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eAbstra
t � Re
ent high-speed networks provide newfeatures su
h as DMA and programmable network
ards. However standard network proto
ols, likeTCP/IP, still 
onsider a more 
lassi
al networkar
hite
ture usually adapted to the ethernet network.In order to use the high-speed networks e�
iently,proto
ol implementors should use the new featuresprovided by re
ent networks. This arti
le providesan advan
ed study of both hardware and softwarerequirements for high-speed network proto
ols. Resultsof the study has been used to design and implement theRemote-Write proto
ol over the Myrinet Inter
onnet.We obtained a very low laten
y and a throughtput very
lose to the maximum user bandwidth for messages assmall as 32 kB.Keywords: High performan
e 
omputing, 
lusters,high-speed networks, 
ommuni
ation proto
ol, perfor-man
e measurement.1 Introdu
tionHigh-speed network inter
onne
ts that o�er low la-ten
y and high bandwidth have been one of the mainreasons attributed to the su

ess of 
ommodity 
lus-ter systems. Some of the leading high-speed net-working inter
onne
ts in
lude Gigabit-Ethernet, In-�niBand [9℄, Myrinet [4℄ and Quadri
s. Two 
ommonfeatures shared by these inter
onne
ts are User-levelnetworking and Dire
t Memory A

ess (DMA). TheTransmission Control Proto
ol (TCP) is one of the uni-versally a

epted transport layer proto
ols in today'snetworks. The introdu
tion of high-speed networks afew years ago has 
hallenged the traditional TCP/IPimplementation in three aspe
ts, namely performan
e,CPU requirements and memory tra�
.This paper is divided into two parts. First one analysesthe existing 
ommuni
ation models in order to 
hoosethe model that use new network hardware features.

The se
ond part analyses the 
ommuni
ation's 
riti-
al path to determine the best way to take advantageof this new hardware. A 
omparaison between exist-ing high-speed 
ommuni
ation proto
ols and libraries
ome with all steps of the study. Then, the RemoteWrite 
ommuni
ation proto
ol is introdu
ed. The lastpart analyses the performan
e of the implementationof the Remote Write proto
ol over the Myrinet net-work.2 The 
ommuni
ation modelsOne way to 
ompare 
ommuni
ation models is to 
las-sify them a

ording to the sender-re
eiver syn
hroniza-tion me
hanism required to perform data ex
hanges.There are three syn
hronization modes: the full syn-
hronization mode, the rendez-vous mode, and theasyn
hronous mode.With the full syn
hronization mode, the sender hasto ensure that the re
eiver is ready to re
eive in
om-ming data. This means that a �ow 
ontrol is required.FM [10℄ and FM/MC [12℄ both implement �ow 
ontrolusing a host-level 
redit s
heme. But if a sender runsout of 
redits it must blo
k until the re
eiver sendsnew 
redits. This me
hanism is set up to all 
ommu-ni
ation node's pair, so that they are very expensivein both NI memory resour
e and syn
hronization time.Indeed, for appli
ations using a lot of small messages,NI bu�ers 
ould over�ow qui
kly and syn
hronizationtime may ex
eed the laten
y.The rendez-vous mode dis
harge the duty of �ow
ontrol to the appli
ation. For example, BIP [11℄,VIA [13℄, BDM [8℄ and GM require that a re
eive re-quest is posted before the message enters the destina-tion node. Otherwise, the message is dropped and/orNACKed. VMMC [3℄ uses a transfer redire
tion that
onsists in pre-allo
ating a default redire
table re
eivebu�er whenever a sender does not know the �nal re-
eive bu�er address. Later, when the re
eiver posts the



re
eive bu�er, it 
opies the data from the default bu�erto the re
eive bu�er. To implement su
h a model, amiddleware must be added between the user appli
a-tion and the implementation ensuring the �ow 
ontrol.Similar to VMMC, QNIX [14℄ program moves in
om-ing data into a bu�er in the NIC memory if in
ommingdata arrive before the re
eiver 
reates the 
orrespond-ing Re
eiver Context.The asyn
hronous mode, also 
alled the one-sidedmode, breaks all syn
hronization 
onstraints betweensenders and re
eivers. The 
ompletion of the sendoperation does not require the intervention of the re-
eiver pro
ess to take a 
omplementary a
tion. Thismode allows an overlapping between 
omputation and
ommuni
ation, a zero-
opy without syn
hronization,a deadlo
k avoidan
e, and an e�
ient use of the net-work (sin
e messages do not blo
k on swit
hes wait-ing for the re
eive operation). As a 
onsequen
e, theasyn
hronous mode provides a high throughtput anda low laten
y, in addition to a �exibility (as the syn-
hronized mode 
an be implemented using the asyn-
hronous mode).The one-sided model is simple, �exible and 
an be usedas a high-level interfa
e, or as a middleware between ahigh-level library su
h as MPI and the network level.A re
ent study proved that all MPI-2 routines 
an beimplemented on top of a one-sided interfa
e easily ande�
iently [6℄. This means that any message-passing al-gorithms may be implemented using this programmingmodel. The one-sided s
heme 
an be a
heived eitherby using one-sided read or by a one-sided write. Theremote read requires at least two messages, the �rstto inform the remote DMA engine (the remote net-work interfa
e, the remote OS, or the remote pro
ess)about the requesting data and the se
ond to send a�e
-tively the data. The remote write operation requiresone message.As dis
ussed previously, ea
h syn
hronization modehas advantages and drawba
ks. The rest of the ar-ti
le fo
uses on the asyn
hronous mode for both itssimpli
ity and e�
ien
y.3 Host memory - NI data transferA

ording to the one-sided s
heme, the NI must 
om-muni
ate with the host memory in three 
ases. The�rst 
ase is when the user pro
ess informs the NI fora new send, ie, when the user pro
ess sets up a senddes
riptor to be used by the NI to send message. Boththe se
ond and the third 
ases are when sending andre
eiving messages. For traditional message-passingsystems, the user pro
ess must provide a re
eive de-s
riptor to the NI. There are three methods to 
ommu-ni
ate between the host memory and the NI: PIO, WCand DMA. With the Programmed IO (PIO), the hostpro
essor writes (resp. reads) data to (resp. from) the

I/O bus. This method is extremely fast. However, onlyone or two words 
an be transferred at a time result-ing in lots of bus transa
tions. Throughtput is di�erentfor writes and reads, mainly be
ause writing a
ross abus is usually a little bit faster than reading. Write
ombining (WC) enhan
es write PIO performan
e byenabling a write bu�er for un
a
hed writes, so thata�e
ted data transfers 
an o

ur at 
a
he line size in-stead of word size. Write Combining is a hardwarefeature initially introdu
ed on the Intel Pentium Proand now available on re
ent AMD pro
essors;A Dire
t Memory A

ess (DMA) engine 
an trans-fer entire pa
kets in large bursts an pro
eed in par-allel with host 
omputation. Be
ause a DMA en-gine works asyn
hronously, the host memory being thesour
e or the destination of a DMA transfer must notbe swapped out by the operating system. Some 
om-muni
ation systems pin bu�ers before starting a DMAtransfer. Moreover, DMA engines must know the phys-i
al addresses of the memory pages they a

ess.Choosing the suitable type of data transfer depends onthe host CPU, the DMA engine, the transfer dire
tion,and the pa
ket size. A solution 
onsists in 
lassifyingmessages into three types: small messages, mediummessages, and large messages. PIO suits small mes-sages, write 
ombining (when supported) suits mediummessages, and DMA suits large messages. Sin
e DMA-related operations (initialization, transfer, virtual-to-physi
al translation) 
an be done by the NI or theuser pro
ess, a set of performan
e tests is the best wayto de�ne medium messages(and then the de�nition ofboth short and large messages).4 Data transferIn order to avoid bottlene
ks and use available re-sour
es e�
iently, a data transfer should take intoa

ount the message size, the host ar
hite
ture (pro-
essor speed, PCI bus speed, DMA 
hara
teristi
s),NIC properties (transfer mode, memory size), and thenetwork 
hara
teristi
s (routing poli
y, route disper-tion...).Many studies have tried to measure network tra�
s todetermine the size of messages. However, they mainlyfo
used either on a set of appli
ations [2℄, a set of pro-to
ols [5℄, a set of networks [15℄ or a spe
i�
 environ-nement (a single 
ombination of networks, proto
ols,ma
hines and appli
ations) [7℄. All these studies showthat small messages are prominent (about 80% of themessages have a size smaller than 200 bytes). More-over, the one-sided s
heme requires an extra use ofsmall messages to send re
eive bu�er addresses. Thus,it is interesting to distinguish between small and largemessages. As dis
ussed earlier, the maximum sizeof small messages should be determined using perfor-man
e evaluation.



For the transfer of small messages, no send bu�er ad-dress nor re
eive bu�er address are required. There-fore, it is possible to store the 
ontent of small mes-sage in the send des
riptor. To send su
h a message,seven operations are performed: (1) the sender setsup the send des
riptor (in
luding data); (2) the senderinforms the NI about the send des
riptor; (3) the NI
opies ne
essary data from the host memory, (4) theNI sends the message to the network; (5) the remoteNI re
eives the message and appends it to the re
eiveevent queue; �nally, (6) the re
eiver pro
ess reads thedata from the re
eive des
riptor and (7) informs theNI that the re
eive is done su

essfully.For the transfer of large messages, the sender has tospe
ify both the send bu�er address and the remotebu�er address. Thus, there are two transa
tion addedto the transfer. The �rst is to read the data from thehost memory and the se
ond is to write the data to its�nal destination.It is bene�t to distinguish between small and large mes-sages in order to use e�
iently the hardware and to im-plement a performant one-sided s
heme. Finally, datatransfer is the most important step of the 
ommuni
a-tion. So 
are should be taken when writing transfer'sroutine.5 Communi
ation 
ontrolThe 
ommuni
ation 
ontrol fo
uses on how to retreivemessages from the network devi
e. How should theNI inform the user pro
ess about the 
ompletion ofthe re
eive? With user-level a

ess to the network, animplementor 
an 
hoose between using interrupts orpolling.The interrupt-driven approa
h lets the network devi
esignals the arrival of a message by raising up an inter-rupt. This is a familiar approa
h, in whi
h the kernelis involved in dispat
hing the interrupt to the appli
a-tion in user spa
e. The alternative model for messagehandling is polling. In this 
ase, network devi
e doesnot a
tively interrupt the CPU, but merely sets somestatus bits to indi
ate the arrival of a message. Theappli
ation is required to poll the devi
e status regu-larly; when a message is dete
ted, the polling fun
tionreturns the re
eive des
riptor des
ribing the message.Quantifying the di�eren
e between using interruptsand polling is di�
ult be
ause of the large numberof parameters involved: hardware (
a
he sizes, regis-ter windows, network adapters), operating system (in-terrupt handling), runtime support (thread pa
kages,
ommuni
ation interfa
es), and appli
ation (pollingpoli
y, message arrival rate, 
ommuni
ation patterns).First, exe
uting a single poll is typi
ally mu
h 
heaperthan taking an interrupt, be
ause a poll exe
utes en-tirely in user spa
e without any 
ontext swit
hing. Re-
ent operating systems de
rease the interrupt 
ost by

saving minimal pro
ess state, but interrupts remainexpensive. Se
ond, 
omparing the 
ost of a single pollto the 
ost of a single interrupt does not provide asu�
ient basis for statements about appli
ation per-forman
e. Ea
h time a poll fails, the user programwastes a few 
y
les. Thus, 
oarse-grain parallel 
om-puting favors interrupts, while �ne-grain parallelismfavors polling.For appli
ation 
ontaining unprote
ted 
riti
al se
-tions, interrupts lead to nondeterministi
 bugs, whilepolling leads to safe run. Moreover, for asyn
hronous
ommuni
ation, polling 
an lead to substantial over-head if the frequen
y of arrivals is low enough that thevast majority of polls fail to �nd a message. With in-terrupts, overhead only o

urs when there are arrivals.Sin
e there is no in
ompatibility between both pollingand interrupt, users 
an use both depending on theappli
ation 
ontext. Note that, interrupts may be im-posed by some libraries to garantee a forward progressfor system 
ommuni
ations.6 RWAPIThe previous study of both hardware and software re-quirements for high-speed network proto
ols has ledto design the Remote Write proto
ol. Remote Writeis one-sided 
ommuni
ation proto
ol based on the re-mote write primitive. It let the sender of a messageprovide all the information needed to 
opy a 
ontigu-ous memory area from one node to another.RWAPI (whi
h stands for Remote-Write Appli
ationProgramming Interfa
e) is a lightweight interfa
e de-signed to provide a ligthweight interfa
e for the sin-gle remote-write primitive. The goal we are trying toa
hieve is to provide the smallest set of fun
tions thatenables to write any parallel programs. This way, weexpe
t to a
hieve the best performan
e for 
ommuni-
ations while requiring as less development as possibleto port our interfa
e to new ar
hite
tures.There are two kinds of messages in RWAPI. The �rstmessage type requires the destination node identi�-
ation, both lo
al and remote addresses and the sizeof the message. Messages in this 
ase 
an be of anylength. The se
ond message type just requires the des-tination node identi�
ation and the message 
ontent;the size is limited to a few 16 bytes. They may be help-fully used to transfer small amounts of information ofany kind from one node to another. However, even ifthey are limited to this spe
i�
 use, they are espe
iallyuseful to ex
hange addresses before the other messagetype transfers 
an o

ur.The API is as follows:
• int rwapi_init ( int, 
har ** ) must be 
alled be-fore any other RWAPI fun
tions in order to set upthe 
ommuni
ation interfa
e.



• int rwapi_�nalize ( ) should be 
alled after allRWAPI fun
tions and before exiting the program.This fun
tion ensures that all FIFOs are �ushedbefore leaving.
• int rwapi_rank ( ) returns the rank of the lo
alnode in the virtual parallel ma
hine.
• int rwapi_size ( ) returns the number of nodes inthe virtual ma
hine.
• void * rwapi_allo
 ( size, net * ) allo
ates a 
on-tiguous memory blo
k of the given size. If theunderlying network interfa
e requires the use of
ontiguous physi
al memory, it is atta
hed to theappli
ation transparently. The value returned bythis fun
tion is the virtual address in the virtualaddress spa
e of the pro
ess where the 
ontigu-ous memory blo
k has been atta
hed. The se
ondparameter is the address where the �network� ad-dress will be stored when returning from the fun
-tion. This address is the one that must be usedfor sending data.
• int rwapi_free ( void * ) deallo
ates the memoryarea provided as a parameter.
• int rwapi_send ( node, small ) sends a small mes-sage to another node. The value returned by thisfun
tion is an error 
ode.
• int rwapi_re
eive ( node *, small * ) returns infor-mation about the oldest in
omming message thathas not been taken into a

ount yet. The valuereturned by the fun
tion is 0 if there is no mes-sage pending and 1 if a message has been takeninto a

ount. In this 
ase, the node and the smallmessage are stored at the addresses provided asparameters.
• sid rwapi_write ( node, net, net, size ) sends anarbitrary-long message to another. Both lo
al andremote �network� addresses must be provided to-gether with the size of the message. The Send ID(SID) returned by the fun
tion 
an be later usedin order to determine if the message as been sentor not (this is useful to reuse a memory area).
• int rwapi_issent ( sid ) 
he
ks wether the messageidenti�ed by the SID has been sent or not.Note that, rwapi_write, rwapi_send, rwapi_issentand rwapi_re
eive are non blo
king fun
tions.7 RWAPI over Myrinet Inter
onne
tMyrinet [1℄, developed by Myri
om, is a proprietarynetwork te
hnology and is 
ompliant to the Physi
al

and Data Link layer de�ned in the ANSI/VITA 26-1998 standard. Myrinet is a swit
hed, Gigabit per se
-ond network that is widely used in 
lusters. Myrinetadapters have a programmable network interfa
e pro-
essor known as LANai. Several LANai version exist,the most re
ent are LANai9, LANaiXP, LANai2XP,and LANaiXM. Our testbed is equipped with LANai9
hip. LANIai9 is a 32-bit RISC pro
essor that oper-ates at up to 133MHz for the PCI64B interfa
es, orat up to 200MHz for the PCI64C interfa
es. Usingthe Myrinet Control Program (MCP), whi
h is storedin the onboard stati
 RAM (SRAM), LANai9 
ontrolsthe data transfer between the host and the network,performs data bu�er management (through memoryinterfa
e), and maintains network mapping and mon-itoring. The bene�t of a programmable network pro-
essor is that it enables resear
hers to explore manyproto
ol design options. Myri
om re
ommend the GMAPI for both LANai9 and LANaiX and the MX APIfor LANaiX and LANai2X. Although, sin
e the LANaipro
essor is programmable, many message-passing li-braries (like RWAPI, AM, FM, BIP, MyVIA) providetheir own MCP to implement a spe
i�
 network pro-to
ol.There are many ways to implement the Remote-Writeproto
ol on top of Myrinet. One solution would be anative implementation whi
h would 
onsist in develop-ing a new MCP, a new kernel driver and a new userlibrary. This solution is under development and goodperforman
e are expe
ted. However, this would not beportable sin
e an MCP should be provided for everynetwork 
ard version. To over
ome this limitation, wedeveloped the Remote-Write proto
ol on top of GM.This way, RWAPI is automati
ally available for all ar-
hite
tures and NIC versions that GM supports.In order to laun
h appli
ation's pro
esses a

ording tothe SPMD model, we use an SSH-based spawner whi
h
reates a master pro
ess on the 
urrent host and onepro
ess on ea
h host provided as an argument. Then,ea
h pro
ess 
an 
ommuni
ate with the master to getinformation su
h as the pro
ess rank, the number ofpro
esses, the appli
ation's arguments and other 
on-trol informations. Then, pro
esses 
an perform 
ol-le
tive operations on top of so
ket-based 
onne
tions.All 
olle
tive operations are used only to initialize and�nalize the appli
ation transparently to the user.In order to asso
iate a pro
ess rank to its GM ID,pro
esses perform an ex
hange of GM IDs using theex
hange operation set up by the master pro
ess. Tomaintain the non-blo
king semanti
 of RWAPI opera-tions (rwapi_send, rwapi_write, rwapi_re
eive, andrwapi_issent), we used a host memory re
eive list(HMRL). Thus, when a re
eive message event ariseswhile the pro
ess is not waiting for messages, the in-terfa
e 
opies the 
ontent of the message event in theHMRL. Note that message events do not 
ontain user
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Figure 1. Performance benchmarks.data ex
ept those 
orresponding to rwapi_send oper-ations. In this 
ase, the length of the user data islimited to 128 bits and thus a 
opy of this message isnot expensive.The rwapi_send fun
tion insures that GMis ready to send messages before 
alling thegm_send_to_peer_with_
allba
k fun
tion. Thelater fun
tion is the fastest send fun
tion provided byGM sin
e it uses the same port number as the senderat the re
eiver side. We set up GM to 
opy the datain the send des
riptor to avoid an expensive DMAoperation performed by the MCP to 
opy data fromthe host memory to the NIC memory. We also useWrite-Combining feature instead of PIO or DMA to
opy the send des
riptor from the host memory tothe NIC memory. This feature 
ombines many PIOoperations and is adapted to medium message size.Similar to the rwapi_send fun
tion, the rwapi_writefun
tion insures that GM is ready to send messages be-fore 
alling the gm_put fun
tion. The gm_put fun
-tion is suited to the remote-write paradigm sin
e itgarantees the minimum number of 
opies while trans-ferring the data. Indeed, it 
opies the data from thehost memory dire
tly to the NIC memory without anysystem 
all.8 Performan
e analysisWe 
ompared our implementation with the versionof MPI, the other existing library available for theMyrinet-2000 Te
hnology, developed on top of GM.For both MPI and RWAPI we developed our ownben
hmarks as presented above. We use three sep-arate ben
hmarks (see Fig. 1). The �rst ben
hmark(Fig. 1(a)) is the 
lassi
 ping-pong in whi
h a message
an only be sent on
e the previous one has been re-
eived. The se
ond one (Fig. 1(b)) is a bidire
tionalping-pong whi
h is used to highlight the 
apability ofa library to take bene�ts of bidire
tional links. The

last ben
hmark (Fig. 1(
)) is the burst whi
h aims atsending as many messages as possible regardless theyhave been re
eived or not by the 
ounter part.Performan
e have been measured on POETS, one ofthe 
lusters of the Institut National des Télé
ommu-ni
ations. POETS is 
omposed of eight nodes 
on-ne
ted using both a Myrinet inter
onne
tion networkfor data and a Gigabit Ethernet inter
onne
t as a 
on-trol network. Myrinet adaptors are 133-MHz LANai-9(M3S-PCI64B) with a PCI 
onne
tor. The host adap-tor is equipped with 2 MB of memory. The �rmwareused for testing was GM 2.0.9. Apart from GM, theport of MPICH on top of GM 
alled MPICH-GM ver-sion 1.2.6..14b for Linux x86 was also installed. Ea
hnode in
ludes a 800-MHz Intel Pentium III pro
essorwith 1.2 GB of memory. The front-end of the 
lusteris an extra node with almost the same 
hara
teristi
sex
ept that it in
ludes no Myrinet NIC.The measurement proto
ol is as follows: for ea
h mes-sage size, ea
h ben
hmark is run ten times. The du-ration of a run is one minute (this ensures a high 
on-sisten
y in results and we have determined that all
on�den
e intervals are greater than or equal to 90%).The system time is registered before the �rst messageis sent (t1) and after the last message is re
eived onthe same node (t2). Let the elapsed time t be the timedi�eren
e between both. For a given run, let s be thesize of messages and n be the number of e�e
tivelytransmitted messages.Let the end-to-end laten
y L (in the following we usethe term laten
y) be the ratio between the elapsed time
t and the number of e�e
tively transmitted messages n.And let the user throughput T (in the following we usethe term throughput) be the ratio between the amountof data (number of e�e
tively transmitted messagestimes the size of a message) and the elapsed time.

t = t2 − t1 L =

t

n
T =

n × s

t
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Figure 3. Throughput.Sin
e the performan
e for both RWAPI and MPI arealmost the same for messages size greater than or equalto 1 MB, we do not in
lude data for larger messages.Fig. 2 presents the laten
y of RWAPI and MPI forvarious message sizes. Note that for readability rea-sons, a logarithmi
 s
ale have been used for laten
y
urves. All these graphs highlight that, in the gen-eral 
ase, performan
e with RWAPI are usually betterthan those with MPI. Ex
eptions are for the One-Wayben
hmark for messages whi
h size ranges from 1 kB to16 kB and for the Round-Trip ben
hmark for messageswhi
h size ranges from 4 bytes to 64 bytes. This maybe due to the fa
t that MPI is using Write-Combiningto 
opy data from the host memory to the NIC memoryfor small messages avoiding the overhead of the DMAstart-up. Regarding the laten
y, an interesting resultis that for the Round-Trip ben
hmark (see Fig. 2(a)),the minimum laten
y for RWAPI is as low as 5.1 µs. Asa 
omparison, the minimum laten
y for MPI is 7.9 µsand is a
hieved using the Bidire
tional Round-Trip (seeFig. 2(b)).Fig. 3 shows the throughput of RWAPI and MPI forvarious message sizes. All these graphs highlight that,in the general 
ase, performan
e with RWAPI are usu-

ally better than those with MPI.These graphs are highlighting three very important re-sults. First, RWAPI is able to a
hieve a maximumthroughput of up to 2.43 Gb/s for large messages (seeFig. 3(a) and Fig. 3(b) for Round-Trip and Bidire
-tional Round-Trip ben
hmarks respe
tively). As a
omparison, the maximum throughput provided byMPI is 1.66 Gb/s. This means that MPI 
annot of-fer more than 68.4% of the maximum throughput of-ferred by RWAPI. In other words, RWAPI is able todeliver large messages 46.3% faster than MPI (in fa
t,this is not highlighted with laten
y graphs on Fig. 2as a logarithmi
 s
ale is used for messages larger than1 kB).Finally, RWAPI provides a larger part of the band-width for smaller messages than MPI. Typi
ally,RWAPI is able to a
hieve 90% of the maximumthroughput for 32-kB messages as MPI requires mes-sages of 256 kB to do the same.9 Con
lusionThis paper presented several design issues for high-speed 
ommuni
ation proto
ol. First, we 
lassi-



�ed 
ommuni
ation models into three syn
hroniza-tion modes: full syn
hronization mode, rendez-vousmode and asyn
hronous mode. The asyn
hronousmode removes all syn
hronization 
onstraints betweenthe sender and the re
eiver. Moreover, this mode issuited with one-sided programming model whi
h of-fers a simple programming interfa
e and high perfor-man
e. In addition, both the asyn
hronous mode andthe one-sided s
heme take advantage of the DMA fea-ture to a
heive a RDMA 
ommuni
ation. Note thatthe one-sided programming model insure the imple-mentation of all message-passing appli
ation. Finally,the RDMA-write is su�
ient to implement both thesetwo modes.To a
heive a good 
ommuni
ation 
ontrol, the pro-grammer should use both interruption and polling.Polling is suited with �ne-grain appli
ations and in-terrupt is used with 
oarse-grain one. The program-mer should avoid all unprote
ted 
riti
al se
tion andshoul use the interrupt to signal ex
eptions su
h as theover�ow of the bu�er or a se
urity problem. The 
om-muni
ation routines should take into a

ount that abig number of small message may be ex
hanged. The-ses messages 
orrespond to memory address whi
h areused in the RDMA 
ommuni
ation. Thus, a distin
-tion between small message and large message is in-terresting. For small message, PIO or write-
ombiningmethod is usable and DMA is suitable for large mes-sage.The previous study led to design our own 
ommuni
a-tion proto
ol 
alled Remote Write. The se
ond partof this paper, we have presented the design and im-plementation of RWAPI over Myrinet-2000. This de-sign takes full advantages of the Myrinet-2000 hard-ware su
h as OS-Bypass and RDMA, thus eliminat-ing the involvement of the operating system and there
eive pro
ess. In addition, it allows the overlap be-tween 
ommuni
ations and 
omputations.To de
rease the laten
y of small messages, we usedthe Programmed-IO fa
ility instead of RDMA to 
opydata to the network 
ard, so that removing one long-startup-time DMA transa
tion.Through performan
e evaluation, we have shown thatour design 
an a
hieve a low laten
y of 5.1 µs anda high user throughput of 2.43 Gb/s even for rela-tively short messages (2.26 Gb/s is available for 32-kB messages). On the same platform, the lowest la-ten
y provided by MPI is 7.9 µs and the maximumuser throughput provided by MPI represents 68.4% ofthe maximum user throughput provided by RWAPI(this means that message transfer with RWAPI is upto 46.3% faster than with MPI).As a short-term, we have planned to optimize therwapi_write operation by using either PIO, Write-Combining or DMA to 
opy user data from the hostmemory to the NIC memory; PIO operations for verysmall messages, Write-
ombining for medium messages

and DMA for large messages sin
e it involves an expen-sive start-up overhead.As a mid-term, we have planned to implement RWAPIover In�niBand and Ethernet in order to perform
ommuni
ations over heterogeneous ar
hite
tures 
om-posed of di�erent network types and di�erent ma
hine
hara
teristi
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