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Abstract:

The SpriDg Operating Syst<m prov;des high perlamance dynamic linIdDg of progxam images. SpriJ>g uses ca<:hiD8 of
boch fixed-up Jl108Iam images and partially fixed-up shm:d libraries tomake dynamic linIdDg of progxam images efli­
cieDt., to reduce the need fer PIC (positioo._iDdependent cOOe). and to improve page sharing between different progtam.
images l'UDDiDg: the same libraries. The resnlt is th.a1 with JX081am image caching. dYD!!'!T!ically-1iDked }XOg1alDS have
a start-up cost similar to statically-linked progxams regardless d.. the omnber of unresolved symbols in dynamjcally­
linbd program images aDd sha:red libraries. In additioo.. with libnlry and program image caching. we have reduced
the need fer PIC and haveinaeased _ shariPg.

Note: Spring is an imemal code name only.

'-"-MIS 29·01
2SSO Garcia Avenue
Mowtain V:U:W. CA 94043

-.ai1ad~

DJic:bae.1.1aeIsoa@eDg.5Un.ee-n
gabam bpnj1tor@cuJ.SllD.oom



High Performance Dynamic Linking Through Caching

Miclu1el N. Nelson Graham Hamilton

SUD Microsystems Laboratcries, Inc.
2550 Garcia Avenue

Moumain VlCW. CA 94043

1. Introduction

Dynamic IiIlkiDg d. shared librarles is lISl:<I ill ....modem UNIX" systemS. These systemS illcIude.1DlOIlg
ochers. the sunOs"" _ [2J mI SVR4 [11]. Dynam;c IillIcing has several good JXupenies:

• Umesolved symbols in aprogram do DOt have to be resolved UD1il the JrO&iaw is 18'!ll'lC'!rtllhis dcxzases tbe
time to blild an image.

• Shared lilnries do DOt have to be swically booDd into aprceram image thus saving disk space.
• Sharecl.1iJ::nrics caD be shared between many executing i:m.ages Ihus reducing memay costs.

• P,""'.... images CIll take adv_ ofDeW releases of shared libraries _ beDlg >ebuilt.

Uufmunately. by deferring the liDkiDg afprograms top'ogtam start-up time. md possibly even ron time. dyD.ami~
ca1ly.li:Dked. pogtar:ns start slower than mricJlll.y·liDbd projt&i1LS.. This depadatiaD wasbelieved to be an ac:c:eptINe
alSt to pay fer theadv_ d. dyDaDDclillkiDg. However. wilh the _ d.1aJlguaps such as C++. thennmber of
symbols that IDDS1 be:resolved at nm time is dramatically .i:J:Icreasi:oa dms.i:J:lcreasi:oa the start-up time of dynamically­
lillk<d__to~levels.

This paper describes the dyDaDDc IillIcing 1'dDJ«:'ln mI imp1emen_ ill SprizIg. a DeW cIisltibolod object­
<aim"'" t¢tlliog sysum. We had six main goals for the S)XiDg dyDaDDc IillI=:

• Substantially reduce the start-up time fer dynamically-linked images
• Maimoin a high dope d. _ shariDg beto....diffaeat images l'llDIIillg the same liInries
• Provide a dynamic liDkiDg 'Il!l'Vntioo that pc:zfexms wen even wbeD. die ID:DDber ofJPkatahle symbols iDcreases

dmnatic:aDy.

• RIm S1D1OS binaries CIt Spriag.
• Support existing sunOs IillI<lIgo ....antics.
• Have DOll-PIC (positica-independent code) libraries aud maio progtams witbout significantly impactiDg pogtam

start·up time or page sharing

The S)XiDg dyDaDDc IillIcing iySlml de'aibed ill Ibis paper achieves ali six goals by cx!ring fully liDked pr0­
gram images arid paItiaJly fixed-up shared libraries. After a dynamicaDy-1iDktd pogtaw is run mce.. fatme m..dJmCeS
d. the _ .... will teqDite no dyDaDDc Iillkillg. aDd ooce a shared liInry is lillk<d for 0Il0 program. subsequeut pr0­

grams that use the same shared lilnry will1illk much .... qu;ddy.
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Spring Operating System

The rest of this paper is aganW:d as follow~ Sectioo 2 provUles an overview of dle SpriDg Openting Sy.­
Sectioo 3 presents related wa:k; Sectim 4 de:saibes the SunOS dyuamic l.ink:ing impJemenrarioo.; Sectioo. 5 describes
the Spring dynamic l.ink:ing implementation; Secticn 6 gives some pedcrmm:::e measurements; Sec:tiaJ. 7 looks at !be

relevance of this wail: to otbcr operating sys101Ils; Sectioo 8I"oposes fuI= wen: aod Section 9 offen """" conclu­
sions.

2_ Spring Operating System

SpriDg is adistribuled. mulli-lhreadcd ","'''''in8 sysIem tlw is stt1IcllIred around dle DOlian ofobjects. ASpring
object is an abstractim thatcontains stale aod provides a set-ofoperaIioos tomanipulate that Stale. The descriptim of
an object aDd its operatioos is 80. inUrfou 1hat is specified in an inurjace dejiniticn language. The inlrrf-=e is a
sttongIy-<yped contsaet_!be server ("""",",,"t(Ir) aod lhe client ci' lhe object Since SpriDg is object-aiewed.
it suppooslhe D<Xion of inurf""e inhoIitance. An inlErlace Ihat acx:eptS an object ci' typefoo will also accept a sub­
closs offoo.

A Spring domain is an address SPQU with a collection of thnads. A given dcmain may act as the server of scme
objects aDd tbeclientaf other objects. The se:rve:raD:1 tbeclieDt can he in tbesamedal:naincrindiffereDt:domains.m
the latter case. the lcpesmtmm of die object iDclodes an UDforgeable nnclens door identifier that identifies the
server dexnain [3J.

The SpriDg kemelsuppoos basic acos-<bDain invocations. lhreads. aod JZOYidcs ba>ic vinual DlOIIIay _fclr
DlOIIIay mapping and physical DIl:Dt(IrJ' mm.....' [6]. Atypical SpriDg Dodo runs sev<nl '"""'" in additioo to lhe
kemel as shown in Figure 1. All services are expc:rted via objects defined using the jn1erfw:e definitim Imgnage. In
geaeral any mJJeaicn d servers may reside in the same ex' in di:f£eran dccnajns The decisim m where to run a par­
ticnla:r server is made for adminisrraziOll.}a'OCeCticD. aDd pedexmll'rQ': n:ascm. aDd is inctcpeTlO'ic;nr mthe jnrrrfaa:. of
the service.

C-j8C=:-) @~;;)

~(~ct~C=)
C=)CB@
I ......

RGURE ._ Major system~ of a Spring node

ll. UNIX Subsystlm

Spring can nul most dynamicaJly-linkr.d StmOS binaries using aUNIX snbsyslcm [5]. This iDcbxles basic
UNIX progtams such as cat and csh and mere sepbisricated progtams such as opmwindows and most X appJic'Mioos
The UNIX subsystem oonsists of two pans: a UNIX process serve< tlw is responsible fclr managing process ids. ptys.
sockets. and signals between pnx:esses. aDd a shaIecl.library Iibue.so that rouains code to emulate all UNIX system
calls. When a sunOs dynamicaDy-liDked binary is roD OIl SpriDg. the libc shared library that is used to dynamically
link. tbe binary is aet:Il.Illy a copy of libue.so.
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3. Related Work

Dynamic liDkiIIg .... first lIsed mlbe MuIlics (9) 0lllI TENEX [7) opcraliDg syslaDS.lIowcver. it .... DOt lIsed
mmainsaeam UNIX sysIOmS 1Illtil1be Syslem V [I] 0lllI SODOS (2) sysIOmS aided c!yDamic IiDkiDg _ More
=tIy. SVR4 [11) 0lllI BP-UX [10] pr<>Yidod dyuamic liDkiIIg _ sitniI2r to Ibe SlIIlQS dynamic liDlciDg archi­
tecture.. we wiD describe tbe sunOs implrmenrarim in detail in Section 4.

The DIOtim ofcaching previously run pogtams has been used in past UNIX sysr.cm.s. Early versioos of the
UNIX S)'Sl<m had Ibe _ d Ibe"sticky" bU. H lIDs bit was set. _Ibe progaw would _cached mmemay
after it exiJed The next time that die progtam was nm it woold DOt have to be loaded into JDeIDm'Y. However. to the
best eX em knowledge. this same SlIIIegy of caching previously nm. progtams has DOt been used fa dynamically­
Iiok<d proglams. TIms. every time that a dynamically·1iok<d progxam is nm it DIDSl be reliDIo:d fran scm:h.

4. SunOS Background

10 this sec::tion we will examine SunOS dyDamic linking ~ will first exsrnim the nocioo ofpositioo-IDdepen­
dent code ad .iIs e:ffectivmess OIl c++ code. 1ben we will exam inr: bow sunOs pedlXDlS dynamic IinkiDg. aDd finally
we wiD ex"lrine SIOIDe libnrles aDd prog:taws to get some iDsjght iDto what needs ID be dcme to pezf<ml efficient

dyDamic IiDkiDg <lI1 SJriag.

4.1. PIC~t<Ade)

The Sun"'cxxnpiIors _two flavcn d _code: pmricwH!q>mdmtcodeOllll po<itioD-iOOepn.....
code.~ code is tbedd"e1LIn~c:odetbec:ompiJermakes DOaaempt tDminimjze

the DlIII1bcr eX fix-ups that DIDSl be 1*4£' Iicd at dynamic liDk time. Typically me~knrimwill be rtqUiJ:ed fer each
source c:ode lefie:a:w:::e 10 anextr:m.J symbol

InPIC.lbc txtmpiler IDd dle swic: liDkcr cwspixe to auempt tomitrimjze abe uumberd. Jdcx:;atioos thai: must be
perl<lDDOd at c!yDamic IiDk time by gIaIpiog as many erena) Idi=x:es as possible iDIo tableo. SO that ..... is a siD­
gIe ,efet""'" to..ch_boL The code that.... tbese symbols__ (usiDgPC-Jdative addteasiBg) lhroogb
tbese tables.. Fer"ample. ratber thin peDQI1IIing a dim;tptttdme call PIC will load ID. addressfrom.m indm:dim
tablo OlllIjmnp lhroogb that-....

PIC has twoIdv_ FUst. it todDoes Ibe JIIJ(Dber d dyuamic IitlIoI&e ,..Jratims that _ to be perf<lDDOd
siDoe a widely use1poc:echae still CDlyeDds up with me table emry tbalDeeds to beIPkr","", Secood. itl1so
_ Ibe DlDDber d"",", that will be npd..... by !he ,.)orari.."...... !he tablo _ Ire eIusl=d cIoldy
t~ Red•• jng tbenumberofp.,e~ is very i:mpclrtaD1as thismnimj?M tbe DlImbe:r eX physical pages that
can be shIled bet.__ell! users d Ibe library.

4.2. PIC aDd C++

PIC SI-' e ssfuDy minimi2P$din:ct.~ lefeteuces to reJccataNe symbcis by IddiDg a lcYel«
iDditcaicn. Hawevc:r. this iiplXoach CIDDOt be~ to le!e:ttAeS from. pogtatu daa.1fa given me:may Iocarim is
"'I'Jl'l""I tocootain apo;- to a giva1 ",_Iesymbol _Ibe ........... canoot simply add .Ievd d __
ticu. This is DOt ntrmaJJy a signifrant problem. for C programs as it is relatively rare for Cdata S1l'OCOJICS to be
ckclared with poinIers CO poc:edwes or otber da1a.
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SunOS dynamic linker this is auseful optimizarlCll. fa oor dynamic linker it is nor.. However. it is DOt DCJIlIla J1y a
problem. except for aVo symboIs "_erma" and "_job". both afwhich tcDd to berefcreIred in h1raries as well as in
the maiD progI:am. Even far these symbols tbcre is DO real problem fa libraries dlat are ccmpiled PIC. since the am·
piler and static IiDke>c ensure that there is ooIy a sD!gJe rofe=ce to each of lhese symbo1s in each PIC library. How­
ever we wamed to be able to boild oar priocipallibraries DOll-PIC so as to avoid me. space and time penalty caused by
PIc.

In a be= wa:ld. we might I01iJlI: all of lbe SunOS progxams wilhoullbe"-<Ie" op_ However. ooe of lbe
goals of the Sprirlg UNIX subsystem. is to ran standard StmQS binaries nncbangrd lhos, we decided to canpile PIC
thooe affecIed Iibue modules.

5.5. Paging Behavior

The Spring dynamic linkiJlg strategy relies heavily 00 cheap copyiDg ofvinualmemory _IS usmg a copy­
oo·write virtDal IDCIIKXY imp1emclltatim where the physical pages are iDilially shared between the "copies" and are
ooly really copied when awrite is peda:medooooc of-the twomemay segments

A library is initially copied mm a disk file to a provisXloally _-lip library and is tben copied a oocood time
to becnne part of a fully fixed1p image. Ncxmally ooly Ibese two copies are oec:essllIY. but if the linla:r image is
being debugged a third copy~ occur to generaIe a writable progtam image. Additiooal copies may cx:alr doe to
UNIX I'J1'Il11arjoo fcxks. Fortmwe1y. the Spring VM system has DO problems coping with multiple levels of COJ'Y-OO­
write slwing [6].

Bolh Spring and lbe sunOs__ to shao dynamic library paps__ images. However.
there is ooekey diffe=oe. The sunOs _ copies lbe library fust and tben petfoons lbe fix-ups independendy in
eacb. process 1hatuses the library. 'Ibis means that it is iwpcxbWt to minjrnize the omnberofpages that are nmtated by
fix-upo. as lhese paps willllOl be shared.

The SpriDg dynamic 1iDke>c. 00 lbeodahand.1ries topetfoonmost fix-upo eady and lbencopies lbe_-up
library. This is possible because an ...... of lbe libnry willlood it atlbe same virtualJDO.Dlory -..s. Now. ifSpriDg
bas toundo and redo its fix-ups. tben we pin nrching H_.iflbe povisiooalfix-ups JroVe _Ie. lben we
have~~ lbe ....berofpllysical paps dial can be _between..... of lbe library. A1.lbe very
least. SpriDg's strategy ofeaching <allire 1ixed-up imaaes will ioaease lbe _ of sbariDg between two pocesses
running lbe same image, as lbey can boch beoefitfrom the same 1ixed-lIppaps.

5.6. Spring LiDk...~

The acnw dynamic linkiJlg of imaaes is dcae by ,separate linkor_ain This domain inlplemezus a linker
objec::t that it~ in a wel1.kJ:own place in the SpiDgnamiDgservice. Wbe:n a new ptogIam is to be ran 011 Spring.
the parem. domain invokes the link operationon a liDla=robject. 1be 1lJWlliCUts to tbe link operatioo. ioclude amemcxy
object dIalreposemslbe pogram image and a naming COllleltt to use to fiDd _libraries; Ibis naming cooleal is
analogous to the sunOS iooder hlnry path. Af1I:r lbe linkor domain IiIIks lbe image. itmums ,list of<memory
object. address> pairs. The parent domain lben maps these JDO.Dlory objects at the givm-= in a new -.m
and starts the oew dcmain executing

The 1itlker-.m inlplemems lbe exiting of fully Iinkod poogr"",, aDd partially fixed-up libraries. When !he
linker dcm.ain is asked to link a prOgJiID it checks its image cac:be. If tbe memory_object that. is beiDg liDked is the
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Perlonnanoe

same as a previously li:Dked image and the cx:mtext that is being used to fiDd libraries is the same. then the linker
domain will consider this a cache hit. The linker can dett:rmine if two mer:tlCJ'y objects ex coorexts are equivalent by
following asecure object equivaleIr.e prolOC01. This protrx:ol requires twoaoss~ calls for each equivalence
check.

Tbe linker da:nain saar.egy for determining if there is ahit on the image cache will be curect as loog as the COIl·

lCllS of the COD/eXt used 10 find libraries does notchaD"oe. If_libraries are bound illlo the COD/eXt used fa IiJllcing.
then the l.inker may get afalse cache hit. IfDeW libraries are bound into the name space tbe:n the linkt.:r cache must be
flushed to take advantage cL these libr8ries. SiDce iDstalliDg DeW shared libraries should be afairly uncxmmcm. occur·
renee, we believe that our sduticm is IeW'llabie. However. in aderto eljminate the need for linkt.:r cache ftushiDg. we
plan to implement 1be mc.e aggteSSive sdntion to cacbe oobereDcy described in Sectioo83.

In additioo. to the image cache. the linker domain also maintajns aca::beofpartially fUed-up libraries. When the
;,.,age cache is missed. the ;,.,age most be linked against a set of sbaredlibraries. Fa each sbaredlibnry. the IiDker
domain uses the caJtext given to the link ope:raticn to resolve the .name of 1be hbna'y to a :memCxy object. The linker
then checks 10 see if the memay objectisequivalem 10 the memory objectfa any cached libnry.1f it is then the
IiDker can use the already cached libnry.

6. Performance

This Se<ti0ll provides _ of dyllllDlic liDkiIlg pez:fmnana: OIl Spring and sunOs 4.13. n.c.e mea­

sm=eotsweretal<enOllaSPARCstatiOlllM 10 model 31 with a 36Mbz O'U and 64Megaby1os ofmemay. The
sunOs JlDIDbers include all of the linlcing that= befa:e the main fuoctiOllis caIlod. TIms.!bey include some fix­
lIpS and the libnry mapping COOlS but do DOt include any OII-demand fix-ups. The SpriDg JlDIDbers include the coat of
fully fixing-tJP the shared libraries and the maiD progtam. but !bey doDOtiDcludc the libnry mapping coat Sioce the
SmOS and Spring mapping costs are sm.all these mappmg costs~ not significant

6.1. I.inking Agaiast a Single Library

Table 3 &bows the time it .....10_ amtll main program OIl SJriog and the SUDOS _ aDd Table 4 &bows
the coat of linlcing some SpriDg programs OIl SpriDg and the SUUOS _ These _ show ......ro
tItings. Firs~ ;,.,age caclting is very eIl'eaive in Jl'O'idiDg low dynamic linlcing coat Ifa progtam;,.,age is cached.
then SprilIg em start-tJP the program in 12 milli5l'XXllllls IeglIIt!leos of thellDlDber ofreIocatioos._. the sunOs
system. which does DOt have image caching, takes fran 22 to 1376 mjJ!jS"'(XYK!s to link a progtatu deponding C.Il the
lIUIIlbez of relocatims in the library.

n.c.e .............. also show the efIi:c:tiveDoss of libnry caching Librzy ea:hing allows the program 10 be
liDked tJPlOfoar times fas"" !baD _ cadring In faa. wUhlibnry cadring. the effect of a !"'ll" IIDIDber of reiD­
eatiolls CG l..iDkiDg perfmnanee is reduced Fer example. even though aDCIl·PIC versim of libspring has five times as
many relocatioas as aPIC versioo. it mly takes 20 to SO pezcem looger to link against a cacbcd DOD.·PIC vezsion of
tbe library. 'Ibis is mu::h better than sunOS which takes over :five times loDger to liDk agaiDst 8 :oon-PIC versim c:4
libspring thm it does to link against the PIC versioo..

Ingeneral. even wiJhoot any cding, Spring is able to link progtams as fast ex faster than the sunOs sym;m.1n
fact when the number rJ. relocatable symbols gets.1aI:ge. Spring can dynamirnlly link twice as fast as the SunOS sys.

High P&b,.ance Oyn;anjcLiriang"T1Tau!;tl CllctW1g



trm even when Deitber the image DOC' the library is cacbed. Spring's better performance is due to the faa that the
Spring dynamic liDker caches and reuses symbol resolutioos during the fix",,!, phase.

Libnory Spr1o& SPrin& Spring
Compiled Prognm Library Nothing

Library PIC'? SonOS Cached Cached Cached.
libspring Y.. 182 "" 12"" 90"" 185 ""
libspring No 1008 "" 12"" 136"" 57601$
lib< Y.. 22"" 12"" 6S"" 73 ""
lib< No 197 "" 12"" ",,,,, 235=

TABLE 3. UrI<ing A NULL Progam

There is 0Dec:ase where wilhouterling SpriDgis mudl slower than the sunOS system: when tbeDU1l-progxam
is liDked against a PIC versia1 of libc. The poor perl«mm::e CI1 Spring is bec:ause Spring has to perloan all reloca­
tiaIs befcn the plOgxam is run and the sunOs system does not When libraries snch as libc are ampiled PIc. the
SunOS idea d pezf<mliDg fix-ups d procedure refurences OD demand appears to be very effective. However. f",
libraries such as libspring where most relocations are data relocations that cannot be peIfcxmed lazily. tbe SunOS
oplimizatim is DOt very effective.

- 1a..pring - Library Nommg
Prognm PIC'? PIC'? SonOS Cadl<d Cached Cached

"" Y.. Y.. 209 "" 12 IllS 134 IllS 221""

"" Y.. No 1147 = 12 IllS 166 IllS 588 ""

"" No Y.. 291 ms 12 IllS 174ms 272 ""

"" No No 1286ms 12 IllS 212ms 643""
..-gJs Y.. Y.. 239 "" 12 IllS 158"" 252""
eaclJin&..Js Y.. No 1212ms 12 IllS 194"" 615 ""
cacbing..J$ No Y.. 371ms 12 IllS 240"" 335ms
c:acbiD&.Js No No 1376ms 12 IllS 280 IllS 712 ""

TABlE •.
. .

Pm alils on

These measwt:1lkOittS provide agood indicarimoftbeeffectiveDess ofPIC. Withootcacbing, PIC is very effec­
tive in mbring pzq;xam SWt-up time. OrnpiJjng alibrary PIC is much IIKn impcnant than cxmpiliDg aprOgli111

PIc. The di:ffc:rmce in the d:yna:miC l.i.:.a.k:mg cost fa PIC and DCIJ.-PIC vcm(X1S of a progtam is at most 50 pcn:ent.
However. CODlJiiling a1ibrary PIC can rednce !be dynamic linking """by from three to eight times aver DOD-PIC.

WIlh image erling. PIC is canpJetcly mmo essary. In addjrim. IilnIy eaching reduces the necessity fer Pic.
llms.the need ftt PIC will depend OIl a ambinarim d!be hil .... d!be image cache and !be hit .... al!be library
cacbe. On< eq>erience wiIh Spring so fa>- is dIa1 becanse et !beef£eai>eness etom image and library caches. we have
no need fer Pic.

6.2_ MnIlipIe Libraries

The pnMoos measurements were of the cost of dynamically linking a progtam against ODe hlmlry. Table 5
shows lhecostof dynamicaDy li:o.k:ing a null progxaw agaiDst Ibe set of X libraries IibXaw. IibXmu. IibXl, and IibXll
and either Iibc or Iibue .Table 5 shows several in1erestiDg thi.ngs. First. as expected. bach image caching and PIC are
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Relevance to Olher Oper.ding Systems

very effective in improving perl'(JI1DlUJQ> Sermd without im.age cachiDg. Spring is IImCh W<De than SanOS when
the progtam and the X libraries are I.inked against libc. Ooc:e again. the pocr pe:rfmnllON': (Il Spring is because Spring
has topetform all relo::atims befa:e the progtaw cmrtIIl a:od tbe StmOS system does DOt. Sinc:e each :re1cabOO must
be cbed<ed agaiDstJlWly lil=ies. tile dynamic IiDkiIlg _ is very high (much higher _ tile_ shown inTable 3
of linkiDg a DUll program against libc).

TABLE S. Unking Against Multiple X Li>nIries

Lib..,.. SPriD& SPriD£ SpriDa:
Compiled .......... Lib..,.. -.

Library PIC? SDDOS Ca<b<d Cacb<d Cad>ed

lib"" y" 486"" 13ms 424ms 645ms
libue No 3111 ms 13ms 413ms 1017£1$
libc y" 102"" 14ms 416ms 516ms
libc No Jg7"" 13ms 431ms 684"". .

These measmeueuts show the potemial fer the library chaining oprirnizarioo described in Sectioo 8.1 octhe 1IDi~

lied symbol table idea described in Seaim 8.2. Webope me.. opQmizaIiOllS woold allow Spring 10 pcrloon equally
woJl regazdIess of tile DmI1bet d. _ tha1 ... being dYOamX:ally link>d.

7. Relevance 10 Other Operating Systems

In Spring. it was natural to implement the dynamic JiDker cache as a usu·leve1 savic:e. Spina's mia'okr:mel
a:gan;zarim mcmt tha1.im.agje start-up was already handled by user~level1ibnries.1Dd <m focus (Il objects meant
that _ ~ such IS '""""'Yobjeas. could be C<IlVeIIieDlIy passed 10 aDd _ a 1ISeJ.je,eJ semce.

However the basic cadring tedmiqoes we have described do not require auser-level server. A UNIX sysrem
might impIemmt anequivaleot dyoamic Iibnty ca:be as an operlliDg _..rna: that is uaed by tile u<c _
call 'Ibis shaJld provide essentially all the same be:ae6ts as om user-level service.

8. Future Work

Everything desa:ibed in this paper has been implemented.1D 1his sectiaL. we wiD describe three J#'""rial

~ 10 our IiDkiIlg sys1l:tt1.

8.1. Chaining

Some programs are liDked with mmy shared h'bra:ries. For enmple. the X ptogtams such as xurm aDd :xclod
are li:Dked with five shared lilraries.. Whe:Il a fiO&l8lU with many shared hlnries is linked in Sp:iDg. the liDker
d<m.ain will fix-up eac:h library in tom eac:h time diffe:reot progtaws that use the same set ofh1nries are liDked.. One
opti:mizaJ:ion that we could implement is 10 cac:be fixed-up chaim d libraries. 11ms. if two pogtiWS are 1i1U:ecl that
use the same set d libraries in tbesame order. then the secaui lWilamcoold use1becachedsetc:ilibraries that were
fixed·up far the first ptOguuIL As aD example of the cbaining qnimizarjm CUtsider the two programs progA aDd
progB aealed in the following maDDer:

ld -0 progA progA.o X.so Y.so Z.so
ld -0 progB progB.o X.so Y.so Z.SO

12



Condusion

JfprogA is liDked. the liDkerdamainoould cacbe the 6xed.up chain oflilraries <.X.so, Y.so, Z.so>. In this
cac.bed chaiD.X.so will a1ready be fu<ed-up against Y.so aDdZ.so, aDd Yso will a1ready be fu<ed-up againstZ.so.
WhenprogB is linked. theJ.iDkerdcmain will notice that it uses me abeady caChed chain aflibraries <X.so. Y.so,
Z.$o>. Thus when progB is linked many of the l.iDkiDg stepS can be avoided.

8.2. A Ullified Symbol Table

Cw:rem1y. we maintain a separate symbol table for each library in em cacbe. However. apossible alternative
would be to rnaiJuain aunined symbol table for all the lil:raries in the cache. This unified symbol table woold map
each symbol to the set of l.ilnries that impk:meDt it em practice the vast majcrity of symbols are ooly defined by a
siDgle lilrary). Whe:Devt.:r we added a l.ibnu:y to the library cache, we would add its ex1P:mal symbol definitioos to the
unified symbol table.

This unified symbol tablecoald polOmially..,.,,1enle the fiIlallinkiDg stage f<rimages tbaluse.mIIllbe<s
of shared IiIxaries. ClmenIly. we have to sean:h throughea::h ofthelilnries' symbol tables m tum to resolve unde­
fiDedsymbds and tovali.dale that agiven symbol definirioo has not been oveaidden. By doing a siDgle lcdup in the
unified symbol table. we wooId beable to discov'" wIUclllibrarios define tbal symbol aDd delenni... relarively
qtlicJdy which flf lI1If) of thooe library detinitioos to use for the ClIm:Dt image.

8.3. Algi essi..COOeroacy

OuramaLt nw:banism describediD. Secti0ll5.6. for determining ahit in the image cache requires cache flushes
wbm libraries cbacge. We plan to be much mm: agxessive aboat !cr<ping the image aDd library caches_
with IeSpCCt to changes iD.libra:ries. We iD.Jend to implement afully cobereD11iDkcr ca:hc by using a cambinalioo of
"",naming aDd lile caching straIegies [8l.

9. Conclusion

The SpriDg dynamic liDkEruses cw=bing very e:ffectively to impove ped'nDlm'; When adynamically-linked
"''''''cgl",aw.. image is cacbod. _the JAOI!law ClIIl stan up nearly as fast as a statically-1iIlbd P<cglaw. The <m1y diffe,­
e:nce is that tbe:re are moo: mema:y objects to map fa dynamicaJ1 y-1iDb:d progtams. w:t:a.1ibraries are ca::hed.
uncacbed PXogIams can still start up quickly regardless of tbe nambe:r f4 :relocations in a liI:nry. In fact. in the cases
that we have measured m Spring. PIC is DOt necessary for good dynmUc J.iDkiDg pedJnnanc:e

Cm=t UNIX dynamic 1inking impl...."ratioos ..... de<ignrrl for laognages such as C wbere the use ofPIC
ClIIl redua: the dynamic linkiDg costs to an aceeptable 1evel.1lowever. object-orien"'" laognages snch as C++. wiIh
fean:aes such as virtual iDheritmoc, produce images where recbnoIogies soch as PIC are DO looger sufficient to pro­
WIe acceptable dynamic liDkiDg COSlS.In this p"p". we have presenlOd a tM'W ltclmoIogy, cacbing of fu<ed-up_
gram""- and shared libraries. tbal poyides efficient dynamic linkiDg of p<cgl"",, written mthese tM'W object­
oriemed.lmgnages. We believe that DeW operating sys1£m 1edmiqoe:s such as image aud lilrary caeJring. or DeW ccm·
piItt 1edmiqoe:s. are going to bereqniIedm thefumte m onIor to ...... '"""PtabIe dyllawic IiDkiDgpetfmn""",
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