

work. Each node contains several processors which have uniform access to the

1075

shared memory and other resources like for example the network interface. A

1076

parallel algorithm is defined as a sequence of local (parallel) computation, in-

1077

terleaved with communication steps. This resembles BSP-algorithms [10]. The

1078

programming of the SMP-nodes is based on threads which communicate via

1079

synchronized access to the shared memory. The model does not restrict that

1080

all nodes must be identical. Therefore, the number of threads per node is not

1081

available globally. Because of that, the model provides only node-oriented com-

1082

munication. At any given time, only one thread of a source node can send, and

1083

only one thread of the a target node can receive a message. SIMPLE provides

1084

several primitives, which help to design efficient algorithms. These primitives

1085

can be divided into two categories, communication and computation. The com-

1086

putation primitives comprise data parallel loops, control primitives to address

1087

threads or nodes directly, and memory managment primitives. SIMPLE pro-

1088

vides three libraries for communication. There is an internode-communication

1089

library based on MPI, a SMP node library for the thread synchronization and a

1090

SIMPLE communication library build on top of both.

1091

Together with the programming model, SIMPLE provides a method to design

1092

efficient algorithms on the base of message-passing algorithms. The most costly

1093

operations are the internode communication operations. Compared to access

1094

times to local memory, latency of communication over the network is an order of

1095

magnitude higher. Therefore, designing an efficient algorithm means minimizing

1096

the internode communication operations. Since, this is similar to the design of

1097

efficient message passing algorithm, a possible approach is, first, to design an

1098

efficient message passing algorithm for the SMP cluster, only considering the

1099

computing nodes. Second, turning it into an efficient SIMPLE algorithm. This

1100

can be done by mapping the computational work assigned to a node into an

1101

efficient SMP algorithm. The result of this process is an efficient SMP cluster

1102

algorithm. An example for such a method is the parallel Radix-Sort algorithm,

1103

which was presented in the previous section.

1104

KeLP2 Model Kelp2 [50] is a runtime infrastructure, that implements a method-

1105

ology for implementing block-structured numerical applications on SMP-clusters.

1106

KeLP2 provides mechanisms to coordinate data decomposition, data motion and

1107

parallel control flow. Beside that, it hides low-level details like message-passing,

1108

processes, threads, synchronization and memory allocation from the program-

1109

mer. There is no analysis of the code in order to make high-level restructuring

1110

and there is no automated data decomposition. But, the model empowers the

1111

user to make such decisions. The programmer can do the decomposition best and

1112

KeLP2 provides a framework to construct partitioning libraries. KeLP2 supports

1113

three levels of control.

1114

1. collective level (SMP-cluster)

1115

2. node-level

1116

3. processor-level

1117

Programs express parallelism at the node- and processor-level while communi-

1118

cation takes place in the collective- and node-level. As in the SIMPLE model,

1119

KeLP2 assumes that communication between two processors of different nodes

1120

can only be done through their nodes. Each level, the collective- and the node-

1121

level, has its own data-layout and -motion. The KeLP2 programming abstrac-

1122

tions help to manage this. There are three classes of KeLP2 programming ab-

1123

stractions.

1124

1. Meta-Data

1125

2. Instantiators

1126

3. Parallel Control Flow

1127

The meta-data represents the abstract structure of some facet of the calcu-

1128

lation. It describes the data decomposition and the communication patterns.

1129

Instatiators execute the program according to the informations contained in the

1130

meta-data. The primitives for parallel control flow are iterators, which iterate

1131

over all nodes or over all processors of a specified node. KeLP2 enables a parallel

1132

specification, that is less dependant from the implementation.

1133

6 Conclusions

1134

It is clear from section 2 hat we need theoretical models and new software tools

1135

to fully exploit hierarchical architectures like large clusters of SMP and future

1136

Computing Grid super-clusters.

1137

The interaction among parallel bridging models and external memory ones

1138

has produced several results which we surveyed in sections 3 and 4. The ex-

1139

ploitation of locality effects in these two classes of models employs very close

1140

solution, which involve block-oriented cooperation and abstract modeling of the

1141

hierarchical structure,

1142

The concept underlying theoretical and performance results of bulk parallel

1143

models, and their theoretical lesson, is that the simple exploitation of fine grain

1144

parallelism at the algorithm level is not the right way to obtain portable parallel

1145

programs in practice.

1146

However, there is still way to go in order to answer the need of appropriate

1147

computational models. Hierarchical-parallel models like those of section 4.3 and

1148

4.4 are already close to the structure of modern SMP clusters, and they are rela-

1149

tively simple to understand. We can often appropriately compose BSP and PDM

1150

algorithms to develop efficient solutions, but the analysis task is still complex.

1151

Models like the one in fig. 5 usually employ the full set of parameters of

1152

their parallel part, those of their memory part, and at least another one to asses

1153

the relative cost of I/O and communication operations. For the BSP derivatives

1154

we have described, this leads to 7, 8 parameters. Excessive complexity of the

1155

analysis and poor intuitive understanding are a limiting factor for the diffusion

1156

of a computation models, as it was pointed out in [1]. There is no answer yet

1157

to the questions “can all these parameters be merged in some synthesis?”, what

1158

are the most four or five important parameters?

1159

Simple disk I/O models like PDM have been exploited to evaluate a corpus

1160

of external memory algorithms that are widely used in practice. On the other

1161

hand, the impact of more sophisticated parallel computational model is still lim-

1162

ited. Most of the efforts in software developing are spent in maintaining existing

1163

programming interfaces and optimizing them for the new architectures.

1164

This approach has not yet been proved effective for hierarchical parallel ar-

1165

chitectures. SMP cluster-enabled implementations of both MPI and OpenMP

1166

libraries are quite far from exploiting the potential performance of these ma-

1167

chines. When programmers completely disregard the existence of a hierarchy,

1168

and we try to hide all optimizations in the library, it is often impossible for the

1169

compilation and support tools to achieve implementations with optimal perfor-

1170

mance.

1171

Most standard libraries only exploit one level of memory or parallel structure,

1172

like MPI, OpenMP, TPIE. While it is possible to compose libraries which manage

1173

well-separate hierarchies (e.g. disks and shared memory), we have seen in section

1174

5 that the hybrid programming model, resulting from the empirical combination

1175

of MPI and OpenMP, leads to much harder problems.

1176

The hybrid model is the only parallel and hierarchical programming model

1177

accepted in the practice. It has the driving advantage of using existing, available

1178

tools, but has numerous drawbacks: programs are more complex to design, imple-

1179

ment, debug and maintain. Implementation and debugging are also complicated

1180

by the need for extensive performance analysis and tuning. The complexity of

1181

the structure and the amount of hidden interactions among the architecture, the

1182

algorithm and the different software tools exploited, make it quite difficult to

1183

devise performance models for the resulting programs.

1184

Two research directions are thus still open. One is to devise parallel hier-

1185

archical models which are sound and intuitive, and that can be used both for

1186

theory and as the base for a programming environment. Too cumbersome mod-

1187

els are ruled out, as they fail in providing that kind of intuitive guidance that,

1188

even if not fully trustworthy, is essential for the acceptance of a programming

1189

model. Looking at the works in the literature, an important resource is a set

1190

of common, basic operation which are efficiently performed both in the parallel

1191

hierarchy and in the memory one. More freedom in choosing the implementa-

1192

tion level of the basic operations simplifies design and analysis of more complex

1193

algorithms, as well as the implementation of the software tools. Abstract, high

1194

level operations simplify program writing, while still providing information for

1195

the hierarchy mapping. The SIMPLE and KeLP2 systems are two solutions close

1196

to this research path.

1197

A different kind of research, which is going on at the same time, aims at

1198

simplifying the management of hybrid parallel programming. Code translators

1199

(e.g. from MPI to hybrid structured code), and semi-automatic restructuring

1200

tools, look at the moment two feasible solutions for easing and speeding up

1201

hybrid software development, which is too slow and fault-prone.

1202

References

1203

1. Thomas H. Cormen and Michael T. Goodrich. A bridging model for parallel com-

1204

putation, communication, and I/O. ACM Computing Surveys, 28(4es):208–208,

1205

December 1996. Position Statement.

1206

2. Gordon Bell and Jim Gray. High performance computing: Crays, clusters, and

1207

centers. what next? Technical Report MSR-TR-2001-76, Microsoft Research, Mi-

1208

crosoft Corporation, August 2001.

1209

3. http://www.top500.org, 2001.

1210

4. Aad J. van der Steen and J. Dongarra. Overview of recent supercomputers, Novem-

1211

ber 2001.

1212

5. Ian Foster and Carl Kesselman, editors. The Grid: Blueprint for a New Computing

1213

Infrastructure. Morgan Kaufmann Pub., July 1998.

1214

6. Andrew A. Chien. Computing platforms. In Foster and Kesselman [5], chapter 17.

1215

7. William E. Johnston. Rationale and strategy for a 21st century scientific com-

1216

puting architecture: The case for using commercial symmetric multiprocessors as

1217

supercomputers. International Journal of High Speed Computing, June 1998.

1218

8. Jeffrey Scott Vitter. External Memory Algorithms and Data Structures: Dealing

1219

with MASSIVE DATA. ACM Computing Surveys, 33(2):209–271, June 2001.

1220

9. A. Grama, V. Kumar, S. Ranka, and V. Singh. Architecture independent analysis

1221

of parallel programs. In Alexandrov et al. [51], pages 599–608.

1222

10. Leslie G. Valiant. A bridging model for parallel computation. Communications of

1223

the ACM, 33(8):103–111, August 1990.

1224

11. F. Meyer auf der Heide and Rolf Wanka. Parallel bridging models and their impact

1225

on algorithm design. In Alexandrov et al. [51], pages 628–637.

1226

12. F. Dehne, A. Fabri, and A. Rau-Chaplin. Scalable parallel computational geometry

1227

for coarse-grained multicomputers. In Proc. of the 9th Symp. on Computational

1228

Geometry, pages 298–307. ACM, 1993.

1229

13. D. Culler, R. Karp, D. Patterson, A. Sahay, K. Schauser, E. Santos, R. Subramo-

1230

nian, and T. von Eicken. LogP: A practical model of parallel computation. Comm.

1231

ACM, 39(11):78–85, 1996.

1232

14. Philip B. Gibbons, Yossi Mathias, and Vijaia Ramachandran. Can shared-memory

1233

model serve as a bridging model for parallel computation? In Proc. of the 9th ACM

1234

Symp. on Parallel Algorithms and Architectures, pages 72–83, 1997.

1235

15. Vijaya Ramachandran. Parallel algorithm design with coarse-grained synchroniza-

1236

tion. In Alexandrov et al. [51], pages 619–627.

1237

16. P. De La Torre and C. P. Kruskal. Submachine locality in the bulk synchronous

1238

setting. In L. Bougé, P. Fraigniaud, A. Mignotte, and Y. Robert, editors, Euro-

1239

Par’96 - Parallel Processing, vol. II, volume 1124 of Lecture Notes in Computer

1240

Science, pages 352–360, 1996.

1241

17. Martin Beran. Decomposable bulk synchronous parallel computers. In J. Pavelka,

1242

G. Tel, and M. Bartosek, editors, SOFSEM’99: Theory and Practice of Informatics,

1243

volume 1725 of Lecture Notes in Computer Science, pages 349–359, 1999.

1244

18. G. Bilardi, C. Fantozzi, A. Pietracaprina, and G. Pucci. On the effectiveness of

1245

D-BSP as a bridging model of parallel computation. In Alexandrov et al. [51],

1246

pages 579–588.

1247

19. Yi-Jen Chiang, Michael T. Goodrich, Edward F. Grove, Roverto Tamasia, Dar-

1248

ren Erik Vengroff, and Jeffrey Scott Vitter. External-memory graph algorithms.

1249

In Proc. of the 6th Annual Symposium on Discrete Algorithms, pages 139–149.

1250

ACM, 1995.

1251

20. Anil Maheshwari and Norbert Zeh. A survey of techniques for designing. . . . In

1252

THIS BOOK. Springer, 2002.

1253

21. Jop F. Sibeyn and M. Kaufmann. Bsp-like external memory computation. In

1254

Proc. 3rd Italian Conference on Algorithms and Complexity, volume 1203 of Lecture

1255

Notes in Computer Science, pages 229–240, 1997.

1256

22. Frank Dehne, Wolfgang Dittrich, and David Hutchinson. Efficient external memory

1257

algorithms by simulating coarse-grained parallel algorithms. In SPAA ’97, pages

1258

106–115, 1997.

1259

23. F. Dehne, W. Dittrich, D. Hutchinson, and A. Maheshwari. Reducing i/o complex-

1260

ity by simulating coarse grained parallel algorithms. In Proc. 13th International

1261

Parallel Processing Symposium (IPPS’99), pages 14–20, 1999.

1262

24. F. Dehne, W. Dittrich, D. Hutchinson, and A. Maheshwari. Bulk synchronous

1263

parallel algorithms for the external memory model. Theory of Computing Systems.

1264

To appear.

1265

25. Alok Aggarwal and C. Greg Plaxton. Optimal parallel sorting in multi-level stor-

1266

age. In Proc. Fifth Annual ACM-SIAM Symp. on Discrete Algorithms, pages 659–

1267

668, 1994.

1268

26. Frank Dehne, Stefano Mardegan, Andrea Pietracaprina, and Giuseppe Prencipe.

1269

Distribution sweeping on clustered machines with hierarchical memories. In Proc.

1270

of 2002 IPDPS Conference, apr 2002.

1271

27. xxx yyy. chapter about comp. geometry algorithms. In THIS BOOK. Springer,

1272

2002.

1273

28. Message Passing Interface Forum. MPI: A message-passing interface standard.

1274

Technical Report CS-94-230, Computer Science Department, University of Ten-

1275

nessee, Knoxville, TN, May 1994.

1276

29. Message Passing Interface Forum. MPI-2: Extensions to the message-passing in-

1277

terface, July 1997.

1278

30. OpenMP Forum. OpenMP C and C++ application program interface, version 1.0.

1279

http://www.openmp.org, October 1998.

1280

31. Lars Arge, Rakesh Barve, David Hutchinson, Octavian Procopinc, Laura Toma,

1281

Darren Erik Vengroff, and Rajiv Wickeremesinghe. TPIE User Manual and Ref-

1282

erence, 0.9.01b edition, November 1999. Draft.

1283

32. S. Näher and K. Mehlhorn. LEDA: A platform for combinatorial and geometric

1284

computing. Communications of the ACM, 1995.

1285

33. Andreas Crauser and Kurt Mehlhorn. LEDA-SM, A Platform for Secondary Men-

1286

mory Computation. Max-Planck-Institut für Informatik, Saarbrücken, Germany,

1287

March 1999.

1288

34. Thomas H. Cormen and Melissa Hirschl. Early Experiences in Evaluating the

1289

Parallel Disk Model with the ViC* Implementation. Technical Report PCS-TR96-

1290

293, Dartmouth College, Computer Science, Hanover, NH, September 1996.

1291

35. Lauren M. Baptist and Thomas H. Cormen. Multidimensional, multiprocessor,

1292

out-of-core FFTs with distributed memory and parallel storage. In 11th Annual

1293

ACM Symposium on Parallel Algorithms and Architectures, pages 242–250, June

1294

1999.

1295

36. Rajeev Thakur, William Gropp, and Edwing Lusk. A case for using mpi’s de-

1296

rived datatypes to improve i/o performance. In Proc. of SC98: High Performance

1297

Networking and Computing. IEEE, November 1998.

1298

37. Rajeev Thakur, William Gropp, and Edwing Lusk. On implementing mpi-io

1299

portably and with high performance. In Proc. of the 6th Workshop on I/O in

1300

Parallel and Distributed Systems, pages 23–32. ACM, May 1999.

1301

38. Toshiyuki Takahashi, Francis O’Carroll, Hiroshi Tezuka, Atsushi Hori, Shinji Sum-

1302

imoto, Horoshi Harada, Yutaka Ishikawa, and Peter H. Beckman. Implementation

1303

and evaluation of MPI on an SMP cluster. In IPPS/SPDP Workshops, pages

1304

1178–1192, 1999.

1305

39. David Bailey, Tim Harris, William Saphir, Rob van der Wijngaart, Alex Woo, and

1306

Maurice Yarrow. The NAS parallel benchmarks 2.0. Technical Report NAS-95-020,

1307

NASA Ames Research Center, December 1995.

1308

40. E. Demaine. A threads-only MPI implementation for the development of paral-

1309

lel programs. In 11th International Symposium on High Performance Computing

1310

Systems, HPCS, pages 153–163, 1997.

1311

41. Y. C. Hu, H. Lu, A. Cox, and W. Zwaenepoel. OpenMP for networks of SMPs. In

1312

Proc. of the Second Merged Symp. IPPS/SPDP 1999), 1999.

1313

42. C. Amza, A. Cox, S. Dwarkadas, P. Keleher, H. Lu, R. Rajamony, W. Yu, and

1314

W. Zwaenepoel. Treadmarks: Shared memory computing on networks of worksta-

1315

tions. IEEE Computer, 29(2):18–28, Feb. 1996.

1316

43. M. Sato, S. Satoh, K. Kusano, and Y. Tanaka. Design of OpenMP Compiler for

1317

an SMP Cluster, 1999.

1318

44. J. Merlin, D. Miles, and Vincent Schuster. The portland group distributed OMP:

1319

Extensions to openMP for SMP-cluster. EWOMP 2000, September 2000.

1320

45. F. Cappello and D. Etiemble. MPI versus MPI+openmp on IBM SP for the NAS

1321

benchmarks. In Supercomputing, 2000.

1322

46. F. Cappello and O. Richard. Performance characteristics of a network of commod-

1323

ity multiprocessors for the NAS benchmarks using a hybrid memory model. In

1324

IFIP PACT 99, October 1999.

1325

47. F. Cappello, O. Richard, and D. Etiemble. Investigating the performance of two

1326

programming models for clusters of SMP PCs. In IEEE HPCA6, January 2000.

1327

48. E. Chow and D. Hysom. Assessing performance of hybrid MPI/openMP programs

1328

on SMP clusters. Technical Report UCRL-JC-143957, Lawrence Livermore Na-

1329

tional Laboratory, May 2001.

1330

49. D.A. Bader and J. JáJá. SIMPLE: A methodology for programming high perfor-

1331

mance algorithms on clusters of symmetric multiprocessors (SMPs). Journal of

1332

Parallel and Distributed Computing, 58(1):92–108, 1999.

1333

50. S. B. Baden and S. J. Fink. A programming methodology for dual-tier multicom-

1334

puters. IEEE Transactions on Software Engineering, 1998.

1335

51. V. N. Alexandrov et al., editors. ICCS 2001, volume 2074 of Lecture Notes in

1336

Computer Science, 2001.

1337