UNCORRECTED PROOF

Computer Methods and Programs in Biomedicine (2004) xxx , xxx—xxx

Simulation of emission tomography using grid middleware for distributed computing

M.G. Thomason^{a,}*, R.F. Longton^a, J. Gregor^a, G.T. Smith^b, R.K. Hutson^b 3 4

a Department of Computer Science, University of Tennessee, 203 Claxton Complex, Knoxville, TN 37996, USA 5 6 b Department of Radiology, University of Tennessee Medical Center, Knoxville, TN 37920, USA 7 Received in revised form 5 February 2004; accepted 5 February 2004 8

KEYWORDS Distributed computing; Emission tomography; Grid middleware; Monte Carlo simulation; Parallel computing

Summary SimSET is Monte Carlo simulation software for emission tomography. This paper describes a simple but effective scheme for parallel execution of SimSET using NetSolve, a client—server system for distributed computation. NetSolve (version 1.4.1) is ‘‘grid middleware’’ which enables a user (the client) to run specific computations remotely and simultaneously on a grid of networked computers (the servers). Since the servers do not have to be identical machines, computation may take place in a hetergeneous environment. To take advantage of diversity in machines and their workloads, a client-side scheduler was implemented for the Monte Carlo simulation. The scheduler partitions the total decay events by taking into account the inherent compute-speeds and recent average workloads, i.e., the scheduler assigns more decay events to processors expected to give faster service and fewer decay events to those expected to give slower service. When compute-speeds and sustained workloads are taken into account, the speed-up is essentially linear in the number of equivalent ‘‘maximum-service’’ processors. One modification in the SimSET code (version 2.6.2.3) was made to ensure that the total number of decay events specified by the user is maintained in the distributed simulation. No other modifications in the standard SimSET code were made. Each processor runs complete SimSET code for its assignment of decay events, independently of others running simultaneously. Empirical results are reported for simulation of a clinical-quality lung perfusion study.

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 © 2004 Published by Elsevier Ireland Ltd. 28

1. Introduction 29 Monte Carlo simulation of aspects of emission to- 30 mography is well-established (cf. [1—5] ). SimSET 31

*Corresponding author. E-mail addresses:thomason@cs.utk.edu (M.G. Thomason), longton@cs.utk.edu (R.F. Longton), jgregor@cs.utk.edu (J. Gregor), gsmith@mc.utmck.edu (G.T. Smith), khutson@mc.utmck.edu (R.K. Hutson).

[6], a simulation system for emission tomography, 32 is a public domain package of routines written in C. 33 SimSET is summarized at its web site[7]as follows: 34

The SimSET package uses Monte Carlo techniques 35 to simulate the physical processes and instru- 36 mentation in emission imaging. . .. 37 The Photon History Generator. . .performs Monte 38 Carlo simulations of photon creation and trans- 39 port through heterogeneous attenuators for 40 both SPECT and PET, i.e., it generates photons41

1 0169-2607/$ — see front matter © 2004 Published by Elsevier Ireland Ltd. 2 doi:10.1016/j.cmpb.2004.02.003

COMM 2341 1—8

UNCORRECTED PROOF

and transports them through the ‘‘object’’ to 42 the face of the collimator or detector. 43 The Collimator Module receives . . .and tracks 44 photons through the collimator being model- 45 ed. 46 The Detector Module . . .tracks photons through 47 the specified detector, recording the interac- 48 tions within the detector for each photon. The 49 interactions are used to compute a detected 50 location and total energy deposited. 51 The Binning Module is used to process photon and 52 detection records. . .. Histograms and images, 53 together with photon history files, make up the 54 final output from a simulation . . .. 55 A realistic simulation may require millions of emis- 56 sion decay events. This may result in an extremely 57 long execution time when a simulation runs as a con- 58 ventional sequential computation on a single pro- 59 cessor. But the individual decay events are stochas- 60 tically independent; therefore, if multiple proces- 61 sors are available, the heavy computational load 62 can be partitioned into subcomputations that run in 63 parallel on different processors[8,9], the outputs 64 of which are combined upon completion. 65 One way to access multiple processors is to 66 use a parallel computer [10,11] . Another way is 67 to implement distributed computation on a net- 68 work of computers—a mode of computation in 69 which the individual machines do not have to be 70 identical[12] . We implemented distributed com- 71 putation of SimSET by using NetSolve [13,14] , a 72 public domain package of routines in C (plus some 73 environment-specific interfaces) which enables a 74 user to run application-specific code remotely on 75 networked computers. An introduction to NetSolve 76 at its web site[15] states: 77 NetSolve . . .provides remote access to computa- 78 tional resources, both hardware and software. 79 The NetSolve system is comprised of a set of 80 loosely connected machines. By looselycon- 81 nected, we mean that these machines are 82 on the same local, wide, or global area net- 83 work, and may be administered by different 84 institutions and organizations. Moreover, the 85 NetSolve system is able to support these inter- 86 actions in aheterogeneous environment, i.e., 87 machines of different architectures, operat- 88 ing systems, and internal data representations 89 can participate in the system at the same 90 time . . .. 91 NetSolve and systems like it are often referred 92 to as Grid Middleware . . .. 93 No root/supervisor privileges are needed to in- 94 stall or use any component of the NetSolve 95 system . . .. 96

In the context of this paper, the phrase ‘‘grid 97 middleware’’ refers to the fact that a user who 98 wants a particular computation to be executed re- 99 motely goes through NetSolve for service on a grid 100 of networked machines. 101 This paper is organized as follows.Section 2 102 describes NetSolve with emphasis on characteris- 103 tics relevant to our implementation of distributed104 computation of SimSET. Section 3.1 describes the 105 Unix process for SimSET that runs on servers, and106 Section 3.2 describes the way in which simultane- 107 ous runs of SimSET are automatically scheduled on 108 different servers.Section 4 reports experimental 109 results for simulation of 100 million decay events 110 in a clinical-quality lung perfusion study. 111

2. NetSolve organization 112

NetSolve [13—15] is organized as a client—server113 system in which a clientobtains information from 114 an agent before sending requests-for-computation 115 to servers. The NetSolve client library is linked 116 with the user’s application code; thereafter, the117 client-user can transmit requests for specific com- 118 putations to occur remotely on servers. The client’s119 request goes first to a NetSolve agent—an informa- 120 tion service that maintains a database about the121 capabilities and status of a set of (possibly hetero-122 geneous) servers. Upon receipt of a request from its123 client, the agent responds with data about servers 124 and indicates its choice of a server for the job. 125 Fig. 1 represents the client’s contact with its126 agent, after which the client sends its request along127 to a server. The compute-engines in a NetSolve 128 system are its servers. These are the networked 129 computers running the server daemon that enables 130 them to receive and process requests from clients 131 and to send status reports to agents.Fig. 1 shows 132 a heterogeneous system in which two servers are 133 conventional workstations but the third is a ma- 134 chine consisting of multiple, identical processors.135 Each server has code for a set of specific compu- 136 tations. These computations are the NetSolve prob- 137 lems that the server can run locally on request. The 138 client’s request must specify one of these problems 139 and supply the inputs that an instance of the prob- 140 lem needs. Each problem is documented in a Net- 141 Solve problem description file (or PDF for short) 142 which contains such information as the name by 143 which the problem is known in the NetSolve system, 144 the lists of I/O-parameters passed between client 145 and server, and the calling sequence that a client 146 must use. To expand the suite of problems already 147 computable on various servers, a user or system ad- 148 ministrator must create a PDF for the new problem 149

UNCORRECTED PROOF

Fig. 1 NetSolve client contact with agent for multiple, heterogeneous servers.

and install the code on one or more servers. We cre- 150 ated a PDF to run SimSET on Unix^1 servers as the 151 process described inSection 3.1. 152 NetSolve uses TCP/IP and a customized applica- 153 tion layer protocol for communication among its 154 components. If more than one NetSolve server is 155 available for the client’s problem and the client 156 makes a server-nonspecific request, the request 157 goes to the server selected by the agent; however, 158 the client can designate a particular server by using 159 the server-host machine’s IP address. 160 An instance of a NetSolve problem can be re- 161 quested in blocking mode (the application sending 162 the request is idle while waiting for the server to 163 finish and return values) or innon-blocking mode 164 (the application can continue with other compu- 165 tations and periodically test a flag that indicates 166 whether the server has finished). In order to have 167 computations running in parallel, the client sends a 168 series of non-blocking requests, one after another, 169 for instances to run simultaneously on NetSolve 170 servers.Fig. 2represents the client requesting four 171 instances of SimSET to run simultaneously. Two 172 servers are single-processor workstations and the 173 third is a multiprocessor machine. The requests are 174 for four simultaneous runs using each workstation’s 175 processor and two processors in the third server. 176 An aspect of distributed computation is that 177 processors on different servers may provide com- 178 putational service to the client at different rela- 179 tive rates. From the perspective of the client-user, 180 this service is a function of the time to move data 181

1 Unix means Unix-like, including Solaris and Linux.

to/from the server, the time taken by the proces-_{182} sor for actual computation on its instance of the_{183} problem, and some additional NetSolve overhead._{184} Neither the additional overhead (measured con-_{185} sistently as less than a few hundred milliseconds_{186} in similar applications[14] ) nor the data-transfer_{187} times have a major impact on service in our Sim-_{188} SET implementation. However, the relative service_{189} of a processor when running SimSET depends both_{190} on the raw compute-speed of the server-host ma-_{191} chine (a constant) and on its current workload (a_{192} variable). In networks of computers, it is com-_{193} mon to have some processors that are inherently_{194} slower than others and some with significantly_{195} larger workloads than others at the time the ap-_{196}

Fig. 2 NetSolve client requesting multiple instances of SimSET on diverse servers.

UNCORRECTED PROOF

plication needs them. As an integral part of dis- 197 tributed computation of SimSET, we implemented 198 a client-side schedulerwhich can partition a large 199 simulation into multiple instances, each instance 200 being an independent run of SimSET on a differ- 201 ent processor for a fraction of the total number 202 of decay events. The fractions do not have to be 203 equal because the scheduler can assign larger frac- 204 tions to processors with higher expected service 205 rates. 206 In this sense, the distributed computation of the 207 SimSET application is staticallyself-scheduledus- 208 ing server-status data obtained from the NetSolve 209 agent each time the application is run. The sched- 210 uler partitions the total decay events so that each 211 instance of the problem is expected to take about 212 the same wall-clock time, given the information 213 about servers available to the scheduler at the time 214 it determines the partition. The client-side sched- 215 uler is discussed further inSection 3.2. 216 We installed SimSET version 2.6.2.3 (with one 217 modification described in Section 4) as a Net- 218 Solve problem on a system running NetSolve ver- 219 sion 1.4.1. The application creates multiple, non- 220 blocking requests for the simultaneous runs sched- 221 uled automatically by the client-side scheduler. 222 Technical details and empirical results for this sys- 223 tem are given in Section 4. 224 3. SimSET as a NetSolve problem 225 3.1. Process on Unix servers 226 SimSET for computation on Unix servers is a Net- 227 Solve problem with a user-defined PDF. The com- 228 plete SimSET code runs locally on a processor as a 229 Unix process. All I/O is data from/to the application 230 (the simulation I/O is not germane to NetSolve it- 231 self). I/O is redirected standard input, output, and 232 error, plus any additional files opened by the pro- 233 gram. 234 A processor on a Unix server with SimSET code 235 executes as follows for an instance of the problem: 236 (1) A Unix process is started to read in a file sent 237 by the client-user with the information needed 238 by the server for instances of SimSET. This file 239 includes the parameters for the SimSET run and 240 the complete paths for relevant files. 241 (2) Using the fork() system command, the process 242 forks into a parent process and a child process. 243 • The child process opens and redirects stan- 244 dard input, output, and error, and opens any 245 other files. It then runs the instance of Sim- 246 SET according to the information read in. 247

• The parent process uses the wait() system 248 command to wait for the child process to sig- 249 nal the end of SimSET execution. Upon com- 250 pletion, the Unix process for the instance of251 SimSET terminates. 252

3.2. Client-side scheduling 253

In distributed computation in heterogeneous en- 254 vironments, ‘‘machines of different architectures,255 operating systems, and internal data representa- 256 tions can participate in the system at the same time 257 . . ..’’[15] . A consequence is that some machines 258 may be inherently faster than others on identical 259 code, and the random differences in run-time work- 260 loads may further spread the relative service rates261 at the time the client needs resources.Client-side262 scheduling can react to this diversity by imposing263 an uneven partition of decay events. 264 The client-side scheduler for SimSET is C code 265 included in the user’s application. Its function is to266 partition a simulation into smaller instances of the267 problem and distribute those instances to different268 processors for simultaneous execution. Each time269 the application is run, the client-side scheduler: 270

(1) contacts the agent and obtains, for each poten- 271 tial server, the latest information about status272 and workload that the agent provides; 273 (2) partitions the simulation into smaller instances,274 not necessarily equal in the number of decay 275 events, for assignment to the processors to have276 the same expected wall-clock time of comple- 277 tion for all instances. 278

The scheduler determines the partition by esti- 279 mating the service each processor will provide, 280 relative to the maximum service, in the following 281 way. Let N be the number of processors avail- 282 able for an application that requiresD decay 283 events in total. Suppose first that allN processors 284 have no other jobs (have a workload of 0) when 285 the user wants to run SimSET. Let C_i denote the 286 speed-factor of processori relative to the fastest287 processor when running one SimSET process and 288 no additional jobs; i.e.,C_i for 0 < C_i ≤ 1 is a rel- 289 ative measure of the service of processori when 290 unloaded—a benchmark constant for a machine 291 with a workload of 0. Thus, a processor j with 292 C_j = 1 and workload 0 is a ‘‘maximum-service’’ 293 processor. A slower processork for which C_k = 0.8 294 (for example) can provide service equivalent to 295 80% of the maximum at best. If all N processors 296 always had workload 0, the scheduler could simply 297 compute S = C_1 + C_2 + · · · + C_N and partition the 298 simulation intoN instances such that the instance299

UNCORRECTED PROOF

for processori is simulation ofD_i = DC_i/S decay 300 events. 301 But the scheduler also takes recent information 302 about server workloads into account. The NetSolve 303 agent provides to the client the recent system load 304 average for each server. LetL_i denote this average 305 for serveri. In NetSolve, a new value of L_iis sent by 306 serverito notify the agent of a noteworthy increase 307 or decrease in its workload[14] ; specifically, server 308 isends a new L_iwhenever the percentage change in 309 value exceeds a fixed reference. The agent retains 310 the most recent value of L_i and provides that value 311 to the client.L_i for the multi-processor servers dis- 312 cussed in Section 4 is the machine-average work- 313 load and applies to each processor in the server. 314 In an environment of varying workloads, L_i is the 315 latest information available to the scheduler at the 316 time it must create the partition. Assuming that the 317 average L_i is representative of near-term loading, 318 the fractional usage of processoriwhich the sched- 319 uler expects for its SimSET process isf_i = 1 /(1 + L_i), 320 0 < f_i ≤ 1. To account for this expected fraction 321 as well as the speed-factor C_i, the scheduler com- 322 putes S = C_1 f_1 + · · · + C_N f_N and partitions the sim- 323 ulation intoN instances of SimSET such that pro- 324 cessoriis instructed to simulateD_i = DC_if_i/S decay 325 events. 326 Various options (such as the number of decay 327 events to simulate), paths, and file names for a 328 simulation are input to the SimSET code in the Pa- 329 rameter File [7]. Having determined the partition, 330 the scheduler creates a Parameter File for each 331 instance and fills in these Files appropriately for 332 servers selected. The client-user then sends the 333 requests to the servers, one request immediately 334 after another. The scheduler does not dynamically 335 adjust the partition or migrate work from one 336 server to another while the instances are running. 337 The total time taken by the scheduler after receiv- 338 ing data from the NetSolve agent is negligible in 339 comparison with other computations. 340 4. Empirical results 341 The computational resources used for the results 342 in this paper consist of three NetSolve servers: two 343 Sun V880 symmetrical multiprocessor machines and 344 a Sun Blade 2000 workstation. All three use the 345 Solaris operating system. Both V880s are equipped 346 with eight 750 MHz UltraSPARC III CPUs and 32 Gb of 347 primary memory. The Blade 2000 has a 900 MHz Ul- 348 traSPARC III CPU and 2 Gb of primary memory. This 349 means that up to 17 processors can be used for Sim- 350 SET. The servers and the Unix client machine are 351 interconnected via Gigabit Ethernet. 352

Our method of distributed computation requires 353 one change to the SimSET code. The change is made 354 to ensure that partitioning of the SimSET computa- 355 tion as described above will not result in simulating356 fewer decay events in total than the user specifies 357 in an application. The number of decay events to be 358 simulated by an instance of SimSET is one of the sim- 359 ulation options in its Parameter File. LetD denote 360 that number, and let V denote the number of source 361 activity voxels. To apportion an integer-number of 362 decay events among an integer-number of voxels, 363 the original code truncatesD to the nearest value 364 D̂ for D̂ ≤ D such that D̂ = kV where k is an inte-_{365} ger. We replaced the truncation operation with a 366 randomized rounding scheme specifically to ensure 367 that each source activity voxel is assignedk de- 368 cay events corresponding toD̂ /V . In addition, we 369 use the fractionD /V − k to randomly decide on 370 a voxel-by-voxel basis whether to assign an extra 371 decay event to a voxel. This approach agrees with 372 the method SimSET already uses when the number 373 of decay events D is less than the number of source 374 activity voxelsV . The important implication of the 375 change is that partitioning the SimSET computation 376 still results in an integer-count of decay events very377 close the number specified in the application. The 378 random number generation implemented in SimSET 379 [7]was not changed, namely, a first-level random 380 number generator creates an array of seeds for a 381 second-level generator. The client-side scheduler 382 ensures a different initial seed for the first-level383 generator for each instance of the SimSET prob- 384 lem. (Parallel random number generation itself is 385 an active topic of research[16] .) 386 The two main data inputs to SimSET are a set of 387 attenuation maps and a set of source activity maps. 388 We use clinical quality X-ray computed tomogra- 389 phy (CT) chest images for the former and simulate 390 the latter as described below. The X-ray CT data 391 set consists of 116 image slices, each 512 × 512 392 with an axial (between-slices) resolution of 3 mm 393 and a transaxial (within-slice) resolution of ap-394 proximately 1 mm. To obtain SimSET-compatible 395 attenuation maps, each gray level value is mapped 396 into the closest corresponding type of tissue sup-397 plied with SimSET. See Fig. 3(a) and (b)for illustra- 398 tions. 399 The source activity maps represent a clinical400 nuclear medicine lung perfusion study in which a 401 patient is given a dose of Tc-99 m macroaggregated 402 albumin (MAA) intraveneously. In a normal patient, 403 the MAA will be distributed relatively uniformly 404 through out the lung fields. To generate corre- 405 sponding source images, we segment each X-ray CT 406 image to obtain a binary image that represents uni- 407 form MAA activity in the lung parenchyma. All X-ray 408

UNCORRECTED PROOF

Fig. 3 One slice of the input image data used for the experiments: (a) original X-ray CT image of a human chest; (b) and (c) the corresponding SimSET attenuation and source activity maps.

CT images are segmented using the same threshold 409 parameters. See Fig. 3(c)for an illustration. 410 Planar lung perfusion studies are based on ob- 411 taining eight views of the patient using a gamma 412 camera with an acquisition window of 140 ± 14 keV. 413 Typically, five to six million photons are detected 414 for the entire study which translates into approxi- 415 mately 100 million decay events. Fig. 4 shows the 416 eight planar projection images produced by one run 417 of SimSET for the attenuation and source activity 418 maps described above. Each image is 128 × 128 with 419 a spatial resolution of approximately 3 mm. The im- 420 ages are similar in quality to those in clinical nu- 421 clear medicine practice. 422 We conducted two experiments to measure 423 time-of-computation on the networked servers. In 424 experiment I, we ran the SimSET lung perfusion 425

Fig. 4 Simulated planar projection images produced by SimSET.

simulation for 100 million decay events, first using 426 a single V880 processor, then using two, three,. . ., 427 up to all eight on one server. The V880 was not run- 428 ning any other jobs (its non-SimSET workload L_iwas 429 0). We measured start-up times associated with 430 NetSolve and found them to be negligible. More 431 importantly, we measured the runtimes associated 432 with SimSET. Fig. 5 plots these numbers normal- 433 ized relative to the time of a single processor. The434 plot shows speed-up very close to linear. A caveat, 435 of course, is that if too few decay events are be- 436 ing simulated, the SimSET start-up overhead will 437 constitute a relatively large portion of the overall438 runtime—and notably less than linear speed-up will 439 result. 440 In experiment II, we used all 17 processors to 441 simulate the D = 100M decay events. We first de-

UNCORRECTED PROOF

1 2 3 4 5 6 7 8

0.125

0.167

0.250

0.333

0.500

1.000

Number of processors (N)

Relative wall clock time

Fig. 5 Relative SimSET wall-clock time as a function of number of unloaded V880 processors used.

termined the benchmark speed-factor C for each 442 kind of processor by initial runs of 10 million de- 443 cay events using one (unloaded) processor on each 444 machine. These empirical numbers are within 1% of 445 the corresponding CPU clock-rate ratios, i.e.,C = 1 446 for the 900 MHz CPU and C = 0.833 for the 750 MHz 447 CPUs. Thus, the reference for maximum service is 448 the workstation processor running one SimSET pro- 449 cess and no other jobs. One V880 processor can pro- 450 vide service equivalent to 83.3% of that maximum 451 if it also has workload 0. 452 To demonstrate the impact of diverse work- 453 loads on scheduling, we then created sustained 454 (non-SimSET) workloads of L_i = 1.5 for one V880, 455 L_j = 0.5 for the second V880, and L_k = 1 for the 456 workstation. The corresponding fractions used by 457

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 0

1

2

3

4

5

6

7

8

Processor

Decay events [millions]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 0

500

1000

1500

2000

2500

3000

Processor

Wallclock time [seconds]

(a) (b)

Fig. 6 (a) The client-side scheduler uses inherent speed-factors and load averages to partition the total number of decay events into unequal assignments, with (b) the end result being execution times that are close to identical.

the scheduler are f_i = 0.4,f_j = 0.67, andf_k = 0.5. 458 Multiplying these fractions by the benchmarks 459 C_i = C_j = 0.833 and C_k = 1 respectively, the sched- 460 uler obtains 461

C_if_i = 0.333 for each processor on one V880, 462 C_jf_j = 0.556 for each processor on the other 463 V880, and 464 C_kf_k = 0.5 for the workstation processor. 465

This is equivalent to approximately 7.6 maximum- 466 service processors for the simulation. 467 Fig. 6(a)shows the scheduler’s assignment of 468 decay events to the 17 processors. Processors 1—8 469 are the more heavily loaded V880 ( C_if_i = 0.333), 470 processors 9—16 are the less heavily loaded V880 471 (C_jf_j = 0.556), and processor 17 is the Blade 2000 472 workstation (C_kf_k = 0.5). Processor 17 is assigned473 proportionally fewer decay events to simulate than 474 processors on the V880 with smaller average work- 475 load, but proportionally more decay events than 476 processors on the V880 with larger average work- 477 load. Fig. 6(b)shows the overall wall-clock times 478 for all 17 processors. The minimum and maximum 479 are 2,523 and 2,560 seconds respectively, with 480 the mean and standard deviation being 2,545 and 481 12.5 s. That the minimum, maximum, and mean 482 are so close to one another indicates successful483 client-side scheduling under the conditions de- 484 scribed. 485 To place the wall-clock times for the distributed 486 SimSET code in context, simulating 100 million de- 487 cay events on one unloaded V880 processor in ex- 488 periment I took 6 h and 8 min. Under the sustained 489 workloads in experiment II, the 17 processors are 490 equivalent to about 7.6 maximum-service proces-

UNCORRECTED PROOF

8 M.G. Thomason et al.

sors, and the distributed computation on them aver- 491 ages about 43 min. If all 17 machines are unloaded, 492 we have the equivalent of 14.33 maximum-service 493 processors, in which case the simulation of 494 100 million decay events takes approximately 495 22 min. 496 5. Summary 497 The thrust of this paper is not validation of SimSET 498 per se; rather, the focus is on distributing the com- 499 putation across a grid of heterogeneous machines to 500 achieve significantly faster computation. By making 501 the complete simulation a NetSolve problem, the 502 user avoids having to make configuration-specific 503 changes within the SimSET code. 504 We implemented SimSET version 2.6.2.3 in a 505 distributed-computing environment using NetSolve 506 version 1.4.1. One modification was made in the 507 way SimSET apportions decay events to voxels to 508 preserve the total number of decay events speci- 509 fied by the user. 510 In general, it is not the case that all servers in a 511 network provide the same relative rate of compu- 512 tational service on a problem. The service in the 513 work reported here is determined essentially by 514 the inherent compute-speed of a processor and its 515 current workload (other factors being negligible 516 in comparison). A client-side scheduler was imple- 517 mented to make the SimSET application statically 518 self-scheduling, in the sense that the scheduler par- 519 titions the total number of decay events and assigns 520 a portion to each available processor. The fraction 521 assigned to an individual processor is proportional 522 to the processor’s benchmark speed-factor and its 523 recent average workload. When the speed-factors 524 and sustained workloads are taken into account, 525 the speed-up achieved is essentially linear in equiv- 526 alent maximum-service processors. 527 An objective of grid middleware projects like Net- 528 Solve is to provide substantial computing resources 529 to a user’s application on a temporary, as-needed 530 basis with transparency and ease-of-access. Rapid 531 developments not only in hardware, but also in 532 organizational concepts and distributed-resource 533 management, make distributed computation in- 534 creasingly viable and attractive for biomedical 535 computing. 536 Acknowledgements 537 Dr. Robert Harrison of the University of Washing- 538 ton provided insightful comments with respect to the change made in the SimSET code. The SInRG 539 project[17] (National Science Foundation Grant EIA 540 9972889) at the University of Tennessee—Knoxville541 provides infrastructure and resources for research542 in grid-based computing. 543

References 544

[1] M. Ljungberg, S.-E. Strand, A Monte Carlo program for the 545 simulation of scintillation camera characteristics, Comput.546 Methods Programs Biomed. 29 (1989) 257—272. 547 [2] C.J. Thompson, C.J. Moreno, Y. Picard, PETSIM: Monte548 Carlo simulation of all sensitivity and resolution parameters549 of cylindrical positron imaging systems, Phys. Med. Biol.550 37 (1992) 731—749. 551 [3] M.F. Smith, C.E. Floyd, R.J. Jaszczak, A vectorized Monte552 Carlo code for modeling photon transport in SPECT, Med. 553 Phys. 20 (1993) 1121—1127. 554 [4] M. Ljungberg, S.-E. Strand, M.A. King (Eds.), Monte Carlo555 Calculations in Nuclear Medicine: Applications in Diagnostic556 Imaging, Institute of Physics Publication, Bristol, UK, 1998.557 [5] H. Zaidi, A.H. Scheurer, C. Morel, An object-oriented Monte 558 Carlo simulator for 3D cylindrical positron tomographs, 559 Comput. Methods Programs Biomed. 58 (1999) 133—145. 560 [6] T.K. Lewellen, R.L. Harrison, S. Vannoy, The SimSET pro- 561 gram, in Monte Carlo Calculations in Nuclear Medicine: 562 Applications in Diagnostic Imaging, M. Ljungberg, S.-E.563 Strand, M.A. King (Eds.), Institute of Physics Publication,564 Bristol, UK, 1998 (Chapter 7). 565 [7] SimSET web site http://depts.washington.edu/∼ simset/ 566 html/simset home.html, July 2002. 567 [8] W.R. Martin, Monte Carlo methods in advanced computer 568 architecture, Adv. Nucl. Sci. Tech. 22 (1992) 105—164. 569 [9] W.R. Martin, T.C. Wan, T. Abdel-Rahman, T.N. Mudge, 570 Monte Carlo photon transport on shared memory and dis- 571 tributed memory parallel processors, Int. J. Supercomput.572 Appl. 1 (1987) 57—74. 573 [10] H. Zaidi, C. Labbe, C. Morel, Implementation of an envi- 574 ronment for Monte Carlo simulation of fully 3-D positron 575 tomography on a high-performance parallel platform, Par- 576 allel Comput. 24 (1998) 1523—1536. 577 [11] Y.K. Dewaraja, M. Ljungberg, A. Majumdar, A. Bose, K.F. 578 Koral, A parallel Monte Carlo code for planar and SPECT 579 imaging: implementation, verification, and applications in580 131 I SPECT, Comput. Methods Programs Biomed. 67 (2002) 581 115—124. 582 [12] D.R. Kirkby, D.T. Delpy, Parallel operation of Monte Carlo 583 simulations on a diverse network of computers, Phys. Med. 584 Biol. 42 (1997) 1203—1208. 585 [13] H. Casanova, J. Dongarra, NetSolve: a network-enabled 586 server for solving computational science problems, Int.587 J. Supercomput. Appl. High Perform. Comput. 11 (1997) 588 212—223. 589 [14] D.C. Arnold, H. Casanova, J. Dongarra, Innovations of the590 NetSolve grid computing system, Concurrency: Practice 591 and Experience 14 (2003) 1457—1479. 592 [15] NetSolve web site http://icl.cs.utk.edu/netsolve

, July 593 2002. 594 [16] M. Mascagni, A. Srinivasan, SPRNG: a scalable library for 595 pseudorandom number generation, ACM Trans. Math. Soft- 596 ware 26 (2000) 436—461. 597 [17] UTK Scalable Intracampus Research Grid web site http:// 598 icl.cs.utk.edu/sinrg, July 2002. 599