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Abst ra ct

NetworkingsystemssuchasEnsemble,thex-kernel,Scout,
andClick achieve
exibility by building routersandother
packet processors from modular components. Unfortu-
nately,component designsareoftenslower thanpurpose-
built code,and routers in particular have stringent e� -
ciency requirements.This paper addressesthe e� ciency
problemsof onecomponent-basedrouter, Click, through
optimization tools inspiredin part by compiler optimiza-
tion passes.Thispragmatic approach canresult in signi�-
cant performanceimprovements;for example,thecombi-
nation of threeoptimizationsreducestheamount of CPU
time Click requires to processa packet in a simple IP
router by 34%.Wepresent severaloptimization tools,de-
scribe how thosetools a� ected the design of Click itself,
and present detailed evaluations of Click's performance
with andwithout optimization.

1 In t r oduct ion

Modularcomponentsmakesystemsmore
exibleand
extensible.Di� erent compositionsof thesamecomponents
canimplement fundamentally di� erent functionality.Fur-
thermore,theuseof �ne-grainedcomponentswith simple
speci�cationscanmakeasystemeasiertounderstand.Be-
causeof its requirements for 
exibility and extensibility,
anditsdi� culty, networking softwarehasbeenapopular
�e ld for theapplication of component techniques[6, 8,9,
11,13,15].

Networksgetfasterat anevengreaterratethanproces-
sors,however, making the e� ciency of networking soft-
ware ever more important. Even ascomponent systems
makenetworking softwareeasierto program,component
techniquesintroduce ine� cienciesthat monolithic soft-

Permission to makedigital or hard copiesof all or part of thiswork for
personal or classroom useis grantedwithout feeprovidedthat copies
arenot madeor distributedfor pro�t or commercialadvantageandthat
copiesbearthisnoticeandthefull citation on the�r stpage.Copyrights
for components of this work owned by others than ACM must be
honored.Abstracting with credit is permitted.To copy otherwise,to
republish, to poston servers or to redistribute to lists,requiresprior
speci�cpermission and/or afee.
ASPLOSX 10/02SanJose,CA,USA
Copyright 2002ACM 1-58113-574-2/02/0010 . . .$5.00.

warecanavoid.
Onewaytoavoid component overhead istoapplycom-

piler optimization techniquesat thecomponent level. For
example,object-orientedoptimizationssuch asstatic class
analysiscanreduce the cost of communication between
components.Dead codeelimination, instruction or com-
ponent selection, andinlining also have obviousapplica-
tions.

Starting from thisprinciple,wehavedevelopedseveral
optimizersfor Click,asystemfor buildingextensiblerout-
ers from modular components [11]. The optimizers read
Click routercon�g urationsonstandard input,analyzeand
transform themin variousways,andwrite theoptimized
con�g urations to standard output. They are thus easily
combined,much like compiler optimization passes,but
unlikecompileroptimization passes,theywork at thelevel
of router con�g urations.Our optimizations run quickly
andmakerealrouterssigni�cantly faster.For example,the
combination of threeoptimization toolsreducestheClick
CPUtimecostof anIP router by 34%,andraisesitspeak
forwardingrateby 89,000minimum-sizepacketspersec-
ond,to446,000.(On anewerPC,thispeakforwardingrate
jumpsto740,000packetspersecond.)For high input rates,
theperformanceof ouroptimizedClick IProuterislimited
by our I/O system,not by theCPUtimecostof Click.

Theoptimization tools form themaincontribution of
this work. Theydemonstrate that compiler optimizations
canusefully beapplied at the level of networking compo-
nents.In particular, we hope to show that analogieswith
compileroptimizationsandprogramming languagetech-
niquescanusefully guide the design of pragmatic tools
for optimizingmodularrouters,and,perhaps,component
systemsin general.Wealso discusstheoriginal Click sys-
tem's performance issuesand relationships betweenthe
optimizersandClick'sdesign,andprovideadetailedanal-
ysisof theforwardingperformanceof anoptimizedClick
IP routeron severaltypesof PChardware.

In the restof this paper, wediscussrelatedwork (Sec-
tion 2),present aspects of Click relevant for performance

zThis version contains some corrections relative to the version pub-
lished in ASPLOS X. Section 6.2 previously referred to \subgraph
polymorphism", not \subgraph isomorphism".
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(Section3),describeour optimizationapproach in general
(Section 5) andparticular optimizer tools (Sections 4,6,
and7),present performance results (Section 8),andcon-
clude(Section 9).

2 Rel at ed Work

Previouswork hasdescribedtheClick modular router
and the IP router con�g uration on which we baseour
evaluation [11].

Thex-kernel [8] providesaframework for implement-
ing andcomposing network protocols.Protocol nodesin
thex-kernel resembleClick elements.Handoptimization
of x-kernel con�g urations demonstrated that path inlin-
ing, which combinesthe e� ect of our devirtualizer(Sec-
tion 6.1)with inlining,cansigni�cantly decreaseprotocol
latency [12]. Automatic con�g uration optimization isnot
supported.

Scout [13], a successor to the x-kernel, wasdesigned
for routingandhigh performancenetworking,rather than
protocol composition. Scout comeswith a simple rule-
basedoptimizersimilartoourclick-xformtool (Section6.2).
However,theiroptimizertransformspaths,or linearchains
of \elements"; click-xform transformssubgraphs,which is
muchmorepowerful.Optimizationsimplementedbyhand
for a Scout TCPforwarder [16] addresssimilar problems
to thosewe attacked in our IP router|f or instance, the
numberof componentson theforwardingpath.

Dynamic modular networking systems, such asSys-
temV STREAMS[15] andFreeBSD'sNetgraph [6], focus
on the dynamicconstruction and manipulation of con-
�g urations.A completecon�g uration cannot beeasily ex-
tractedfrom thesesystems,so optimizing acon�g uration
mustproceedpiecemeal.Weknow of no automatic opti-
mizersfor thesesystems.

Previouswork applyingcompileroptimizationstocom-
ponents and systems tendsto be more integrated with
traditional compiler technology. The Ensemble [9] and
Esterel [4] projects,for example,uselanguage processors
thatunderstandtheentiretyof theprogramminglanguages
usedto write their systems' components.In contrast,our
optimizers understandcomponents at a high level; some
do not handle C++, the implementation language,at all.
TheEnsemble/Esterel approach a� ordspotentially greater
opportunitiesfor optimization,but it also leadsto farmore
complex languageprocessors.

In particular,Ensembleisacomponent-basednetwork
protocol architecturedesignedespecially for group mem-
bershipandcommunicationprotocols.UnlikeClick,thex-
kernel,Scout,STREAMS,andNetgraph,whichall usecon-
ventionalsystemsprogramming languageslikeC or C++,

Ensemblecomponentsarewrittenin OCaml,afunctional
programming language.The Ensemble authors translate
their OCaml components into formal statements in the
Nuprl theorem proving system.From there,theycanex-
tract optimizedversionsof each nodeandcomposethem
according to various combination predicates.Nuprl can
theoretically perform many kinds of optimizations, but
theprocessisnot fully automatic.Humaninteraction with
theNuprl systemisrequiredtoextract useful speci�cations
from Ensemblecomponents.Thismay takeanythingfrom
ahalf-hour to anentireafternoon to develop,andrequires
input from both thecomponent programmerandaNuprl
expert [9]. The optimizations implementedby Ensemble
resembleacombination of our click-devirtualizeandclick-
xform.Forwardingperformancewasnot reported.

Knit [14], a component framework for C programs,
also appliesprogramminglanguagetechniquesto systems
components.Itsimplementationstrategy,whereKnitmod-
i�es object �les produced by an unmodi�ed C compiler,
resemblesourapproachmorethantheintegratedapproach
of systemslikeEnsemble.TheKnit \ 
a ttening" optimiza-
tion islikeanversion of our devirtualizerthat additionally
inlinescode.

3 Click and It s Per f or mance

Click is a component framework for PC router con-
struction. The components are �ne-grainedpacket pro-
cessingmodulescalledelements.Each element hasaclass;
element classde�ni tionsarewritten in C++. Router con-
�g uration designers then combine elements into routers
using a simple declarative language of our design. This
makesClick routers
exible,extensible,andrelatively easy
to construct. Figure 1 showsa standard-compliant Click
IP routerwith two network interfaces.Elementsappearas
boxes;arrowsbetweenboxesareconnections,whichdeter-
minehowpacketstravel from element to element.Asindi-
catedby thisdiagram,Click con�g urationscanbethought
of asgraphswith elementsat thevertices.For moredetails,
see[5,11].

Component designs are often slower than purpose-
built code.The cost of inter-component communication
is pure overhead, and reusable components may require
slower, more generalalgorithms. Performance is a sec-
ondary goal for Click, since the fastestcore routers will
never run on PCs.However, even gigabit Ethernet taxes
high-end PCprocessors and buses,and will for years to
come. There are no spare cycles;slow software means
droppedpackets.Therefore,Click wasdesigned to be as
e� cient aspossible, within the parameters of a 
exible,
extensiblecomponent framework.
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Figur e 1|A Click IP routerwith two network interfaces.

Among the relevant design choices:C++, our imple-
mentation language,haslow inherent overhead andhap-
pily coexists with operating system kernels. The Click
packet abstraction is a thin veneerover the Linux ker-
nel's sk_buff ; extensive useof inline functions makesit
ase� cient assk_buff whileproviding afriendlier inter-
face.To avoid overhead,elementsperform only rudimen-
tary input checking. For example,theyoftenassumethat
received packetshave the expected protocol, so protocol
dispatch must be made explicit in router con�g urations.
Click replacesthehostoperatingsystem'sinterrupt-driven
network stack withpollingdevicedriversandaconstantly-
activekernel thread.Thisimportant changeeliminatesre-
ceivelivelock [10],wherereceiveinterrupt processingoc-
cupiesall CPUresourcesanddrivestheforwardingrateto
zero,andraisesaClick IP router'speakforwardingrateto
over four timesthat of unmodi�ed Linux.

Nevertheless,sourcesof overhead remain.

� Vir tual functionsandpacket transfer.Packetsare
transferred betweenelements via dynamicdispatches,or

ARPQuerier

ARPQuerier

RED

Figur e2|A con�g urationfragment that stressesthebranchpredictor.

virtual function calls in C++ terminology. This is much
cheaper than alternatives like implicit queues between
components,but it still hasine� ciencies.Weinvestigated
the cost of vir tual function calls relative to conventional
function calls on a Pentium III processor. The Pentium
cachesthe targetsof indirect branch instructions; when
correctly predicted,a virtual function call takesabout 7
cycles,comparable to aconventional function call. Incor-
rectly predicted calls, however, take dozens of cycles.A
Click IP router'sforwardingpath takes1160cycleson this
processor,making thecostof misprediction signi�cant in
percentageterms.

Unfortunately, the branch predictor performs poorly
on Click routers.For example,two elementswith thesame
classmay connect to elements with di� erent classes,as
in Figure 2. Packet transfers from the two ARPQueriers
share one call site,since the two elements have the same
class;however, the elements transfer packetsto di� erent
targets,so if packetsalternate betweenthe ARPQueriers,
thebranch predictor isalwayswrong.1

Of course,even well-predicted virtual function calls
are more expensive than no function calls at all. Click's
�ne-grainedcomponents are easyto work with, but lead
to routerswith many elements on the forwarding path|
sixteen,in the caseof our standards-compliant IP router.
At a conservative seven cyclesper packet transfer, 9%of
this router's forwarding path cost is due to function call
overhead.

� General-purposeelements. Click elementsshould
beasgeneral-purposeaspossible.Thismakesit easierto
reuseelements,design router con�g urations,andanalyze
con�g urationswrittenby others.It also tendsto makethe
elementsthemselveslesse� cient.

For example,many packet classi�cation tasksin Click
useprogrammable generic classi�erscalledClassi�er , IP-
Filter,andIPClassi�er .Theseelementscompiletextual �l-
terspeci�cations,such as\ src10.0.0.2&& tcpsrcport 25",
into decision treestructurestraversedon each packet.Al-
most every con�g uration we've written involvesone or
moreof theseelements,andinitially, theywereby far the
slowestelements in our con�g urations.We spedup their
1Furthermore,simpler Click elementsoftenusesyntactic sugarcalled
simple_action that canhalve their code size,but confusesthepre-
dictor.
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void Classifier::pu sh(i nt , Packet *p) {
const unsigned char *packet_data = p->data() - _align_offset;
Expr *ex = &_exprs[0]; int pos = 0; // ...
do {

if ((*((unsigned *)(packet_data + ex[pos].offset) ) & ex[pos].mask.u ) == ex[pos].value. u)
pos = ex[pos].yes;

else
pos = ex[pos].no;

} while (pos > 0);
checked_push_outp ut (- pos, p);

}

inline void FastClassifier_ a_ac: :l engt h_unchecked_push( Packet *p) {
const unsigned *data = (const unsigned *)(p->data() - 0);

step_0:
if ((data[3] & 65535U) == 8U) {

output(0).push( p) ;
return;

}
output(1).push( p) ;
return;

}

a.Classi�er inner loop b.click-fastclassi�er output

Figur e3|Classi�ca tion codewith andwithout click-fastclassi�er .

inner loops by restricting decision treeoperations, and
implemented an extensive setof decision treeoptimiza-
tions,similar to BPF+'s[3], to optimizethemfurther.Still,
a special-purposeclassi�cation element built for a single
taskcanbeat any generic classi�er.Thisistheessential in-
sight behind compilers' dynamiccodegeneration [7] and
programspecialization/partial evaluation techniques.

Users could addressboth of thesesources of over-
head within theClick framework.For example,theycould
writebig,coarse-grainedelementsto reduceinter-element
packet transfer, or write specializedelements rather than
generalones.Thesesolutions comeat thecostof 
exibil-
ity andextensibility andarethereforeunacceptable.There
would beno problem,however, if programsimplemented
the solutions instead of users. That idea motivates this
work.

4 Click-F ast cl assi�er

The click-fastclassi�er tool addressesthe Classi�er in-
e� cienciesdescribed above, and providesa convenient
introduction to our optimization methodology.

Again, the problem is that Click's classi�ers traverse
a decision treestructure laid out in memory. Compare
this with the approach of compiling decision treesinto
code with inlined constants.This always improvesupon
theoriginal classi�ers' data-cacheusage,since there is no
treeto access.Thecompiledcodemight belarger thanthe
originalcodefor largedecisiontrees;still,i-cacheusageand
cyclecountswill usually bebetterin thecompiledversion.
To implement this optimization, users would create an
element classfor each classi�er in their con�g uration by
translating decision trees|perhapseventhosegenerated
by Click itself|in to if statements.

Theclick-fastclassi�er optimization tool automatesex-
actly thisprocess.In particular, it:

{ ReadsaClick con�g uration �le from standard input.

{ Searchesthe con�g uration for classi�cation elements
(Classi�er ,IPFilter,andIPClassi�er ),andcombinesad-
jacent Classi�er sto improveoptimization possibilities.

{ Extracts thoseelementsinto a\ harness" con�g uration
andrunsClick on theharness.Click checkstheclassi-
�er sfor syntaxerrors,createstheir decision trees,then
outputs thosetreesin human-readable form; theopti-
mizerparsesthis output. Since click-fastclassi�er uses
Click toextract decision trees,classi�ersyntaxchanges
needbeimplementedexactly once.The\ harness" con-
�g uration,which containsonly theclassi�ersandgen-
eratedboilerplate,avoidspossiblesidee� ectsfromrun-
ningClick on theinput con�g uration.

{ GeneratesC++ source code for newelement classes,
one per decision tree.(Classi�ers with identical deci-
sion treesusethe sameclass.)The code consistsof
Click boilerplateplusapacket-handling function con-
sisting of the decision treetranslated into C++. Fig-
ure 3 showsClassi�er 'spacket-handling function and
theequivalent function generatedby click-fastclassi�er
for a simple classi�er (\ Classi�er(12/0800,{) ", which
comparesthetwelfth andthirteenth bytesof thepacket
dataagainstthehex value0800).

{ Changeseachclassi�erelement in theroutercon�g ura-
tion touseitscorrespondinggeneratedclass.For exam-
ple,anelement declaration like\ c::Classi�er(12/0800,
{) " might changeto \ c::FastClassi�er@@c".

{ Writesacombination of thenewrouter con�g uration
and C++ source code to standard output. When the
userinstalls thiscon�g uration, Click will �r stcompile
the source code anddynamically link with the result.
This makesthe newelement classesaccessible to the
con�g uration.

Thus,click-fastclassi�er transparentlyoptimizeseveryclas-
si�er element in aroutercon�g uration.Theoriginal,sim-
plercon�g uration neednot bemodi�ed.

Thespeedup attributable to click-fastclassi�er depends
both on the classi�ers' decision treesandon the packets
passingthrough theclassi�ers.Thebestcaseisavery large
treeof which mostpacketstraversealargefraction before
being emitted.We implemented a 17-rule �r ewall from
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BuildingInternet Firewalls[18,pp 691{2] in IPFilter, then
measured IPFilter's CPU cost for a packet matching the
next-to-lastrule(DNS-5).Without click-fastclassi�er (and
with Section 8'sevaluation setup), this took 388nanosec-
onds,or 23%of the total time it takesa packet to pass
through the default Click IP router (excluding devices).
With click-fastclassi�er , thisdroppedby morethanhalf,to
188ns.

5 The Tool Appr oach

In general,Click optimization tools areprograms like
click-fastclassi�er that read routercon�g urationson stan-
dard input,analyzeandtransform thecon�g urations,and
output the results on standard output. All the optimizers
we'vebuilt haveimportant propertiesin common,andthe
optimizershavea� ectedthedesign of Click itself.

5.1 Optimizers andClick

Optimizers don't link with element classde�ni tions.
Theycouldn't;elementsmeant for theLinuxkernel require
symbolsandfeaturesnotavailableatuserlevel,for instance.
Thus,optimizers do not run con�g urations asprograms,
but treat themmore asgraphs.A library providesan ex-
tensivesetof graphmanipulations|a ddingandremoving
elementsandso forth.

Graph operations aren't relevant in Click itself, where
con�g urationsdon't changeaftertheyareinstalled.To add
anelement toaClick router,theusermustinstall anentirely
new con�g uration, although this canbe done in such a
way that important stateistransferredinto thenewrouter.
In retrospect, this single decision|tha t router con�g u-
rations should be static|al lowed optimizers to exist. In
someothercomponent-basednetworkingsystems,system
state buildsup dynamically, through \add" and\ remove"
operations; a current con�g uration is di� cult to extract
from such asystem,letaloneinstall asaunit.Allowing for
dynamiccon�g uration changeswould also greatly reduce
availableoptimizationopportunities;click-fastclassi�er ,for
example,assumesthat classi�ercon�g urationsremainthe
samethroughout arouter'slifetime.

5.2 TheClick language

The existence of optimizers hasin
uenced the little
languageusedfor writing routercon�g urations.Wecould
have thought of this language asa script for controlling
the router. Instead, we think of it asabstractly specifying
a router con�g uration|as static and declarative, rather
thandynamicandimperative.In this view, the language's
sole function is to describe the collection of elements in
therouterandtheconnectionsbetweenthem.Clearly,such

a language is more easily parsedoutside the context of a
router thanany Tcl-likescript alternative.

Optimizerscannot link withactualelement de�ni tions,
sotheydon't necessarilyknowtheelement classesavailable
to a router. Therefore, we changed the language so that
programscanbeparsedcorrectly without knowingwhich
namescorrespond to element classes.

Theoptimizershavesomewhat inhibitedlanguageevo-
lution.Syntaxchangesandextensionsarerare,for example.
Extensions require updatesto two parsers.More funda-
mentally,optimizersexpect to beableto arbitrarily trans-
form con�g uration graphs and generate Click-language
�les corresponding exactly to the results. Language ex-
tensionswould haveto keepthisin mind.Becauseof these
factors,wehaveendedupchangingtheClick languageonly
to improvecompoundelements, itsabstraction facility.2

Optimizers inspired the archive feature,where a con-
�g uration may consistof multiple�les bundledinto asin-
gle archive.Several tools usethis feature to attach source
and/or object codespecializedfor a single con�g uration.
Click compilesand loads the object code before parsing
thecon�g uration itself.

An alternative design might have had optimizers call
Click toparseacon�g uration.AnoptionwouldcauseClick
to emit theresulting parsetreewithout initializing there-
sultingrouter.Unfortunately,Clickandtheoptimizershave
di� erent parsing requirements,andsupporting both in a
singleparsermight not besigni�cantly simpler thankeep-
ing two parsers.For example,the Click parsercomplains
about unknown element classes,automatically compiles
away compound element abstractions,aborts early when
certain errors occur, andkeepsonly generalinformation
about thelocationsof errorsin thesource�le. Thesechoices
simplify andspeedup theClick parser,which mustlivein
theLinux kernel, but areinappropriate for optimizers.

5.3 Elementsandspeci�cations

Optimizers cannot easily understandor analyzeele-
ment implementations.Element classesarewrittenin C++,
whoseimperative featuresandweaktypesystemmake it
harder to analyzethan languageslike OCamlor Esterel.
Therefore, we developed mechanisms to embed simple
speci�cations for element propertiesdirectly in the C++
source.Scriptsextract thesespeci�cationsfrom thesource
andwrite them,in structured form, into �les read by the
optimizers.Click usesthespeci�cationsdirectly.

For example,each element mustinform Click whether
its input andoutput portssupport \push" or \pull" packet
2Compound elements let userscreate librariesof common con�g ura-
tion fragments.Someoptimizersalso dependon them.
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transfer.3 Originally, this took placein unstructuredcode.
However, our moreadvancedoptimizers needthis infor-
mation; click-devirtualize(Section 6.1)mustcompiledif-
ferent codedependingonwhetheranelement isusingpush
or pull.Therefore,wereplacedtheunstructuredcodewith
a simple, textual processing code encapsulating the same
information.Element classesspecify theirprocessingcode
in their classde�ni tions,usingafunction likethis:

const char *processing() const { return "a/ah"; }

(\ a/ah " saysthat the input port andthe �r st output port
may beusedaseither pushor pull, but thesecond output
port is alwayspush.)Click calls this (vir tual) function to
fetch theprocessingcode,whiletool support scriptssearch
thesourcefor de�ni tionsof processing andextract the
corresponding codes.Other functions usedin the same
way includeflow_code andclass_name.

Thisapproachmaintainsacommonunderstandingbe-
tweentoolsandClick,sincetheyusethesamespeci�cation.
It also limits the implementation's 
exibility. An element
hasexactly one processing code, for example; it cannot
change its code depending on its con�g uration. We have
not found thisonerous.

Somespeci�cationsposeamoredi� cult problemthan
processing codes.The click-align tool, for example (Sec-
tion 7.1),mustknow how particularelementswill change
the data alignment of passing packets.We have not �g-
uredout how to specify thisinformation textually.Instead,
click-align containsexplicit code for the morecommonly
relevant element classes.This solution is unsatisfactory.
Alignment speci�cations canget out of date with the el-
ement code itself, for example.At leastthe speci�cations
could beembeddedin theelement codeascomments.

Despitethis,wehavefound externalspeci�cationslike
processing codesandalignment speci�cations extremely
convenient inpractice.Externalspeci�cationscanbeshared
betweenoptimizers or targeted at individual ones.Com-
pared with generalapproacheslike Esterel or Nuprl that
analyze source code directly, external speci�cations are
more limited,but also easierto write andmaintain.Fur-
thermore,our optimizersseemmoree� cient andeasierto
writeandusethangeneraltheoremprovers.

5.4 Analogies

Wethink of Click optimizersascompileroptimization
passesworking on a high-level machine language whose
\ instructions" areelement classes.Mostof theoptimizers
correspond to well-known compileror programminglan-
3Pushand pull are di� erent ways to passpacketsbetweenelements.
See[11] for moreinformation.

guage optimization techniques:click-fastclassi�er to dy-
namic code generation, click-devirtualize to static class
analysis,click-xform to instruction selection or peephole
optimization,click-undeadto dead codeelimination.This
useful analogy inspiredtheconstruction of our �r stopti-
mizer.

Likecompiler optimization passes,or Unix �l ters,op-
timizersareeasyto combinein di� erent orders.

6 Opt imiza t ion Tools

Wehavewrittenthreeoptimizersbesidesclick-fastclas-
si�er :click-devirtualize,click-xform,andclick-undead.Sec-
tion 8 evaluatestheir e� ectivenesson a simple IP router
con�g uration.

6.1 Click-devirtualize

The click-devirtualize tool addressesvirtual function
call overhead by changing packet-transfer vir tual func-
tion calls into conventional function calls.Userswriteel-
ement classesnot knowing thecontext in which theywill
beused.Assumeinstead that every REDelement wasim-
mediately followedby aQueue. Thenthevirtual function
call by which REDtransfers packetsdownstreamcould
be replaced with a conventional function call to Queue's
packet handling function. This transformation obviously
limits the 
exibility of the REDelement, and is therefore
inappropriatefor handimplementation.Click-devirtualize
simply runstheoptimization automatically.

Click-devirtualize reads a router con�g uration, then
reads and partially parsesthe C++ source code for each
element classusedin that con�g uration. It generatesnew
C++ element classes,roughlyoneperelement,that replace
each virtual function call for packet transfer with thecor-
rect direct function call.For example,consideranelement
whose�r stoutput port connectsto the�r stinput port of a
Counterelement.Thenclick-devirtualizewould transform
codelikethis,in thenormalelement class,

Element *next = output(0).element();
// call goes through virtual function table
next->push(output(0).port(), packet_ptr);

into codelikethis:

Counter *next = (Counter *)output(0).element();
// call is resolved at compile time
next->Counter::push(0, packet_ptr);

Note that òutput(0).port() ' waschanged to 0̀', the
actualport number.Click-devirtualizeinlinesseveralother
method callsaswell.

While click-devirtualize can generate a new element
classfor every element, it usually does not. For exam-
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ple,Discard elements are dead ends|th eydo not trans-
fer packetselsewhere|s o all Discard elements canshare
code.4 Therefore,two elementscansharecodeif theyhave
thesameclass(Counter,say)andeachconnect toaDiscard.
ThetwoDiscardssharecode,so thepacket-transfervir tual
function callsin theCountersresolveto thesamefunction
(namely, Discard::push ). Similarly, two elements with
thesameclass,each connectedto oneof thetwo Counters,
canshare code,andso forth. Two elements cannot share
codeif any of thefollowingpropertiesis true:

1. Theelementshavedi� erent classes.

2. Theelementshavedi� erent numbersof input or out-
put ports.

3. Thereexistsaninput or output port wherethat port
ispushon oneelement,but pull on theother. (Again,
push and pull are di� erent mechanisms for packet
transfer.)

4. Thereexistsapull input port, or apushoutput port,
where the elements connected to that port cannot
sharecode,or the two connections terminateat dif-
ferent port numbers.

In our IP router con�g urations, analogous elements in
di� erent interfacepathscanalwayssharecode.

Sincecodeexpansionmaymakecompletedevirtualiza-
tion impractical,click-devirtualizecanbetold that certain
elements should not be devirtualized.Click-devirtualize
should be the lastoptimizerapplied in any chain,since it
cementstheorderof elementsin thecon�g uration graph.

6.2 Click-xform

Click-xform readsa router con�g uration andan arbi-
trary collection of pattern andreplacement subgraphs.It
checks the con�g uration for occurrencesof each pattern
andreplaceseach occurrence with the corresponding re-
placement. When there are no more occurrencesof any
pattern, it emits the transformed con�g uration. Pattern
andreplacement subgraphsareroutercon�g uration frag-
mentswrittenascompoundelementsin theClick language.
A pattern matchesa subsetof the con�g uration graph if
thesubsetcontainscorresponding elements that arecon-
nected the sameway. Furthermore, connections into or
out of thesubsetmustoccuronly in placesallowedby the
pattern. Element con�g uration strings must also match,
except that patterns may contain wildcardsthat standfor
any con�g uration argument.

Although click-xform is a general-purposecon�g ura-
tion transformer, we designed it for a more speci�c task:
4Strictly speaking,only Discardswith pushinput portscansharecode.

Pattern Replacement

Paint($p)

CheckIPHeader(...)

Strip(14)
IPInputCombo($p, ...) CheckIPHeader(...)

Strip(14)

Figur e 4|A pattern{r eplacement pair suitable for click-xform.

Paint(1)

CheckIPHeader(...)

Strip(14)

LookupIPRoute(...)

IPGWOptions(1.0.0.1)

DropBroadcasts

CheckPaint(1)

FixIPSrc(1.0.0.1)

DecIPTTL

IPFragmenter(1500)

from eth0

toeth0

from otherdevices

toLinux tootherdevices

to ICMPerror
generators

Figur e 5|A portion of theIP routercon�g uration.

replacing collections of general-purposeelements with
optimizedcombination elements.Thisoptimization both
lowers virtual function costsby reducing the number of
elements in a forwarding path, andreducesthe overhead
of general-purposecode.

We discourage Click programmers from using these
combination elements directly, since they are relatively
in
e xible andhave complex speci�cations.Instead, com-
bination element programmers should write click-xform
patterns that replacegeneral-purposeelement collections
with thecorrespondingcombination elements.Routerde-
signersusegeneral-purposeelements,keeping their con-
�g urations easyto read and modify, but passtheir con-
�g urations through click-xform before installation. Using
theprogrammer-supplied patterns,click-xform will auto-
matically changethecon�g uration to usecombination el-
ementswhereverthat makessense.Thisprocesssomewhat
resemblesinstruction selection or peepholeoptimization.

Figure 4 showsan example pattern{r eplacement pair.
The IPInputCombo element combinesthe functions of a
Paint{ Strip{ CheckIPHeader sequence.Applying that pat-
tern{r eplacement pair, plus two others, can reduce the
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IPInputCombo(1,...)

LookupIPRoute(...)

IPOutputCombo(1,1.0.0.1,1500)

IPFragmenter(1500)

from eth0

from otherdevices

toLinux tootherdevices

to ICMPerror
generators

toeth0

Figur e 6|A router fragment equivalent to Figure 5 using faster
\combo" elements.

number of elements on an IP forwarding path from ten
to three;seeFigure5andFigure6.

Searching a graph for an occurrence of a pattern is
a variant of subgraph isomorphism, a well-known NP-
completeproblem.Click-xform implementsUllman'ssub-
graph isomorphismalgorithm [17], which works well for
the patterns and con�g urations seenin practice.For ex-
ample,click-xform takesabout oneminute to run several
hundred replacements on a router graph with thousands
of elements,andmuch lesstimefor normal-sizedrouters.

Click-xform, and the other optimizers, compile away
compound element abstractions before analyzing router
con�g urations. This gives the optimizers a further ad-
vantage over manual optimization. Users would have to
removecompoundelement abstractionsby hand,compli-
catingthecon�g uration,toexposeall optimizationoppor-
tunities.

6.3 Click-undead

Theclick-undeadoptimizerperformstheequivalent of
deadcodeeliminationonroutercon�g urations.For exam-
ple,click-undeadremovesStaticSwitch elementsandtheir
unusedbranches;StaticSwitch routesall packetsalongone
of severaloutput paths.Generally,click-undead ise� ective
only in the presence of compound element abstractions,
whicharethemostlikelysourceof dead codein Click con-
�g urations.For example,acompound element might use
StaticSwitch to route packetsalong one of several possi-
blepathsdependingon somecon�g uration argument.We
don't discussclick-undead in theevaluation section,since
noneof theelementsin our IP routeraredead code.

7 Other Tools

Our successwith optimizers encouraged us to build
tools that addressother Click architectural issues,or that

play with novel con�g uration analyses.Themostuseful of
these,click-align,allowsClick to run on non-x86architec-
tureswithout complicating the packet data model. Click-
combineandclick-uncombineconstructcon�g urationsthat
represent theprocessing of multiple routers in anetwork;
this enablesunusual router optimizations.Tools not de-
scribedfurther includeclick-check,which checkscon�g u-
rationsfor errors;click-
a tten,whichcompilesaway com-
poundelementabstractions;click-mkmindriver,whichcre-
atesaminimumClickcontainingonlytheelementsneeded
for a given con�g uration; and click-pretty, which pretty-
printscon�g uration �les asHTML.

7.1 Click-align

Click packet data is stored in a 
a t array of bytes,but
for speedandconvenience,many elements load from this
array amachineword at atime.On theIntel x86architec-
ture,theseloadsneednot bealignedon word boundaries;
unalignedaccessesare legal,andin our benchmarks,just
asfastasalignedaccesses.5 Onarchitecturessuch asARM,
however,unalignedaccessescrashthemachine.

Possiblesolutionsincludeusingspecialinstructionsto
load wordsfrom packet data,checking packet data align-
ment at the beginning of every relevant element, anden-
forcing known alignments when packets are created or
read from devices.(Linux usesa combination of special
instructions andwell-known alignments setby devices.)
Unfortunately, thesepossibilitieswould either slow down
thex86case,complicateClick'spacketdatamodel,or pre-
vent complex con�g urations.

Click instead askstheuserto ensure that elements re-
ceivepacketswith thecorrect alignment.Thisrequirestwo
newelement classes:Align aligns packet data on a given
boundary using a data copy, and AlignmentInfo informs
elementswhat packetdataalignmentstheycanexpect.

Insertingtheseelementsbyhandwould betediousand
error-prone,of course.Theclick-align languagetool there-
fore automates the process.It reads a con�g uration on
standard input,calculatesthecon�g uration'sexpectedand
required packet data alignments, and inserts Align ele-
mentswherever theexpectedandrequiredalignmentsare
in con
ic t. The algorithm for calculating alignments was
patterned after data-
o w analysesin the compiler litera-
ture;severalheuristicsminimize the number of inserted
Aligns.Finally, click-align removesredundant Aligns and
addsanAlignmentInfoelement.

As mentioned above, the speci�cations for elements'
expectedandrequiredalignmentsarebuilt in to theclick-
5An unaligned load can causetwo d-cache misses,but this is not a
problemin practice,sincepacketdata isalwaysin thecache.
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Separate

Classifier(...)

PollDevice(eth1)

Classifier(...)

Paint(1)

ARPQuerier(2.0.0.1,...)

ToDevice(eth0)

A

B

Combined

Classifier(...)

Paint(1)

ARPQuerier(2.0.0.1,...)

RouterLink
(ToDevice...,eth0,
PollDevice...,eth1)

A

B

Figur e 7|P ortionsof two routers,andthecorrespondingcombined
con�g uration generatedby click-combine.

aligntool.For example,thetool knowsthat CheckIPHeader
expectsinput packetsto beword-aligned.

7.2 Click-combineandclick-uncombine

Network architects care about how individual routers
behave,andhow multiple routerson their network might
interact. To facilitate simultaneousanalysisof a multiple-
routernetwork,theclick-combinetool creates\ router" con-
�g urations that encapsulate the behavior of, andconnec-
tions between,multiple routers.Such combined con�g u-
rationsmaybeanalyzedandmanipulated,eithertoensure
properties of the network|f or instance, that the frame
formats at either endof each link are compatible|o r to
optimizeawayredundant computationperformedbymore
thanonerouter.Theclick-uncombinetool separatesacom-
binedcon�g uration into itscomponent routerparts.These
toolsarespeculativeandexperimental;wepresent themto
demonstratehow far theoptimizerideacanbepushed.

Operationally, click-combineencapsulatesrouter con-
�g urations inside compound elements, then links those
compoundelementstogetherviaRouterLinkelements.The
usersuppliesseveralroutercon�g urationsandinter-con-
�gurat ion links, such as \ router A's ToDevice(eth0) ele-
ment connects to router B's PollDevice(eth1) element";
click-combineemits thecombinedcon�g uration. Figure7
demonstratesthis in action.

The bestusefor combinedcon�g urations is probably
to check router networks for properties like loop free-
dom. Optimizations arealso possible,though dangerous.
For example,the combinedcon�g uration in Figure 7 ex-
posesthepoint-to-point natureof thelink betweenrouters
A and B. There is therefore no needfor an ARP mech-

anism on that link (unlessand until the con�g uration
changes).We wrote a setof click-xform patterns and re-
placements that remove ARP from thesekinds of links.
A tool chainlikeclick-combine ... | click-xform
... | click-uncombine ... combinesroutercon�g-
urationsasappropriatetothestateof thenetwork,removes
ARPwhere possible,then extracts the possibly-modi�ed
routercon�g uration fromthecombination.Wereport per-
formanceresults for thisoptimization below.

8 Eval uat ion

We now turn to performance measurements for un-
optimizedandoptimizedClick IP routers.Our reference
con�g uration is theClick IP routershown in Figure1.We
�r stpresent performancein termsof CPUcyclesrequired
to processa packet, then in terms of overall packet for-
wardingrates.Theoptimizersdescribedabovecanreduce
the CPU time spent per packet in the Click forwarding
path by 34%,and increaseits peak forwarding rate by
89,000packetspersecond.Wepresent adetailedanalysis
of thelimitingfactorsfor aClick router'sperformance,and
demonstratethat our optimizationsallowClick to forward
closeto themaximumallowedbyour hardware.Finally,we
analyzehowthee� ectivenessof theoptimizationschanges
with newerhardware.

8.1 Testing con�g uration

Our testing con�g uration consistsof nine Intel PCs
runningamodi�ed version of Linux 2.2.16.OnePCisthe
routerhost,four aresourcehosts,andfour aredestination
hosts.Therouter hosthaseight 100Mbit/s Ethernetcon-
trollers connected,by point-to-point links, to the source
anddestination hosts.Duringatest,each sourcegenerates
aneven
o wof UDPpacketsaddressedtoacorresponding
destination; therouter isexpectedto getthemthere.

Therouterhosthasa700MHz Intel Pentium III CPU
andanIntel L440GX+motherboard. Itseight DEC21140
Tulip100Mbit/sPCIEthernetcontrollers[2] areon multi-
port cardssplit acrossthemotherboard'stwo independent
PCI buses.The Pentium III hasa 16 KB level-1 instruc-
tion cache,a16KB level-1 data cache,anda256KB uni-
�ed level-2 cache.The source anddestination hostshave
733MHz Pentium III CPUs and 200MHz Pentium Pro
CPUs,respectively.Each hosthasoneDEC21140Ethernet
controller.Thesource-to-routerandrouter-to-destination
linksarepoint-to-point full-duplex 100Mbit/s Ethernet.

The source hostsgenerate UDP packets at speci�ed
rates,andcangenerateup to 147,90064-bytepacketsper
second. The destination hostscount anddiscard the for-
wardedUDP packets.Each 64-byteUDP packet includes
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CPUtime
Task (ns/packet)

Receivingdeviceinteractions 701
Click forwardingpath 1657
Transmitting deviceinteractions 547

Total 2905

Figur e 8|CPU costbreakdown for anunoptimizedClick IP router.

Ethernet,IP, andUDP headersaswell as14bytesof data
andthe 4-byteEthernet CRC.When the 64-bit preamble
and96-bit inter-framegapareadded,a100Mbit/sEthernet
link cancarry up to 148,800such packetspersecond.

Since weare interested in the e� ects of our optimiza-
tions,wecompare solely against unoptimizedClick. This
also avoids unfair comparisons against non-polling sys-
tems.

8.2 CPUtime

Themostpertinent measureof thecostof aClick router
con�g uration istheCPUtimerequiredtoforwardapacket.
Eachpacketincursadditionalcosts,suchasPCIcontention
andbandwidth andnetwork device processing time,but
thosecostsaresimilarfor anycon�g urationusingthesame
devices.Our optimizations focuson the forwarding path,
not device interactions,so CPU time is the correct cost
metric.

Figure 8 breaksdown the CPU time required to for-
ward a packet on an unoptimizedClick router. Costsare
measured in nanoseconds by accumulating Pentium III
cyclecounters[1] beforeandaftereach block of code,and
dividingthetotalsovera10-second run by thetotal num-
ber of packetsforwarded.We breakCPUcost into three
categories:receiving deviceinteractions,such aspulling a
packetfromthereceiveDMA ring;Click'sforwardingpath;
andtransmitting deviceinteractions,such asenqueuinga
packet onto the Tulip's transmit DMA ring. Thesemea-
surements are di� erent than the true values,since using
Pentium performance counters hassigni�cant cost,and
since the overhead due to Click's taskqueue,and due to
otherprocessesonthesystem,isnot included.However,the
total costof 2905nsmeasuredwith performancecounters
impliesamaximumforwardingrateof about344,000pack-
etsper second, consistent with the observed maximum
forwarding rate of 357,000packetsper second.Although
deviceinteractionsareexpensive,Click's forwarding path
takesthemajority of time.

OurlanguageoptimizationsreducetheCPUtimespent
by the Click forwarding path by up to 36%,andthe total
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Figur e 9|E � ect of languageoptimizationson CPUtime cost.Black
bars show Click forwarding path cost,white bars show total cost in-
cludingdevicedrivers.\ Base" isanunoptimizedIP router. \ FC"isBase
plusclick-fastclassi�er , \ DV" isBaseplusclick-devirtualize,and\ XF" is
Basepluscombinationelementsinstalledwithclick-xform.\All" denotes
all threeoptimizations applied together. \MR" denotesARPelimina-
tion, our sample multiple-router optimization; \MR+All" denotesall
four optimizations applied together. Finally, \Simple" is the minimal
con�g uration, consisting only of device handling anda single packet
queue.

CPU time per packet by up to 22%.Figure 9 illustrates
thee� ectsof the languageoptimizations individually and
in combination. The leftmostcolumn represents the cost
of pushing a packet through an unoptimized Click IP
router. Applying all the optimizations described in Sec-
tion 6| click-xform with thecombination elements,click-
fastclassi�er ,andclick-devirtualize|r educesthecostof the
Click forwarding path by 34%,from 1657ns to 1101ns.
AddingARPelimination,theoptimizationenabledbySec-
tion 7.2'smultiple-router con�g urations,reducesthecost
further to 1061ns.

Of the threerouter-localoptimizations,click-xform is
themoste� ective.Click-devirtualizeprovidesasimilarper-
formanceimprovement,but itsoptimizationopportunities
overlapwith thoseof click-xform.Asaresult,applyingboth
of theseoptimizationsisnot muchmoreuseful thanapply-
ingeitheronealone.Click-fastclassi�er isnot that e� ective
here,reducingCPUtimebyjust3%.Thisisbecausethesin-
gleclassi�erin thecon�g urationhasaverysimpledecision
tree.

Forwarding a packet through Click incurs just four
cache misses(measured using Pentium III performance
counters): one to load the receive DMA descriptor, two
to read the packet's Ethernet and IP headers,and one to
removethepacketfrom thetransmit DMA queueafterthe
devicemarksit assent.Eachcachemissincursafetch from
mainmemory,which takesabout 112ns.Click runswith-
out incurring any other data or instruction cachemisses.
With all threeoptimizers turnedon, just988instructions
areretiredduring theforwardingof apacket.Thisimplies
that signi�cantlymorecomplexClick con�g urationscould
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Figur e 10|E � ect of language optimizations on forwarding rate for
64-byte packets.An ideal router that forwarded every packet would
appearasastraight liney = x.

besupportedwithout exhausting thePentium III 's16KB
L1instruction cache.

8.3 Forwarding rates

Figure10graphs forwarding rateversus input rate for
variously optimizedIP routers.TheCPUtimesavingsen-
abledby languageoptimizationstranslateintohigherpeak
forwardingrates.Themaximum loss-freeforwardingrate
(MLFFR)for anunoptimizedIP router is357,00064-byte
packetspersecond.(Minimum-sizepacketsstresstheCPU
more than larger packets,and we are mostly concerned
with CPUtimehere.)TheoptimizedIP router (\All") has
asigni�cantly higherMLFFR,446,000packetspersecond;
\ MR+All" raisesthat further, to 457,000packetsper sec-
ond.

UnliketheunoptimizedIProuter,theoptimizedcon�g-
urationsareunableto sustaintheir peakforwardingrates,
dropping to approximately 400,000packetspersecond as
theinput rateincreases.Interestingly, thesamepattern ap-
pliesto\ Simple", thesimplestpossibleClick con�g uration.
Furthermore,theMLFFRof \ Simple" is not much higher
thanthat of theoptimizedIP con�g urations,although its
total CPU time cost is 25%lower. Thesefactors suggest
that the optimizedIP routers and\ Simple" are no longer
solely limitedby CPUtimecost.

8.4 PCI limi tations

To investigate the factor limiting forwarding perfor-
mance for each router con�g uration, weexaminedwhere
our systemdroppedpackets.Codeinspection, Tulip doc-
umentation,andexperimentsshowedthat each packethas
oneof four possible outcomes.It may bedroppedon the
receiving Tulip card becausethe Tulip's internal FIFO is

full (\ FIFOover
o w"), or becausethe Tulip wasnot able
to fetch a ready DMA descriptor after two tries(\ missed
frame"); it may bedroppedat theClick Queuewhenpack-
etsarearrivingfasterthantheycanbesent (\ Queuedrop");
andif it survivesthoseobstacles,it issent (\ packetsent").
If a packet is to bedropped,it is bestto drop it at the re-
ceivingcard'sFIFO,asthisearlydrop point avoidswasting
resources|in particular,it avoidsall PCIbusandmemory
operations.

Figure 11 shows the outcome ratesfor varying input
ratesandfor threeroutercon�g urations,\ Simple", \ Base",
and\ MR+All". The solid line in each graph corresponds
to the forwarding rate.The other linescumulatively add
otherdropoutcomesto theforwardingrate.Thesumof all
outcomesis theinput rate|tha t is,thestraight liney = x.

The baseline IP router con�g uration is clearly CPU-
limited.All of its input packetsare either forwarded or
droppedasmissedframes.Missedframedropsoccurwhen
aTulip card �nds that thenext DMA descriptor isnot free
twice in a row. This indicatesthat the CPU is emptying
andre�l lingtherelevant receiveDMA ringslowerthanthe
Tulip card is �l ling it|tha t is,theCPUisoverloaded.

The \ Simple" con�g uration is not CPU-limited.None
of the packets dropped by \Simple" are missedframes;
they are either FIFO over
o ws or Queue drops.Both of
theseoutcomesindicatethat thePCIbusor memory sys-
temisoverloaded.FIFOover
o wsoccurwhenareceiving
Tulip card getspacketsfaster thanit canrequestDMA de-
scriptorsandwritepacketstomemory.Queuedropsoccur
when packetsare added to a Queuefaster than ToDevice
removesthem.Instrumenting theToDevicesrevealedthat
theseelementswereoften idle|tha t is,theychosenot to
pull packets|b ecausetheirdevices' transmit DMA queues
werefull.Thus,theCPUwantedtosendpacketsfasterthan
the transmitting Tulip cards could processthem.These
tasks|r eading packetsfrom memory, writing packetsto
memory, and requesting DMA descriptors|ar e limited
not by the CPU, but by the PCI busor the memory sys-
tem.Our analysisisnot detailedenough to determinethe
bottleneck resourceprecisely.

The\All" and\ MR+All" plotsin Figure10areprobably
determinedby the following factors.Theyinitially 
a tten
out becausethe CPU isn't fast enough; in this zone,all
dropped packetsare due to missedframes.As the input
raterisesabovethat point,moreandmorePCIbandwidth
isconsumedby thereceivingTulipschecking (unsuccess-
fully) for afreeDMA descriptor for each incomingpacket
(theseare\missedframes"). Aboveacertain input ratethe
faileddescriptor checks saturate the PCI bus.Each failed
descriptor checkusesupPCIbandwidth that anotherTulip
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Figur e 11|C umulativeoutcomeratesasafunction of input ratefor threeClick routercon�g urations.

could haveusedto receiveor sendpacketdata.Thus,once
thePCIbusis saturated,increasesin input rate causede-
creasesin forwardingrate.For awhilethesefaileddescrip-
tor checksdo not result in Tulip FIFOover
o ws,sincethe
Tulip 
ushesthe failed framewhen the descriptor check
fails.As the input rate increases,however, packetsarrive
faster than the Tulip checks for descriptors;at that point
theTulip discardstheexcesspackets(asFIFOover
o ws)
without any impact on thePCIbus.Thusinput ratesabove
about 550,000packetspersecond do not causedecreases
in forwardingrate.

8.5 Hardwareevolution

Inordertoillustrateinteractionsbetweentheoptimiza-
tions and changing hardware capabilities,we measured
the performance of Click on threeadditional platforms.
Platform P1consistsof an800MHz Pentium III with 32-
bit/33 MHz PCI,P2is the samemachinewith 64-bit/66-
MHz PCI, and P3 is a 1.6 GHz AMD Athlon MP with
64-bit/66MHz PCI.P0isthe700MHz platform discussed
in theprevioussections.In all platformsbut P0,theEther-
nethardwareis theIntel Pro/1000Fgigabit Ethernetcard.
Thiscard hasa64-bit/66 MHz PCI interface,but will op-
erateat 32-bit/33 MHz whenusedin the slower bus.The
router hastwo interfaces,each with a full-duplex link to
a host.The two hostsboth generate and count packets;
each of themgenerateshalfof any givenload.Each hostis
capableof generatingamillion64-bytepacketspersecond.

Figure12showshow much theoptimizationsimprove
performance on each platform, and Figure 13 showsthe
forwardingratesfor thethreeplatforms.P1isalmostiden-
ticalto therouterhardwarediscussedin theprevioussec-
tion; P1 probably performs somewhat lesswell because
the Pro/1000card requiresthe CPUto useprogrammed
I/O instructionsfor each batch of packetssent or received,
while the Tulip doesnot. The graph for P2demonstrates
that performancefor \ Simple" waslimitedby thePCIbus
in P1,while performance for other Click con�g urations

MLFFR(packets/s)
Platform All Base Ratio

P0 446,000 357,000 1.25
P1 430,000 350,000 1.23
P2 450,000 330,000 1.36
P3 740,000 640,000 1.16

Figur e12|E � ect of \All" optimizationson MLFFRfor each hardware
platform.

wasnot. P3'sCPUis about twiceasfastasthat of P2;this
letsP3forward about 1.9timesasfastasP2for \ Base," and
about 1.6timesasfastfor \All." Our optimizations seem
e� ectiveon all platforms.

9 Concl usion

Thispaper hasdescribedoptimization toolsbasedon
compileroptimizationsandprogramming languagetech-
niquesfor Click, a component-basednetworking system.
Threeof our optimizations collectively boost the perfor-
manceof aClick IProutertocloseto themaximumperfor-
manceallowedby our hardware.Theoptimizers areeasy
touse,pleasant towrite,improvesystemperformance,and
extend system functionality; the click-align tool, for ex-
ample,allowsClick to support non-x86architectures.We
believe this technique,compiler-like tools for con�g ura-
tion transformation, is valuable enough to in
uence the
way systemsarebuilt.

Complete source code for Click andthe optimization
toolsisavailableon-lineathttp://www.pdos.lcs.mit.
edu/click/ .
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