Preliminary Ev aluation of Sc heduling in Ninf: a Global Computing System Satoshi Matsuok a T oky o Institute of T ec hnology Hirotak a Oga w a Univ ersit y of T oky o A tsuk o T ak efusa Oc hanomizu Univ ersit y Hidemoto Nak ada Electrotec hnical Lab oratory Ken to Aida T oky o Institute of T ec hnology Abstract Rapid increase in sp eed and a v ailabilit y of global-net w ork is op ening up the p ossibilities of globally-distributed sup er- computing, including our Ninf system. Ho w ev er, p erfor- mance c haracteristics of these systems ha v e b een little in- v estigated, esp ecially under m ulti-clien ts, m ulti-sites situa- tions. In order to establish metho dology to sc hedule m ulti- ple job requests to m ultiple computational serv ers e�ectiv ely and guaran tee p erformance p er eac h clien t, w e conducted b enc hmarks under v arious W AN en vironmen ts. There, w e observ ed that comm unication bandwidth dominated p erfor- mance for comm unication-in tensiv e applications suc h as Lin- pac k, and aggregate bandwidth could b e sustained for m ulti- clien ts lo cated at di�eren t in ternet sites. Based on these observ ations, w e prop ose the need for a sim ulation mo del based on queuing theory . And w e also p erformed prelimi- nary b enc hmarks using our sc heduling serv er, called the Ninf Metaserver . W e also rep ort on our collab orativ e e�orts in bridging Ninf with NetSolve , a similar system b eing dev elop ed at Univ. of T ennessee/ORNL. 1 Intro duction Rapid increase in sp eed and a v ailabilit y of sup ercomput- ers and mass storage serv ers in terconnected with Gigabit- bandwidth net w orks is no w making high-p erformance ‘global computing’ p ossible, in whic h computational and data re- sources in the net w ork are collectiv ely emplo y ed to solv e large-scale problems. There ha v e b een sev eral suc h recen t prop osals, including our Ninf (Net w ork Infrastructure for global computing) Ninf 1 [1] system, whic h mak es a v ailable m ultiple remote computing and database serv ers on the net- w ork, allo wing clien ts to semi-transparen tly call remote n u- merical applications and libraries from languages suc h as F ortran, C, and Ja v a. By coupling with remote database serv ers and existing WWW framew orks, Ninf clien ts could exibly access v arious data o v er the net w ork, emplo y the data seamlessly within one’s computation, and use the re- sults either in a con v en tional w a y or with W eb-based in ter- faces. One of the con tin uing tec hnological c hallenges in Ninf is 1 h ttp://ninf.etl.go.jp/ applicabilit y of the Ninf computational serv er in a wide-area net w ork setting. In [2], w e ha v e conducted extensiv e b enc h- marks in situations under whic h the computational p erfor- mance o v erwhelms the net w ork p erformance, thereb y v eri- fying usefulness of the Ninf system under certain situations, and furthermore discussed the design principles of remote net w ork libraries as w ell as robustness of the Ninf system itself. On the other hand, w e still lac k a clear mo del of com- putational resource distribution under en vironmen ts where m ultiple computational resources are b eing shared b y m ulti- ple resources; in other w ords, ho w w e sc hedule the resources so as to satisfy the p erformance criteria of eac h clien t, is not y et clear. W e rep ort sev eral preliminary exp erimen ts of job sc hedul- ing in the Ninf system: � Under W AN, w e p erformed b enc hmarks where clien ts from a single-site and m ultiple-sites requested compu- tation with di�eren t comm unication patterns. The ob- serv ed p erformance from the clien t dep ends on serv er p erformance for computation-dominan t tasks (e.g., EP in NAS P arallel Benc hmarks[3]); on the other hand, for comm unication dominan t b enc hmarks suc h as Lin- pac k, di�eren t top ologies of serv er and clien ts within the net w ork could ha v e adv erse, often degrading e�ects on the observ ed serv er p erformance. � Based on the ab o v e observ ation, w e are curren tly con- structing a sim ulation mo del and a sim ulator based on the queuing net w ork mo del. � W e also exp erimen ted with automatic and dynamic load/task distribution using our protot yp e, wide-area computation resource directory and sc heduling serv er, called the Metaserver . In the exp erimen t, w e v eri- �ed the adv an tage of automatic load distribution o v er static, cyclic load balancing. In addition, there are no w collab orativ e e�orts in bridg- ing Ninf with NetSolve [4], a similar system b eing dev elop ed at Univ. of T ennessee/ORNL, using Ninf{NetSolv e adaptor serv ers. Here, w e rep ort on a preliminary b enc hmarks of remote executions using the Ninf clien t calling the NetSolv e serv er through the adaptor. 2 Overview of the Ninf System The Ninf system consists of Ninf c omputational and datab ase servers , Ninf client API whic h de�nes the clien t bindings, and Ninf metaservers whic h p erform wide-area detection, 1

Figure 1: Ninf Computational Clien ts and Serv ers allo cation, and sc heduling of resources o v er the net w ork. The clien ts and v arious serv ers comm unicate via Ninf RPC (Remote Pro cedure Call)[1], whic h is tailored for the needs of high-p erformance n umerical computing. There are also v arious supp ortiv e to ols suc h as serv er registry to ols, stub generators, query pro xies, GUI builders, etc 2 . Ninf Computational Serv er: The Ninf computational serv er is a pro cess whic h services remote computing requests of remote clien ts b y managing the comm uni- cation and activ ation of the services requested via Ninf RPC. Binaries of computing libraries and applications are registered on the serv er pro cess as Ninf exe cuta- bles , whic h can b e semi-automatically generated with IDL descriptions using the Ninf stub generator. Ninf Clien t API: Ninf Clien t API is de�ned for F ortran, C/C++, and Ja v a, and is also b eing de�ned for other languages suc h as Lisp. Ninf call is a represen tativ e API used for in v oking a named remote library on the serv er via Ninf RPC|e.g., to call a matrix m ultiply library remotely , one writes the follo wing as if it w ere a lo cal library: double A[n][n], B[n][n], C[n][n]; Ninf_call("dmmul", n, A, B, C); // or, Ninf_call("http://.../dmmul",... Argumen t n um b ers, t yp es, access mo des (input/output), arra y size, as w ell as matrix size, region of usage, stride, are describ ed b y the Ninf IDL for eac h Ninf executable, compiled in to a in terpretiv e stub co de, and registered with the Ninf serv er. (Note that the clien t programmer himself nev er sees or manipulates the IDL information itself.) Ninf call is then made in t w o stages: when the clien t calls the serv er, the serv er returns the com- piled IDL stub co de to the clien t. Ninf call then in ter- prets the IDL co de and marshalls the argumen ts, and mak es the actual co de and obtains the result from the serv er. There are also APIs for async hronous RPCs ( Ninf call async ), sp eci�cation of transactions for par- allel execution ( Ninf transaction b egin , Ninf transaction end ), and queries of n umerical database ( Ninf query , etc.). Ninf Metaserv er: The Ninf metaserv er monitors m ulti- ple Ninf computing serv ers on the net w ork, and p er- forms sc heduling and load balancing of clien t requests. 2 Henceforth, w e will concentrate on describing the computational asp ects of Ninf. The clien t need not b e a w are (but could sp ecify) the ph ysical lo cation of computing serv ers. Additionally , metaserv er con trols the parallel, fault-toleran t execu- tion of m ultiple sequence of Ninf call s. The blo c k of co de surrounded b y Ninf transaction b egin and Ninf transaction end are not executed immediately; rather, data-dep endency graph of the Ninf call argumen ts are dynamically created, and at the end of the co de blo c k, the metaserv er sc hedules the computation to m ultiple computational serv ers accordingly . 3 Computational Server Evaluation under Multiple W AN Clients When Ninf computational serv ers are deplo y ed, eac h will si- m ultaneously service Ninf call requests from m ultiple clien ts distributed in the W AN. Ho w ev er, w e still lac k a clear mo del as to ho w to sc hedule the computational serv ers so as to sat- isfy the p erformance criteria of eac h clien t. In order to establish suc h a mo del, w e ha v e conducted a p erformance b enc hmark where m ultiple clien ts from a single site as w ell as from m ultiple sites will mak e requests with dif- feren t comm unication patterns to the computational serv er. The b enc hmarks emplo y ed w ere Linpac k and EP from NAS P arallel Benc hmarks. Linpac k tends to manifest comm u- nication o v erheads as it is relativ ely comm unication in ten- siv e, whereas comm unication o v erhead is small and constan t whereas computation is dominan t. 3.1 Evaluation Environment As a mo del clien t program, w e emplo y a clien t whic h calls either the Linpac k (sgetrf and sgetrs) or the EP remote li- brary routines rep eatedly . W e assume that eac h clien t p er- forms a Ninf call on the in terv al of s seconds with probabilit y p . W e also assume that the n um b er of clien ts and matrix size are �xed at c and n during the b enc hmark, resp ectiv ely . W e set the other parameters to b e s = 3, p = 1 = 2 and c = 1 ; 2 ; 4 ; 8 ; 16. In the b enc hmark, w e measured the serv er utilization, load a v erage, and comm unication throughput. 3.2 Evaluation with the Linpack Benchma rk Double precision Linpac k b enc hmark p erforms Gaussian elim- ination to solv e a system of linear equations. Ov erall, it has the computational complexit y of O ( 2 3 n 3 + 2 n 2 ) and comm u- nication complexit y of 8 n 2 + 20 n + O (1) b ytes for a n b y n matrix. F or Ninf, w e execute the LU-decomp osition(dgefa) and bac kw ard substitution (dgesl) remotely (Figure 2). Th us, giv en the o v erall execution time of Ninf call T Ninf c al l consists of comm unication time T c omm plus computing time T c omp , eac h of whic h has the ab o v e complexit y , and Ninf call p er- formance P Ninf c al l can b e giv en as P Ninf c al l = 2 = 3 n 3 +2 n 2 T Ninf c al l . The problem (matrix) sizes w ere set to n = 600 ; 1000 ; 1400. 3.2.1 Single-Site W AN Benchma rk Results F or single-site, m ulti-clien t b enc hmarks, w e emplo y ed the Cra y J90 o wned b y the Electro-T ec hnical Lab oratory (ETL) of Tsukuba Japan (200M ops � 4, 512MB), and for clien ts, w e used a cluster of 8 Sup erSP AR C(50MHz � 2, 96MB) w orkstations at Oc hanomizu Univ ersit y of T oky o, Japan. The ftp throughput b et w een the t w o sites w as 0.17MB/s. T able 1 sho ws the result. W e observ e that, Ninf call p er- formance impro v es ev en under W AN as n increases, due to comparativ ely smaller computation size. On the other hand, 2

Performance[M ops] Throughput[MB/s] Serv er Serv er n c max/min/mean max/min/mean Utilization [%] Load Av. 1 8.00/7.24/7.68 0.166/0.153/0.161 6.85 0.40 2 6.05/1.51/3.77 0.124/0.030/0.077 6.90 0.42 600 4 3.57/0.92/2.46 0.073/0.019/0.051 8.94 0.50 8 1.52/0.49/1.08 0.031/0.011/0.022 7.99 0.49 16 0.90/0.29/0.54 0.018/0.006/0.011 8.17 0.49 1 12.75/7.26/10.50 0.160/0.091/0.131 6.43 0.39 2 8.22/5.89/7.15 0.101/0.072/0.088 9.23 0.52 1000 4 4.80/1.46/3.97 0.061/0.018/0.049 9.39 0.53 8 2.42/0.97/1.82 0.029/0.012/0.022 8.71 0.53 16 1.36/0.47/0.88 0.016/0.006/0.011 8.75 0.49 1 18.46/11.87/16.42 0.166/0.104/0.147 8.15 0.47 2 10.44/8.03/9.34 0.092/0.070/0.082 13.58 0.73 1400 4 7.00/2.00/5.50 0.061/0.017/0.048 15.61 0.81 8 2.91/1.42/2.46 0.025/0.012/0.021 9.20 0.56 16 1.59/0.79/1.25 0.014/0.007/0.011 9.35 0.54 T able 1: Single-Site W AN Benc hmark Results Figure 2: Ninf call to Linpac k routine Figure 3: W AN Benc hmarking En vironmen t when c increases, deterioration of clien t-serv er comm unica- tion throughput is signi�can t. This is b ecause the clien t- serv er bandwidth saturates with only 1 or 2 clien ts, and the n um b er of Ninf call s that arriv e p er time unit is suppressed; for example, on c = 16, b oth serv er utilization and load a v erage ha v e not saturated. 3.2.2 Multi-Site W AN Benchma rk Results F or m ulti-site b enc hmarks, w e emplo y ed clien ts from four geographically separate sites, namely Oc hanomizu Univ er- sit y (Oc ha-U), Univ ersit y of T oky o (U-T oky o), Nago y a Insti- tute of T ec hnology (NIT ec h), and T oky o Institute of T ec h- nology (TIT ec h), while the serv er is the ETL J90. Figure 3 Figure 4: Multi-Site, Multi-Clien t W AN Benc hmark Results sho ws the actual clien t mac hine emplo y ed at eac h site, ping latency and ftp throughput b et w een the clien ts and the serv er, and the W AN top ology . The n um b er of clien ts at eac h site w ere set to c = 1 and 4. Figure 4 sho ws the results. As a comparison, w e also sho w the b enc hmark results of the single-site b enc hmark b et w een ETL and Oc ha-U. The X-axis sho w the problem size and the n um b er of clien ts ( c � #sites, while the Y-axis sho ws the aggregate Ninf call p erformance and comm unication throughput. W e can observ e that, aggregate comm unication through- put from m ultiple sites are substan tially higher than that from a single site. In fact, b et w een Oc ha-U and ETL, m ulti- 3 site comm unication p erformance deteriorated only b y 9% � 18% when c = 1 (total 4 clien ts in W AN), and 18% � 44% when c = 4 (total 16 clien ts in W AN), main taining sub- stan tially higher bandwidth than when the same n um b er of clien ts are lo cated at Oc ha-U. As a result, CPU utilization and load a v erage is substan tially greater for m ulti-site com- pared to single-site. Ov erall, although w e observ e some uc- tuation in comm unication throughput, di�erence b et w een clien t p erformances is small, and b ound b y p oin t-to-p oin t W AN throughput p erformance. Also, although one migh t conjecture that the greater n um b er of clien ts with larger problem size w ould easily sat- urate the computational p o w er of J90, this is not necessarily the case as w e observ e that CPU utilization lev els o� ev en for c = 4 (total 16 pro cs, appro x. 27% � 34%), and similarly for load a v erage. Because net w ork load basically determines serv er p erformance for comm unication-dominan t tasks, w e can claim that serv er utilization and load a v erage alone are not go o d criteria for Metaserv er task distribution in W AN. 3.3 EP W AN/LAN Benchma rk Results EP(An em barrassingly parallel b enc hmark) is one of the k er- nel programs in the NAS P arallel Benc hmark, p erforming (random-n um b er) Mon te-Carlo sim ulations[3] F or Ninf b enc hmarking, w e execute the random n um- b er generation on the Ninf serv er. Comm unication com- plexit y is O(1), namely , problem-size indep enden t. Compu- tational complexit y is prop ortional to the n um b er of ran- dom n um b ers generated, and b ecomes 2 n +1 for 2 n trials. Therefore, The execution p erformance P Ninf c al l b ecomes P Ninf c al l = 2 n +1 T Ninf c al l , where T Ninf c al l is the time tak en for the en tire Ninf call . In eac h b enc hmark run, w e execute 2 24 trial samples for eac h PE, and execute them in a task- parallel manner on the 4-pro cessor J90. 3.3.1 EP W AN/LAN Benchma rk Results T able 2 sho ws the EP b enc hmark p erformance for LAN/W AN m ulti-clien t execution. Because eac h Ninf call is executed b y 1PE of J90 Ninf call p erformance is sustained up to c = 4 clien ts, where the serv er utilization ac hiev es appro ximately 100%. On the other hand, for c = 8 ; 16 Ninf call p erfor- mance has degraded to 1/2 and 1/4, resp ectiv ely . This is due to v ery lo w comm unication requiremen ts of EP , and the Ninf call p erformance mainly re ected serv er computing p erformance. Th us, for this class of applications suc h as par- allel rendering/imaging and parameter sensitivit y analysis, global computing is curren tly quite feasible; furthermore, w e exp ect this result to hold for m ulti-serv er settings as w ell. 4 Mo deling a Global Computing System as a Queu- ing System The b enc hmarks of the previous section w ere p erformed un- der some giv en condition. Ho w ev er, since net w ork band- width and qualit y will surely c hange b oth in short and long terms, b enc hmarks alone are not su�cien t. in order to ha v e generally automated job sc heduling of computational resources in a wide-area net w ork, W e are curren tly in v estigating ho w w e could mo del global computing systems, thereb y allo wing sim ulation of o v erall system b eha vior. Our initial attempt is to attempt to mo del the global system with net w ork queuing theory . Here, w e describ e a simple queuing mo del whereb y Ninf clien ts and serv ers could b e mo deled e�ectiv ely . Figure 5: A Sim ulation Mo del of Global Computing System 4.1 Overview of the Simulation Mo del Figure 5 giv es the o v erview of our prop osed sim ulation mo del of a t ypical RPC-based global computing system. In the �g- ure, the clien ts A{A’, B{B’ and C{C’ are the same clien ts acting as senders and receiv ers. In the mo del, in v o cation and argumen t comm unication from the clien t to the serv er, pro cessing at the serv er, and returning of the reply from the serv er to the clien t, are mo d- eled as queues Q ns i , Q nr i , and Q s i , resp ectiv ely . � ns , � nr are arriv al rates of requests in the net w ork other than Ninf call ; in other w ords, they mo del congestion and dela ys encoun tered in a wide-area net w ork. Here, w e assume they are b oth P oisson arriv al, but other arriv al rates could b e emplo y ed. � ns , � nr are service rate of the queues, i.e., they e�ectiv ely represen t the net w ork bandwidth, and they follo w exp onen tial distribution. � s , � s similarly represen t degree of serv er congestion, and serv er pro cessing p o w er. Also, as Figure 5 sho ws, w e assume that Clien ts B and C reside on the same no de. As the results from the previous section sho w, b ecause the no des residing in the same site share incoming/outgoing net w orks, eac h clien t can emplo y bandwidth that is in v erse prop ortion to the n um b er of clien ts in the no de. Th us, a comm unication request from clien t B to serv er A is placed in the same queue as that of Clien t C to Serv er C, causing comm unication dela ys. The in v erse holds true as w ell. Curren tly , w e are building a sim ulator based on the mo del in Ja v a. 5 Evaluation of Metaserver Load Distribution Load Balancing is extremely imp ortan t in parallel pro cess- ing. When pro cessor load cannot b e determined statically , dynamic load balancing tec hniques can b e often used for ef- fectiv e sp eedups. W e are exp erimen ting with sev eral load balancing tec hniques with Ninf metaserv er; here, w e rep ort on some preliminary results. 5.1 Overview of Ninf Metaserver Load Balancing Curren tly , clien ts sp ecify parallel execution in Ninf in a coarse-grained manner using tr ansactions . A user sp eci- �es a sequence of Ninf call s surrounded b y a tr ansaction blo ck . During execution, these sequences are c hec k ed for data dep endency b et w een the argumen ts, and indep enden t 4

P erformance[Mops] Comm. Time[sec] Serv er Serv er c max/min/mean max/min/mean Utilization [%] Load Av. 1 0.17/0.17/0.17 0.01/0.01/0.01 30.51 1.44 2 0.17/0.17/0.17 0.01/0.01/0.01 53.86 2.39 LAN 4 0.17/0.16/0.17 0.01/0.01/0.01 98.18 4.18 8 0.09/0.08/0.08 0.01/0.01/0.01 100.00 8.90 16 0.04/0.04/0.04 0.02/0.01/0.01 100.00 16.88 1 0.17/0.17/0.17 0.06/0.04/0.04 25.02 1.21 2 0.17/0.16/0.17 0.06/0.04/0.04 49.16 2.19 W AN 4 0.17/0.16/0.17 0.24/0.04/0.05 98.14 4.16 8 0.09/0.08/0.08 0.05/0.04/0.04 100.00 8.91 16 0.04/0.04/0.04 0.09/0.04/0.04 99.94 16.88 T able 2: EP LAN/W AN Multi-Clien t Benc hmark Results Ninf call s are executed in parallel on di�eren t computation sev ers. As an example, consider the addition of four matrices A, B, C, and D, with the result in G: Ninf_transaction_begin(); Ninf_call("madd", n, A, B, E); Ninf_call("madd", n, C, D, F); Ninf_call("madd", n, E, F, G); Ninf_transaction_end(); As the addition of A, B and C, D could b e executed in parallel, they are executed in parallel, while the addition of the resulting E, F are executed after their termination. T o a clien t, a transaction could b e regarded as an atomic execution of aggregated Ninf call s. A t run time, eac h clien t in v o cation of a Ninf call within a transaction blo c k will not result in a call, but will construct a p ortion of a data o w graph instead. When Ninf transaction end is reac hed, the constructed data o w graph is shipp ed to the metaserv er. The metaserv er in turn will sc hedule the Ninf call s in the graph to appropriate computation serv ers. When all the computations are complete, the metaserv er returns the re- sult to the clien t. 5.2 Implementation of Dynamic Load Balancing A Ninf metaserv er manages m ultiple Ninf serv ers, including the n um b er of curren tly executing tasks. The metaserv er load balancer uses this information to suppress the n um b er of tasks sen t to the serv er. The tasks whic h are not immedi- ately sc heduled are queued within the metaserv er; tasks are then subsequen tly sc heduled as activ e tasks complete, de- p ending on a v ailable libraries in the serv er, serv er load, net- w ork bandwidth, etc. The metaserv er itself is implemen ted in Ja v a. 5.3 Benchma rking Environment fo r Load Balancing W e are emplo ying the 33-pro cessor DEC Alpha WS Cluster (333Mhz) in terconnected b y switc hed 100Base-T net w ork as a b enc hmarking platform for our load balancing exp eri- men ts. One no de executes the metaserv er, while other no des act as computation serv ers. In the exp erimen t, w e emplo y ed the densit y of states (dos) calculation of a large molecule[5]. A large molecules densit y of states are computed without matrix diagonaliza- tion, but instead, the en tire system is mo deled as a spring- connected kinetic mo del, up on whic h p erio dical external forces are applied, and the degree of resonance of the sys- tem is regarded as the densit y of the state at that frequency . Figure 6: F requency Distribution of Load for Dos This problem is w ell-suited for parallelization, as trial of eac h frequency could b e executed indep enden tly; ho w ev er, it re- quires dynamic load balancing as the load of computation at eac h frequency v aries considerably . Figure 6 sho ws the distribution of load according to the frequency . As one can observ e. there is great v ariance in load, and as a result, static decomp ositions suc h as blo c k or cyclic distribution will not w ork. F urthermore, it is ex- tremely di�cult to statically determine the load. Th us, it is a v ery fa v orable candidate for testing whether dynamic load balancing b y the metaserv er will w ork e�ectiv ely . 5.4 Results The test w as p erformed with 256 frequencies. T able 3 sho ws the results. Here, decomp osition indicates the n um b er of clien t-side decomp osition of the 256 frequencies, e.g., if the decomp osition w ere 32, then 32 Ninf call s are made, eac h computing the dos for 8 frequencies. W e also compare the results with simple cyclic distribution, and dynamic load balancing on the clien t-side using callbac ks[6]. Observing the result, w e see that execution time when w e ha v e only one computation serv er no de increases as w e increase the n um b er of decomp ositions. This is due to in- creased o v erhead of com bining m ultiple Ninf call s in to one. As w e increase the n um b er of serv er, execution times monotonically decrease. When w e alter the n um b er of de- comp osition, the optimal n um b er dep ends on the n um b er of serv ers|for 8 no des, 32 decomp ositions, and for 16 no des, 64 decomp ositions, and so on. Increased n um b er of decom- p ositions results in b etter load balancing, but ma y not b e optimal due to increased o v erhead. F or this particular ex- 5

# Computing Serv ers 1 8 16 32 Decomp ositions 32 1394.8 195.5 111.9 109.7 64 1408.5 196.1 107.9 78.2 128 1430.0 206.1 113.1 69.2 256 1489.4 234.6 131.9 85.9 Single PE Execution 1339.0 | | | Cyclic Dist. 1380.4 233.8 165.3 94.4 Callbac k 1385.9 179.8 91.3 52.9 T able 3: Execution Time of Dos for Di�eren t Load Balanc- ing Sc hemes (sec.) p erimen t, 4 decomp ositions p er pro cessor pro v ed to b e the optimal p oin t. In addition, the b ene�t of dynamic metaserv er load bal- ancing pro v ed to b e adv an tageous o v er static cyclic distribu- tion. Ho w ev er, compared to explicit clien t-side distribution using callbac ks, the o v erhead of load distribution is greater. W e sp eculate that this o ccurs for the follo wing reasons: 1. The n um b er of Ninf call s are equal to the n um b er of no des for callbac ks, whereas the n um b er is equal to the n um b er of decomp ositions for metaserv er. 2. F or metaserv er, all the argumen ts of the Ninf call are bu�ered at the metaserv er, and metaserv er do es not in v ok e Ninf call to the computation serv er un til all the argumen ts arriv e. This incurs not only bu�ering o v er- head, but also, w e lose the opp ortunit y of pip eline par- allelism. 3. Lik ewise, metaserv er do es not return to the clien t un til all the Ninf call s terminate. Whereas the �rst o v erhead is fundamen tal to the approac h, w e exp ect that the second and the third o v erhead could b e a v oided with b etter implemen tation. F urthermore, despite the o v erhead, automatic load balancing with metaserv er is m uc h more ideal as it requires little sp ecial programming on the clien t side b y the use of transactions. 6 Ninf-NetSolve Adapter NetSolv e is a global computing system b eing dev elop ed at Univ. of T ennessee. The functionalit y and the arc hitecture of NetSolv e is similar to Ninf: ho w ev er, there is a great deal of di�erence in the proto cols and some of the system APIs. By in terfacing Ninf and NetSolv e, w e exp ect that not only it will b ene�t the users of b oth systems due to m utual in ter- op erabilit y , but also w e exp ect that b y comparing the t w o systems and their proto cols, w e could distill the adv an ta- geous c haracteristics of eac h, and design new systems and standard proto cols. In fact, w e are already in the pro cess of prop osing a new proto col based on the exp eriences gained from the adopters. Here, w e describ e ho w the adapters w ork, and their p erformance. 6.1 Overview of NetSolve Figure 7 sho ws the arc hitecture of NetSolv e. NetSolv e has a subsystem called an A gent , whic h manages the v arious information of its computational serv ers. Although the roles of Agen t are similar to Ninf metaserv ers, one of the ma jor di�erences is that metaserv ers act as pro xy serv ers of clien t requests, whereas agen ts literally act as ‘agen ts’ whose role is Figure 7: Ov erview of NetSolv e Figure 8: Ov erview of Ninf ! NetSolv e Adapter to in tro duce the list of a v ailable computing serv ers according to the clien t requests. The clien t itself selects the serv er from the list; th us, there are no automated sc heduling of computation as is with Ninf. 6.2 Implementation of the Ninf ! NetSolve Adapter F or brevit y , w e describ e the implemen tation of the Ninf ! NetSolv e adapter: the in v erse adapter is similar in principle. As Figure 8 sho ws, the adapter acts as a computational serv er on the Ninf side, and acts as a clien t on the NetSolv e side. The adapter is written in Ja v a, and has the follo wing roles: � c onversion of NetSolve interfac e information to Ninf interfac e information | b oth systems mak e a t w o- phase call to the serv er, where the in terface informa- tion of the callee library is sen t to the clien t. W e ha v e disco v ered that Ninf and NetSolv e ha v e v ery di�eren t design philosoph y in this resp ect, and m utual con v er- sion is not trivial. F or instance, arra y size is deter- mined to b e dep enden t on some scalar argumen t of the same call, and whereas in Ninf this information is translated from IDL sp eci�cation suc h that only the dep endency relationship from the scalar argumen t to the matrix argumen t is returned to the clien t, in Net- Solv e a string whic h enco des the m utual relationship b et w een the argumen t p ositions are returned. � network data tr ansfer format c onversion | The net- w ork data format di�ers considerably b et w een Ninf and NetSolv e. F or example, Ninf adopts the c-st yle arra y la y out, whereas NetSolv e assumes F ortran-st yle format. Also, the size of data is implicitly obtained from the IDL in Ninf and is not part of the data, but in NetSolv e there is a header indicating the data size. 6

Execution Time (sec.) 50 100 150 200 NetSolv e Nativ e 8.2 18.4 33.3 72.1 Ninf ! NetSolv e 8.5 21.7 38.8 82.4 Ov erhead 0.3 3.3 5.5 10.3 T able 4: Ninf-NetSolv e P erformance Th us, curren tly cac he the net w ork data en tirely in the adapter for con v ersion. This is not fa v orable for p er- formance. 6.3 Prelimina ry Evaluation W e p erformed some preliminary measuremen ts to in v esti- gate the p erformance of the adapter. W e emplo y ed the pub- lic NetSolv e Agen t lo cated at comet.cs.utk.edu, and com- pared the calling times of using the nativ e NetSolv e clien t and the Ninf clien t through the adapter. Although the ex- act computing serv er cannot b e sp eci�ed in NetSolv e, it turned out that all the executions w ere b eing p erformed on dancer.cs.utk.edu, allo wing us to p erform fair comparison. F or the serv er-side library , w e used degsv whic h is a part of LAP A CK, and almost equiv alen t to the Linpac k b enc hmark. The size of the arra y w ere set to b e 50,100,150, and 200. As w e observ e in T able 4, the o v erhead asso ciated with the adapter increases as arra y size gro ws. This is largely due to bu�ering and re-ordering of the elemen ts of the argumen t arra ys. The re-ordering is fundamen tal to the di�erence b e- t w een Ninf and NetSolv e, but could b e a v oided b y b etter im- plemen tation, or b etter y et, a standardized proto col whic h b oth systems could b e optimized for. 7 Conclusion and F uture W o rk W e ha v e p erformed preliminary b enc hmarks for job sc hedul- ing in global computing systems. The k ey observ ation is that, for comm unication dominan t b enc hmarks suc h as Lin- pac k, di�eren t top ologies of serv er and clien ts within the net w ork could ha v e adv erse, often degrading e�ects on the observ ed serv er p erformance. Based on the observ ation, w e ha v e sk etc hed the a sim ulation mo del based on the queuing net w ork mo del. F urthermore, w e also exp erimen ted with au- tomatic and dynamic load/task distribution via Metaserv er, using the dos calculation as the exp erimen tal target, and ha v e sho wn that automatic load-balancing b y the metaserv er could b e e�ectiv e o v er static load balancing. W e ha v e also co v ered our collab orativ e e�orts of bridging Ninf with NetSolv e, and ha v e found that, despite apparen t similarit y in the functionalities, underneath Ninf and Net- Solv e ha v e v ery di�eren t designs. W e ha v e also sho wn that adapters could b e e�ectiv ely designed to bridge the gap b e- t w een the di�erences, with a small o v erhead. As a future w ork, w e are curren tly constructing a sim ula- tor based on the queuing mo del describ ed here, using Ja v a. W e hop e to b e able to matc h the actual measuremen ts of our b enc hmarks with the sim ulation results; if they matc h, then w e could e�ectiv ely use the sim ulator as a part of p er- formance predictor in the metaserv er, thereb y allo wing the metaserv er to e�ectiv ely sc hedule clien t tasks. On the other hand, if they do not matc h, then w e will ha v e to iden tify the factors whic h are not accoun ted for in the curren t mo del, and impro v e the mo del accordingly . Another imp ortan t w ork w ould b e to standardize on a proto col for global computing. Curren tly , there are no stan- dardized proto cols for transferring n umerical data of v arious formats o v er the In ternet, nor there are standards for global computing. By agreeing up on a standard, and also b y in- corp orating curren t standards suc h as CORBA and HTTP , w e could e�ectiv ely see widespread use of global computing systems with comp eting implemen tations and features, just as it is for other net w ork services suc h as WWW, ftp, etc. Ackno wledgment W e w ould lik e to thank other mem b ers of the Ninf group, es- p ecially Hiromitsu T ak agi (NIT), Satoshi Sekiguc hi (ETL), Mitsuhisa Sato (R W C), Ump ei Nagashima (Oc hanomizu Univ.) for their discussions and encouragemen ts. W e w ould also lik e to thank Osam u T ateb e (ETL) for his advice on parallel n u- merical computing. References [1] Sato, M., Nak ada, H., Sekiguc hi, S., Matsuok a, S., Na- gashima, U. and T ak agi, H.: Ninf: A Net w ork based In- formation Library for a Global World-Wide Computing Infrastracture, Pr o c e e dings of HPCN’97 (LNCS-1225) , pp. 491{502 (1997). [2] T ak efusa, A., Matsuok a, S., Oga w a, H., Nak ada, H., T ak agi, H., Sato, M., Sekiguc hi, S. and Nagashima, U.: Multi-clien t LAN/W AN P erformance Analysis of Ninf: a High-Performance Global Computing System, T o app e ar in Sup er c omputing ’97 . [3] NASA Ames Researc h Cen ter: The NAS P arallel Benc h- marks, h ttp://science.nas.nasa.go v/Soft w are/NPB/. [4] Casano v a, H. and Dongarra, J.: NetSolv e: A Net- w ork Serv er for Solving Computational Science Prob- lems, Pr o c e e dings of Sup er c omputing ’96 (1996). [5] Nagashima, U., Hyuga ji, S., Sekiguc hi, S., Sato, M. and Hoso y a, H.: An exp erience with sup er-linear sp eedup ac hiev ed b y parallel computing on a w orkstation clus- ter: P arallel calculation of densit y of states of large scale cyclic p oly acenes, Par al lel Computing , V ol. 21, pp. 1491{ 1504 (1995). [6] Nak ada, H., T ak agi, H., Matsuok a, S., Nagashima, U., Sato, M. and Sekiguc hi, S.: Global Parallel Computation using Ninf, Pr o c e e dings of Joint Symp osium on Par al lel Pr o c essing ’97 , pp. 281{288 (in Japanese) (1997). 7