This appeared in S| GOPS Operating Systems Review, vol. 32, no. 1, pp. 29-40, January 1998

Optimizing Thr oughput in a Workstation-based Netvork File System
ove a High Bandwidth Local Ar ea Network

Theodoe Faber?

University of Southern California/Information Sciences Institute
4676 Admiralty Vay
Marina del Rg, CA 90292
Phone: 310-821-5080 x190
FAX: 310-823-6714
f aber @ si . edu

ABSTRET

This paper describes methods of optimizing a clienttsemetvork file system to
take advantage of high bandwidth local area netks in a comentional distrituted com-
puting erironment. The erironment contains hardwe that remees network and disk
bandwidth bottlenecks. The remaining bottlenecks at clients inclkckssie cntext
switching, ineficient data translation, and cumbersome data encapsulation methods.
When these are remed, the null-write performance of a current implementation of
Sun’s Network File System impnees by 30%. A prototype system including a high speed
RAM disk demonstrates an 18% impement in awerall write throughput.The prototype
system fully utilizes thewailable peripheral bandwidth of the serv
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1. Introduction

This paper describes optimizations made to a cliengsaretvorked file system efronment to
male full use of the high bandwidth of engéng local area netarks (LANS). It concentrates on impving
the lulk data transfer capability of the file system, by reimg unnecessary data translations and reducing
contt switches at the clients. Application of these techniques results in a 30% increase in Sank Netw
File System ¥rsion 2 (NFS)[1,2] write bandwidth using thE@MIC LAN[3] when files are not written to
disk. Thecost of implementation of data encapsulation methods, specifically Sun XDR[4], is also assessed.
A prototype system &s huilt using a Bxas Memory Systems SAM-300 RAM disk; the systedhilgits an
18% impravement in averall NFS write throughput, and fully utilizes the sarperipheral bandwidth.

The ATOMIC-2 research group at the Waisity of Southern California’Information Sciences Insti-
tute (USC/ISI) is gploring the issues associated with introducing th@©MIC LAN, a 640 Mbps LAN
invented at ISl and the California Institute oéchnology[3], into a distritted computing enronment.

1 This work is supported by the Defense Aaced Research Projects Agetirrough Ft. Huachuca contract
#DABT63-93-C-0062 entitled “Netstation Architecture and Adeed Atomic Neterk” The vievs and con-
clusions contained in this document are those of the author and should not be interpreted as representing the
official policies, either xpresses or implied, of the Department of the Arthg Defense Adanced Research
Projects Agenyg or the U.S. Geernment.



Users of this erironment require a high-speed netW file system that alies a client to utilize as much
network bandwidth as possible for remote file access.

Most netvork file systems cannot use the increased bandwidth that technologid¢seliRTOMIC
LAN provide. Becausaetwork file systems often pwae less throughput than file transfer protocols, it
can be more étient to transfer a file to a local file system using a file transfer protocol and operate on the
data there than to use a netWwfile system.

If network file systems are toxploit high bandwidth erironments, thg must be able to makbetter
use of bandwidth.File access bandwidth is becoming an important bottleneck in applications from data
mining to serving web pagesdowever, such applications benefit from distuted solutions, forxample
multiple web serers. SucHdistributed systems frequently rely orfieient shared file systems.

To demonstrate thearious hardwre and softare bottlenecks that normally constrain rated file
system write performance, we compared SunOS 4.1.3 NFS file write performamac®uirs Wardwre and
software configurationsWe mmpare write throughput because it directly measures file system use of the
network rather than internal caching@.he equipment and results are summarized in Figurdatizontal
lines are the throughputs of the disk and ekwThe “SAM-300 File System” line is the throughput of a
UNIX fast file system mounted on the RAM disk used in the prototype system.

The bottlenecks renved are the synchronous sewvdisk writes, the 10 Mb/sec Ethernet, and the
commodity disk at the seev Each bar in Figure 1 corresponds to the reahof a system bottleneck:

. Synch Ethemet: NFS using synchronous disk writes which underuses both themeamd
disk bandwidth.NFS \ersion 3 relags the synchronous write constraints[3he bottleneck
in this configuration is the use of synchronous disk writes at therserv

. Asynch Ethemet: NFS using asynchronous disk writes at theeseon a 10 Mb/sec Ethernet.
The netverk bottlenecks this system.

. Asynch ATOMIC: NFS using asynchronous disk writes and tH@©KIC LAN. Replacing
the Ethernet with the POMIC LAN improves the performance to roughly 20 Mb/sec, which is
equialent to local file system performancé&he disk is the bottleneck in this system.

. No Disk ATOMIC: NFS ecchanging the write data onhyithout updating the diskThrough-
put is significantly bely the TCP process to process and the SAM-300 local file system.
throughput, which implies that NFS protocol throughput can be wegro

The eperiment shan in Figure 1 led us to concentrate on inyimg the client transfer protocol
implementation. Thelisparity between the TCP throughput and the NFS protocol bandwidth implies that
the NFS protocol implementation can be inyedy the SAM-300 file system is capable of supporting such
throughput impreements. Duringhe eperiments the client CPUag completely utilized while the serv
utilization was less than 40%, implying that the bottleneck is at the client Altleough there are certainly
interesting problems in engineering s&w/to scale, the client CPU bottleneck must be addressedver deli
higher netwrk bandwidth to indiidual clients.

We gudied the client implementation and imped its data translation betiar and its contet
switching behaior. The baseline system for these immments vas the NFS system using null writes
across the BOMIC LAN (the rightmost bar in Figure 1)These impraements resulted in a 30% perfor
mance increaseéWe dso estimated the performance benefits ofriteng the XDR interéce in the style of
Macklem[6], i.e., inlining all function callsSuch If XDR werhead vas completely remad by such inlin-
ing, throughput could approach TCRds. We dd not implement Macklems’improvements, because we
focused our ébrts on @aluating nev system performance enhancements.

To demonstrate that impvements to the protocol implementation can invergerformance in a real
system, we incorporated a high speed RAM disk into oureseaad tested our impr@d protocol.
Although the performance imprements were less than for disk-free operatiory there still substantial:
an 18% write throughput increas@his completely utilizes seev bandwidth, considering that the netiw
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All values are w&rages of 25 repetitions of writing a 64 gabyte (MB) file
between tw SPARCStation 20/71 wkstations running SunOS 4.1.3 con-
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paper

interface and SAM-300 share as

The paper is structured as falls: Section 2 discusses our file systemirenment. Sectior3
explores client implementation and design and describes the NFS optimizefiecison 4 discusses the
performance of the prototypel @MIC file sener. Section 5 discusses relate@drk, and Section 6 summa-
rizes our conclusions.

2. TheTestbed and Pototype Implementation

In order to preide the request/response file system communication to support frequent small file
accesses, theTOMIC file sener was deeloped using Sun NFS as a starting poiNES is also a good
choice because it is an intaece description, which alls our optimized clients to takadvantages of
improvements made to the local file systems of esvior example a client using the modified NFS pre-
sented here auld benefit from using an NFS sernthat implemented the embedded inode and grouping
optimizations described by Ganger and Kaashoekff3o, in order to hee real users for our prototype
system there were considerable benefits to maintaining the NFS semantics that are understood by our users.

As our &periment (in Figure 1) demonstrated, the protocol implementation bottlenecks of NFS are
only visible when high-bandwidth hardwe is in place Our testbed, which is used for all theperiments
described in Section 3, uses SuM\REStation 20/71 wrkstations for both clients and sers. Thehosts
are connected by Myricos’implementation of the POMIC LANI[3], Myrinet[8], which exhibits full
duplex link rates of 640 Mb/sec, and a measured process-to-process TCP throughyedss & 88
Mb/sec. NFSis not netwark-bound in this testbedNull disk writes ensure that disk bottlenecks were



avaded; havever, without disk writes the system is impractical.

The prototype AOMIC file sener, used for all the xperiments described in Section 4, adds a
SAM-300 RAM disk made by éxas Memory Systems to the servThe SAM-300 uses 512 MB oast
random access memory to emulate a disk, which eliminates delays due to the mechanical subsystems of
rotating disks.The RAM disk maks the system practical for real ud&hen the SAM-300 is used as a
local disk it can sustain a write throughput of 84.5 Mb/sec from process to disk using the SunOS UNIX file
system. Thighroughput is considerably higher than our null write NFS performance.

3. Protocol Optimizations

Much of our vork involves tuning the client implementations, which use more CRiles than
seners. Oumeasurements indicated that clients were fully utilizing their CPU, so ouniempent eforts
concentrated on impving the useful wrk done by that CPUSpecifically we set out toveid unnecessary
data structure translatioweheads and conteswitch overheads.

We dso shav that the XDR impregements suggested by Macklem[6] could im@dNFS throughput
to nearly TCP throughput, if theemove dl XDR overhead. Thids certainly an optimistic upper bound.
Although we belige these optimizations to befettive, we dd not implement them throughout our system
because we focused oufafs on n&v improvements.

Improving data structure translations piged the lbilk of our improvement, a 25% throughput
increase. Thigmplies that the primary bottleneck in the system is CPUWedrdata copies.However,
reducing conte switches by creating a single-threaded client had a noticedbt# eh throughput and
offers an opportunity to tune the transfer implementation further

3.1. OperatingSystem Integration

Reducing the cost of a data type wasion between a representation used in the virtual memory
(VM) system and one used in the netking subsystem increased NFS performance 2%%anslating
between data structures used by the VM subsystem and therkietyvsubsystems resulted in axire
copy. Remaving the &traneous copresulted in impreed throughput.

SunOS implements an igeated file system cache/virtual memory system. When file data is written
in SunOSs, it is put into a VM page of memory and redrllirty It is ectually written out to secondary stor
age either when the paging system needs to reclaim the page, or when the file is flushed from the file cache
explicitly, for ekample by aloseor syncsystem call.

The SunOS netarking system xpects packts to be composed afitufs and the translation from
page to mbf can require a data cgpwhich implies &tra CPU @erhead. Usingluster mioifs can &oid
this overhead for NFS data paets. Clustembufs associate an mbstructure with a ggion of memory
and can be used to link the VM pag#rectly to the mbf for encapsulation into an RPC patkMore
aggressiely using cluster mbfs to aoid data copies on outgoing data yiced the majority of our perfer
mance impreement.

Using cluster mbfs for incoming data is ditult because pa€its must be parsed by the operating
system in order to decide which should be stored in clusttsig a cluster mif avoids a cop if the sys-
tem can put incoming data into its final destination directly from theanktdevice. Unlesghe packt can
be eficiently parsed in neterk device memoryit must be copied to main memory so that the CPU can
demultipleit. Oncethat copy has been made, a second isunidable. F& systems hee retwork devices
that can support such early demultitey.

Cluster minfs are a knen optimization, bit they are not commonly used on the client side of NFS.
The tra CPU @erhead incurred by using standardufsis maskd by the netark and disk bottlenecks
in other emironments. Usef cluster miofs impraves NFS performance significantlyet it may adersely
affect paging behaor, because the clusterVM page remains pinned and dirty until the data in it has been



written to the NFS seer. We moticed no such problems in outperiments, bt our experiments were not
exhaustve.

Bandwidth (Mb/sec)

[

-

[

=

_

[

[

[

' . Tl

o oo + ATOMIC file server (protocol) —— |

20 ‘f NFS (protocol) -------- j‘

‘ [

‘ [

10 — B

‘ [

‘ [

oL _______ R o L B
10K 100K 1M 10M

File size (Bytes)

Figure 2 Performance Improvements
Averages of 25 writesarious sized files. The @inonment described in Section
2 is uised. ATOMIC File Sener” is SunOS NFS with the imprements of
Section 3.1 and 3.2. applied, and with disk writes disabled at ther S@&#S”
is SunOS NFS modified to not write to disk. Standardatien error bars are
plotted.

Figure 2 shars the 30% performance increase yielded by reducingwirdead of the data transla-
tion, and reducing comteswitches as described in Section 3.2. Although the iweprent is most notice-
able for lage files, there is significant impm@ment for all sizes. Each point is theeeage of 25 trials of
writing various sized files.

During this eperiment, files were written in 32 KB blocks to minimizertel crossing \erhead,
which accounts for the flat performance at lidle sizes. All the points on the flat part of the cerwere
files that were written in one writeVe wsed the relatiely large 32 KB luffers in this &periment to con-
centrate on the fefcts of protocol werhead.

Data structure translations are often encountered in systems tlgght@etiernel subsystems, and
must be carefully tuned for high performandéne data structure translation from VM data structure (page)
to networking data structure (noif) is an &ample. Asa matter of practice, such translations must \etue
ated for eficiengy. Another method to address this issusuldl be to use feer, more unified data struc-
tures in lernel subsystems to reduce the number of translations and bottlenecks.

3.2. SystenDverhead — Context Switches

The current implementation of NFS uses process parallelism to pipeline data transfer requests, which
results in considerable comteswitching. Using an alternate implementation of the data transfer protocol
reduced contd switches by more than 40%.



Optimizing for throughput requires ¥iag multiple data requests outstanding to fill the bandwidth-
delay pipeline between the senand client.In NFS, data transfers ardesfted via Surs RPC protocol[9],
which, in SunOS 4.1.3, alles only one request per process to be penduynOS achiees request paral-
lelism by using multiple processes, calleidd processes, each running an instantiation of the RPC proto-
col. This is a common technique for file systems, especially NFS systems, and other transaction-based ser
vices. It is used because it simplifies the code for data traastebecause marfile system requests are
not dependent on each other

Context switching concerns aside, using a multiprocess implementation ties the number of outstand-
ing requests to the number of running biod procesgepractice the maximum wingosize, i.e., the num-
ber of packts NFS can he autstanding, is figd at boot time by the choice ofinonary biod processes to
start. Reconfiguringn NFS client to use\ieer biod processes in response to a change irorietw serer
state is rarelyif ever, done. Althought is possible to &ry the number of biods in use dynamicatiyging
S0 requires either the coordination of running biods or the addition of a biod controller process, either of
which adds complaty to the design.In our single-threaded system, the number of outstanding requests
allowed, or windw size, is a parametgwhich can be easily manipulated dynamically

To reduce the conxt switching werhead of using multiple processes, we modified the implementa-
tion of Sun RPC to run in a single process andnaitaltiple requests to be outstanding. Creating such a
data transfer mechanism in SunO&swstraightfornard, because Sun RPC is designed tonalioch an
implementation[9]. Theeplacement protocol sends and reegidandard Sun RPC messages, using the
transaction ID to associate requests with responsiésS was modified to use our single-process RPC
implementation instead of biod processes.

When NFS uses the single-threaded RPC, the process that is requesting the read or write sends the
message, caches information about response handling, and returns, rather than dispatching a biod process to
send it. A single process is responsible for rgngiall the responses, resending lost requests, and freeing
or filling VM pages. Conte switches are sa&d when a client sends a request, because there is no interme-
diate step of communicating the request to a biod process and dispatchinthen a client recees a
response fger contat switches are incurred as well, because the vecprocess may remain aeti ©
receve eveaal messages, each of whicbuwld hare required a conte switch otherwise.

Corverting multiple processes to a single process is similar in spirit and implementation to the use of
continuations in Mach, and related systems[IDje state of each incomplete NFS transactioref kn
the single process«plicitly as a continuation rather than implicitly in the process stédakDraves & al.
point out, this reduces the code size of our implementation in addition to reducing the numberxof conte
switches. Hwever, we anly optimize the biodxecution; there are no stack handsof

We mmpared the single-threaded implementation to the multiprocess (biod) implementation across a
range of windw sizes. Bble 1 summarizes the data for the transfer of a 32 MBdilgng the windas
size. Thesystems do not include the gogvoidance described in Section 3.1.

The single-threaded system slsa 4% impreement compared to the best biod throughput, and a
40% reduction in cont switching. The \alues compared are circled in the tabkes the windev gets
larger, the single-threaded reo@ig process can process more dskper contd switch.

Corverting to a single-threaded model enables further enhancementsxample, the number of
outstanding requests iswa@ variable in a single process rather than a function @f imary biod pro-
cesses are runninglhis could allev the ATOMIC file sener to react dynamically to changing netl
state more simply than a multiprocess NFS implementatidgrihls is not implemented yet.

3.3. DataEncapsulation and Prtability

Macklem has shen that XDR implementations in theetnel are often a significant source wém
head[6]. XDRis a standard data encapsulation method used to communicate betwees auvclients
running on diferent hardwre[4]. Heobsered significant increases in throughput of an NFS system



Biod SingleThread
Window
Size Throughput  Conte¢ | Throughput  Contd
(Mb/sec) Switches (Mb/sec) Switches
3 41.0 9302 a7, 4951
4 425 8587 5 %529
5 44.1 9107 44.2 2226
6 45.1 8586 44.6 2242
7 @ @5 44.9 2227
8 4470 9469 44.7 2220

Table 1: Summary of Context Switch eductions
Averages of 25 writes of a 32 MB file usingrious windev sizes (or numbers
of biods). The evironment described in Section Zsvused. “Single thread” is
the single-threaded implementation, and “NFS” is SunOS NB@&h imple-
mentations hee dsk accesses disabled at the sen&tandard deiations are
omitted, lut were on the order of tenths of gabits/sec or tens of conte
switches. Circledralues are comparisoraiues.

running under the 4.3BSD Reno system after replacing the subroutine calls that implemented Y&BR con
sion with macros.Rather than repeat hisork here, we attempt to estimate the impact that such an
improvement would hae o the ATOMIC file sener. Although we estimate the impact of this
improvement, we focused on ineknel implementations of thewwemprovements described in Sections 3.1
and 3.2.

We ompare user el programs that model NFS writa@hanges, Wt with different data encapsula-
tion mechanisms. Onesksion encapsulates the data via XDR routines, the other by simplarkétyte
ordering routines.The simpler encapsulation is moré@ént due to aoiding the werhead of the function
calls to the XDR routines andktea data copies therein, as predicted by Macklem. The functionality of
XDR is provided by both.One reason the usewé Sun RPC routines lwva a tigher throughput than the
NFS protocol throughput is that hdo not marshal their data to mafs as the &rnel routines do.

Figure 3 shars the result of anxperiment in which 64 MB of data is transferredlués are reported
for multiprocess pipelinedersions that mimic NFS biod process&¥e mmpare process pipelining to pro-
cess pipelining rather than using a single-threaded implementation becausaivie isolate XDR er-
head. Thdightweight encapsulation is capable of matching TCP data transfer speddst, the dect of
multiprocess transfer mak the aggigete throughput of the 8 processes higher than that of a single process
using TCP

This eperiment suggests that careful implementation of the data translation routines could boost
throughput considerahblyAlthough we did not narite the lernel as Macklem did, we ya shown that user
level processes can be optimized to daliconsiderably better vathroughput than XDR prades without
loss of functionality The eperiment is encouragingubidealistic. The useflevel processes need not
interact with other &rnel systems; implementations in tlegriel may not shwthe same imprement.

3.4. Summaryof Client Issues

Our periments on NFS ka cemonstrated the tangible performance benefits of a protocol imple-
mentation that is sensi# © processor utilization. Using single-threaded protocol processing is more
appropriate than using hgaveight multiprocess pipelining, and thaboaling corversion between incom-
patible lernel data structures increases NFS throughphiése impraements increased NFS protocol per
formance by 30% and there igidence that it can be combined witkisting work, such as Macklers’
macro implementation of XDR to impre performance furtherThe performance impvement from each
optimization is shan in Table 2.
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Figure 3 XDR vs. simple data encapsulation
Averages of 25 simulated 64 MB file writes. Standardiat®ns are omitted,
but are no more than 3% of the mearcept for the 8 process custom applica-
tion which had an 18% std. deThe lager standard deation is because that
application had noticeable losses on some runs, which necessitated retransmis-
sions. No disks are used. UsevdeSun RPC and custom UDP reliable data
transfer are used.

Optimization Throughput
Name (32VIB file, no disk writes)
SunOS Implementation 45.3
Contet Switch Avoidance 47.5
Copy Avoidance (and conk switch aoidance) 56.9

Table 2: Impact of optimization
Because copavoidance is the lgiest fctor in impr@ing performance, it implies that more system
time is spent in copng data than in comté switching. However, using single-process RPC has benefits
beyond cont&t switch reduction. Code size is reduced and collecting the multiple process state into one
process encourages optimization of that state, e.g. bettecdtdrol.

This section has described impements to the implementation of the file system data transfer mech-
anism. Becausthe section is concerned with impnog the protocol implementation, no diskasvused,
which results in a system of only academic interddte folloving section discusses a prototype that
includes a RAM disk that can takdvantage of the protocol imprements discussed here.



4. Implementationwith Storage

To demonstrate that the protocol changes translate to real performanceaments in the prototype
file sener, we compare its throughput to SunOS NFS with asynchronous disk writes on the samardardw
The prototype system consists of the code described in Section 3 andraeg@iipped with a SAM-300.
Note that in this section all writes at the ssrare asynchronous including those of the SunOS NFS.
Unless asynchronous writes are implemented, as in N#Siovi 3[5], protocol performance issues are
moot, because the system performance will be limited by thesdigichronous write performance, as seen
in Figure 1.

A direct comparison of the TTFOMIC file sener and an asynchronous SunOS NFSesds/shavn in
insert_ref f write . Both systems used identical haate, including the SAM-300.This eperiment
directly measures the imprements in the NFS softave in a usable file systenthe ATOMIC file sener
outperforms unmodified NFS across the entire range of file sizes fromlaldbytes to multi-mgabyte
files, which confirms our protocol results.
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Figure 4 Write thr oughputs for the ATOMIC file server and SunOS NFS.
Protocol bandwidth is the bandwidth of the system when write requests are dis-
carded at the seev Standard deiation error bars are plotted.

This difference in throughputs between NFS without disk writes NFS the SAM-300 is due to interac-
tions between the nebsking subsystem and the file systenor Example, writing files requires syn-
chronous updates of metadataereif the data writes are asynchronous, which can stall the data transfer
pipeline. Tansferring data from mifs to file cache blocks requireoik by the serer, which is another
example of hav data structure translation issues ari§he SAM controller and the TOMIC network
interface card share the same I/@stn our file serer, which increases theverhead of arbitration for that
bus, as both inteaices are trying to transfer data simultaneously

The ATOMIC file sener is limited by the bandwidthvalable at the seer. To demonstrate this we
compared a well-tuned TCP data transfer program to T@&VAC file sener on the same hardwe. The
TCP program transfers data between processes at nearly 90 Mbfsgheh this data as written to a file



by the receiing process the throughput approaches tROMIC file sener throughput. Results are
reported in Figure 5.
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Figure 5 T CP throughput vs. AAOMIC file server t hroughput
TCP protocol is a process to process data transfer that discards data, TCP to
SAM writes the receed file to the SAM as it is recad, Modified NFS and
NFS write the file to SAM.One TCP process is used, 4 biod processes are used
by NFS and 4 requests are aliedl to be outstanding by th&@MIC file sys-
tem.Standard dgation error bars are plotted.

Both the AOMIC file system and the TCP file transfer fully utilize the systdihe netvork inter
face and the SAM-300 are both attached to the SBus, andiprapproximately 85 Mb/sec eachlow-
eva, file data must traerse that bis twice, so the approximately 45 MB/sec represents a full utilization of
the bandwidth ailable to these peripherals.

We kelieve tat the TCP file transfexhibits higher throughput at small file sizes because it does not
have the averhead of caching within theeknel. Asdescribed in Section 3.1, NFS does not immediately
begin sending data to the servwhen a file is writtenThe block is cached first and then forced out on
page reclamation or close operatioRCP data does not Y& this initial stall in its pipeline.As the stall
becomes less significant, the throughputsveme, indicating that wer the long term both systems fully
utilize sener bandwidth.

5. RelatedWork

The ATOMIC project is vorking to scale a traditional disttited computing esironment along the
bandwidth axis, in which small file accesses are comrRXID systems are anotheray to achige high
throughput by striping data across clusters of disks[Thpy are inapplicable to our @itonment because
they perform best under the sustained loadilftated by lage files, rather than thautsty load of wverksta-
tion users.Furthermore, accessing a RAID across a nstvwentails all the softare problems addressed by
the ATOMIC file sener.



The ratio of CPU pwer to netvork bandwidth in our efronment requires the FOMIC file sener
to male consenative dhoices in data transfer systems. Rather than the transaction-based approach to data
transfer that the FOMIC file sener uses, some systems adate a streaming data protocol such as TCP to
transfer files. This technique, used by NFS/bds, haswsh@romise, especially on machines usimgyv
powerful CPUs[12]. However, the added werhead of cowerting the data from an undelimited byte stream
to operating system structures and realigning data in the absence of specializedehsr@PU intenge
at the client. The work described in this paper foungigting data translations to be in need of optimiza-
tion, so adding additional translations seems counterproducti

The ATOMIC file sener addresses the problem of utilizing netkvbandwidth. Other systems that
use the same request/response communication model concentrateddtsioafadding functionality to
the file system, and optimizing other parameters, Xample impreing caching or ilability. Such sys-
tems include NFS, AFS, the Sprite file system[13], the Spring file system[14], and Ficu$H&].
ATOMIC file sener optimizes such a communication model for high bandwidth access.

Scaling for throughput has been the goal of some file systemapbin the coventional worksta-
tion ervironment. TheExtensible File System(ELFS)[16], NFS/bds[12], and numerous RAID-based sys-
tems[11] are xamples of high bandwidth systems. These systems are in use in supercomprgar en
ments, which hee less lbirsty workloads, and hosts with morewperful CPUs. Because most scientific
visualization and neterk of workstations evironments ghibit architectures and avkloads that areery
similar to supercomputing ginonments, the are equvalent for the purpose of this discussion. Zebra[17]
and the xFS seerless file system[18] ke addressed the issue of high throughput in a clusterookste-
tions ewironment. Suchsystems are optimized for the demands of supercomputing applications that
require access to lge data files rather than the small file accesse®dfstation users.

The ATOMIC file sener is based on an implementation of the NEBsMn 2 specification[2], which
has been superseded by the NEESs\Wn 3 specification[5]The most important change with respect to file
transfer bandwidth is that asynchronous writes apdictly supported by ¥rsion 3. This is a prerequisite
for ary high-bandwidth system based on NH8.most other aspects, the techniques applied to the SunOS
NFS \ersion 2 implementation are applicable tg aimilarly structured NFS ¥&fsion 3 implementation.
Such implementations should consider the benefits of reducing data structure translations anhd conte
switches. Implementatiorshould also also implement data encapsulation systéitierly.

6. Conclusions

We havedescribed seeral optimizations to a netwked file system designed to &akdvantage of
emeging high-bandwidth LANs.These optimizations ke improsed Sun NFS protocol throughput by
30%, and when applied to a full system fully utilize setvandwidth.Prototype performance impres by
18% compared to SunOS NFS using asynchronous writes on the samarbardw

Network clients were tuned toveid extraneous data type translations and cdansevitches. Reduc-
ing data type translations resulted invéz data copies which impred performance by 25% when disk
writes are ignored.Reducing the number of comteswitches by corerting the implementation from a
multiprocess model to a single-process model ingarquerformance another 4%The single-process
model also d&rs nev opportunities for dynamic control of file system bandwidth.

We dso shaved that there is promise in inlining data encapsulations inTAGVC ervironment, as
proposed by Macklem[6]Streamlined data encapsulation impa data transfer speed to that of TCP

The protocol enhancements were then tested in a functional system including a high-bandwidth RAM
disk, and the systemas found to use the full bandwidttiadable. Thesystem preides common file sys-
tem semantics while fefring high-bandwidth remote data accesdthough this vork was carried out on
an NFS system, the general principles\afiding unnecessary data translations and process-based pipelin-
ing should be generally applicable to the implementation of otheoriefie systems.
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