Gigabit Net w ork with Co op erativ e F unctions for General Purp ose Massiv ely P arallel OS HFMQD6JBNs%*%Z%l!<%F%#%s%0%7%9%F%‘$H 6(D4F0:n$9$k%.%,%S%C%H%M%C%H%o!<%/ b y Ry ota Kunisa w a T"_7 N<B@ A Thesis Submitted to the Graduate Sc ho ol of the Univ ersit y of T oky o in P artial F ul�llmen t of the Requiremen ts for the Degree of Master of Science in Information Science Thesis Sup ervisor: Kei Hiraki J?LZ 7I Title: Professor of Information Science F ebruary 5, 1997

Ac kno wledgmen ts I w ould lik e to esp ecially thank Professor Kei Hiraki for helpful suggestions and c hec king the net- w ork in terface card in �ne detail. I also wish to thank T ak ashi Matsumoto for useful commen ts and discussions ab out user-lev el distributed shared memory arc hitectures. In addition, I am grateful to other mem b ers of Hiraki lab oratory .

ABSTRA CT With the adv ance in p erformance of stand alone w orkstation and a v ailabilit y of net w ork with high throughput comm unication c hannel, it b ecomes feasible to p erform parallel applications on w orkstation clusters. Ho w ev er, existing net w ork systems for w orkstation clusters o�er m ulti-user, m ulti-job en vironmen t with soft w are. Moreo v er, soft w are is needed to construct comm unication data. Therefore, soft w are o v erheads are fairly large. A net w ork system that reduces those o v erheads is prop osed in this thesis. The net w ork in terface handles virtual en vironmen t b y hardw are, allo wing users to comm unicate without soft w are o v er- heads. Moreo v er, b y adopting comm unications based on framew ork of distributed shared memory , the o v erheads in message pac king/unpac king is reduced, and the routing and tra�c of message is administrated b y OS. A protot yp e of this net w ork is implemen ted. The e�ectiv eness is ev aluated using this protot yp e net w ork. O@ J8 MW ;] %o!<%/%9%F!<%7%g%sC1BN$N@-G=8~>e$H9bB.$JEAAwO)$rMQ$$$?%M%C%H%o!<%/$NMxMQ2DG=@-$K$h$j!"%o!< %/ %9 %F!< %7%g %s %/ %i %9 %? $K $* $1 $k JB Ns =h M} $, 8= <B $H $J $j $D $D $" $k!# $7 $+ $7!" %o!< %/ %9 %F!< %7%g %s %/ %i %9 %? $K $* $1 $k 4{ B8 $N %M%C %H %o!< %/ $O %= %U %H %&%’ %" $G %^ %k %A %f!< %6!" %^ %k %A %8%g %V $K BP 1~ $7 $F $$ $k!# $^ $? DL ?. %G!< %? $r %= %U %H %&%’ %" $G 9= C[ $9 $k I, MW $, $" $k!# $= $N $? $a!" %= %U %H %&%’ %" =h M} $N %*!< %P!< %X%C %I $, Hs >o $K9b$$!# K\ 8& 5f $G $O!" $3 $l $i $N %*!< %P %X%C %I $r :o 8: $9 $k $? $a $N 5! 9= $r ;} $D %M%C %H %o!< %/ $r Ds 0F $7 $?!# 2> A[ 2= $5 $l $? 4D 6- $r 07 $& $? $a $N %O!< %I %&%’ %" $r %M%C %H %o!< %/ %$ %s %? %U%’ %$ %9 $K <B Au $9 $k $3 $H $G!" %f!< %6 $O %= %U %H %&%’ %" $N %*!< %P %X%C %I $J $7 $K DL ?. $, $G $- $k!# $^ $?!" OS $O 6& M- %a %b %j $H $$ $& OH AH $r MQ $$ $? DL ?. $r :N MQ $9 $k $3 $H $G!" %a%C %;!< %8 $N AH $_ N) $F $K 4X $9 $k %*!< %P %X%C %I $r :o 8: $7!" F1 ;~ $K %a%C %;!< %8 $N N. O) $H N. NL $r 4I M} $9 $k!# Ds 0F $7 $? %M%C %H %o!< %/ $N %W %m %H %? %$ %W $N <B Au $r 9T $J $$!" $= $N @- G= I> 2A $K $h $j M- 8z @- $N 8! >Z $r 9T$J$&!#

T able of Con ten ts List of Figures iii 1. In tro duction 1 2. Required facilities for NO W in terconnects 2 2.1 Reducing Comm unication Ov erheads : : : : : : : : : : : : : : : : : : : : : : : : : : 2 2.2 Reducing and Con trolling Message T ra�cs : : : : : : : : : : : : : : : : : : : : : : : 3 2.2.1 Multicast : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3 2.2.2 A tomic Remote Memory Access : : : : : : : : : : : : : : : : : : : : : : : : 6 3. Design and Implemen tation 7 3.1 Op erating System : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7 3.2 Net w ork Systems and Hardw are Lev el P ac k ets : : : : : : : : : : : : : : : : : : : : : 8 3.3 In terface No de : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 8 3.3.1 P ac k et t yp e and it’s handling : : : : : : : : : : : : : : : : : : : : : : : : : : 10 3.3.1.1 Remote Memory W rite : : : : : : : : : : : : : : : : : : : : : : : : 10 3.3.1.2 Remote Memory Read : : : : : : : : : : : : : : : : : : : : : : : : : 11 3.3.1.3 Multicast (P ac k et F orw arding and Coping) : : : : : : : : : : : : : 11 3.4 Switc hing No de : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11 4. Ev aluation 12 4.1 T estb ed : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12 4.1.1 Ph ysical Link : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 12 4.1.2 Net w ork In terface Con troller : : : : : : : : : : : : : : : : : : : : : : : : : : 12 4.2 P erformance of Ph ysical Link : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 13 4.3 Ov erhead of Remote Memory Access : : : : : : : : : : : : : : : : : : : : : : : : : : 14 5. Related W orks and Their Problems 16 5.1 Studies Based on Shared Memory Concept : : : : : : : : : : : : : : : : : : : : : : : 16 5.1.1 Scalable Coheren t In terface (SCI) : : : : : : : : : : : : : : : : : : : : : : : : 16 5.1.2 Memory Channel : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 16 i

5.1.3 Serv erNet : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 5.1.4 Myrinet : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 5.2 Studies based on message passing concept : : : : : : : : : : : : : : : : : : : : : : : 17 5.2.1 Activ e Message : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 17 5.2.2 Illinois F ast Message and F ast Message 2.0 : : : : : : : : : : : : : : : : : : 18 5.3 Libraries : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18 5.4 Problems : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 19 5.4.1 Send Pro cessor’s Request Directly to Net w ork : : : : : : : : : : : : : : : : : 19 5.4.2 Map Net w ork In terface Bu�er to User’s Address Space to Reduce Coping Ov erhead : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 19 5.4.3 Activ e Message and F ast Message : : : : : : : : : : : : : : : : : : : : : : : 20 6. Conclusion 21 References 22 ii

List of Figures 2.1 Simple Multicast using 1 to 1 comm unication : : : : : : : : : : : : : : : : : : : : : 4 2.2 Cop ying Multicast : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 4 2.3 P ac k et can b e forw arded and copied at end-no de. : : : : : : : : : : : : : : : : : : : 5 2.4 Chained Multicast : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5 3.1 F unction Diagram of Net w ork In terface Con troller : : : : : : : : : : : : : : : : : : 9 4.1 F unction Diagram of T estb ed Net w ork In terface : : : : : : : : : : : : : : : : : : : : 14 5.1 Activ e Message Pip elining : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18 iii

Chapter 1 In tro duction The p erformance of stand alone w orkstation is rapidly increasing. Ho w ev er, users w an t more sp eedup in application execution time. Un til no w, massiv ely parallel pro cessing (MPP) systems are pro v en to b e useful for running parallel applications. Therefore users w an t to run parallel applications on more commo dit y hardw are, w orkstation clusters (or Net w ork of W orkstations, NO W). Ho w ev er, traditional MPP system runs one application at a time and has dedicated net w ork system. In con trast, NO W is a m ulti-user, m ulti-job en vironmen t and ha v e p o or net w ork systems. T raditional OS do esn’t ha v e the abilit y to sc hedule distributed resources e�cien tly , and the increase of net w ork p erformance, esp ecially LAN p erformance, has not accompanied with the increase of stand alone w orkstation’s p erformance. W e ha v e prop osed a net w ork system whic h reduces latencies incurred at net w ork in terface con troller, and co op erates with OS to o�er parallel application execution en vironmen t for NO W. By pro viding an MMU and routing table to the net w ork in terface con troller, remote memory access is done without soft w are o v erheads and message tra�cs are reduced and con trolled without soft w are o v erheads. Remainder of this thesis is as follo ws. In c hapter 2, the required prop erties for NO W net w ork systems for supp orting massiv ely parallel op erating systems are describ ed. In c hapter 3, design and implemen tation of prop osed net w ork system is describ ed. In c hapter 4, the p erformance of a testb ed of prop osed net w ork system is describ ed. In c hapter 5, the features as w ell as the problems of existing net w ork systems and their features as w ell as problems are describ ed. In c hapter 6, conclusion and discussion are addressed. 1

Chapter 2 Required facilities for NO W in terconnects The main di�erence in comm unication b et w een traditional MPP systems and NO W systems is that in NO W systems the user has no abilit y to use comm unication in terface directly . In NO W, the OS manages the comm unication c hannel whic h are shared among m ultiple user-lev el pro cesses. This results an OS in terference in user-lev el comm unication, causing o v erheads. The other di�erence is that the destination of a message is not determined statically on NO W en vironmen t. This is b ecause the actual net w ork top ology is not kno wn un til the application is started, and pro cesses ma y b e sc heduled on di�eren t w orkstations from previously sc heduled w orkstations. The destination has to b e resolv ed prior to sending a message, whic h is done b y soft w are. In this thesis, this t w o requiremen t is met b y pro viding an address translation MMU and net w ork routing table in to net w ork in terface con troller. Those t w o facilities reduce b oth comm u- nication o v erheads and message tra�cs. Moreo v er, the OS con trols message tra�cs b y utilizing routing table. In this section, the imp ortance of those t w o facilities are describ ed. 2.1 Reducing Comm unication Ov erheads In order to handle virtual en vironmen t without soft w are o v erheads, the net w ork in terface has an MMU translates lo cal pro cess’s virtual address in to ph ysical address. Therefore, when the NI con troller receiv es a remote memory write request, it can directly write a receiv ed data in to destination pro cess’s virtual address. When the NI con troller sends a remote memory write request or receiv es a remote memory read message, it can directly read data from sender’s or receiv ers virtual address. The routing table translates message destination in to routing information of ph ysical net w ork. With this t w o abilities, the NI con troller pro cesses a net w ork pac k et without the help of OS. Determine pac k et transmission route from virtual remote no de ID. In m ulti-user, m ulti-job distributed shared memory en vironmen t, ph ysical pages are mo v ed from one no de to other no de when the pro cess that uses those pages is re-sc heduled on di�eren t 2 w orkstation. In order for a pro cess to access mo v ed pages seamlessly , the address of pages, whic h includes remote no de ID, should b e virtualized, W e call this virtualized address as Net w ork Address. The net w ork address consists of remote no de ID, pro cess ID, and virtual memory address of that pro cess. Net w ork systems for NO W should handle net w ork address without OS in terference. In m y net w ork system, switc hing no de determines the destination according to pac k et header. So, net w ork in terface card has a table whic h translates virtual no de ID in to routing information. If that ID do esn’t hit the table, the card ma y in terrupt the host and the translation can b e handled b y soft w are or OS. Determine ph ysical page address from giv en net w ork address. As describ ed ab o v e, net w ork address also has pro cess ID and virtual memory address. The net w ork in terface card should ha v e an MMU, or at least TLB that translates virtual address in to ph ysical address. If the whole address translation table is to o costly to implemen t in net w ork in terface, the in terface ma y in terrupt the OS and translation is done b y OS or use DMA to access the page table constructed in w orkstation’s main memory , when the TLB in net w ork con troller is missed. The failure of address translation has a meaning that the actual page (related to virtual address) has not b een loaded on to ph ysical memory . If the corresp onding ph ysical page is sw app ed out to another no de (whic h is v ery lik ely on NO W en vironmen t where net w ork is faster then 2nd lev el storage), the remote memory access message should b e forw arded to that no de. If the ph ysical page is sw app ed out to 2nd lev el storage, the net w ork in terface in terrupts the OS, whic h then handles the message. 2.2 Reducing and Con trolling Message T ra�cs A m ulticast happ ens, for example, a page whic h ob eys up date proto col is shared b y m ultiple no de, and someone writes in to this page. Multicast messages are reduced b y con trolling routing information table, whic h also stores page sharing information. 2.2.1 Multicast In NO W en vironmen t, although eac h link has the same bandwidth, the a v ailable bandwidth b e- t w een t w o no des is not necessarily the same. F or a simple example, a scalable net w ork system often has hierarc hical top ology . In this case, the distance of t w o no des gets farther and farther, the n um b er of lo w er lev el no des increases. Th us the a v ailable bandwidth in an upp er lev el link p er lo w er lev el no des go es lo w er and lo w er, when an upp er lev el link and an lo w er lev el has the same bandwidth. Therefore it is vital to reduce the comm unication b et w een t w o distan t no des. When a comm unication is carried out b y t w o no des, those t w o no des should b e sc heduled closely , b ecause 3

Figure 2.1: Simple Multicast using 1 to 1 comm unication doing this will also reduce comm unication latencies incurred at switc hing no des. A m ulticast, on the other hand, creates man y comm unications b et w een distan t no des in accordance with the n um b er of m ulticast target no des (Figure 2.2.1). If a net w ork system only supp orts one to one comm unication, a m ulticast simply requires the n um b er of comm unications equal to the n um b er of distan t no des 1 . When OS can �nd an y kind of hierarc h y in m ulticast message, a pac k et from upp er no de can b e copied at switc hing no de and sen t to m ultiple lo w er no des (Figure 2.2). This reduces required bandwidth of messages at in termediate links. Figure 2.2: Cop ying Multicast A rev erse case of this is that pac k ets can b e merged in to one pac k et if those pac k ets ha v e the same meaning. When a m ulticast message requires ac kno wledgmen t (A CK) from eac h no des, those A CK’s can b e merged in to one pac k et. 1 Note, ho w ev er, that it is not infeasible when a link is fast enough and there are a lot of bandwidth a v ailable (eg. an y t w o end-no des are connected directly eac h other.) 4

Figure 2.3: P ac k et can b e forw arded and copied at end-no de. A CK com bining at switc hing no de is di�cult in NO W en vironmen t, b ecause the timing when a switc hing no de receiv es A CK are di�eren t for eac h end-no de and not all end-no de will reply with A CK. In case that a switc hing no de do es not ha v e these cop ying and com bining capabilit y , the in terface card itself needs an abilit y to cop y the pac k et or forw ard a receiv ed message to another no de (Figure 2.3). The latter is also useful for m ulticast. When the in terface card receiv es a m ulticast message, it stores the message and forw ard it to one another receiv er. This is called Chained Multicast (Figure 2.4). Figure 2.4: Chained Multicast If a sender of m ulticast message requires ac kno wledgmen ts from eac h receiv ers, a receiv er adds it’s o wn ac kno wledge to the end of m ulticast message and forw ard it to another receiv er. The last receiv er sends all ac kno wledges to the m ulticast sender in the end. The abilit y to forw ard a pac k et to another no de is also crucial to NO W en vironmen t, in whic h a pro cess is sometimes re-sc heduled to another no de. A message ma y arriv e a no de, whic h is a v alid destination no de when the message is sen t but no longer v alid b ecause the destination pro cess is sc heduled to di�eren t no de while the message tra v els. In this case, the message should b e forw arded 5 to a new v alid destination no de. If suc h messages can’t b e forw arded to v alid destinations, mo ving a pro cess requires sync hronization of messages whic h incurs hea vy o v erheads at con text switc hing time. The information ab out m ulticast message tra v erse is stored in routing table. In this w a y , the page directory (routing table in disguise) is distributed among sev eral end-no des. Therefore the soft w are has complete freedom in implemen ting a page directory , and the header size of a m ulticast message is restricted in practical size ev en when a page is shared among enormous n um b er of pro cessors. 2.2.2 A tomic Remote Memory Access A tomic remote memory access is an useful feature for sync hronize a set of pro cesses. When atomic remote memory access is not a v ailable as a basic op eration, it is implemen ted as a sequence of prop erly sync hronized remote memory read access and remote memory write access. Ho w ev er, when w orkstation’s I/O bus has the abilit y to access the data atomically , using this abilit y greatly reduces the o v erhead of issuing sev eral remote memory access op erations and sa v es net w ork bandwidth. An in telligen t NI con troller whic h supp orts atomic remote memory access op erations are feasible. 6

Chapter 3 Design and Implemen tation 3.1 Op erating System In order to fully utilize the prop osed net w ork system, a parallel op erating system is needed whic h has the abilit y to sc hedules message tra�cs and page replacemen ts e�cien tly . W e are dev eloping a general purp ose, massiv ely parallel op erating system, named SSS{CORE [17]. SSS{CORE uses a spin-w ait whic h only spins when the requested resources seems to b e to a v ailable so on. The lik eliho o d of resource a v ailabilit y is determined b y sno oping resource usages presen ted b y the OS. Th us the spin-w ait is called Sno op y Spin w ait (SS{w ait). SSS{CORE and parallel applications run on the top of it use SS{w ait for all basic sync hronizations. In order to implemen t SS-w ait e�cien tly , SSS{CORE needs distributed, shared memory at user-lev el. Although SSS{CORE [18] do es o�er these capabilities with e�cien t soft w are mec hanism, there’s no need to execute soft w are when the prop osed net w ork system is used. SSS{CORE ’s Remote Memory Access SSS{CORE o�ers the abilit y to write other pro cess’s memory without o v erheads[18]. This is done b y pro viding a pro cess with an access ID. A pro cesses whic h o wns other pro cess’s access ID can access that pro cess’s memory . T o get access ID of another pro cess, a pro cess ha v e to pro vide it’s o wn access ID. W e ha v e also added this abilit y to our net w ork system. Remote memory access message con tains pro cess ID and access ID of a pro cess of whic h memory is accessed, as w ell as pro cess ID and access ID of a pro cess whic h initiates remote memory access. When actual access ID of accessed pro cess di�ers from that written in request message, the request message regarded as illegal. In this case, the net w ork in terface in terrupts the OS, and the OS will tak e whatev er action according to SSS{CORE ’s p olicy . It is required that for user-lev el pro cess not to falsify the access ID, the access ID is written in to request header b y the net w ork in terface. The OS stores this access ID to net w ork in terface con troller at con text switc hing time. 7

3.2 Net w ork Systems and Hardw are Lev el P ac k ets The switc hing net w ork prop osed in this thesis is designed to b e scalable, and has follo wing features. � A link has high bandwidth. � An y net w ork top ology is allo w ed. � Messages are sen t and receiv ed in FIF O order, if desired. � Reliable. No messages are dropp ed. Errors are detected. T o ac hiev e �rst three features, a pac k et header con tains routing information, and a switc hing no de incorp orates virtual cut-through routing. As describ ed in previous section, a switc hing no de migh t pro cess cop ying m ulticast and/or com bining of A CK pac k ets 1 . Therefore pac k et t yp e should b e stored at the v ery �rst of pac k et header. In virtual cut-through, when a switc hing no de can’t forw ard a pac k et from arriving p ort to destination p ort, the no de pro cesses the pac k et in store-and-forw ard manner. Th us, prop er o w con trol metho d is required. If o w con trol is p erformed during pac k et transmission, the con troller has to use b oth sending p ort and arriving p ort of one link, and link bandwidth is reduced b y half. (Y ou can’t send a pac k et and receiv e another pac k et sim ultaneously through one link.) Flo w con trol should b e p erformed with a pac k et as an unit of one o w. In order not to susp end a pac k et transmission, the size of one pac k et size m ust ha v e a limitation. When the pac k et is a remote memory write request, the lo cation of whole to-b e-written data should b e in range of one page. Otherwise the receiv er ha v e to w atc h the address against page b oundary , and if the address will cross the the page b oundary , it m ust c hec k the next page’s attributes. If the attribute is di�eren t from previous page (e.g. has di�eren t protection), the in terface con troller ma y p erform di�eren t op erations. This ma y result in rather non straigh tforw ard reply message, part of remote memory write has succeeded, while other part has failed. Therefore, the size of data in a pac k et m ust not exceed a page size (whic h is 4KB as of this pap er’s implemen tation) and data m ust not cross page b oundary . 3.3 In terface No de The net w ork in terface card consists of data transceiv er and in terface con troller. The function diagram of net w ork in terface card is depicted in Figure3.1. When the in terface con troller receiv ed a send data request from host computer, it starts DMA to mo v e data from main memory to transceiv er. The data path b et w een main memory and in terface 1 Whether a switc hing no de copies m ulticast and com bines A CK pac k ets dep ends on ho w m uc h user sp ends money on switc hing no des. An in telligen t switching no de is more expansiv e than an unin telligen t one. An yw a y the OS kno ws ab out switc hing no des and determines ho w pac k ets should b e handled. 8

Figure 3.1: F unction Diagram of Net w ork In terface Con troller 9 con troller is usually not a v ailable at the time when the in terface con troller needs it. This is b ecause the path is usually an I/O bus whic h is shared with other I/O cards. When the con troller receiv es a �rst datum of a pac k et from transceiv er, it stores the remaining, incoming data in to on-b oard bu�er so as not to drop the data while receiving. If the on-b oard bu�er b ecomes nearly full, the in terface con troller sends a con trol message to stop the incoming data. When the bu�er b ecomes to ha v e su�cien tly space, the con troller sends a con trol message to incoming p ort to p ermit sending a pac k et. Then the con troller pro cesses the pac k et according to it’s t yp e. If the t yp e is unkno wn to the con troller, it in terrupts the host cpu and the pac k et is pro cessed b y soft w are (OS). The con troller has an address translation unit whic h translates net w ork address in to ph ysical address of lo cal memory . Because the net w ork address is 64bits, complete page table ma y not b e constructed on net w ork in terface memory . Th us, the con troller do esn’t need to ha v e page table lo cally . When TLB miss has o ccurred, it uses DMA to fetc h a table en try corresp onding to giv en net w ork address from main memory , or in terrupt the OS so that the OS will translate the net w ork address. Note that the latter case, soft w are is not executed unless the TLB misses. Routing information is handled similarly . The net w ork in terface translates remote no de ID in to (v ariable sized) routing information. If the translation failed, the con troller in terrupt the OS, and OS will translate remote no de ID in to routing information. 3.3.1 P ac k et t yp e and it’s handling The basic functions of net w ork in terface is fairly simple. According to previous section, a net w ork in terface con troller needs follo wing information to initiate remote memory access. Information Brief explanation Request T yp e P ac k et t yp e. Read/W rite/A tomic Net w ork Address of Receiv er No de ID, Pro cess ID, Virtual Address Access ID of Receiv er F or c hec king capabilit y . Data Size Size of sending data (write), requested data (read) Starting Address of Data Start address of data Pro cess ID of Sender Required for c hec king protection. OS writes this �eld. Access ID of Sender The same as ab o v e. 3.3.1.1 Remote Memory W rite Sender A remote memory write op eration is started when the host computer issues a write op eration in to net w ork con troller. The con troller �rst c hec ks the destination no de ID of receiving pro cess and translates it in to routing information. Then the con troller uses DMA to cop y the data from main memory to it’s bu�er, constructing a pac k et. After then, it sends the data to output p ort. 10

Receiv er When a net w ork in terface con troller receiv es the pac k et, it c hec ks the protection according to access ID. If it succeeds, the net w ork con troller translates net w ork address in to ph ysical memory address, and uses DMA to transfer data. If the address translation fails, the net w ork in terface con troller in terrupts the OS, and the OS handles the request. The net w ork in terface card also in terrupts the OS when the protection c hec k has failed. 3.3.1.2 Remote Memory Read Remote memory read is implemen ted as a reply of remote memory write from remote host. Receiv er When a net w ork con troller receiv es a remote memory read request, it uses DMA to get the requested data from main memory , and send the data bac k to requester using remote memory write op eration. Sender F or the remote no de to b e able to write requester’s lo cal memory , the sender of remote memory read request put the remote address of requesting data and lo cal address of requesting v ariable in to request header. 3.3.1.3 Multicast (P ac k et F orw arding and Coping) The net w ork in terface card has an abilit y to forw ard the receiv ed message to another no de in order to supp ort c hained m ulticast. If c hained m ulticast is arriv ed at the net w ork in terface, it extracts the next (virtual) no de ID from pac k et header, translates it in to routing information, and send the pac k et to sending p ort. Message coping is handled as the same manner. 3.4 Switc hing No de Because the routing information is stored in pac k ets and the maxim um size of a pac k et is limited, a simple switc hing no de is su�cien t. P ac k et coping and A CK com bining no de is optional. 11

Chapter 4 Ev aluation 4.1 T estb ed A testb ed of prop osed net w ork system is describ ed here. The curren t testb ed consists of only end-no de net w ork in terface. No switc hing no de is curren tly a v ailable. 4.1.1 Ph ysical Link F or ph ysical links, I used optical Fibre Channel transceiv er. Fibre Channel o�ers a high sp eed, serial data transmission link. It supp orts man y ph ysical transmission media, suc h as single/m ulti mo de optic �b er, coaxial cable, and t wisted pair, and supp ort wide range of transmission sp eed from 533Mb/s to 4Gb/s. This standard is primary aimed to replace curren t I/O in terface, so it de�nes p oin t-to-p oin t connection and star connection, and lately lo op connection. F CS (Fibre Channel standard) is an ANSI (X3T11) standard that de�nes a connectivit y sc heme. F CS is divided in sev eral la y ers. F C-0 de�nes a ph ysical transmission, suc h as media, cabling, and connectors. F C-1 de�nes transmission co de and delimiters. F C-2 de�nes pac k et format and p oin t- to-p oin t proto col. Serial SCSI and Gigabit Ethernet use Fibre Channel as ph ysical lev el link. The transceiv er used in this testb ed is clo c k ed at 53.125MHz, and has separate send p ort and receiv e p ort. Th us a link can send and receiv e at the same time. A p ort can transmit 20b data p er clo c k. Eac h p ort has a bandwidth of 1.06Gb/s, so a link has total bandwidth of 2.12Gb/s. Ho w ev er, data are enco ded when transferred using 8B10B[3] enco ding (an 8bit data is enco ded to a 10bit to b e transfered), so actual bandwidth of data is 800Mb/s for a p ort (or 1600Mb/s for a link). 4.1.2 Net w ork In terface Con troller An FPGA (Xilinx[4] X C4025E) is used for on-b oard con troller, for dev eloping and debugging with ease. F or on-b oard bu�er, SRAM’s (512K � 8b) of whic h access time is 20nS (50MHz) are used. T o 12 prepare a 32b bus b et w een the in terface con troller and SRAM, four SRAM’s are required. Th us the in terface con troller has a 2MB of bu�er whic h throughput is 200MB/s. The net w ork in terface card is designed as an SBus card. The card do esn’t supp ort 64b access mo de of SBus. SBus is driv en in 25MHz clo c k and can transfer 32b data in a clo c k. Maxim um n um b er of burst cycle supp orted b y Sun SparcStation10/20 is 8, and eac h burst access needs at least 4 additional cycles for bus arbitration, the theoretical maxim um throughput of this card is 67MB/s. SBus also has it’s o wn address space whic h is quite similar to that of Memory Channel 1 . So SBus has the same disadv an tage as Memory Channel, in the sense that the user has to careful ab out excessiv e usage of SBus address space. In SunOS, SBus address space are usually only mapp ed (b y the device driv er, whic h resides in OS k ernel) b efore the SBus card initiates DMA. When the SBus card ends the DMA, it in terrupts the OS and the device driv er unmap the allo cated SBus address. If the allo cation of SBus address space failed, the device driv er queues an SBus address allo cation request in to k ernel. The SBus card can not initiates DMA un til the allo cation succeeds, incurring latencies in DMA startup. Although it is p ossible to implemen t a complete translation hardw are from net w ork address in to ph ysical address 2 , I used SBus’s address translation feature. Using the same v alue for pro cess’s virtual address and SBus address mak es this p ossible, and the net w ork in terface con troller can use pro cess’s virtual address directly . Using a readily a v ailable feature causes some limitation, ho w ev er. The IOMMU can’t handle as large address space as that of one pro cess, the a v ailable shared-memory address space for a pro cess is limited. And, b ecause separate (virtual) SBus address space is o�ered to eac h pro cess, the page tables of SBus address should b e c hanged when a di�eren t pro cess is sc heduled 3 . 4.2 P erformance of Ph ysical Link The F CS optical transceiv er can transmit ra w 16b data (a doublet) for ev ery 53.125MHz, th us it can ac hiev e 106.25MB/s (850Mb/s) throughput. This transceiv er requires roughly 10.1 seconds to initialize itself and sync hronize it’s receiv er p ort so that receiv ed bit stream are correctly recon- structed as a doublet. Once initialized, the transceiv er receiv e data at an y time, as long as the receiv ed data is sync hronized with the receiv er’s receiv e clo c k. T o k eep up the sync hronization, the sender m ust send legal 20b co de at ev ery clo c k. A 16b data is enco ded to 20b b y 8B10B metho d prior transmission. Because there are a lot 1 T o b e precise, Memory Channel has a similar concept to SBus. In SBus, address translation hardw are b et w een SBus address and ph ysical address is called IOMMU 2 SBus can b e accessed directly b y ph ysical address, without using IOMMU. 3 The whole page tables need not b e c hanged b y limiting a v ailable SBus address for one pro cess and assigning un used SBus address bits for part of pro cess ID. 13

Figure 4.1: F unction Diagram of T estb ed Net w ork In terface of space un used in enco ded 20b pattern, some of that un used 20b pattern are de�ned as con trol co de 4 . Therefore a con trol co de can b e transmitted at an y time while data is transmitted. The latency of data transmission consists of the latency of transceiv er and the time the data tra v els b et w een the link, though the latter is negligible for links of short length (less than 10m). The transceiv er used in this thesis has a latency of 50nS to send a doublet in to receiv er. As men tioned ab o v e, a data m ust b e enco ded b efore transmitted, as w ell as b e deco ded after receiv ed. On this pro ject, the enco der and deco der is assem bled in (relativ ely slo w er) con troller FPGA. Due to the time and space constrain t of FPGA inner building blo c ks, the con troller can enco de doublet in 2 clo c ks of 53.125MHz, whic h limits the link bandwidth at 425Mb/s. (One clo c k duration of 53.125MHz roughly equals 18.8nS, and the enco der missed the constrain t at ab out 2nS.) The latency of enco ding a doublet is the n um b er of pip e stages it requires whic h is 6 clo c ks. The deco ding latency is 6 clo c ks, whic h happ ened to b e same as the latency of enco ding. Therefore a link has latency of 163nS (50 + 18.8 * 6). 4.3 Ov erhead of Remote Memory Access Because the in terface con troller directly access host w orkstation’s I/O bus, the actual o v erhead is closely related to the o v erhead of proto cols used b y the I/O bus. Similarly , remote memory access ma y require page tables stored in main memory . On this pro ject, the in terface con troller is designed to ho ok in to SBus[1] and used with Sun SparcStation 20 (SS20). SS20 driv es SBus at 25MHz clo c k. As stated in previous section, this 4 A 20b con trol co de is represen ted with ’K’ pre�x (e.g. K28.5), whereas data co de is represen ted with ’D’ pre�x (e.g. D28.5). F C-1 de�nes K28.5 D21.4 D21.5 D21.5 sequence as IDLE, whic h means that the link is idle and no data or con trol signals are transmitted. 14 pro ject utilizes the SBus virtual address feature. So I need not implemen t TLB or page table access logic on the in terface. SBus DMA access from net w ork in terface to main memory , when ph ysical page is a v ailable and SBus address TLB is hit, is from 600nS to 800nS (+ additional burst clo c ks for burst access). Th us the testb ed requires 700 + 280 + 163 + 18.8 � 2 � 16 + 700 + 280 = 2723 (nS) for transferring 64b ytes. 15

Chapter 5 Related W orks and Their Problems Man y researc hes ha v e b een done on reducing comm unication o v erheads on NO W en vironmen t. Those studies are in tro duced brie y , and their problems are addressed in later section. 5.1 Studies Based on Shared Memory Concept 5.1.1 Scalable Coheren t In terface (SCI) SCI[8] is an in terconnect for tigh tly-coupled shared memory system. It’s predecessor, F uturebus+, is a bus and therefore has a limitation in data throughput and scalabilit y . SCI o�ers p oin t-to-p oin t link in terfaces and handles up to 64K no des. Although SCI systems are usually constructed as a ring top ology , an y top ology can b e constructed using SCI switc hes. A ph ysical lev el SCI pac k et con tains target ID, source ID, pac k et t yp e, and CR C. Dep ending on pac k et t yp e, an SCI pac k et con tains 48bit address. The in terpretation of this address is up to SCI applications. SCI also supp orts cac he coheren t memory transaction. The consistency of cac he are administrated b y c hained directory . A cac he line in a pro cessor has to ha v e a p oin ter to previous and next cac he line that cac hes the same address. The memory has p oin ters, for eac h cac he line, to the �rst cac he line in a pro cessor whic h cac hes the corresp onding line. 5.1.2 Memory Channel Memory Channel (MC)[9] pro vides user-lev el, virtual-shared-memory facilities. MC de�nes it’s o wn ph ysical address space indep enden tly from eac h pro cessor’s virtual or ph ysical address space. User-lev el application maps a page of MC’s address space in mmap() manner, and the mapp ed page are attributed as uncac hable. When the application writes in to this page, the pro cessors issues write request to pro cessor bus. MC con troller gets the request in turn, then constructs a write-request message and sends it to MC net w ork. When constructing a message, MC con troller adds a header whic h iden ti�es the destination and tailer whic h is a CR C. MC is curren tly implemen ted with Digital AlphaServ er 8000 as end no de w orkstation, and all end no des are connected in a switc h. 16

5.1.3 Serv erNet Serv erNet[7] is a b yte-serial (9bit command/data and 1bit clo c k), w ormhole-routed, pac k et switc hed, p oin t-to-p oin t net w ork. A transmitter de�nes the clo c k-rate. The end-no de and switc h has CR C- based error detection hardw are. The ph ysical link is ECL, but optic �b er is planned in future. Serv erNet pro vides common hardw are and soft w are services for b oth pro cessor and I/O no des. F or comm unication b et w een pro cessors, Serv erNet pro vides remote memory access without soft w are execution at the remote no de. In order to pro vide protection, the remote no de CPU ha v e to set p ermission bit in Serv erNet net w ork address translation table. The remote net w ork in terface card c hec ks this table to translate net w ork address in to ph ysical address and see if it can op erate on this ph ysical address. Remote memory op eration pro vides Read Request, Read Resp onse, W rite Request, W rite Resp onse, and Unac kno wledged W rite. 5.1.4 Myrinet Myrinet[6] is also a scalable, switc hing net w ork. It’s net w ork top ology is primary aimed at 2- dimensional mesh, but not limited to it. Originally , its ph ysical transmission media is parallel wire cable. Optic �b er is used in near future. It supp orts v ariable sized pac k et from t w o reasons. 1. The routing information is directly written in pac k et header. When a switc hing no de gets a pac k et, it tak es a p ort n um b er from pac k et header and send the pac k et to the corresp onding p ort of the switc h. (Th us Myrinet supp orts only one-to-one comm unication.) The length of routing information equals to the n um b er of switc hing no de the pac k et hops. 2. The user can con tain an y size of data in a pac k et, th us can reduce some proto col o v er- heads compared to the case when a v ery long data m ust b e divided in small pieces and sen t separately . What mak es Myrinet unique is that the net w ork in terface card has a RISC pro cessor (called LANai). The user can program LANai so that it can tak e whatev er action according to the con ten ts of pa yload. Moreo v er, the user can map the data bu�er of net w ork in terface to his pro cess, and can reduce the o v erhead of cop ying pac k ets. 5.2 Studies based on message passing concept 5.2.1 Activ e Message The basic idea of Activ e Message[10] is that eac h message has the address of user-lev el handler in it’s header, and the handler is called when the message arriv es. The user-lev el handler should only retriev es data from incoming messages. This means that the computation phase and comm u- nication phase are separated. P arallel applications are sc heduled at compile time to b e executed 17

Figure 5.1: Activ e Message Pip elining in pip eline manner. One stage of computation mak es a data to b e transferred, and the latency of data transmission should b e equal to the time needed to execute one computation stage (see Figure 5.1). Activ e Message is implemen ted on CM-5, and on A TM and SCI based w orkstation clusters[11][12]. 5.2.2 Illinois F ast Message and F ast Message 2.0 F ast Message[14] is v ery similar to Activ e Message in that the message header con tains the address of user-lev el handler. Because F ast Message targets not only MPP but also NO W, the user- lev el handler can not b e called timely when the message arriv es. Therefore, F ast Message needs message bu�er, and user ha v e to b e careful ab out deadlo c k a v oidance. (The whole system ma y b e deadlo c k ed when a bu�er is not cleared for a long time.) F ast Message 2.0 supp orts streamed messages. Curren tly F ast Message is implemen ted on the Cra y T3D, and on Myrinet, Serv erNet, and Memory Channel based w orkstation clusters. 5.3 Libraries Application writers sometimes need standardized comm unication library for programming and p orting applications with ease. F or example, MPI[16] is suc h a library , and pro vides message send/receiv e in terface whic h o�ers the follo wing abilities. 18

1. Construct a message from a user-de�ned datat yp e. 2. Searc h messages whic h ha v e the user-sp eci�ed t yp e from message queue. Because libraries reside in one lev el higher la y er then the studies describ ed ab o v e, they are b ey ond the scop e of this thesis. 5.4 Problems The problems of existing net w ork systems and proto cols are describ ed. 5.4.1 Send Pro cessor’s Request Directly to Net w ork Memory Channel and SCI send the pro cessors read/write request directly to net w ork. Memory Channel fo cuses on ph ysically closed net w ork (on lev el cross-bar switc hing net w ork) in whic h the n um b er of pro cessors are small (t w o to 96 pro cessors). So that MC’s address space is de�ned as 512MB (total n um b er of page is 64K and page size is 8KB). If larger address space is de�ned as MC’s address space, MC net w ork can ha v e more n um b er of pro cessors. In other w ords, to scale up MC net w ork, one need to replace the MC con troller with one whic h can address larger MC space. Moreo v er, b ecause the address space of MC is limited and MC pro vides only single address space, the n um b er of pages whic h can b e mapp ed in to all parallel applications are limited. The n um b er of applications whic h request large MC address space is limited, whic h is not a pleasan t on m ulti-job en vironmen t. SCI needs a directory en try for ev ery cac he line at main memory . 5.4.2 Map Net w ork In terface Bu�er to User’s Address Space to Reduce Coping Ov erhead As for Myrinet, Myrinet Con trol Program directly maps Myrinet in terface’s bu�er on to user’s address space. In this case, if host creates sending pac k et directly on in terface’s bu�er, the in terface con troller needs not cop y the pac k et from somewhere when the pac k et is ready to send. Ho w ev er, b ecause the amoun t of bu�er on the in terface con troller is limited, the user should b e careful ab out his usage of that limited bu�er. If the user has allo cated some part of the in terface bu�er but forgot ab out freeing this, there migh t no space left on in terface bu�er ev en tually . If one really has to handle this problem 1 , w e need some kind of virtual bu�er at other places, p ossibly main memory and/or 2nd lev el storage. In this case, the bu�er is sw app ed out when the ph ysical bu�er o v er o ws, and sw app ed in when the user reads from or write to mapp ed bu�er address. The in terface card should b etter b e ho ok ed in to memory bus than I/O bus when the I/O bus is slo w er than memory bus (and this is usually the case with). Otherwise, the system incurs extra o v erhead at sw ap time. 1 I w ould here someone sa ying... \W ell, ev en on Unix, one reason of malloc() failure is that there are no virtual memory left a v ailable. Wh y should w e circum v en t this problem in an yw a y?" 19

Ev en if the system do esn’t pro vide the virtual bu�er and there are no need of extra mo ving at sw ap time, there lies at least one implicit cop ying of data. If remote memory access is not implemen ted at in terface lev el (sa y hardw are lev el) proto col, the soft w are whic h creates in terface lev el pac k ets has to cop y the data in to the pa yload of sending in terface lev el pac k ets and cop y the data from pac k ets in to destination address. 5.4.3 Activ e Message and F ast Message Activ e Message[10] sc heme w orks v ery w ell on dedicated parallel systems, where the latency of message transmission is statically analyzed, and there are no other pro cesses running. Ho w ev er, it will not w ork w ell on m ulti-job en vironmen t in follo wing reasons. 1. The original implemen tation only requires a limited message bu�er at comm unication in ter- face. In this case, user-lev el hander m ust not b e in terrupted while receiving a message, else it will happily drops incoming message. This leads unfairness in sc heduling, when a user pro cess send a v ery large data. Moreo v er, the handler should b e fast enough to receiv e the incoming data stream. It’s not really a dra wbac k, b ecause traditionally net w ork sp eed is far slo w er than pro cessor’s data cop y sp eed. 2. If one in tends to eliminate the sc heduling unfairness, the data ha v e to b e stored in bu�er on net w ork in terface, and ev en tually copied to main memory . Then, the user-lev el hander, whose role w as only to retriev e the data from comm unication link, no longer necessary . 3. Activ e Message sc heme will not w ork on w orkstation en vironmen t at all. Because b oth the latency of message transmission and the time required for computation cannot b e analyzed statically . Activ e Messages implemen ted on the top of A TM[11] needs message bu�ers for eac h user-lev el pro cess. Those bu�ers are allo cated in user-lev el address space, but the ph ysical pages are pinned do wn so that it w on’t b e sw app ed out when the pro cess is sc heduled out. When an Activ e Message arriv es from net w ork, the k ernel mo v es the data from arriving message slot info to corresp onding pro cess’s bu�er. When the pro cess is sc heduled, the handler of Activ e Message is called. T o a v oid message o v er o w, the sender p olls the receiv er and c hec ks if an y slot is empt y . In Activ e Messages on SCI[12], the sender queues the message to the receiv er pro cess’s message queue, and the receiv er p olls it’s lo cal queue when it is sc heduled. The sender refrains from sending another message un til the remote destination queue b ecomes empt y . F ast Message is v ery similar to Activ e Message. Ho w ev er, F ast Message on m ulti-job en viron- men t needs a message bu�er in case when the destination pro cess is not sc heduled. Therefore, the same problems as of Activ e Message also applied to F ast Message. 20

Chapter 6 Conclusion In this thesis, w e ha v e designed a new net w ork system for NO W en vironmen t. On NO W, parallel applications run in m ulti-user, m ulti-job en vironmen t. Therefore it is vital to supp ort those virtual en vironmen t on hardw are lev el. T o reduce comm unication o v erhead, the net w ork in terface has an address translation MMU whic h o�ers protected user-lev el comm unication with hardw are lev el. T o reduce and con trol mes- sage tra�c, the net w ork in terface has an routing table. This routing table is also used as page directory . In order to test the e�ciency of prop osed net w ork system, a testb ed net w ork system has created, and p erformance of this testb ed is ev aluated. 21

References [1] Susan A. Mason: \SBus Handb o ok", Sun Micr osystems, Inc. (1994) [2] T om Shanley and Don Anderson: \PCI System Arc hitecture 3rd edition", MindShar e, Inc. (1995) [3] A. X. Widmer and P .A. F ranaszek: \A DC Balanced, P artitioned Blo c k, 8B10B T ransmission Co de", IBM Journal of R ese ar ch and Development , V ol.27, No.5 (Septem b er 1983) [4] \The Programmable Logic Data Bo ok", XILINX, Inc. (1994) [5] William J. Dally and John P oulton: \T ransmitter Equalization for 4Gb/s Signalling", In Pr o c e e dings of Hot Inter c onne cts IV , P alo Alto, 1996, Av ailable from ftp://ftp.ai.mit.edu/pub/cva/hot_i.ps.Z [6] Nanette J. Bo den, Dann y Cohen, Rob ert E. F elderman, Alan E. Kula wik, Charles L. Seitz, Jak o v N. Seizo vic, and W en-King Su: \Myrinet { A Gigabit-p er-Second Lo cal-Area Net w ork", IEEE-Micr o , V ol.15, No.1 pp.29{36 (F ebruary 1995) [7] Rob ert W. Horst: \TNet: A Reliable System Area Net w ork", IEEE-Micr o , V ol.15, No.1 pp.37{45 (F ebruary 1995) [8] \IEEE Standard for Scalable Coheren t In terface (SCI)", IEEE Std 1596-1992 [9] Ric hard B. Gillett: \Memory Channel net w ork for PCI", IEEE-Micr o , V ol.16, No.1 pp.12{18 (F ebruary 1996), Av ailable from http://www.computer.org:80/pubs/micro/web/m1gil.pdf [10] Thorsten v on Eic k en, Da vid E. Culler, Seth Cop en Goldstein, and Klaus Erik Sc hauser: \Ac- tiv e Message: a Mec hanism for In tegrated Comm unication and Computation", In Pr o c e e d- ings of the 19th International Symp osium on Computer A r chite ctur e , A CM, pp.256{266 (Ma y 1992), Av ailable from http://www2.cs.cornell.edu/tve/ucb-papers/isca92.pdf [11] Maximilian Ib el, Klaus E. Sc hauser, Chris J. Sc heiman, and Manfred W eis: \Lo w-Latency Comm unication Ov er A TM Net w ork Using Activ e Message", IEEE-Micr o , V ol.15, No.1 pp.46{ 53 (F ebruary 1995), Av ailable from http://www.cs.cornell.edu:80/Info/Projects/CAM/hoti-94.ps [12] Maximilian Ib el, Klaus E. Sc hauser, Chris J. Sc heiman, and Manfred W eis: \Implemen ting Activ e Message and Split-C for SCI Clusters and Some Arc hitectual Implications", Sixth 22

In ternational W orkshop on SCI-based Lo w-cost/High-p erformance Computing (SCIzzL-6), San ta Clara, CA (Septem b er 1996) [13] R. Martin: \HP AM: An Activ e Message la y er for a net w ork of HP w orkstation" In Pr o- c e e dings of the IEEE Symp osium on Hot Inter c onne cts , (August 1994), Av ailable from ftp://ftp.cs.berkeley.edu/ucb/CASTLE/Active_Messages/hotipaper.ps [14] P akin, Karamc heti, and Chien: \F ast Messages (FM): E�cien t, P ortable Comm unication for W orkstation Clusters and Massiv ely-P arallel Pro cessors", T o app ear in IEEE Par al lel and Dis- tribute d T e chnolo gy , 1997, Av ailable from http://www-csag.cs.uiuc.edu/papers/fm-pdt.ps [15] Vija y Karamc heti and Andrew A. Chien: \A Comparison of arc hitectual sup ort for messaging on the TMC CM-5 and the Cra y T3D", In Pr o c e e dings of the International Symp osium on Computer A r chite ctur e , June 1995, Av ailable from http://www-csag.cs.uiuc.edu/papers/cm5-t3d-messaging.ps [16] Message-Passing Interfac e F orum, MPI: A Message Passing Interfac e Standar d , June 1995, http://www.mcs.anl.gov/Papers/Lusk/mississippi/paper.html [17] T. Matsumoto, S. Huruso, and K. Hiraki: \General Purp ose Massiv ely P arallel Op erating Sys- tem SSS{CORE ", In Pr o c e e dings of 11th Jap an So ciety for Softwar e Scienc e and T e chnolo gy , pp.13{16 (Octob er 1994) [18] T. Matsumoto, T. Komaarashi, S. Uzuhara, and K. Hiraki: \A General-Purp ose Massiv ely- P arallel Op erating System : SSS{CORE | Implemen tation Metho ds for Net w ork of W ork- stations |", IPS Jap an SIG R ep orts , V ol.96, No.79, pp.115{120 (August 1996) 23