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ABSTRACT
Until recently,large mainframesand super-computers
were consideredessentialfor powerñrl
scientific batch computingservicesrequiringintensivetape usage,large well-manageddisk
storage systems,high throughputand maximum reliability. However, this situation has
changeddramaticallyover recentyearswith the appearance
of RISC-basedworkstationswith
performancecharacteristics,at least for scalar computations,comparablewith the fastest
mainframesbut with an order of magnitudebetter priceþerformance.At the same time,
competitivelypriced workstation-class
disk and tape systemswith adequateperformanceand
reliability have become available. Combined with newly-developedIANs and Gigabit
networkingsolutions,it is now possibleto provide scalableand integratedmainframe-class
serviceson workstationplatformswith the UNIX operatingsystem.
Previouspapers
-suchhavesummarizedCERN's work over the past two yearsin developing
and introducinþ
serviceson a large scale. The latest iystem ii called SHIFT, o7
ScalebleHeterogeneous
IntegratedFaciliTy. The SHIFT facility performsa wide range of
scientificdataprocessingtasksincludingmanywith high I/O requirèmentsand is compaiable
il C.pU,capaciiy
to thetERN computeicentãr. Simiiarsystemiare now beingbuilt-within
the budgetsof smallerinstituteswhich previouslyhad to dependon remote-university
or
nationalcomputingcenters.
. Tltt presentpapergivesa shortreviewof the SHIFT project's goalsand architectural
principles,and a detailedaccountof the networkingandsoftwaredesignand implementation
problemsthat were encountered
and solved.
Bacþround
The work describedin this paper was initially
motivatedby the appearance
on the market of inexpensiveprocessors
and storagesystems,using technology developed for personal workstations,but
which had performancecharacteristics
comparable
with thoseof traditionalmainframes.
CERN Central ComputingEnvironment
CERN is the EuropeanLaboratoryfor particle
Physicsand is host to many physicscollaborations
using the laboratory'sacceleratorfacilities,physics
data from the experimentalparticle detectorsare
recordedby onJine data acquisitionsystemsand
written to IBM 3480 cartridges.
The dataare organized in eventswherethe size of an eventvariesfroni
10 KBytesto 200 KBytes. Analysisof the raw data
Mainframe

is canied out both at the CERN computercenterand
at collaboratinginstitutesthroughoutEurope.
At CERN, computer systems used for data
analysisare benchmarked
in units called CERNCpU
Uzdrsusing a representativesuite of High Energy
Physics codes, written in FORTRAN. For comparison,a VAX 1,11780
is ratedat about0.25CERN
Unit. Note that only scalarCPU power is compared
in this paperas CERN's workloadis not generally
vectorizable.
Curently the CERN computercenterprovides
threemainframeservices,as shownin Table 1.
Approximately 807o of the mainframe CPU
goesto batchwork. Most batchjobs requireaccess
to tapes.The CERNtapevault houses150,000tapes
and cartridgeswith an equal numberof tapesstored

cPU(cu) Disk(GB)

CrayVMP.48

a)

50

IBM 9000/900

t20

400

Vax9000-410

9

50

3480Tapes 8mm Tapes
6 manual
4 robotic
38 manual
8 manual
10 robotic
I manual

Table 1: CERN- CentralMainframes
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outsidethe vault but in active use. A robot with a
capacityfor 18,0003480 cartridgeshandlesapproximately 20Voof.the mount requests.Round-the-clock
manualmountsare the responsibilityof operations
staff.
Into this environment,a batchproject basedon
RISC workstations was initiated two years ago.
Begínning with a single APOLLO DN10040, the
project has grown substantiallyand now forms an
operationalservicewhich exceedsthe total deliverable CPU capacityof the central mainframes,The
service is collectively known as the Centrally
OperatedRISCEnvirontnentoÍ CORE,and hasthree
cornponents:
SHIFT, CS4 andHOPE.
SHIFT The SHIFT systemforms the subjectof the
presentpaper.It is a generalpurposefacility
for jobs with a broad range of I/O requirements and which require access to many

Gigabytesof online data. SHIFT workstations are networked via both Ethernet and
UltraNet.The SHIFT CPU and disk servers
are currently SGI Power Series340 workstations and the tapeserversare SUN 4/330s.
CSF The Central SimulationFacility or CSF is a
platform for CPU-intensivework with low I/O
requirements. The service runs on 16
HP90001720machineswhich are networked
via Ethernetandwhich havefull accessto the
SHIFT tape service. To the end user, CSF
systemsare seenas a singlebatchfacility.
HOPE The HOPE service is an earlier system
basedon 3 APOLLO DN10040machines. It
is for CPU-intensive,low I/O work and it will
be phasedout during the courseof 1992 as
HOPE workload is tàken over by CSF.
HOPE is a joint project between HewlettDisk (GB)

SHIFT

cPU (CU)
100

HOPE
CSF

50
150

10
10

Service

150

3480Tapes 8mm Tapes
6 manual
2 manual
2 robotic

Table 2: CERN- CentralRISCServices

shift
gsrl|.
lrÞ.a
añd Þbol

Analysis
Facility

Simulation
Facilities
16H.Pe00G'720¡

CSF

Figure 1: CERN- CentrallyOperatedRISC Environment
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Packard andOPAL, a large physicscollaboration basedat CERN.
The current configuration for the centrally
operatedRISC-basedworkstation batch servicesis
given in Table 2, and also indicatedin Figure1.
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currentsize of the CERN computercenter
o The batchservicequality shouldbe at least as
good as mainframebatch quality, operatein a
distributed environment,and have a unified
priority schedulingscheme
¡ Provide automaticcontrol of disk file space,
integratedwith a tapestagingservice
o Providesupportfor IBM 3480-compatible
cartridge tapes, Exabyte 8mm tapes, and other
developingtape technologies,with acc€ssto
CERN's automaticcartridge-mounting
robots
a System operation and accounting to be
integrated into the CERN central computer
services
o The architectureshould also be capable of
supportinginteractivescientificapplications

Project Goals
The goal was to developan architecturewhich
could be usedfor generalpurposescientificcomputing, could be implementedto provide systemswith
excellent price/performancewhen compæed with
mainframesolutions,and could be scaledup to provide very large integratedfacilities, or down to provide a systemsuitablefor small university departments.The resultingsystemsshouldpresenta familiar and unifiedsystemimageto their users,including accessto many Gigabytesof disk data and to
Terabytesof tapedata: this is what we imply by the
word integrated.
The goals of the SHIFT developmentwere as
follows.
o Provide an INTEGRATED system of CpU,
disk and tape serverscapableof supportinga
large-scalegeneral-purpose
batchservice
o Construct the system from heterogeneous
componentsconformingto OPEN standardsto
retain flexibility towardsnew technologyand
products
I The system must be SCALABLE, both to
small sizesfor individual collaborations/small
institutes,and upwardsto at least twice the

SHIFT Architecture and Development
The SHIFT systemhas been outlined in earlier
papers11,2,31.A prime goal of the SHIFT project
was to build facilities which could scalein capacity
from relatively small systemsup to several times
that of the combinedpower of the CERN central
mainframes. To achieve this, an architecturewas
chosenwhich encouraged
separationof frrnctionality.
This allowed modular exrensibility,flexibility, and
optimizationof eachcomponentfoi its specifiðfunction. Figure2 showsthis schematicarchitecture.
The principal elementsof SHIFT are logically
divided into CPU servers, disk servers and tape
servers, with distributed software which is

c
p
u
s
e
f

v
e

b
a
c
k
r

f

¡

s

a
n
e

Figure 2: SHIFT A¡chitecture
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responsiblefor managingdisk space,staging data
betweentape and disþ locating stagedfiles, batch
schedulingand accounting. Theseserversare interconnectedby the bacþlane, a very fast network
medium used for optimized special purpose data
transfer. A detaileddiscussionof the bacþlane's
requirementsand properties is given later in the
paper. The bacþlane is connectedto the site's general purposenetwork infrastructureby meansof an
IP router, providing accessto workstationsdistributedthroughoutCERN and at remoteinstitutes.
An emphasisthoughout the project has been
on softwareportability, to allow flexible choicesto
be made for hardwareplatforms for each system
component.Such choices can then be made using
the mostup to dateevaluationsof cunently available
products. Addition of further system types to the
existing configuration is regularly reviewed. No
major difficulties are foreseenin incorporatingany
UNIX basedsystemsto SHIFT. As an example,a
changefrom DEC to Sun workstationswas made
very quickly during the developmentof the system
tapeservers.
We believe that the modular approach we
adoptedwas also the key to the very short development timescalewe achieved.The designstudiesfor
the SHITT projectbeganin mid-1990. In parallel,
the technicalevaluations'of variousworkstationand
networking products were undertaken. By September1990,code developmenthad begunand orders for hardwarehad been sent out. The first local
testswith SGI Power Seriesworkstationsconnected
via UltraNet took place at the end of December
1990. A full productionenvironmentwas in place
by March 1991. Softwareand performanceimprovementsr,veremadethroughout1991 and a decisionto
doublethe SHIFT CPU, disk and tape capacitywas
taken in November 1991 and canied out in earlv
7992.
The Backplane
A critical issuein the SHIFT designturns out
to be the need for a high performancenetwork: the
bacþlane. Its aim is to provide to CPU servers
remotedisk and tape I/O facilities with as good performanceand as low an overheadas I/O to locallyconnected
disksandtapes.
Our simulationsof SHIFT configurations
and
workloads were used to comparevarious modern
LAN technologiesas backplanecandidates. They
showednot only that Ethernetwas entirely inadequate,but that even FDDI would preventscalingup
to large SHIFT configurationsdue to its limited total
bandwidth, as well as by its low delivered perinterface bandwidths which result from (today's)
high CPU and system overheadswhen running
TCPIP over FDDI. Thus only smallSHIFT sysrems
can usean FDDI backplane.
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Approximate backplane requirementscan be
illustrated by the following simple calculation: a
mediumI/O boundphysicsanalysisjob, runningon
a nominal1 CERNUnit powerCPU, is estimatedto
read about20 KBytes/secof data from disk, and to
write up to half of this amountback to disk before
completing. This translates to an aggregate 3
MBytes/secbackplanerate for a 100 CERN Unit
system doing remote disk I/O. In a worst case
scenario,all of this disk data must be stagedfrom
tapebeforehand,and the resultswritten back to tape
afterwards,doubling the backplaneaggregateto 6
MBytes/sec. If now heavily I/O bound jobs are
included, this will multiply the aggregate still
further: to avoid network congestiona bacþlane
peakcapacityof 15 MBytes/secis considered
necessary to supporta generalmix of I/O intensivejobs
running on this medium-size 100 CERN Unit
configuration. Thís already exceedsFDDI's possibilities.
Equally significant is the CPU consumption
incuned by such data rates using presentlyimplementedFDDI interfaces.Taking the nominal aggregate of 6 MBytes/secfrom above, and noting that
two networkinterfacesparticipate in eachbackplane
transfer, a total of t2 MBytes/sec of interface
activity is presentundermediumconditionson a 100
CERN Unit system. Measurements
of variousFDDI
implementations
at CERN have shown that between
2 and 6 CERN Units of CPU are neededto drive 1
MByte/secthroughtodays' FDDI interfaces,translating into a figure betweenVl and72 CERN Units for
12 MBytes/sec,
or an averageof 50Voof installed
CPU capacity.
Finally, the peak per-interfacedata rate available will affect the number of networked units
requiredto assemblea SHIFT configuration.Ilsing
the figure of 15 MBytes/secpeak backplanetraffic
(i.e., 30 MBytes/secof peak interfacetraffic) on a
100 CERN Unit systemwith full tape*disk sraging,
we find that the total interfacetraffic breaksdown
into 7.5 MBytes/seceach of CPU server and tape
server traffic, plus 15 MBytes/secof disk server
traffic. In order to satisfy theserateswith a reasonably small numberof servermodules(say about3 of
each type), we require sustainedinterfacerates of
between 3 and 5 MBytes/sec.Today FDDI can
achieveonly abouthalf of thesesustaineddata rates
under normal productionconditions,thus forcing the
use of many server modules (particularly disk
servers).
The current solution for the large SHIFT
configurationat CERN is to use UltraNet [a] equipment for the backplane,as this product includes
special purpose protocol-processinghardware on
each interface,plus several times the FDDI total
bandwidth. Equally importantly,it supportsthe most
widespreadstandard TCP/IP application interface
(BSD sockets).
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However,the optimal use of UltraNet requires
some specialunderstanding.
First of all, UltraNet is
designedto assiststream-typeapplicationsand is not
very effective for datagram or small packet-size
transfers.Thus file accessvia streamsockets,with
large record-lengths,is well supported whereas
accessvia NFS is not. This was well understood
from the start, and fitted our model of remote disk
and tape I/O on condition that such accessesare
sequentialand use large record length; this is the
case for High Energy Physics analysis programs,
which typically userecordlengthsof 32 KBytes.
Table 3 summarizesthe performancecharacteristics of FDDI and UltraNet, for simple
m€tnorye¡¡emory transfers. It shows ultraNet's
dependenceon blocksize and (in the final column)
the relative FDDI and UltraNet CPU costs of data
transfer, expressedas the number of MBytes/sec
achievableper single fully-loaded CPU. It can be
seenthat an UltraNetblocksizeof 128KBytes,even
undersuch test"conditions,
is much more effective
than one of 32 Kbytes,During our detailedperformance analysis,128 KBytes was found to be an
optimalchoiceunderactualoperational
conditions.
SoftwareArchitecture
Four areas of software development were
identified in order that the SHIFT systemscould
offer a scientificcomputingenvironmentcomparable
to that of a conventionalmainframe.
Sink
UltraNet:

scr 340s
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Distributed Batch Job Scheduling The Network
QueuíngSystem(NaS) is used on SHIFT for
batch job submission,control and job status
enquiry. As the physicsworkload is located
on severalmachines,the batch jobs must be
scheduledevenly across all CPU servers to
maximizejob throughputand CPU utilization.
In addition,usersexpectto see consistentjob
turnaroundtimes. To achievethese goals, a
load balancingschemewas incorporatedinto
NQS.
Distribution of Files The SHIFT filebaseis composed of many distinct UNIX filesystems
locatedon different hosts acrossthe network.
Current technologiesin distributed file systemsare unableto satisfythe demandfor data
throughput. Moreover, these distributed file
systemsusually do not allow frle systemsto
spreadover more than one machine,A Disk
Pool Manøger (DPM) was developed to
managethe SHIFT files and filesystemsacross
the network.
RemoteFile AccessCurrent distributed file systems have performancelimitations when used
for demandingapplicationsover high speed
networks such as UltraNet. A specialized
RemoteFile Input Output (RFIO) iubsystem
was developedtaking into accountthe underlying networkcharacteristics.

CPU (Sink)

MB/1CPU(Sink)

4.7
8.8
10.5
11.3
11.8

35Vo
2wo
I4Vo
72Vo
9%
8Vo

8
23
62
84
122
140

Source

Blsize(KB)

MB/sec

SGI 32OS

10
32
128
256
512
1000

)9,

Cray/LSC

SGI 34OS

20
200
2000

3.1
5.5
6.0

4Vo
lVo
1.Vo

80
550
600

Sun4/330

SGI 34OS

20
200
2000

2.5
3.4
3.5

20Vo
L47o
73Vo

t3
24

a)
a)

2,2
3.0
3.2
2.4
2.1.

40Vo
68Vo
60Vo
45Vo
80%
65Vo

11

FDDI:

sGI3205
scr 320s
Sun4/670
Sun4/670
DEC 5200
DEC 5200

DEC 5200
Sun4/670
SGI 32OS
DEC 5200
SGI 32OS
Sun4/670

32
a)

32
32

4.5
s?
<,)
2.6
2.6

Table 3: UltraNetvs. FDDI Performance
(memory..6emory)
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Tape AccessHigh Energy Physics computing at
CERN makesextensiveuse of IBM 3480 tape
. cartridgesfor the storageof data from experiments. A 3480 cartridgehas a capacityof
200 MBytes. Exabytecartridges
are alsoused
to a smallerextent.Thesehaveup to 5 Gieabyte capacitybut wirh a datatranùer rate s;bstantiallylower thanthe 3480.
UNIX systemshave been traditionally weak
in the area of tape support, one exception
being the Cray UNICOS system. A portable
tape subsystemtû/asdevelopedto managea
range of tape devices attachedto different
hosts. In addition,a remotetapecopy utility,
RTCOPYwas developed
which couldbe used
in the distributedenvironment.
The subsequent
sectionsdescribeeach of the
four areasin moredetail.
Batch SystemEnhancements
The Network QueuingSystemNpS is a facility
for job submissionand schedulingacrossa network
of UNIX batch ¡¡¡orkers.At CERN, it has been
portedto numerousworkstationplatformsand useful
enhancements
havebeenaddedsuchas limits on the
number of jobs run for any user at one time, an
interactive global run limit, the ability to move
requestsfrom one queueto anotherand the ability to
hold and releaserequestsdynamically. Moreover,
CERN has implementedin NQS the ability to have
the destination
serverchosenautomatically,
basedon
relative work loads across the set of destination
machines.Userssubmitjobs to a centralpipe queue
which in turn choosesa destinationbatch queueor
initiator on the leastloadedmachinethat meetsthe
jobs' resource requirements. If all initiators are
busy,jobs are held in the centralpipe queueand
only releasedwhen one becomesfree, In addition,a
scriptrunningaboveNQS holdsor releaseswaiting
jobs with a priority basedon their owner'spastanã
currentusageof the SHIFT service.
Disk Pool Manager
The SHIFT data frlebase comprises manv
UNIX filesystemswhich are located on any of thä
SHIFT hostsacrossthe network. In order that users
see a unified data file space,the notion of. a pool
was created.A pool is a group of one or several
IJNIX filesystemsand it is at thepool level that file
allocationis madeby the user. Poolscan be much
larger than conventional UNIX filesystems even
wherelogical volumesare available.Poolsmay also
be assignedattributes.For example,a pool usedfor
stagingspacecan be subject to a defined garbage
collection algorithm. The pools in SHIFT are all
managedby the Disk Pool Manager. The pool
Manager balancesdisk space when creating new
files and directoriesand it may be usedto locateand
deleteexistingfiles.
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The interfaceto the Disk Pool Manager is via
UNIX user commands. The sfget commandallocatesa file of a given size within a specifiedpool.
The commandreturns a full path name for the file
basedon the conventionthat all SHIFT file systems
are mountedgloballywith NFS on the mountpoint
lshíftlchost name>. If the file requestedalready
existswithin the pool, sfget simply returnsthe path
namewithout allocatingany space.Other commands
are provided to list, remove and managefiles. In
addition,a user-callable
garbagecollectorhas been
implementedwhich maintainsdefinedlevels of free
spacein a pool. This is usefulfor physicsdatastaging where data are copied from tape to disk before
beingaccessed
by userprograms.
The design of a central Pool Manager has
provedlimited and, in particular,did not scalewell
'ü/ith the rapid growth of the filebase. The first
implementationwas for a filebaseof 40 Gigabytes
whereas.there
are currentlyover 100 Gigabytesconnected. In addition, problems arose from the fact
that not all userswere using sfget to allocate files
and file systemusagegrew outsidethe control of the
Pool Manager. To counterthis problem,file system
scanswere incorporatedto reflect the actual status
and the resultswere stored in a centrally managed
table. Overall performanceis still a problem with
the centralizedDßk Pool Manager and a project is
now underway to rewrite the softwareusing a more
distributedapproach.
RemoteFile VO System
The RemoteFile VO system(RFIO) provides
an efficientway of accessingremotefiles on SHIFT.
Remotefile accessis also possibleusing NFS but
RFIO takes accountof the network characteristics
and the mode of use of the files to minimize overheads and maximize throughput. RFIO maintains
portabilityby usingonly the BSD socketinterfaceto
TCP, and thus operatesover UltraNet, Ethernet,
FDDI or other media. RFIO transmitsVO calls
from client processesto remoteRFIO daemonsrunning on all SHIFT hosts.
RFIO is implementedwith both C and FORTRAN interfaces.ln C, the systempresentsthe same
interfaceas local UNIX VO calls: rlio-open opensa
file like open(2), rfio_read reads data from a file
like read(2) etc. Most High Energy Physicsprograms are written in FORTRAN, and usually interface their VO via one or two intermediatelibrary
packages.RFIO hasbeenincorporatedinto these,so
its usage becomes completely transparentto the
usersof theseprograms.
RFIO was treated as one of the key performancefactorsof SHIFT. When a detailedinvestigation of systemperformancewas undertaken,a major
effort was madeto reducethe operatingsystemoverheadsincurred by RFIO. This is describedin the
sectionbelow on SystemPerformance.
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Magnetic Tape Support
High Energy Physicscomputingmakes extensive use of IBM 3480 and Exabvte8mm tape cartridges. The initial approachfór tape u..ãr. on
SHIFT was to accesstape units connectedto the
Cray UNICOS system. Subsequently,a portable
UNIX Tape Subsystemwas designedto satisfy all
SHIFT's requirementsin the area of cartridgetape
access. The subsystemruns on all SHIFT hosts to
which tapedevicesare connected.
Portable UNIX TapeSubsystem
UNIX systemsusually offer a primitive tape
interfacewhich is not well adaptedto a multiuser
environment.Four basic functionì are typically provided:
o open(2)
o read(2)
o write(2)
r close(2)
Several ioctl(2) commandsare also provided but
there is no operatorinterface,label processing,or
any interface to a tape managementsystem, The
SHIFT Tape Subsystemoffers dynamicconfiguration
of tapeunits, reservationand allocationof the units,
automatic label checking, an operator interface, a
status display and an interface to the
CERN/RutherfordTape ManagementSystem. It is
written entirely as user code and does not require
any modification of manufacturers'driver code. It
currently supports StorageTek's4280 SCSI tape
drive (an IBM 3480 compatible)as well as Exabyte
8200/8500drives.
Automatic tape file labelling is not providedas
this can only be done by modifying the tape VO
driver. Instead,a set of user callableroutineswere
written to perform the sametask. In practice,most
tape VO is done by using a tape staging utility,
RTCOPY which hides details of theseroutinesfrom
the user.
Tape Copy Util¡ty, RTCOPY
To provide tape accessfor every SHIF"I CPU
and disk server, a tape copy utility RTCOPY was
developedwhich allows tape accessacrossthe network. Internally RTCOPY uses RFIO soft\¡/areto
maximizethe data transferspeedand thus minimize
the tapeunit allocationtime. RTCOPYintelligently
selects an appropriatetape server, by polling all
known tape seryersto query the statusof their tape
unit(s). RTCOPY supplies any missing tape
identification parameters by querying the Tape
Management
Systemas needed.RTCOPYthen initiates the tape copy, informs the user when the
operationis complete,and dealswith error recovery.
Software Maintenanceand Distribution
The SHIFT software is distributed to many
sites outsideCERN and the distributionand maintenanceacrossdifferentplatformspresentsa new challange. We currently support SGI Irix 3.3.3,
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Sun3/SunOS
4.1.1,Sun4/SunOS
4.1.1.,Sun 4/SunOS
4.L2, UniCOS 6.1., DomainOS,VAVUltrix 3.x,
DecStation/IJltrix 4.x, RS 6000/AIX 3.2, Hp
9000/HP-ux 8.05.
Our experiencehas shownthat UNIX tools like
make(1) and sccs(1)are only a partial solution to
the problem of software maintenancein a heterogeneousenvironment. For example,make does not
supportconditional rules, and subtle differencesin
operatingsystemversionsare hard to deal with. We
are currentlyinvestigatingthe imake(1) tool usedby
the X11 consortium for maintaining our software
suite.
SystemPer{ormance
During the designphaseof the project, performanceestimateswere madeusing a straight-forward
simulationprogramusing data obtainedfrom benchmark programsrunningon limited test configurations
(made available by potential suppliers and other
organizations). When our own hardware was
installed,thesetests were repeated,placing a great
deal of emphasison what we believedwould be the
major performanceissue,the UltraNet performance.
Our initial configurationhad only two disk channels
and we were thereforeunable to perform ft¡ll-scale
disk performancetestsand were contentto extrapolate the disk performancefrom simpletests.
Thesetestsled us to assumethat r¡/e would be
able to supportan aggregate(multi-stream)data rate
betweena two processorSGI 4Dl320Sdisk server
and a four processorSGI 4Dl340S CPU server in
excessof 6 MBytes/second
with less than 60Voutilisationof eitherthe disk server'snetworkinterfaceor
its CPUs (and thereforeincurring no seriousqueueing problems). In practicewe installed a four processordisk server,and so assumedthat this aggregate performancetargetwould be easily achievable;
we thought that our secondperformancetarget, a
single streamremotedisk data rate approachingthat
of a local disk, would be much more difficult.
When SHIFT was initially commissioned,the
job mix submittedwas more or less as had been
expectedand the performancewas adequate,satisfying the aggregatedemandof about2 MBytes/second.
However,due to a changein physicsemphasisafter
somemonths,many more VO intensivejobs began
to arrive and,in spiteof the presenceof the UltraNet
backplane,the networkingperformancewas now
found to be quite disappointing.Instead of rising
accordingto our estimates,we were seeingnetwork
dataratessaturating
at just over2 MBytes/sec
on the
running systems(which were of course heavily
loadedwith batchcomputationand disk and Ethemet
I/O), and at about4 MBytes/secwhen doing multistreamRFIO undertest conditionsbetweenunloaded
SGI4D/340's.
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Investigationshowed that the UNIX system
load had become the factor limiting performance.
This was much higher than we had predicted,and
we assumedthat it was due to the RFIO protocol
and the architectureof the RFIO server. We therefore begana seriesof improvementsin theseareas.
The systemoverheaddue to UltraNet is to a
good approximationthe same when transferringa
fe\¡/ bytes or hundredsof kilobytes.We also noticed
that thereis a strongdependence
of UltraNetperformanceon networkblock size, and we showedthat in
a generaloperatingenvironmentthere was optimal
performancewhen using a 128 KByte block. This
led to the implementationof a bufferedmode of
operationfor RFIO reads,which now hansfer 128
KBytesacrossthe networkwhen usingUltraNet.
At the same time we embarked on major
refinementsto the RFIO protocol, with the aim of
minimizing the number of system calls required.
The initial version of the RFIO protocol had been
very straightforwardand robust, simply mapping
local FORTRAN and C file I/O calls to remote-calli
on RFIO daemons.This resultedin manvsmall-size
network transactions(e.g those mappingfile seeks,
ll0 completions,etc.) being interspersedwith
transfersof userdata.
The computingworkload which we expect to
supporthasa numberof'specialfeatures:
o the application record size is normally 32
KBytes;
o more than 90Voof I/O operationsare reads;
o most programseither read recordsfrom a file
sequentially,or in a skip-sequenti¿lmode.In
the latter case, the programuses a directory
which containssomephysicscharacteristics
of
eachof the recordsin the file and pre-selects
a list of the recordswhich areof inierest.The
progam thenprocesses
this list sequentially.
The RFIO protocolwas thus re-designed
with
the following improvements:
a As far as possible control messageswere
eliminatedby piggybackingrhem along with

NumberofstreamsI

t

the datatransfers.
o Three read access modes which could be
specifiedby the userwere defined:sequential,
pseudo-sequential
andrandom,
o Sequentialfile read accesswas optimÞedby
using buffered read-aheadwith 128 KByte
data blocks: the serversimply loops, reading
from the disk and writing 128 KBytes to the
net\¡/ork.
o Pseudo-sequential
readingof files usesa preseelcprocedurecall which enablesthe user to
provide a vector containinga list of {record
address,recordlength) pairs. This list is forwæded to the serveri which pre-readsand
blocksup the requireddata. The RFIO client
returnsit to the user programin responseto
appropriate
seekandreadrequests.
o In random mode, the client requests each
record in turn from the serveras directedby
the applicationprogram.
o The mode selectedby the user is merely
advisory in the sensethat the result is functionally correct even if the application
. changesmode without informing RFIO. The
mode selection is required only for performance.
Tests showed that a factor of about two had
beengainedin RFIO performanceas a result of this
work. Most of this improvementwas due to the use
of record buffering and læge 128 KByte blocks
(which of course itself implies a certain level of
read-ahead).
Table 4 shows the aggregate data rates
(Mbytes/sec)achievedfor two modãsof transferfor
the initial and improvedversionsof RFIO:
Under test conditions,we rwerenow able to
achieve our target data rate (aggregate 6-7
MBytes/second),
but this requiredso much of the
disk serverCPU that we could not achieveit under
realistic productionconditions. The RFIO protocol
was now as simple as the test programsusedin our
initial benchmæks,and so we realizedthat our original method of estimatingthe performancemust be
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Table 4: AggregateRFIO Data Rates(Mbytes/sec)
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flawed.tù/e had beenblindedby the assumptionthat
the difficult task was the network performance,and
we had neglectedto study the disk performance.
Only at this stage did we carry out full scale disk
performancetests,and this immediatelygave us the
answer to the problem, On the main SHIFT disk
servers(SGI multi-processorPower Series 4Dl340
systemsrunningIRIX 3.3.3) it was found that the
CPU cost to perform a given unit of disk I/O (e.g.,
relding 1 MByte) increaseswith the system ioad.
After detailed studiesby the manufacturer,this is
believedto be due to contentionfor the internalbus
linking CPUsand memory. The load on the bus can
be reducedby using direct llO. This methodcircumventsnormal file systemoperationsand avoids
lhe copy from kernel buffer to applicationbuffer.
Table 5 shows the improvementin both aggregate
data rate and, more significantly,in CpU coJiwtrictr
rs now constant.
Table 6 shows the results of a seriesof tests
which read from disk and write their data to
UltraNet using filesystemI/O and direct I/O. We
are investigatinghow to exploit direct I/O within
RFIO in a productionenvironment.

Numberof streams
Using File SystemI/O
AggregateMBytes/sec|
CPU cosrsec/MByte |
Using Direct I/O
AggregateMBytes/sec|
CPU costsec/MByte |

Baud,...
Current Serviceat CERN

The SHIFT service at CERN currentlv has
about 400 registeredusers from two large piysics
collaborations.Scripts have been implemented to
handlemost of the repetitive taskssuõh as accounr
creation, automatic code updates, architectureindependentcompilationand linking, tape staging,
remotejob submission,job query and file transfei,
systemand user accountingand so on. Usageof the
service is expanding.Table 7 summarizessome of
the currentservicecharacteristics
i
As the SHIFT configuration expands, the
number of physics groups given accesôwiil also
grow. It is expectedthat the SHIFT capacity will
again double this year, with extra CpU, disk and
tapeserversbeingaddedin a modularway.
Conclusions
We recognizedfrom the start of the project that
networking performancewas a major challenge if
SHIFT were to be able to handleI/O intensiveþroblems. But we had not realized that free protocol
progessingwas not the only answerto that problem;
in tgct operatingsystemoverheads
remaintñe major
challenge.Our initially simple remote file access

1

2

4

6

1.8 | 4.t | 7.3 | 7.8 |
.rS | .t8 | .29 | .gz |

8
7.s
.4t

1.8 | 3.8 | 7.1 | 9.2 | 10.8
.o¿ I .04 | .05 | .Oo | .06

Table 5: CPU Costof Disk I/O
Numberof streams
UsingFile SysremI/O
AggregateMBytes/sec|
CPUcostsec/MByte |
Using Direct I/O
AggregateMBytes/sec|
CPUcostsec/MByre |

1

a
L

4

6

8

1.S | 3.5 | 4.3 | 4.7 | 5.1,
.20 | .24 | .27 | .sz | .qO
1.5 | 2.8 | 4.g | 6.5 | 7.4
.os | .10 | .10 | .rr | .rg

Table 6: CPU Cost of Disk and NetworkI/O combined#

Usersper day
Batchjobs per day
Tapesstagedper day
Datastagedper day (Gigabytes)
MTBI (hours)1 Apr 91 - L Apr 92
CPU CurrentlyUtilized

50
150
150
25
150
50

Table 7: CurrentSHIFT ServiceProfile
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protocol,implementedon high-performance
UltraNet
sockets,requiredfundamentalmodificationand tuning, taking advantageof somecharacteristics
of our
user applications,before it reachedacceptableperformance. Moreover, to maximize total aggregate
throughput,it is necessaryto bypassthe traditional
UNIX file systemhandling.
Another problem area we have encounteredis
that of disk unreliability and repair.A fifty thousand
hour MTBF figure soundsgood for a SCSI disk unit,
but with over a hundred such disks installed this
translatesto a failure every few weeks. We have
learnedthat we need RAID technologyand/or disk
minoringtechniques
to dealwith suchissues.
Overall,the system'susersconsiderSHIFT to
be successfuland are increasingtheir investmentsin
such equipment. The CERN system is running a
wide variety of physicsproductionjobs, and has
confirmed our belief that such an approach is
entirely practical and economic for many physics
computingapplications.Even thoughfar from being
fully loaded,the current SHIFT is processingabout
8,000CERN CPU Unit-hoursof work per week, for
which it is mountingover 1000tapes(and transferring aboutL50 Gigabytes)of physicsdataper week.
The associated
systemsCSF and HOPE are processing an additional20,000 CERN CPU Unit-hoursof
low I/O work per week. For comparison,the CERN
centralmainframesdeliver a total of about 20,000
CERN CPU Unit-hoursper week.
The CERN centrally operatedRISC facilities
are alreadydeliveringone and a half times as much
physics computing as the conventionalmainframe
systems.We considerthat the SHIFT goals listed
earlierin this paperhave beenmet, and that inexpensiveRISC basedworkstations,
suitablydeployed,
can now be used to provide reliable large scale
scientific computingservices.
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