Design and Implemen tations of Ninf: to w ards a Global Computing Infrastructure Hidemoto Nak ada a , Mitsuhisa Sato b , Satoshi Sekiguc hi a a Ele ctr ote chnic al L ab. Tsukub a, Ib ar aki, 3058568, Jap an b R e al World Computing Partnership, Tsukub a, Ib ar aki, 3050032, Jap an http://ninf.etl.go.jp/ Abstract The w orld-wide computing infrastructure on the gro wing computer net w ork tec h- nology is a leading tec hnology to mak e a v ariet y of information services accessible through the In ternet for every users from the high p erformance computing users through man y of p ersonal computing users. The imp ortan t feature of suc h services is lo cation transparency; information can b e obtained irresp ectiv e of time or lo ca- tion in virtually shared manner. In this article, w e o v erview Ninf, an ongoing global net w ork-wide computing infrastructure pro ject which allo ws users to access com- putational resources including hardw are, softw are and scien ti�c data distributed across a wide area net w ork. Preliminary p erformance result on measuring soft w are and net w ork ov erhead is sho wn, and that promises the future reality of w orld-wide net w ork computing. Keywor ds: Distributed computing, Global computing, Sc heduling 1 In tro duction Remark able gro wth of computer net w ork tec hnology has spurred a v ariet y of information services accessible through the In ternet. The imp ortan t feature of suc h services is lo cation transparency; information can b e obtained irresp ec- tiv e of time or lo cation in a virtually shared manner. Ho w ev er, most existing global net w ork services suc h as e-mail, �le arc hiv es, and the WWW, are lim- ited to merely sharing data resources. The global net w ork could b e far b etter utilized, em b o dying the p otential to pro vide a computational environmen t to share computational resources including CPUs and disk storage. The coming of gigabit information sup er-high w a y will further enhance the vision of w orld- wide global computing resources, b eing able to tap in to p o w ers of enormous n um b ers of computers with idle computation cycles. Preprin t submitted to Elsevier Science 2 Octob er 1998

F rom the high p erformance computing p ersp ective, the c hallenging applica- tion programs require the ability to exploit div erse, physically distributed resources, suc h as access to sup ercomputers, large databases, storage devices, visualization devices, and sensing devices as w ell. These applications are not able to run using resources within a single computer cen ter, thus the wide v ariet y use of the meta-computing system with heterogeneous and dynamic nature, whic h is b eing built on the w orld-wide computing infrastructure, is b ecoming m uc h more imp ortan t. A few systems are prop osed for suc h computing system: Legion [1] is a pro ject for constructing the nation wide virtual computer comprised of many sup er- computers and w orkstations. NetSolv e [2] pro vides an easy-to-use program- ming in terface similar to ours and has a sc heduling mo dule called Agen t. The Remote Computation System (R CS) [3] is a remote pro cedure call facilit y that pro vides uniform access to remote computers ranging from high-end w orksta- tions to sup ercomputers. The Globus [4] is a to olkit whic h in tended to ac hiev e a vertically in tegrated treatmen t of application, middle-ware, and net w ork. As an infrastructure for world-wide global computing in scienti�c computa- tion, w e are currently pursuing the Ninf (Network b ase d Information Libr ary for high p erformanc e c omputing) pro ject [5]. Our goal is to dev elop a plat- form for global scien ti�c computing with computational resources distributed in a world-wide global netw ork. This article describ es the motiv ation of the Ninf, its comp onents, the underlying tec hnologies that supp ort such global computing, and the curren t status of the pro ject. 2 Ov erview of the Ninf System 2.1 Design Conc ept The basic concept of the Ninf system is to supp ort clien t-serv er based com- puting. The computational resources are av ailable as the Ninf r emote libr aries at remote computation hosts. The remote libraries can b e called through the global net w ork from a programmer’s clien t program written in existing lan- guages suc h as F ortran, C, or C++. P arameters, including large arra ys, are e�cien tly marshaled and sen t to the Ninf server on a remote host, whic h in turn executes the requested libraries and sends bac k the results. The Ninf r e- mote pr o c e dur e c al l (RPC) is designed to pro vide programming in terface that will b e v ery familiar to the programmers of existing languages. The program- mer can build global computing systems b y using the Ninf remote libraries as its comp onen ts, without b eing aw are of complexities and hassles of net w ork programming. 2

The b ene�ts of Ninf are as follo ws: { A client can execute the most time-consuming part of one’s program in m ul- tiple, remote high-p erformance computers, suc h as v ector sup ercomputers and MPPs, without an y requiremen t for sp ecial hardware or op erating sys- tems. If suc h sup ercomputers are reac hable via a high sp eed net w ork, the application will naturally run considerably faster. It also provides uniform access to a v ariet y of sup ercomputers. { The Ninf programming in terface is designed to b e extremely easy-to-use and familiar-lo oking for programmers of existing languages suc h as F OR TRAN, C and C++. The user can call the remote libraries without any kno wledge of the net w ork programming, and easily con v ert his existing applications that already use p opular n umerical libraries suc h as LAP A CK. { The Ninf RPC can also b e async hronous and automatic: for parallel appli- cations, a Ninf metaserver main tains the information of Ninf serv ers in the net w ork, and automatically allo cates remote library calls dynamically on appropriate serv ers for load balancing, or sc heduling. Ninf also provides an API for aggregate in v o cation of m ultiple remote computation. { The Ninf net w ork database server pro vides query on accurate constan t database needed in scien ti�c computation, such as imp ortant constan ts of ph ysics and c hemistry . By doing so, the user is freed from the burdens and mistak es of inputting accurate constan t data from prin ted c harts. F rom the user’s p ersp ective, Ninf o�ers y et another w a y to share resources o v er a global net w ork. On the other hand, there are already v arious net w ork infrastructures and to ols already in use, and one migh t ask would another infrastructure b e needed; for example, one could claim the extreme that, one could use existing �le transfer services suc h as ftp to remotely obtain n umer- ical libraries, compile on his lo cal mac hine, and execute the program there. Aside from the issue of ha ving a sup ercomputer lo cally on hand, there are man y other adv an tages to Ninf in this case | securit y and proprietary issues naturally are ob vious topics; there are other practical issues of exp ending the e�orts of fetc hing, compiling, and main taining co de in heterogeneous comput- ing en vironmen ts. Ninf allo ws reduction of maintenance costs by concen trating the e�orts of high-qualit y , w ell-main tained libraries on compute servers and not on eac h mac hine. Th us, even for slow er net w orks where there are no sp eed adv an tages to b e gained, Ninf is still b ene�cial in this regard. 2.2 The Ninf System A r chite ctur e The basic Ninf system emplo ys a clien t-serv er mo del. The server machine and a client ma y b e connected via a lo cal area net w ork or o v er the In ternet. Mac hines ma y b e heterogeneous: data in comm unication is translated in to the 3 common netw ork data format. A Ninf serv er pro cess runs on the Ninf computation serv er host. The Ninf remote libraries are implemen ted as executable programs, whic h con tain net- w ork stub routine as its main routine, and managed b y the serv er pro cess. W e call suc h executable programs Ninf exe cutables (pr o gr ams) . When the library is called b y a clien t program, the Ninf server searc hes the Ninf executables asso ciated with its name, and executes the found executable, setting up an appropriate comm unication with the clien t. The stub routine handles the com- m unication to the Ninf serv er and its clien t, including argumen t marshaling. The underlying executable can b e written in an y existing scien ti�c languages suc h as F ortran, C, etc., as long as it can b e executed in the host. A libr ary pr ovider , who pro vides the n umerical library and computational re- source to the net w ork at large, prepares the Ninf executables by (1) writing the necessary in terface description of each library function in Ninf IDL (Interfac e Description L anguage) , (2) running the Ninf IDL compiler, whic h emits the necessary header �les and stub co de, (3) compiling the library with the com- piler for the programming language the library is written in, and, (4) linking with the Ninf RPC libraries, �nally , (5) r e gistering them with the Ninf serv er running on his host. After these steps, an y one in the net w ork can use the libraries b y the Ninf RPC in a transparen t manner. Some existing libraries, suc h as LAP A CK, ha v e already b een ’Nin�ed’ in this manner. In the curren t implemen tation, the comm unication b et w een a clien t and the serv er is achiev ed b y means of standard TCP/IP connection to ensure reliable comm unication b et w een pro cesses. In a heterogeneous en vironmen t, Ninf uses the Sun XDR data format as a default proto col. Also, clien ts can sp ecify call bac k functions on the clien t side for v arious purp oses, suc h as in teractiv e data visualization, I/O of data, etc. 2.3 The Pr o gr amming Interfac e Ninf_call() is the sole clien t interface to the Ninf compute and database serv ers. In order to illustrate the programming in terface with an example, let us consider a simple matrix multiply routine in a C program with the following in terface: double A[N][N],B[N][N],C[N][N]; .... /* declaration */ dmmul(N,A,B,C); /* calls matrix multiply, C=A*B */ When the dmmul routine is a v ailable on a Ninf serv er, the client program can 4 call the remote library using Ninf_call , in the follo wing manner: Ninf_call("dmmul",N,A,B,C); /* call remote Ninf library on server */ Here, dmmul is the name of library registered as a Ninf executable on a serv er, and A , B , C , N are the same argumen ts. As we see here, the clien t user only needs to sp ecify the name of the function as if he w ere making a lo cal function call; Ninf_call() automatically determines the function arit y and the t yp e of eac h argumen t, appropriately marshals the argumen ts, mak es the remote call to the serv er, obtains the results, places the results in the appropriate argumen t, and returns to the clien t. In this w a y , the Ninf RPC is designed to giv e the users an illusion that arguments are shared b et w een the client and the server. Note that the ph ysical lo cation of the Ninf server is not sp eci�ed here. The serv er is allo cated b y the scheduler. T o realize suc h simplicity in the client programming in terface, w e designed Ninf RPC so that clien t function call obtains all the in terface information re- garding the called library function at run time from the serv er. Although this will cost an extra net w ork round trip time, w e judged that typical scien ti�c ap- plications are b oth compute and data in tensiv e suc h that the ov erhead should b e small enough. Moreo v er, once a function is called, in terface information of the function is cached in the clien t program, allo wing to skip the inter- face obtaining phase for subsequen t in v o cation of the function. The interface information includes the n um b er of parameters, these t yp es and sizes and ac- cess mo des of argumen ts (read or write). Using these information, Ninf RPC automatically p erforms argument marshaling, and generates the sequence of sending and receiving data from/to the Ninf server. As sho wn in Figure 1, the client function call requests the in terface infor- mation of the calling function to the Ninf serv er, which in turn returns the registered Ninf executable in terface information to the clien t. The clien t li- brary then in terprets and marshals the argumen ts on the stac k according to the supplied information. F or v ariable-sized arra y argumen ts, the IDL m ust sp ecify an expression that includes the input scalar argumen ts whereb y the size of the arrays can b e computed. This design is in contrast to traditional RPCs, suc h as Sun’s RPC[6] or CORBA[7], where stub generation has to b e done on the clien t side at compile time. As a result of dynamic in terface acqui- sition, Ninf RPC do es not require suc h compile-time activities at all, relieving the users from an y co de main tenance. Ninf computational serv er has an ability to access W eb servers directly , en- abling users to sp ecify data on W eb as argumen ts for mathematical libraries registered with Ninf. Just using URL string as the data, users can use the data lo cated with the giv en URL. This co de b elo w uses data on the W eb as 5

Fig. 1. Ninf RPC the second argumen t matrix. Ninf_call("dmmul",N, A, "http://.../..", C) The Ninf client library automatically detects that the argumen t sp eci�es an URL, and sends the URL to the serv er. The Ninf server receiv es the URL and connects to the W eb serv er, gets the sp eci�ed data by issuing the HTTP GET command, stores it in memory , and then in v ok es the n umerical routine. The users can also store there data on W eb serv ers 1 . Ninf executable can upload data directly to W eb serv ers. This facilit y can b e used, for example, to snapshot the in termediate results of the serv er computation on a W eb serv er nearb y the Ninf computational serv er. The Ninf RPC ma y also b e in v ok ed async hronously to exploit netw ork-wide parallelism. The API Ninf call async is almost equiv alen t to the ordinary Ninf call, but it do es not w ait for the completion of the request, instead, it returns with a request ID, immediately , With the ID, programmers can w ait or p oll the reply for the request. It is p ossible to issue the request to a Ninf server, contin ue with the other computation. Multiple RPC requests to di�eren t serv ers are also p ossible. F or this reason, the async hronous Ninf RPC is an imp ortan t feature for parallel programming. There are sev eral APIs for w aiting the reply , enabling programmers to wait an arbitrary set of NinfCalls. Ninf also pro vides aggregate call in terface, whic h schedules user sp eci�ed co de blo ck, called tr ansaction as one sc heduling unit. The blo c k of co de surrounded b y Ninf transaction b egin and Ninf transaction end are not executed immedi- ately; rather, at the end of the co de blo ck, the metaserv er schedules the com- putation to m ultiple computational serv ers accordingly . When all the com- putations are complete, the metaserv er returns the result to the clien t. This facilit y is useful for the parallel execution of the problems that can b e easily 1 It uses h ttp PUT command. The PUT command is optional and public W eb serv ers often do not implemen t it b ecause of securit y . 6 divided in to sev eral sub problems, suc h as, mon te-calro simulation or parame- ter surv ey computation. The transaction also can b e used for macro-data o w execution. In the transaction, data-dep endencies b et w een Ninf call s are auto- matically detected, and the metaserver tak es it in to accoun t for sc heduling. As an example, consider to add up 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. Ninf RPC also supp orts a call-back functional argument to comm unicate with the clien t during executing the RPC in a serv er. A Ninf library routine can tak e functional arguments to call user-supplied routines from the Ninf ex- ecutable. Consider a scien ti�c sim ulation as an application of the Ninf. A t ypical sim ulation program initializes the state, and up dates the state to dis- pla y or records it at ev ery certain time steps. The call-bac k facilit y is useful to call user-supplied routines to display or record data at each time-step while k eeping in ternal state in a server. Since the Ninf clien t programming in terface is designed to b e as language indep endent as p ossible, the Ninf clien t can b e written in a v ariet y of pro- gramming languages. W e ha v e already designed and implemen ted the clien t Ninf_call functions for C, F OR TRAN, Ja v a. Adding to it, w e pro vide a sub API for API implemen tation. It is p ossible to implemen t a client interface to Ninf for an y language, so long as it supp orts standard foreign function inter- face to C programs. Ho w ev er, it is not a trivial job to implemen t the Ninf API on a language that emplo ys an arra y represen tation that is totally di�eren t from C, suc h as Lisp. In order to mak e implemen tation of Ninf API easy , w e pro vide sub-API called Ninf CIM(Common In terface Mo dule). It requires API implemen ters to pro vide a few basic routines, called tr aversers . The routines tra v erse on the language nativ e data structure and set/get data at that p osi- tion. Ninf cim main(), CIM v ersion of Ninf call(), marshals / unmarshals data calling these tra v ersers. W e already implemented APIs for Excel, Mathematica and Lisp using the CIM. 7

2.4 Ninf IDL (Interfac e Description L anguage) The Ninf library provider describ es the in terface of the library function in Ninf IDL to register his library function in to the Ninf serv er. Since the Ninf system is designed for n umerical applications, the supp orted data t yp e in Ninf is tailored for suc h a purp ose; for example, the data t yp es are limited to scalars and their m ulti-dimensional arrays. On the other hand, there are sp ecial pro visions in the IDL for numerical applications, suc h as supp ort for expressions in v olving input argumen ts to compute array size, designation of temp orary arra y arguments that need to b e allo cated on the serv er side but not transferred, etc. F or example, in terface description for the matrix m ultiply giv en in the previous section is: Define dmmul(long mode_in int N, mode_in double A[N][N], mode_in double B[N][N], mode_out double C[N][N]) "... description ..." Required "libxxx.o" /* specify library required by this routine. */ Calls "C" dmmul(N,A,B,C); /* Use C calling convention. */ where the ac c ess sp e ci�ers , mode_in and mode_out , sp ecify whether the ar- gumen t is read or written. T o sp ecify the size of eac h argument, the other in_mode argumen ts can b e used to form a size expression. In this example, the v alue of N is referenced to calculate the size of the arra y arguments A , B , C . In addition to the in terface de�nition of the library function, the IDL description con tains the information needed to compile and link the libraries. Fig. 2. Ninf in terface generator 8

As illustrated in Fig. 2, the in terface description is compiled b y the Ninf inter- fac e gener ator to generate a stub program for each library function describ ed in its in terface information. The in terface generator also automatically outputs a mak e�le with whic h the Ninf executables can b e created b y linking the stub programs and library functions. The in terface description can also include the textual information, whic h is used to create man ual pages automatically for the library functions. The remote users can bro wse the av ailable library func- tions in the serv er, its in terface, and the other information generated b y the in terface generator through a W eb bro wser in terface. 3 Sc heduling for Global Computing One of the biggest research issue for global computing is sc heduling, i.e., how to ac hiev e e�cien t usage of computing resources. In this section, w e sho w our scheduling framework, Ninf metaserver , which provides scheduler and resource monitor. W e also pro vide our sim ulation mo del, whic h will b e used to pursue the optimal scheduling algorithm. 3.1 R e quir ements for glob al sche duler A global sc heduler m ust gather globally distributed information on compu- tational and communication resource utilization. Based on the collected in- formation, whic h only represen ts the past snapshot information of the en tire system, the sc heduler m ust also mak e prediction on the curren t status of re- source usage. T o facilitate suc h prediction, all the collected information must b e main tained in a global database manager. T o b e more sp eci�c, a sc heduler for a global computing system will consist of the following mo dules: { Load monitor for computing resources (i.e. computation serv er no de), { Throughput monitor for net w orks, { Resource information database manager, { Resource status predictor { Resource Sc heduler (em b o dying some sc heduling algorithm) Note that, for the throughput monitor, throughput among the clien t and the computing no des will ha v e to b e measured b y eac h client, as under most W AN settings including the curren t In ternet, throughput b et w een any t w o no des is di�cult to in terp olate from other throughput information. On the other hand, load monitor can b e p erformed b y just one represen tativ e no de 9 o v er a collection of computing server no des. Monitors rep ort status to the resource information database manager p erio d- ically; based on the information in the database, the resource status predictor predict the curren t and the future status of the resources. Then, the scheduler com bines the information of the database and the predictor, and allo cates a prop er computing no de for eac h request. 3.2 Ninf MetaServer Accoun ting the ab o v e issues, w e hav e implemen ted a protot yp e sc heduling framew ork called the Metaserver . The metaserv er consists of following mo d- ules; { Load monitor for computing re- source { Clien t pro xy { Resource Information Database Manager { Resource Sc heduler Fig. 3. Ninf MetaServer The client pro xy has t w o roles. Primary , it’s a throughput monitor for net w ork. It monitors throughput on b ehalf of the entire clien t site, reducing the cost of measuring the throughput from each clien t in the site. It also acts as the pro xy serv er for �rew all protected net w orks. The metaserver system functions in the follo wing w a y (Fig. 3): (i) The load monitor monitors the computing serv ers’ load status, and stores it to the resource information database. (ii) The clien t pro xy p erio dically monitors the comm unication status (such as net w ork load) to serv ers on b ehalf of the clien t, and main tains the results in ternally . (iii) The client sends a sc heduling request of a Ninf in v o cation to the client pro xy . (iv) The client pro xy , in turn, issues a query to the sc heduler, attac hing its in ternal comm unication status information b et w een it and the serv ers. (v) The scheduler obtains the computing serv ers’ load information from the resource information database and decides the most appropriate serv er for 10 the in v ocation dep ending on the c haracteristics of the requested function (usually the serv er whic h w ould yield the b est resp onse time, while main- taining reasonable o v erall system throughput), and informs the Clien t pro xy of the serv er iden tit y . (vi) The clien t pro xy forwards the request to the allo cated server. All of the mo dules are implemen ted in Ja v a, and the core sc heduling mo dules are implemen ted as b eing "pluggable", allowing the scheduling p olicy to b e replaced on the y via net w ork proto cols. 3.3 Simulation mo del for glob al c omputing There are sev eral w ork in sc heduling for global computing, include AppLeS[8], Prophet[9] and Condor [10]. Ho w ev er, these systems do not pro v e the v alid- it y of their sc heduling algorithms. Exp erimen ts on an actual system are not su�cien t to discuss the general p erformance of these algorithms. Rather, an appropriate p erformance ev aluation mo del, whic h can represent v arious global computing systems and their b eha vior, w ould b e required. T o study v alidit y of scheduling algorithms on v arious en vironmen ts, w e prop ose a sim ulation mo del based on queuing mo del. Fig. 4 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 �gure, the clients A{A’, B{B’ and C{C’ are the same clien ts acting as senders and receiv ers. Fig. 4. A Sim ulation Mo del of Global Computing System In the mo del, in v ocation and argumen t communication from the clien t to the serv er, pro cessing at the serv er, and returning of the reply from the server to the clien t, are mo deled 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 delays encoun tered in a wide-area net w ork. � ns , 11

� 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 ow er. A sim ulator based on this mo del is already implemen ted in Ja v a, and w e con�rmed the v alidit y of the sim ulation mo del comparing the results of virtual sim ulations and actual exp erimen ts. W e are pursuing the optimal sc heduling algorithm using the sim ulator and the metaserv er. 4 Curren t T opics 4.1 Performanc e Evaluation using the Ninf RPC Here, w e giv e some preliminary ev aluations results. As w e already rep orted more precise ev aluation result[11], w e concen trate simple single client - single serv er case, here. As a b enc hmark program, w e emplo y Linpack whic h re- quires extensiv e communication to ship dense matrices o v er the net w ork. W e emplo y ed Sup erSP AR C(40MHz) and UltraSP AR C(143MHz) as the clien ts, and DEC Alpha(333MHz) and Cray J90(with 4CPUs) as the serv ers. Fig. 5 sho ws the results of Sup erSP AR C and UltraSP AR C clien ts. The hor- izon tal axis indicates the size of the matrix, and the v ertical axis indicates the p erformance of n Ninf call and Lo cal in M ops. The p erformance of Lo- cal remains relativ ely constan t across for b oth SP AR Cs. On the other hand, Ninf call p erformance impro v es steadily as n increases, and for b oth SP AR Cs, exhibited sup erior p erformance to Lo cal at appro ximately n = 200-400. Fig. 5. Ninf call p erformance 12

4.2 Ninf-NetSolve A dapter NetSolv e[2] is a global computing system b eing dev elop ed at Univ. of T en- nessee. The functionalit y and the architecture of NetSolv e are 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, we exp ect that not only it will b ene�t the users of b oth systems due to m utual interoperability , but also w e exp ect that b y comparing the tw o systems and their proto cols, we could distill the adv an tageous 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. 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. The adapter acts as a computational serv er on the Ninf side, and acts as a clien t on the NetSolv e side. It is written in Jav a, and has the follo wing roles: { Conversion of NetSolve interfac e information to Ninf interfac e information | Both systems make a t w o-phase call to the serv er, where the in terface information of the callee library is sen t to the clien t. { Network data tr ansfer format c onversion | The net w ork data format di�ers considerably b et w een Ninf and NetSolv e. W e are no w under negotiation with NetSolv e p eople to standardize a data transfer proto col, whic h can b e used b y not only our systems but also other metacomputing systems. 4.3 GUI b ase d client for Ninf In teractiv e user in terfaces are often v ery attractiv e for real-w orld applications. NinfCalc+ is a simple WWW-based Ninf in terface. whic h is implemen ted as a Ja v a applet and allo ws the users easily to handle linear system solv er, eigen- v alue problem, and other matrix op eration with clic k and quic k op eration. Eac h of the solv er routines b ehind the NinfCalc+ is provided as a Ninf Exe- cutable b eing called through Ninfcall. NinfCalc+ utilizes direct w eb access facilit y , i.e., it do es not store matrices in itself, uses W eb servers as storages, instead. As it p erforms calculation control only , it do es not require broad band-width b et w een Ninf serv er and itself. It can con trol h uge matrix calculation interactiv ely ev en from your home via thin phone line. 13

Fig. 6. NinfCalc+ 5 F uture Plans In this article, we describ ed our global computing infrastructure: Ninf, and sho w ed preliminary p erformance ev aluation results. Since our ob jectiv e is for Ninf to b e a global service infrastructure a v ailable for free for a wide v ariet y of scien ti�c and engineering use, in v olving not only high p erformance but also qualit y-of-use, there are still n umerous research issues to b e addressed: { Authen tication and accounting: Although Ninf itself will b e a v ailable for free, institutions will naturally w an t to establish its o wn authen tication and accoun ting p olicies. { Securit y: Securit y is naturally imp ortan t, esp ecially since eac h Ninf serv er will act as computation server and not mere database serv er. Provision of en trusted Ninf serv er no de, as w ell as encryption, will b e an imp ortan t issue for future ev olution of Ninf. { F ault tolerance: Since global net w ork is not fault-safe, chec kp oin ting and reco v ery facilit y will b e needed for fault tolerance. W e are curren tly plan- ning to extend the Ninf transaction facilities in to full- edged reco v erable transactions; how ev er, doing so without sacri�cing computation sp eed or w asting to o man y resources is not an easy issue. { Sc heduling: Although w e already ha v e the exible sc heduling framew ork: Metaserv er, the sc heduling and resource prediction algorithm is still an op en issue. W e will pursue the issue utilizing our sim ulator. These and other issues will b e dev elop ed in accordance with adv ancemen ts in other global net w orking standards, and other e�orts on global net w ork computing. 14

Ac kno wledgmen t W e would lik e to thank other mem b ers of the Ninf group, esp ecially Satoshi Matsuok a(T oky o Institute of T ec hnology), Ump ei Nagashima (National Insti- tute of Materials and Chemical Researc h), and Atsuk o T ak efusa (Oc hanomizu Univ ersit y) for their discussions and encouragements. References [1] Andrew S. Grimshaw, William A. W ulf, James C. F renc h, Alfred C. W ea v er, and P aul F. Reynolds Jr. Legion: The next logincal step to w ard a natiowide virtual computer. CS 94-21, Univ ersit y of Virginia, 1994. [2] Henri Casano v a and Jack Dongarra. Netsolv e: A net w ork serv er for solving computational science problems. In Pr o c e e dings of Sup er Computing ’96 , 1996. [3] P eter Arb enz, W alter Gander, and Mic hael Oettli. The remote computation system. T ec hnical Rep ort 245, ETH, 1996. [4] I. F oster and C. Kesselman. Globus: A metacomputing infrastructure to olkit. In Pr o c. of Workshop on Envir onments and T o ols, SIAM. , 1996. [5] Mitsuhisa Sato, Hidemoto Nak ada, Satoshi Sekiguc hi, Satoshi Matsuok a, Ump ei Nagashima, and Hiromitsu T ak agi. Ninf: A Net w ork based Information Library for a Global World-Wide Computing Infrastracture. In Pr o c. of HPCN’97 (LNCS-1225) , pages 491{502, 1997. [6] Sun Microsystems, Inc. RPC: Remote pro cedure call proto col sp eci�cation v ersion 2. RF C 1057, June 1988. [7] OMG. The Common Obje ct R e quest Br oker: Ar chite ctur e and Sp e ci�c ation. R evision 2.0. OMG Do cumen t, 1995. [8] F ran Berman, Ric h W olski, Silvia Figueira Jennifer Sc hopf, and Gary Shao. Application-lev el scheduling on distributed heterogeneous net w orks. In Pr o c e e dings of Sup er Computing ’96 , 1996. [9] J.B. W eissman and X.Zhao. Sc heduling parallel applications in distributed net w orks. In Journal of Cluster Computing , 1997. [10] R. Raman, M. Livn y , and M. Solomon. Matc hmaking: Distributed resource managemen t for high throughput computing. In Submitte d to HPDC’98 , 1998. [11] A. T ak efusa, S. Matsuok a, H. Ogaw a, H. Nak ada, H. T ak agi, M. Sato, S. Sekiguchi, and U. Nagashima. Multi-clien t lan/w an p erformance analysis of ninf: a high-p erformance global computing system. In Sup er c omputing ’97 , 1997. 15