Ninf and PM : Comm unication Libraries for Global Computing and High-p erformance Cluster Computing Mitsuhisa Sato a , Hiroshi T ezuk a a , A tsushi Hori a , Y utak a Ishik a w a a , Satoshi Sekiguc hi b , Hidemoto Nak ada b , Satoshi Matsuok a c and Ump ei Nagashima d a R e al World Computing Partnership,Mitsui-Blg.16F,Tsukub a, Ib ar aki 305, Jap an b Ele ctr ote chnic al L ab or atory, 1-1-4 Umezono, Tsukub a, Ib ar aki 305, Jap an c T okyo Institute of T e chnolo gy, Ookayama 2-12-2, Me gur o-ku, T okyo 152, Jap an d Ochanomizu University, Otsuka 2-1-1, Bukyo-ku, T okyo 112, Jap an Abstract This pap er presen ts t w o adv anced comm unication libraries, Ninf and PM. Ninf is an ongoing global net w ork-wide computing infrastructure pro ject whic h allo ws users to access computational resources including hardw are, soft w are and scien ti�c data distributed across a wide area net w ork. Computational resources are shared as Ninf remote libraries executable at a remote Ninf serv er. Users can build an application b y calling the libraries with the Ninf Remote Pro cedure Call. In order to facilitate lo- cation transparency and net w ork-wide parallelism, Ninf metaserv er main tains global resource information regarding computational serv er and databases, allo cating and sc heduling coarse-grained computation for global load balancing. PM is a high p er- formance comm unication library for w orkstation clusters connected with Myrinet gigabit LAN card, whic h has a dedicated pro cessor and on-b oard memory to handle a comm unication proto col. In order to obtain high p erformance comm unication and supp ort a m ulti-user en vironmen t, w e co-designed PM, an op erating system real- ized b y a daemon pro cess, and the run-time routine for a programming language. Sev eral unique features, e.g., net w ork con text switc hing and mo di�e d A CK/NA CK o w con trol algorithm ha v e b een dev elop ed for PM. PM for the Suns has a sp eed of 20 � seconds round trip for a user-lev el 8 b ytes message and 38.6 Mb ytes/second bandwidth for an 8 Kb ytes message. Keywor ds: Global Computing, Remote pro cedure call, Cluster computing, Gigabit LAN, User-lev el comm unication proto col, High-p erformance computing. Preprin t submitted to Elsevier Science 11 No v em b er 1997

1 In tro duction In recen t y ears, t w o imp ortan t trends, global computing and cluster comput- ing, ha v e b een gathering man y in terests in high p erformance net w ork comput- ing. Remark able gro wth of computer net w ork tec hnology has spurned a v ariet y of information services accessible through the In ternet. While 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 oten tial to pro vide a computational en vironmen t to share computational resources including CPUs and disk storage. The coming of gigabit information sup erhigh 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. F or the global net w ork computing, libraries and systems suc h as Legion [4], NetSolv e[3], Remote Com- putation System (R CS) [2], ha v e b een prop osed. On the other hand, it has b ecome p ossible to cluster high-p erformance com- mo dit y w orkstations and PCs to build cost-e�ectiv e parallel computing plat- forms using high-sp eed in terconnect tec hnologies suc h as A TM, Fibre Channel and Myrinet[8]. These in terconnects, \killer switc h", ha v e p erformance and scalabilit y of the MPP in terconnect and the exibilit y of a lo cal area net w ork. It is viable to build parallel systems that are fast, inexp ensiv e, and highly a v ailable, b y simply connecting these switc hes together with the last high p erformance commo dit y comp onen ts. As an infrastructure for w orld-wide global computing in scien ti�c computa- tion, w e are curren tly pursuing the Ninf (Network b ase d Information Libr ary for high p erformanc e c omputing) pro ject [13,11] 1 . The goal of Ninf is to pro- vide a platform for global scien ti�c computing with computational resources distributed in a w orld-wide global net w ork. The basic Ninf system supp orts clien t-serv er based computing. The computational resources are a v ailable as remote libraries at a remote computation host whic h 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++ using Ninf r emote pr o c e dur e c al l (RPC) . The programmer can build a global computing systems b y using the Ninf remote libraries as its comp onen ts, without b eing a w are of complexities and hassles of net w ork programming. 1 The URL of Ninf pro ject is http://ninf.etl.go.jp/ . The nic kname \Ninf " comes from a similar pronounce w ord \Nymph", whic h w e exp ect it, living in a net w ork w orld, to mak e the dream of quic kly getting information resource come true. 2

PM[15] is a high p erformance comm unication library for w orkstation clusters connected with Myrinet gigabit LAN card. W e ha v e co-designed the PM li- brary for a run-time system for a programming language called M P C + + [7,6], an op erating system called SCore to supp ort m ulti-user parallel pro cessing en vironmen ts. SCore is implemen ted as a daemon pro cess called SCore-D on top of a Unix op erating system and manages a set of user pro cesses, called a p ar al lel pr o c ess , on w orkstations. SCore-D emplo ys gang sc heduling to c hange the con text of the parallel pro cess, including its net w ork state. This allo ws m ultiple users to access the w orkstation cluster in a time and space shar- ing (TSSS) fashion[5]. The PM also pro vides a reliable FIF O order message passing facilit y whic h the M P C + + run-time routine assumes. The Myrinet net w ork in terface has a dedicated pro cessor, whic h allo ws users to design o wn comm unication proto col. T o ac hiev e a lo w latency and high bandwidth comm unication, user memory mapp ed net w ork driv ers are widely emplo y ed, suc h as Activ e Messages (AM)[1], F ast Messages (FM)[12], and U- Net[16]. In these driv ers, the user pro cess directly accesses the net w ork hard- w are to eliminate k ernel traps and data copies. Ho w ev er, most comm unication facilities can only b e used b y a single pro cess at a time b ecause the pro cess exclusiv ely uses the net w ork hardw are resource. The PM supp orts a comm u- nication c hannel, whic h represen ts the net w ork status and includes a message bu�er on the on-b oard memory , to supp ort m ultiple comm unication paths re- quired for con text switc hing of the SCore gang sc heduling facilit y . Mo di�e d A CK/NA CK o w con trol algorithm and Imme diate Sending tec hnique are de- v elop ed to pro vide high throughput and lo w latency comm unication and to guaran tee the FIF O order message deliv ery . In the next section, w e describ es the o v erview of Ninf, its comp onen ts, and the underlying tec hnologies that supp ort suc h global computing. Section 3 presen ts the design and implemen tation of PM library . Section 4 concludes the pap er. 2 Ninf: A Net w ork based Information Library for Global W orld- Wide Computing Infrastructure 2.1 Ninf Overview The basic Ninf system emplo ys a clien t-serv er mo del. The serv er mac hine and a clien t ma y b e connected via a lo cal area net w ork or o v er an In ternet. Mac hines ma y b e heterogeneous: data in comm unication is translated in to the common net w ork data format. 3

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 serv er 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. The b ene�ts of Ninf are as follo ws: { A clien t can execute the most time-consuming part of his 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 hardw are 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 pro vides 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 an y 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 ap- plications, a group of Ninf metaservers main tains the information of Ninf serv ers in the net w ork in a distributed manner, and automatically allo cates remote library calls dynamically on appropriate serv ers for load balancing. T o allo cate m ultiple calls to ac hiev e net w ork-wide parallelism, Ninf pro- vides a transaction system, where the data-dep endencies among the Ninf calls are automatically detected and sc heduled b y the metaserv er. The Ninf metaserv er could b e regarded as a net w ork agen t whic h lo cates an appro- priate serv er dep ending on clien t request and status of net w ork resources. { The Ninf net w ork database serv er pro vides query on accurate constan t database needed in scien ti�c computation, suc h as imp ortan t constan t n um- b ers in 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 ur- thermore, w e plan to dev elop a framew ork where data v alues of rep orts on exp erimen ts b y researc hers could b e referenced directly o v er a net w ork in the midst of user’s computation. While Ninf can serv e to sp eed-up the applications b y exploiting the p o w er of remote sup ercomputer serv ers and net w ork parallelism, it is a con v enien t to ol for obtaining the answ er of a particular n umerical function and v alues quic kly . W e ha v e designed a WWW in terface, called NinfCalc as a fron t-end so that 4

Ninf libraries registered in computation serv ers could b e cataloged, bro wsed, and tried out through W eb bro wsers. F rom the user’s p ersp ectiv e, Ninf o�ers y et another w a y to share resources o v er a global net w ork. There are already v arious net w ork infrastructures and to ols already in use, and one migh t ask w ould 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 umerical 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 in 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 computing en vironmen ts. Ninf allo ws reduction of main tenance costs b y concen trating the e�orts of high-qualit y , w ell-main tained libraries on compute serv ers and not on eac h mac hine. Th us, ev en for slo w 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 Pr o gr amming Interfac e Ninf_call() is the sole clien t in terface 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 m ultiply routine in C programs with the follo wing 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 clien t program call the remote library using Ninf_call , in the follo wing manner: Ninf_call("dmmul",N,A,B,C); /* call remote Ninf library */ 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 w e 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 argumen ts are shared b et w een the clien t and the serv er. Note that the ph ysical lo cation of the Ninf serv er is sp eci�ed in an en vironmen t v ariable, or a setup �le. 5

Fig. 1. Ninf RPC T o realize suc h simplicit y in the clien t 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. As sho wn in Figure 1, the clien t function call requests the in terface information of the call- ing function to the Ninf serv er, whic h in turn returns the registered Ninf exe- cutable in terface information to the clien t. Using these informations, Ninf RPC automatically p erforms argumen t marshaling, and generates the sequence of sending and receiving data from/to the Ninf serv er. The clien t library then in terprets and marshals the argumen ts on the stac k according to the sup- plied 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 arra ys can b e computed. In the ab o v e example, the clien t function call sends the input arra ys, A and B , whose size is computed b y the parameter N . The Ninf serv er in v ok es the Ninf executable of dmmul library , and forw ards the input data to it. This design is in con trast to traditional RPCs, where stub generation is done on the clien t side at compile time. As a result of dynamic in terface acquisition, Ninf RPC do es not require suc h compile-time activities at all, relieving the users from an y co de main tenance. Nak ada[10] describ es the structure of the in terface information and the proto col in detail. Although this will cost an extra net w ork round trip time, w e judged that t ypical scien ti�c applications are b oth compute and data in tensiv e suc h that the o v erhead should b e small enough. The Ninf RPC ma y also b e in v ok ed async hronously to exploit net w ork-wide parallelism. It is p ossible to issue the request to a Ninf serv er, con tin ue with the other computation, and p oll for the request later. 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. Since the Ninf clien t programming in terface is designed to b e as language inde- p enden t as p ossible, the Ninf clien t ma y written in a v ariet y of programming 6 languages. It is usually easy to design a clien t in terface to Ninf, so long as the language supp orts standard foreign function in terface to C programs. W e ha v e already designed and implemen ted the clien t Ninf_call functions for C, F OR TRAN, Ja v a, and Lisp. The clien t and the remote library can b e written in a totally di�eren t language. 2.3 Ninf IDL (Interfac e Description L anguage) A libr ary pr ovider , who pro vides the n umerical library and computational resource to the net w ork at large, prepares the Ninf executables b y the follo wing steps: (1) write the necessary in terface description of eac h library function in Ninf IDL (Interfac e Description L anguage) , (2) run the Ninf IDL compiler, whic h emits the necessary header �les and stub co de, (3) compile the library with the compiler for the programming language the library is written in, and, (4) link with the Ninf RPC libraries, �nally , (5) r e gister 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. Some existing libraries, suc h as LAP A CK, ha v e already b een ’Nin�ed’ in this manner. F or example, the 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" /* library including 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 argumen t, 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 argumen ts A , B , C . Since the Ninf system is designed for n umerical applications, the supp orted data t yp e in Ninf IDL is tailored for suc h a purp ose; for example, the data t yp es are limited to scalars and their m ulti-dimensional arra ys. The in terface description is compiled b y the Ninf interfac e gener ator to generate a stub program for eac h 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. 2.4 Ninf Metaserver 7

Fig. 2. Ninf Metasev er and Metaserv er Net w ork The Ninf metaserver [9] is an agen t, a set of whic h gathers net w ork infor- mation regarding the Ninf serv ers, and also helps the clien t to c ho ose an ap- propriate Ninf serv er, either automatically or semi-automatically . Figure 2.4 sho ws a con�guration with metaserv ers. The en tire Ninf infrastructure con- sists of sets of serv ers and metaserv ers distributed in a net w ork. Metaserv ers exc hange information with eac h others p erio dically F or example, if a new Ninf serv er is added in to the metaserv er, the lo cation of the new serv er is propa- gated among the metaserv er net w ork. Also, when a metaserv er do es not ha v e a particular information a v ailable (e.g., a v ailabilit y of a certain library), a query is propagated through the metaserv er net w ork and the result is gathered b y the issuing metaserv er, who in turn delegates the info or mak es automatic decisions for the clien t. The Ninf metaserv er k eeps trac k of the follo wing information for eac h Ninf serv er: (1) the lo cation (address and p ort n um b er), (2) the list of functions registered in the serv er, (3) the distance to the serv er with resp ect to the bandwidth of comm unication, (4) computational abilit y of the mac hine (clo c k sp eed, Flop/s, etc...), (5) the status of the serv er including the load a v erage. The curren t metaserv er is implemen ted in Ja v a, in order to exploit its p orta- bilit y , ease of net w ork programming, and m ulti-threading, and also giv en that sp eed is not an absolute factor. The Ninf metaserv er helps to alleviate this situation b y gathering the meta- information of the status and the resource made a v ailable b y the serv ers, and also b y making Ninf services lo cation transparen t. F or example, if man y clien ts share the same serv er, the computation time is greatly in uenced b y the com- putation requested b y other clien ts. Suc h dynamic information is constan tly prob ed and delegated to other metaserv ers in a distributed w a y . In order to supp ort parallel programming with the meteserv ers, the clien t issues m ultiple requests async hronously via a Ninf call Ninf_call_async() . Eac h outstanding request is dispatc hed to the b est serv er b y the metaserv er. The clien t ma y con tin ue its lo cal computation, and w ait for result to come 8 bac k with Ninf_call_wait function. When the clien t executes Ninf_call async hronously , he is able to issue a request to a metaserv er, who in turn c ho oses the appropriate serv er and delegates the request. Also, instead of calling the serv er directly , the user ma y call the metaserv er directly to �nd the "b est" serv er to execute the requested library , resulting in go o d load balancing for m ultiple sev ers o v er the en tire net w ork. Another programming in terface for parallel programming , Ninf p ar al lel tr ans- action . The parallel transaction is a program region surrounded b y Ninf_check_in() and Ninf_check_out() . When Ninf_check_in() is executed, the Ninf calls do not issue actual requests sp on taneously , but the information of the calls are is stored and a data o w graph is built to represen t the data dep endency of the remote computations. When the execution reac hes Ninf_check_out() , the data o w graph is sen t to the Ninf metaserv er. The metaserv er sc hedules the computations in the data o w graph to execute them e�cien tly with m ul- tiple Ninf serv ers, according to the information it has. 3 PM: An Op erating System Co ordinated High P erformance Com- m unication Library 3.1 Workstation Cluster and Myrinet Gigabit LAN Car d PM is a high p erformance comm unication library for Myrinet, whic h is a gigabit LAN commercially pro duced b y Myricom Inc. Figure 3 sho ws the con�guration of our w orkstation cluster of 36 Sun Sparc Station 20s connected b y Myrinet. The Myrinet LAN in terface card has a 32-bit micropro cessor, an SRAM, a net w ork in terface, and a SBus or PCI DMA con troller. The on-b oard pro cessor executes programs stored in the SRAM to con trol the net w ork in terface and the DMA con troller. Th us, w e can dev elop new o wn proto cols on Myrinet b y c hanging the program in the card. Because all messages transmitted to and receiv ed from the link m ust b e stored in the SRAM, a separate data transfer b et w een the SRAM and main memory is needed. This on-b oard SRAM is lo cated in the SBus or PCI address space. By mapping this SRAM address area in to the user address space, users can directly access data in the SRAM. This results in lo w latency message transfer using the p olling tec hnique. Myrinet is distinguished from other LAN hardw ares suc h as Ethernet and A TM b y 1) its guaran tee of message deliv ery using hardw are o w con trol and 9

A circle and a square repre- sen t a no de and a switc h, re- sp ectiv ely . Fig. 3. Net w ork top ology 2) the preserv ation of message order transferred via the same path. 3.2 Co-design with Pr o gr amming L anguages and Op er ating Systems Our M P C + + programming mo del is based on m ultiple threads on a distributed memory parallel mac hine in whic h thread execution con tin ues unless it w aits for sync hronization or exits. The M P C + + v ersion 2 template library[6], called the Multiple Threads T emplate Library (MTTL), supp orts lo cal/remote thread in v o cation, sync hronization structures, and global p oin ters. An in terrupt-driv en comm unication mec hanism is not required in the M P C + + run-time system whic h deals with comm unication and user-lev el threads. The M P C + + run-time system assumes a reliable FIF O order message deliv ery mec hanism. Since the M P C + + programming mo del is based on a distributed memory parallel ma- c hine, lo w latency and high throughput comm unication is required to comm u- nicate with remote threads. The op erating system on our w orkstation cluster is designed as a daemon pro cess called SCore-D whic h comm unicates with other SCore-D daemon pro- cesses via Myrinet to implemen t the gang sc heduling. That is, the user and the daemon pro cesses access the Myrinet hardw are resources sim ultaneously . T o allo w m ultiple pro cesses (SCore-D and user pro cesses) to use the comm uni- cation facilit y sim ultaneously , suc h a connection will b e realized b y a c hannel. A message sen t from a c hannel of the sender no de is transferred to the same c hannel on the receiv er no de. Eac h c hannel will b e o ccupied b y a pro cess. A c hannel m ust ha v e its o wn message bu�er so that congestion in one c hannel do es not a�ect other c hannels. Because it is not p ossible to create as man y c hannels as needed with the lim- ited resources of a LAN card’s on-b oard memory , a c hannel m ust b e used b y m ultiple pro cesses in a time-sharing fashion. T o realize this, a mec hanism of c hannel con text switc hing is required. A c hannel con text consists of all mem- ory asso ciated with the c hannel, including the message bu�er and messages oating on the net w ork. 10

3.3 Design of PM Pr oto c ol W e adopted a p olling metho d to decrease the comm unication latency . In PM, the LAN card on-b oard pro cessor transfers messages and the receiv er thread of the user pro cess p olls the arriving messages. P olling immediately noti�es the receiv er thread ab out message arriv als and mak es it p ossible to comm unicate with lo w latency . Proto col implemen tations whic h use system calls and in ter- rupts and whic h are used in ordinary LANs suc h as Ethernet cannot satisfy the lo w latency requiremen t. Although AM on the sun w orkstation with the A TM (called SSAM)[14] use a sp ecial trap instruction to solv e this problem, mo di�cations to the op erating system k ernel are required. Because the Myrinet net w ork in terface can only access the data in the on-b oard SRAM, transferring data b et w een the host memory of eac h no de in v olv es four steps: 1) transferring the data b y DMA from main memory to the on-b oard SRAM, 2) sending the data from the on-b oard SRAM to the net w ork, 3) re- ceiving the data from the net w ork to the on-b oard SRAM, and 4) transferring the data from the on-b oard SRAM to main memory . The sequen tial execution of DMA and message transmission cannot utilize the bandwidth of the DMA con troller and the net w ork in terface. Although double bu�ering allo ws the DMA transfer of the next message to b e executed while the curren t message is b eing sen t in order to increase the throughput, it cannot decrease the latency of eac h message transfer. W e dev elop ed a tec hnique called Imme diate Sending that starts sending data from the SRAM to the net w ork immediately after the DMA transfer from main memory to the SRAM b egins, as in pip eline pro cessing. Imme diate Sending can b oth increase the throughput and decrease the latency . On the receiv er no de, it is not p ossible to receiv e a message and issue a DMA transfer sim ultaneously , b ecause a CR C error is detected after the whole mes- sage is receiv ed. PM uses the double bu�ering tec hnique on the receiv er no de to increase throughput. If the host program do es not receiv e incoming messages, the message bu�er in the on-b oard memory ma y o v er o w. W e designed a new o w con trol based on the A CK/NA CK proto col. The o w con trol metho d for a w orkstation cluster should b e scalable ev en with a large n um b er of no des. A windo w-based o w con trol algorithm is not scalable, b ecause the receiv er no de m ust manage receiv e bu�ers dedicated to eac h sender no de, and a larger n um b er of no des mak es the e�ectiv e bu�er size smaller. Although the ordinary \A CK/NA CK and Re-transmit" metho d or \Return to Sender [12]" whic h sends bac k messages whic h cannot b e receiv ed 11 do not ha v e suc h a dividing bu�er problem, they also do not preserv e the message order. A scalable o w con trol algorithm, whic h preserv es the order of messages, has b een designed. This algorithm is called Mo di�e d A CK/NA CK in the sense that it uses the A CK/NA CK and Re-transmit metho d, and the sender/receiv er state is in tro duced to preserv e message order. In this algorithm, message or- der is preserv ed b ecause succeeding messages are not receiv ed un til a message whic h could not b e initially receiv ed is receiv ed normally . This algorithm re- quires the sender message bu�er to store messages. A message bu�er is freed only when the sender receiv es the A CK message for that message. This bu�er do es not o ccup y a large space. The Myrinet hardw are, whic h guaran tees the deliv ery of messages, allo ws us to use this simple o w con trol algorithm. There are t w o adv an tages of the Mo di�e d A CK/NA CK o w con trol. One is that the sender no de kno ws whether or not a message has arriv ed at the receiv er no de. W e use this feature to implemen t c hannel con text switc hing. The con text of the PM c hannel consists of data structures and bu�ers in the host main memory and on-b oard SRAM corresp onding to the c hannel. T o switc h the c hannel con text, these memory areas are sa v ed to the host memory and the next c hannel con text is restored. The con text switc hing of c hannels m ust not cause duplicate messages, missing messages or the mixing of messages b et w een con texts. T o guaran tee this, the con text m ust b e switc hed only when no out-going messages or in-coming ac kno wledges are presen t. Using our o w con trol, receiving all A CK/NA CK’s for messages already sen t con�rms that no messages remain on the net w ork. Another adv an tage is that all messages are alw a ys sen t to the destination without b eing blo c k ed whether or not the receiv er message bu�er o v er o ws. If a user pro cess sends a h uge amoun t of messages o v er a c hannel and blo c ks the net w ork, another c hannel nev er has a c hance to send a message. The SCore-D op erating system using a c hannel cannot pro ceed in suc h a case. The Mo di�e d A CK/NA CK o w con trol precludes suc h a case from o ccurring. The dra wbac k of our o w con trol algorithm is in the p ossibilit y to increasing the net w ork load when re-transmission o ccurs, b ecause the sender con tin ues to transmit messages un til a NA CK arriv es at the sender no de. 3.4 Performanc e W e ha v e measured the basic p erformance of PM using t w o Sun Sparc station mo del 20/71 connected with the Myrinet switc h and the Myrinet LANai 4.0 hardw are. Figure 4 sho ws the round trip time of PM. In this ev aluation, w e v aried the message size from 8 to 8192 b ytes, and measured 1) With Immediate 12

Fig. 4. Round T rip Time and Throughput Sending, and 2) Without Immediate Sending. The PM round trip time for an 8 b yte message is ab out 20 microseconds. Figure 4 demonstrates that the Immediate Sending tec hnique decreases the latency for large messages. Figure 4 sho ws the throughput of PM. In this ev aluation, w e v aried the mes- sage size from 8 to 8192 b ytes, and measured 1) With Immediate Sending and receiv e double bu�ering, 2) With Immediate Sending only , and 3) Without Im- mediate Sending and receiv e double bu�ering. The �gure demonstrates that the Immediate Sending tec hnique increases the throughput of large messages, and receiv e double bu�ering increases the throughput for all message sizes. The maxim um throughput of PM is ab out 36.8 Mb ytes p er second with 8192 b yte messages. Condition Sa v e Restore No message 0.13 0.11 Send bu�er full 1.88 1.40 Receiv e bu�er full 3.39 1.95 Send and receiv e bu�er full 5.15 3.22 T able 1 Con text switc h time (miliseconds) T able 1 sho ws the time to sa v e and restore a c hannel con text. W e measured the four cases: 1) no message in the bu�er, 2) send bu�er is full: 511 messages (12 Kb ytes) are in the send bu�er, 3) receiv e bu�er is full: 2730 messages (32 Kb ytes) are in the receiv e bu�er, and 4) b oth send and receiv e bu�ers are full. It tak es longer to sa v e and restore the c hannel con text when messages are in the bu�ers. This is b ecause PM has a relativ ely large message bu�er, and the o v erhead to access the on-b oard SRAM via the SBus is large. Although the amoun t of data to b e transferred when sa ving and restoring the con text is the same, sa ving the con text tak es longer. This is b ecause reading data from the SBus space tak es longer than writing data to it. 13

4 Concluding Remarks In this pap er, w e ha v e presen ted t w o imp ortan t comm unication libraries for adv anced net w ork computing: Ninf for global computing on wide-area net- w ork, and PM for high p erformance cluster computing on Myrinet connecting commo dit y w orkstations and PCs. W e ha v e ev aluated the p erformance of PM library using the CG (Conjugate Gradien t) metho d b enc hmark of NAS P arallel Benc hmark on our Sun w orksta- tion cluster sho wn in Figure 3. The result sho ws that our w orkstation cluster ac hiev es comparable p erformance to the Cra y T3D of the same n um b er of pro cessors. The PM allo ws users to exploit the parallel system of mo dern high p erformance pro cessors and to share the system under the SCore op erating system. As the Ninf pro ject is an on-going e�ort, w e do exp ect v arious c hanges and extensions to o ccur as w e gain more exp erience from real applications, and as the system b ecomes more mature through widespread use. Curren tly , w e are running a suite of Ninf serv ers on Cra y J-90, Sun UltraSparcs, and a 32- pro cessor DEC Alpha w orkstation cluster at Electorotec hnical Lab oratory of Tsukuba, Japan as our platforms. On these serv ers, w e ha v e p orted existing mathematical libraries b y de�ned Ninf IDLs and registering with the Ninf serv er. The libraries include linear algebra pac k ages suc h as LAP A CK, Cra y’s LibSci, and other sp ecial mathematical libraries. A scien ti�c constan t database for ph ysics and c hemistry is also b eing designed and b eing built. References [1] h ttp://no w.cs.b erk eley .edu/AM/lam release.h tml. [2] P . Arb enz, W. Gander, and M. Oettli. The Remote Computational System. L e ctur e Note in Computer Scienc e, High-Performanc e Computation and Network , 1996. [3] H. Casano v a and J. Dongarra. NetSolv e: A Net w ork Serv er for Solving Computational Science Problems. T ec hnical rep ort, Univ ersit y of T ennessee, 1996. [4] A. S. Grimsha w, W. A. W ulf, J. C. F renc h, A. C. W ea v er, and P . F. Reynolds Jr. Legion: The Next Logical Step T o w ard a Nationalwide Virtual Computer. T ec hnical rep ort, Univ ersit y of Virginia, 1994. [5] A. Hori, H. T ezuk a, Y. Ishik a w a, N. So da, H. Konak a, and M. Maeda. Implemen tation of Gang-Sc heduling on W orkstation Cluster. In D. G. F eitelson and L. Rudolph, editors, IPPS’96 Workshop on Job Sche duling Str ate gies for 14

Par al lel Pr o c essing , v olume 1162 of L e ctur e Notes in Computer Scienc e , pages 76{83. Springer-V erlag, April 1996. [6] Y. Ishik a w a. Multi Thread T emplate Library { MPC++ V ersion 2.0 Lev el 0 Do cumen t {. T ec hnical Rep ort TR{96012, R W C, Septem b er 1996. Visit http://www.rwcp.or.jp/lab/mpslab/mp c++/mp c++.html . [7] Y. Ishik a w a, A. Hori, H. T ezuk a, M. Matsuda, H. Konak a, M. Maeda, T. T omokiy o, and J. Nolte. MPC++. In Gregory V. Wilson and P aul Lu, editors, Par al lel Pr o gr amming Using C++ , pages 429{464. MIT Press, 1996. [8] N. J. Bo den, D. Cohen, R. E. F elderman, A. E. Kula wik, C. L. Seitz, J. N. Seizo vic and W en-King Su. \Myrinet { A Gigabit-p er-Second Lo cal-Area Net w ork". IEEE MICR O , 15(1):29{36, F ebruary 1995. [9] H. Nak ada, Kusano, S. Matsuok a, M. Sato, and S. Sekiguc hi. A Metaserv er Arc hitecture for Ninf: Net w ork ed Information Library for High P erformance Computing. In SIGNote of Information Pr or c essing So ciety , n um b er 96-HPC- 60, 1996. in Japanese. [10] H. Nak ada, M. Sato, and Sekiguc hi. Ninf RPC Proto col. T ec hnical Rep ort TR 95-28, Electrotec hnical Lab oratory , 1995. in Japanese. [11] M. Sato, H. Nak ada S. Sekiguc hi, , S. Matsuok a, U. Nagashima, and H. T ak agi. Ninf: A Net w ork based Information Library for Global W orld- Wide Computing Infrastructure. L e ctur e Note in Computer Scienc e, High- Performanc e Computing and Networking , pages 491{502, 1997. [12] Scott P akin, Mario Lauria and Andrew Chein. \High P erformance Messaging on W orkstations: Illinois F ast Messages (FM) for Myrinet". In Pr o c e e dings of Sup er c omputing ’95, San Die go, California , 1995. [13] S. Sekiguc hi, M. Sato, H. Nak ada, S. Matsuok a, and U. Nagashima. | Ninf | : Net w ork based Information Library for Globally High P erformance Computing. In Pr o c. of Par al lel Obje ct-Oriente d Metho ds and Applic ations (POOMA) , F eb. 1996. [14] T. v on Eic k en, V. Avula, A. Basu and V. Buc h. \Lo w-Latency Comm unication o v er A TM Net w orks using Activ e Messages". In Pr o c e e dings of Hot Inter c onne cts II, 1994 Palo A lto , August 1994. [15] H. T ezuk a, A. Hori, Y. Ishik a w a, and M. Sato. PM: An Op erating System Co ordinated High P erformance Comm unication Library . L e ctur e Note in Computer Scienc e, High-Performanc e Computing and Networking , pages 708{ 717, 1997. [16] Thorston v on Eic k en, Anindy a Basu, and W erner V ogels. U-Net: A User Lev el Net w ork In terface for Parallel and Distributed Computing. In Fifte enth A CM Sump osium on Op er ating Systems Principles , pages 40{53, 1995. 15