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Abstract
SomeLisp programssuch as Emacs,but also the Linux kernel
(when fully modularised)are mostly dynamic; i.e., apart from
a small static core, the signi�cant functionality is dynamically
loaded.In this paper, we explore fully dynamicapplicationsin
Haskell where the static core is minimal and code is hot swap-
pable.We demonstratethe feasibility of this architectureby two
applications:Yi, an extensibleeditor, and Lambdabot,a plugin-
basedIRC robot.Bene�ts of the approachincludehot swappable
codeandsophisticatedapplicationcon�gurationandextensionvia
embeddedDSLs.Weillustratebothbene�tsin detailattheexample
of a novel embeddedDSL for editorinterfaces.

Categoriesand SubjectDescriptors D.3.3 [ProgrammingLan-
guages]: LanguageConstructsandFeatures

GeneralTerms Design,Languages

Keywords Dynamic applications,Hot swapping, Dynamic up-
date,Extensionlanguages,Functionalprogramming

1. Intr oduction
Dynamicapplicationsareableto add,remove, andexchangecode
at runtime.This increasesapplication�e xibility by facilitatingrun-
time con�guration, user extension,hot code swapping, runtime
metaprogramming,andapplicationcon�guration by EDSLs(em-
beddeddomainspeci�c languages).

Stallman's Emacseditor [27] is a widely known exampleof a
dynamicapplicationfrom theLisp world—Stallmancallsit anon-
line extensiblesystem. Emacsconsistsof asmallcore,implemented
asa conventionalC program,which is extendedto a fully-�edged
editor by a large body of Lisp code,which is byte-compiledand
dynamicallyloaded.TheapplicationcorecontainstheLisp engine
as well as thoseeditor primitives that would not be suf�ciently
ef�cient in interpretedbyte code.Such an applicationis mostly
dynamic,but thecodeof thestaticcorecannotchangedynamically;
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thus,somefunctionalitycannotchangeeither. In thecaseof Emacs,
theeditorprimitivesandany otherprimitivesprovidedby theLisp
engineare�x ed.This includesthechoiceof userinterfaces,which
canbetext-basedor dependon oneor moreGUI toolkits (suchas
Xwindows).

An entirelydifferentexampleof a mostlydynamicapplication
is the Linux kernel.It can load andunloadso-calledkernel mod-
ulesat runtimeusingan in-kernelmoduleloader. Justlike Emacs,
Linux contains�x ed functionality in its static core;someof this
functionality(suchastheprocessscheduler, theI/O scheduler, and
the virtual memorysubsystem)would bene�t from beingdynam-
ically con�gurable.In contrastto Emacs,both thecoreaswell as
the modulesof Linux are implementedin C. As a consequence,
kernel con�guration is achieved via mechanismsindependentof
dynamicallyloadedcode—whichis in contrastto Emacs,where
con�guration�les arejust stylisedLisp �les.

In this paperwe move beyondapplications,suchasEmacsand
Linux, by exploring a fully dynamicsoftware architecturewhose
staticcoreis minimal; i.e., the corecontainsonly what is needed
to load the restof the applicationat runtime.This wasnot a fea-
sible designfor Emacs,due to hardware and operatingsystems
constraints,which required an interpretedLisp implementation
whenEmacswasdesignedin thelate1970s.Interpretedbytecode,
in turn, was not suf�ciently ef�cient for the implementationof
performance-sensitive editor primitives. In contrast,we demon-
strateby benchmarksof the extensibleeditor Yi that an editor in
a modern,compiledfunctional languagestructuredasa fully dy-
namicapplicationcanhave excellentperformance.

We experimentedwith two fully dynamicapplications:theex-
tensibleeditor Yi and the IRC1 robot Lambdabot. We found two
main advantagesover applicationsthat areonly mostly dynamic.
Firstly, with a smallerstaticcore,we gainmore�e xibility andex-
tensibility from dynamiccodeloadingandcodeswapping,asfewer
featuresdependon the staticcore.A casein point areuserinter-
facesin EmacsandYi. As alreadymentioned,the userinterfaces
supportedby Emacsdependon theprimitive operationsrealisedin
Emacs'staticcore.In contrasttheminimalstaticcoreof Yi is inde-
pendentof thechoiceof userinterface,which enablescompletely
dynamicinterfacecon�guration.

Secondly, fully dynamicapplicationsenablehotcodeswapping.
We demonstratethis by presentinga methodfor replacingthecur-
rentlyexecutingapplicationcodeby avariantwithout losingtheap-
plicationstate.Dynamiccodereplacementis alwaysa tricky busi-
ness;in a purely functional language,the semanticconsequences
areeven moresubtle.We achieve it by redoingthe dynamicboot
processwhile preservingahandleto theapplicationstate.Thispro-
cessis fastin practiceandavoidsa largerangeof semanticissues

1 InternetRelayChat(IRC) is astandardisedonlinechatsystem.
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thatotherapproachesto dynamicsoftwareupdatesincur. Dynamic
software updates,andalso dynamicextensionandcon�guration,
aregenerallyconvenient,but they areof specialvaluein 24/7 ap-
plicationslike serversthatarein continualuse.

Lisp applications,suchas Emacs,pioneeredthe idea of con-
�guration �les basedontheextensionlanguageitself—in thiscase,
Lisp.Thisapproachis lightweightasit avoidsaparserandanalyser
for yet anotherlanguage.Moreover, con�guration languageshave
thetendency to slowly grow to includeadhocabstractionfacilities
and control structures.Thesefeaturesare available in a system-
atic way right from thebeginningif theextensionlanguageis used
for con�guration.This ideais evenmorepowerful whencombined
with the conceptof embeddeddomain speci�c languages (ED-
SLs)[13, 14]. Then,con�guration �les canbe tailoredto the task
andbeusedfor complex con�gurations.For example,theeditorYi
usesself-optimisinglexercombinators(i.e.,anembeddedlanguage
of regular expressions)to de�ne editor commandsequencessuch
that different con�guration �les emulatethe interfaceof various
existing editors(e.g.,Nano,Vim, Emacs).This approachis more
lightweight than,e.g.,Emacs'keymaps.It hasthe addedbene�t
thatcon�guration�les arestaticallytypechecked,andit illustrates
how con�gurablecomponentscanbestructuredto achieve �e xible,
modularextensions.

In summary, ourcontributionsarethefollowing:

� a fully dynamicsoftwarearchitecture(Section2);
� hotcodeswappingthatpreservesapplicationstate(Section3);
� practicalexperiencewith thenew softwarearchitecturein two

applications,namelyYi andLambdabot(Sections2 and4);
� applicationcon�guration and extensionvia plugins codedin

embeddedDSLs(Section5) includinga novel EDSLfor editor
interfaces;and

� performanceevaluationof a fully dynamiceditor(Section6).

We discussrelatedwork in Section7. Thesourcecodefor Yi2 and
Lambdabot3 is publicly available.

2. Dynamic Ar chitecture
Thefoundationfor extensibility in Yi andLambdabotis adynamic
architecturebasedon runtime code loading. Figure 1 illustrates
this architecture,asimplementedin the Yi editor. It is partitioned
into three main components:(1) a static bootstrapcore; (2) an
editor library; and (3) a suite of plugins. Under this framework,

2 http://www.cse.unsw.ed u.au / � dons/yi.html
3 http://www.cse.unsw.ed u.au / � dons/lambdabot.html

thebinaryitself consistssolelyof a staticcoreof around100lines
of Haskell. Thepurposeof thestaticcoreis to provide aninterface
to thedynamiclinker andto assistin hot swapping.Thestaticcore
hasno application-speci�cfunctionality. Lambdabotis structured
similarly, with thedifferencethat thedynamicapplicationis a tree
of dependentmodules,ratherthana singlearchive of objectslike
theYi mainlibrary.

2.1 Overview

Thestaticcore,with thehelpof thedynamiclinker, loadsany con-
�guration data(asplugins)followedby themainapplicationcode.
Control is thentransferredto themainapplication's entrypoint—
its main function—andtheprogramproperstartsup.In Yi �les are
opened,buffersallocatedandtheusermaybegin editing.Lambd-
abotconnectsto an IRC server nodeandbegins servinguserre-
quest.NotethattheYi con�gurationpluginsandthemainapplica-
tion aredynamicallylinkedagainsteachothersothatpluginsmay
call applicationcode(and vice versa).For clarity we omit these
detailsfrom Figure1.

During execution the user may invoke the Haskell dynamic
linker library [24] to recompileandreloadany con�guration �les,
or to reloadthe applicationitself. The stateof the applicationis
preservedduringreloading(hotswapping),with theresultthatnew
codecanbeintegratedor existingcodebereplaced,withouthaving
to quit the application.In the restof this section,we discussthe
processof booting in more detail; in the following section,we
discusshotswapping.

2.2 Dynamic Bootstrapping

Thesinglepurposeof theminimal staticcoreis to initiate thedy-
namicbootstrappingprocess,by arrangingthedynamiclinking of
theapplicationproper. Hence,we seeka structurethatit is generic
in its functionality (so that the structureis reusable),ef�cient and
typesafe.Thefollowing simpli�ed codeillustratessuchastructure:

import System.Plugins

main = do
status <- load "Yi.o" [] [] "main"
case status of

LoadFailure e -> return ()
LoadSuccess m main' -> main'

HereYi.o is themainmoduleof theeditorlibrary, whichweload
usingtheplugin infrastructuredescribedin ourpreviouswork [24].
Yi.o is therootof a treeof modulesdeterminedby moduledepen-
dencies.Theplugin infrastructuretakescareof recursively loading
all requiredmodulesandpackages,suchthattheentireprogramis
loadedandlinked.The �nal argumentto load —i.e., "main" —is
thesymbolthat representstheapplication's entrypoint. If loading
is successful,theplugin infrastructurepresentsuswith theHaskell
valuerepresentedby thegivensymbol.Hence,we transfercontrol
to thedynamicportionof theapplicationby evaluatingthatvalue.

On the dynamicside, the entry point is a conventionalmain
function:

main = do
setupLocale
args <- getArgs
mfiles <- do_args args
...

In this case,the Yi editor entry point is called, and execution
continuesas if the dynamic main had beeninvoked directly at



Figure2. Screenshotof Yi' sncursesinterface

startup.A screenshotof Yi runningunderits ncursesinterface4 is
in Figure2.

3. Hot CodeInjection
Oncetheapplicationis upandrunningtherearetwo operationsthat
we would like to beableto perform:

1. reloadingof pluginsand
2. hot swappingof applicationcode.

The�rst operationmeansthatchangesto con�guration�les (imple-
mentedasplugins)canaffect therunningapplicationwithout hav-
ing to restarttheprogram.Thesecondis moreprofound:we want
to replaceapplicationcodewhile theeditoris running,without los-
ing state—allowing usto “�x-and-continue” or to incorporatenew
functionalityonthe�y . Wewill �rst considerhow to reloadcon�g-
uration�les in a dynamicarchitecture,which thenleadsus to the
second,moredif�cult problem.

3.1 Dynamic Recon�guration

We follow the Lisp tradition of expressingcon�guration �les as
sourcecodein the extensionlanguage,in our caseHaskell. The
reasonsfor using the extensionlanguageratherthanspecialpur-
posecon�guration languagesarevery muchthesameasthosefor
theuseof embeddeddomainspeci�c languages(EDSLs)overstan-
daloneDSLs [13, 14]. However, we alsoinherit thedrawbacksof
theEDSLapproach,suchaserrormessagesthatareharderto com-
prehendfor endusers.On the positive side,we shall seein Sec-
tion 5 how con�gurationscannaturallyandconvenientlygrow into
EDSLsin our approach.

In any case,usersspecify their own con�guration settingsby
writing Haskell codein con�guration�les. These�les arecompiled
anddynamicallyloaded.Thevaluesthey provideareusedto update
a default con�guration recordtype; in otherwords,we follow the
schemefor applicationcon�guration via pluginsdescribedin our
earlierwork [24].

Con�guration�les aredynamicallyloadedwhenthestaticcore
of Yi begins executing.The user-de�ned con�guration valuesare
retrieved andpassedto thedynamiceditor core,which usesthese
valuesto setinitial statesfor thevariouscomponentsof theeditor.
It is importantto rememberthat it is the staticcorethat performs

4 A prototypeinterfacebasedonwxHaskell [22] is alsobeingdeveloped

all dynamic linker operations,including plugin loading, in our
architecture.All invocationsof thedynamiclinkerbydynamiccode
go via the static core; i.e., the dynamiccodecalls into the static
core,which in turn forwardstherequestto thedynamiclinker. As
we discusssoon,thisstructureis crucialfor thereloadingprocess.

To beableto passcon�gurationvaluesthroughto thedynamic
code,weneedextendthesimpledynamicmainfunctionillustrated
in Section2.2 slightly. Ratherthan jumping to a constantmain
function,we insteadpassthecon�gurationvaluesasargumentsto
a modi�ed entrypoint:

main' :: Config -> IO ()

To initiate reloadingof con�gurations—orany otherplugins—
from thedynamicapplication,weneedto interactwith thedynamic
linker. As alreadyexplained, the linker is not visible from the
dynamic code: it is linked to the static core. This structureis
crucialto enablethehotswappingof theentiredynamicapplication
code,which we will discussshortly. Hence,the staticcoreneeds
to provide the dynamicapplicationthe requiredfunctionsof the
dynamiclinker asfunctionargumentsto thedynamicentry point.
Overall, thedynamicentrypoint hasthefollowing type:

type DynamicT =
(Maybe State, -- editor state
Maybe Config, -- configuration values
Maybe State -> IO (), -- `reboot' function
IO (Maybe Config)) -- `reconf' function

dynmain :: DynamicT -> IO ()

The �rst componentis an optionaleditor statevaluefor whenwe
wish to preserve stateover hot codeswapping(Section3.2). The
second�eld is a con�gurationrecordretrievedfrom thecon�gura-
tion plugins.The �nal two componentsconstitutedynamiclinker
functions,which wecall reboot andreconf , respectively.

The function reconf is a simplewrapperaroundthe dynamic
linker's reloadingprimitive, reload , which checksfor changes
to the con�guration �les. If there are changes,reload triggers
recompilationand reloading of the con�guration modules.The
recon�gurationfunctionhasthefollowing type:

reconf :: IO (Maybe a)

The type is polymorphic so that we can enforcestatically that
reconf doesnot dependon the representationof the valuesex-
tractedfrom con�guration �les—that is the concernof the con-
sumersof con�gurationvalues.

When reconf is called from the dynamiccodea new con�g
valueis retrieved by the staticcore,which passesthis valueback
to the caller in the dynamicapplication.The dynamiccodethen
usesthe new valueto updatetheapplication's state.For example,
Yi callsreconf by de�ning aneditoractionin thedynamiccode:

reloadE :: Action
reloadE = do

modifyEditor_ $ \e -> do
conf <- reconf
return $ case conf of

Nothing -> e
Just (Config km sty) ->

e { curkeymap = km, uistyle = sty }
UI.initcolours

ThefunctionreloadE atomically(with respectto thedynamicap-
plication'sglobalstate)invokesthestaticlinker's reconf function.
Then,control is passedbackto thestaticcorewheretheactualre-
compilationchecksanddynamicreloadingtakesplace.Oncethe
new con�guration datais returnedreloadE usesit to setthe cur-
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Figure3. Reloadingcon�guration�les from dynamiccode

rentuserinterfacestyleandkey mappings.In this way we canin-
ject new (stateless)codedynamically, enablingchangesin con�g-
uration�les to beimmediatelyre�ectedin therunningapplication.
This processis illustratedin Figure3.

Thereis a questionof typesafetywhenimportingcodedynam-
ically. We are able to checkcon�guration �les using techniques
developedin our earlierwork on type safeplugins[24]. Con�gu-
ration�les maybecheckedprior to loadingeitherthroughtheuse
of dynamictyping,or by employing thetypechecker at runtimeto
checktheinterfacebetweenstaticanddynamiccode.

Weusedynamicrecon�gurationfor similarpurposesin Lambd-
abot. Lambdabotwas originally developedas a static binary of
some1500linesof Haskell; in addition,it useddynamicallyloaded
pluginsasan extensionmechanism.We refactoredLambdabotto
usea minimal static core which loadsthe actualLambdabotap-
plication dynamically. In doing so,we neededto make all further
loadingof pluginsgo via the staticcore for the reasonsjust dis-
cussed.Thenew staticcoreof Lambdabotis lessthana 100lines.

3.2 Pulling the Rug Out fr om Underneath

In thediscussionsofar, weneglectedanimportantproblem:during
reloadinga plugin,beit themainbodyof thedynamicapplication
or anextension,we loseany statemaintainedin thatplugin. In our
experience,it is notunusualfor pluginsto requireprivatestate(for
example,in the form of IORefs),which is reinitialisedon reload-
ing. The lossof this statemay be acceptablefor small pluginsor
con�guration �les, but is unacceptableif we attemptto dynami-
cally reloadlargeamountsof code,or indeedtheapplicationitself.
Hence,wewill now turnto discussinganapproachto maintainplu-
gin stateacrossreloadsby stateinjectionfrom thestaticcore.

3.2.1 Keepingstate

Whenupdatingcodedynamically, we wish to continueexecution
from exactly thepoint at we reachedprior to thedynamicupdate.
To do this,we mustreconstructany relevantapplicationstatebuilt
by thecodebeforetheupdate.Reconstructinganapplication'sstate
in Haskell is usually simple.By default entire Haskell programs
arepurely functional,so simply re-enteringtheapplicationvia its
normalentrypoint is enoughto recreatetheapplication'sstatefrom
apreviousrun.Thereisnoneedto actuallystorestatebetweenruns,
aswe arealwaysableto reconstructit.

However, someapplicationsrequirelarge amountsof mutable
state,andreproducingthemutationsto thatstatemaybeinfeasible.
Yi is suchanapplication.Editor buffersarepotentiallyvery large
�at byte arrays,constructedover the entire running time of the
application.Any copying is prohibitively expensive. Buffers in Yi
arestoredin asingleglobalstatecomponentof theeditor. Whatwe
needto do is capturethis stateduringtheupdate,andtheninject it
into thenew updatedcode,continuingexactly wherewe left off.

This bringsus to a centralreasonfor usinga dynamicapplica-
tion structurecentredarounda minimal staticcore; i.e., a reason

besidesthe desireto modify all functionalityof the applicationat
runtime.We usethe staticcore to keepall global statewhile the
dynamiclinker reloadsplugins.For this to work it is crucialthatall
requeststo load or re-loadpluginsgo via the staticcore,asmen-
tionedpreviously. Ultimately, thestaticcoreis theonlysafeplaceto
keeptheglobalstateduringreloading,asthewholedynamicappli-
cationcodemaybereplaced.In otherwords,westructuretheentire
dynamicapplicationso that it takesits stateasanargument,mak-
ing it purelyfunctionalagain,andhence,enablingstate-preserving
hotswapping.

At this point, Haskell offers signi�cant advantageover lan-
guageswhich encouragethe useof global state.Unrestricteduse
of global stateleadsto a multitudeof valuesscatteredthroughout
theprogram;hence,bookkeepingof suchadispersedstatebecomes
dif�cult andpotentiallyinfeasible.Hot swappingis only practicalif
theapplicationalreadyhasdisciplineduseof globalstate—asis the
caseby default in Haskell programs.Without restrictedstate,run-
time systemor operatingsystemsupportseemsnecessaryto deal
with thestateproblem.

3.2.2 Redoingmain

So far, we establishedthathot swappingneedsto bevia thestatic
core,whilepassingany globalstatefromtheold to thenew instance
throughthestaticcore.We realisethis by the reboot component
of the con�guration argumentof type DynamicT passedto the
dynamicentry point, asdiscussedin Section3.1. The staticcore
will passthefollowing functionasa concretevaluefor reboot :

remain :: a -> IO ()

It takesa statevalueand`returns' a nominal () value—infact it
neverreturnsto thecaller, it insteadreloadsall theapplicationcode
(which is fast,c.f Section6). The input stateis thenpassedback
to the new main functionwe just loaded.The new dynamicentry
point thenrestartstheeditorandusesthestateparameterto restore
thepreviousenvironment.Thestatevalueletsuskeepany �les and
buffersopenin Yi, for example.

We utilisepolymorphismin remain, aswith otherinterfacesto
thestaticcore.This simpli�es statetransfer, aswe canbesurethat
the staticcoredoesnot dependon the representationof the state
component.

Thecompletesequenceof operationsperformedby remain is:

1. the dynamic code calls remain with the current stateas an
argument,

2. staticcoreunloadsthedynamicapplication,
3. the(new) dynamicapplicationis loaded,and
4. thecorecallstheapplication's entrypoint,passingtheold state

asanargument.

In thestaticcore,we implementthis asfollows:

remain :: a -> IO ()
remain st = do

unloadPackage "yi"
status <- load "Yi.o" [] [] "main"
case status of

LoadFailure e -> return ()
LoadSuccess m main' -> main' st

ThefunctionunloadPackage unloadstheentiredynamicapplica-
tion (packagedasanarchive).We thenreloadthecodefrom object
�les, andreenterthecodevia its normalentrypoint,supplyingthe
old statevalue as an argument.The dynamiccodethen inspects
this value,anddoesa quick restart—avoiding the initial applica-
tion startup—andinsteaddirectlyenteringtheeditormainloop.

In Yi we invoke the hot swap event by gettinga handleto the
currentstate,shuttingdown theeditor(which involvesterminating



somethreads,andexiting theuserinterface).Wethenjumpinto the
staticcodeby calling reboot (i.e. calling into thestaticcore),and
passingdown thestate.

rebootE :: Action
rebootE = do

st <- getEditorState
Editor.shutdown
reboot (Just st)

Whenthenew applicationcodeis enteredafter thereload,theold
stateis injectedbackinto theapplication,andwe shortcircuit the
usualinitialisationsteps.

Wecanincreasetheperformanceof dynamicreloadingbystruc-
turing the dynamiccodeas a single library, ratherthan a treeof
separatemodules.Doing someansthatthedynamiclinker doesn't
have to readinterface�les for eachmoduleit needsto load—to
chasedependencies—andinsteadloadsthe entiredynamiclinker
in oneload.In Section6 we discusstheperformanceof this opera-
tion in detail.

3.3 Immortal Values

Replacingcodedynamicallywhile still preservingstateworkswell
whenextendingfunctions.New functionality, bug �x esandexten-
sionscanall be integratedwithout having to quit the application.
However, reinjectionof globalstateis only safeif thede�nition of
the statedatatype is unchangedin the new code.If, for example,
thebuffer typechangesto includeanextra �eld andwe restorethe
old statecontaininganold buffer valuelacking this �eld, thenew
codewill crash—itsimply is not compiledto handlea valueof the
old type.Whatweneedis asafewayof injectinganold statevalue
into a new, different statetype. This problem,statetransfer, has
beenconsideredin work relatingto operatingsystemssupporting
hotswapping[26, 5] aswell asin thework of Hicks [12].

We tacklethis problemby reducingit to a form of parsing:we
de�ne anerror-handlingparsingfunctionto injectvaluesof theold
typeinto thenew type.To transfervaluesbetweentypesweconvert
thestatevalueinto a binary representation,via serialisation.Prior
to rebootingthe application,we encodetheold statevaluein this
binary format.After injecting this binary statevalueinto the new
code,thevalueis parsedto constructa statevalueof thenew type,
wheremissing,or extra, �elds areeitherignoredor replacedwith
defaultvalues.In thiswayglobalstatevaluescanbepreservedover
datatypechanges,andthestatevalueis effectively immortal.

A morecomplex solution could usea versiontag in the state
datatypeanda classof injectionfunctionsto achieve binarycom-
patibility betweenarbitraryversionsof thestatetype.

3.4 PersistentState

Theproblemof preservingstateduringdynamiccodereloadingis
tightly connectedto the generalproblemof persistence.Applica-
tionsthatareableto extractandinject their entirestatecanbeex-
tendedto supportpersistencevia the usualmechanisms—e.g.se-
rialisationof valuesto binary representations[30]. Whenpassing
the statevaluefrom dynamiccodeto the staticcore,the corecan
arrangeto write thestateto disk,andonrebooting,rereadthisstate,
passingit backto thedynamicmain.

Theproblemof preservingstateacrosscodeloadingeffectively
forcesus to separateand sanitiseuseof statein the application.
Extendingthe statepreservation to full persistenceis relatively
simpleoncewe reachthatpoint.

3.5 Static Applications

Dynamiclinking is notsupportedin all environmentsthatthecom-
piler, GHC, runs in. For portability, it is convenientto be ableto
build a statically linked version of the applicationthat provides

all thesamefeaturesandis usablein lesssupportedenvironments.
Suchanapplicationwill lack theability to dynamicallyload con-
�guration �les or new code.

Producinga static version of the dynamically loadedappli-
cation can be achieved quite simply by adding a conventional
main :: IO () to the main moduleof the dynamicapplication,
and arrangingfor the compiler to treat this as the normal entry
point of theprogram,leaving thebootstubout of thecompilation
process.Both Yi and Lambdabotcan be compiledas static-only
applicationsin this way.

This is possibleas the static core is minimal—it containsno
applicationcode—soeven when it is left out, we still arrive at a
working application.This cleanseparationof all dynamiclinking-
relatedcodeinto a singlestaticcoreis anotherreasonfor forcing
thedynamicapplicationto delegateall invocationsof thedynamic
linker to thestaticcore.

4. Adapting Lambdabot
Lambdabotis an InternetRelay Chat (IRC) [1] robot, or bot for
short.IRC featuresmessagingbetweenindividual usersaswell as
channelswheremultiple userscanmeetto engagein conversation.
In thechatnetwork, botsappearasnormaluserclientsthatprovide
a wide rangeof servicesby reactingto commandssentto themdi-
rectlyor issuedona channelmonitoredby thebot.Somebotswith
specialprivilegesauthenticateusers,award operatorprivilegesto
selectedusers,andstopnetwork abuses.Otherbotssimplyprovide
servicesto theusersof a particularchannel.Lambdabotbelongsto
thelatercategoryandis, for example,usedon the#haskell chan-
nel of the irc.freenode.net network. Lambdabotservicesare
implementedby a suiteof dynamicallyloadedservicepluginsthat
includedictionaryqueries,weatherforecasts,noti�cation services,
but alsoanonlineHaskell typechecker andinterpreter.

The �rst versionof Lambdabothad a fairly large static core
(about1500 lines) implementingIRC protocol support.The ser-
vice pluginsamountedto another5000linesof Haskell. Themain
incentive for theuseof pluginswaseaseof con�guration andthe
ability to upgradepluginswithout needingto shut down the bot.
Channels,suchas#haskell , almostalwayshave activeuserswho
might want to usethebot's services.Hence,hot codeupdatesare
an attractive option. Unfortunately, the original architecturewith
thefairly largestaticcoresufferedfrom two drawbacks:

1. Patchesto thecoreof Lambdabotrequiredacompleterestart—
and the core is quite large (nearly 25% of the application's
code).

2. GHC'sruntimesystemrequiresall librariesthatarebothusedin
staticallyanddynamicallylinkedcodeto be in memorytwice.
This is clearlya wasteof resources.

We refactoredLambdabotto usethe dynamicarchitecturede-
scribedin thispaper. Now, thestaticcorehaslessthan100linesof
Haskell, whicharelinkedstaticallyagainstthehs-plugins linker.
This static corewhen invoked dynamicallyloadsthe Lambdabot
mainmodule,triggeringcascadingdynamicloadingof the restof
whatwasformerlythestaticbinaryandisnow thedynamicapplica-
tion code.After loading,controlis transferredto thedynamicentry
point of Lambdabot,passinga setof linker functionsasan argu-
ment.Thesefunctionsarethenusedto dynamicallyload Lambd-
abot's suiteof serviceplugins.At this point the applicationcon-
nectsto the server. Underthis new architecture,we avoid both of
theabove problems.

Refactoring Lambdabotproved to be quite painless,despite
Lambdabothaving beendevelopedwithout any thoughtof struc-
turing it as a dynamicapplication.The responsibilityof loading
pluginswastransferredfrom Lambdabot's simpleobjectloader, to
the staticcorelinked againstthe hs-plugins library. This wasa



matterof exporting linker functionsin a mannersimilar to Yi, and
in factreducedandsimpli�ed themainapplicationcode,asall dy-
namicloadinggluewasfactoredinto thestaticcore.

Our experiencewith Lambdabotsuggeststhat adaptingother
Haskell applicationsto thedynamicarchitectureweproposeis fea-
sible.Dynamicallyloadingany Haskell applicationcanbeachieved
with only smallmodi�cations to theapplication.In particular, the
staticentry point is simply hoistedto becomethe dynamicentry
point.

5. Con�guration and Extension
As alreadymentionedin Section3.1, the Lisp experienceshows
that it is attractive to realisecon�guration �les in a dynamicenvi-
ronmentasdynamicallyloadedcode.After that, it is a small step
from con�guration �les to extensionmodulesandthe useof em-
beddeddomainspeci�c languages(EDSLs) [13, 14] for both ap-
plication con�guration as well as extension.Languagesthat are
usedto extendapplicationsdynamicallyarecalledextensionlan-
guages.Many programswritten in conventionallanguagesopt to
implementextensionlanguagesby embeddinginterpretersfor new
application-speci�c languages—Vim can be con�gured and ex-
tendedin Vim script, for example.An alternative is to embedan
existing scriptingor extensionlanguagein theapplication,for ex-
amplePerl[29], Lua [16, 17], or Scheme.

Lisp programs,suchasEmacs,allow con�guration andexten-
sion of the applicationin the applicationlanguageitself. Yi and
Lambdabotarebuilt following this model,asdynamicallyreload-
ablepluginsdirectlyprovide extensionandcon�gurationvia com-
piledcode.Moreover, we useEDSLsfor morecomplex con�gura-
tionsandextensions.

To illustrateour approachto creatingmodular, �e xible exten-
sions,we useasa runningexampletheself-optimisinglexer com-
binatorsusedby Yi. Theseareanembeddedregularexpressionlan-
guagefor implementingeditor keystroke interfaces(or keymaps)
basedupona lexer combinatorlibrary. Whencombinedwith dy-
namicallyreloadablecon�guration �les andhot swapping,theuse
of a con�gurationandextensionEDSL allows usto rapidlyextend
keystroke interfacesfor Yi. Indeed,with very little programming
effort, Yi is ableto emulate,to differing degreesof completeness,
several existing editors,including Vi [28] andVim [8] (different
editorsof the Vi family) as well as Emacs[27], Nano [23] and
Ee[15].

Con�guration �les in Yi are conventional Haskell modules
which Yi arrangesto compileanddynamicallyload,bringinguser
con�gurationdataandcodeinto theeditor. Theusermaythusim-
plementsmall interfaceextensions,or indeedcompletelynew in-
terfaces,by extendingtheir con�guration �les. We usethis EDSL
to constructnew lexers emulatingexisting editor interfaces,and
make useof advancedlexer features,suchasthreadedlexer state
storingnestedlexer histories,andlexer tableelementsthat trigger
monadiclexer switching,to developsophisticatedinterfaces.

5.1 The Lexer Language

Theinterfaceextensionlanguageof Yi is anembeddedlexer com-
binator languagebasedon the self-optimising combinatorsde-
scribedin our earlier work [9]. We use theseas the foundation
of a novel EDSLfor theconstructionof key bindings. User-written
lexer fragmentsare written in con�guration �les which are then
appendedto, or replace,default key bindingsat runtime.The use
of a DSL for specifyingkey bindingsallows full interfacesto be
constructedby thoseunfamiliar with theimplementationof theap-
plication.Additionally, interfaceswritten in acombinatorstylecan
beconstructedfrom fragmentsspreadover multiple �les, allowing
codereuse.This enablesusersto conveniently specify their own
custommappings.

The use of a domain-speci�c languagefor key bindings has
enabledusto createspeci�cationsfor theoftenobscuregrammars
of existing editor interfaceswith little effort. We suspectthat key
bindingconstructionvia DSLswill allow cleanerandmoreintuitive
interfacesto beconstructed,asthegapfrom formalspeci�cationto
implementationis less.

5.2 Overview of Key Bindings

Most editorshave a �x ed mappingof charactersequencesto edi-
tor actions.Usersinteractwith the editor by typing characterse-
quenceswhich triggerspeci�c functionsin theeditor. Thismethod
of interactionis analogousto an interpreter—keystrokesarelexed
andparsedproducingphrasesin theeditor language whichspecify
editorstatechanges.Thesephrasesarethenexecuted,causingthe
correspondingchangesto occur.

It is important to note that the input to the lexer is possibly
in�nite, makingit essentialto usealexerthatconsumesinputlazily
(lexer generatorsthat consumeinput strictly arenot suitable).We
canmodela lazykeymaplexer asa function:

keymap :: [Char] -> [Action]

whereAction is the type for editor actions.The return type of
keymapis a list of suchactions,aseachkey sequencegenerates
a discreteaction event, and thereare an in�nite numberof such
events.

In Yi the keybinding lexershave preciselythis type. Multiple
functionsof this typecanbe loadedasa pluginsto theeditor, and
lexer de�nitions canbe implementedasseparatecombinatorfrag-
mentsspreadacrossmultiple modules.Differenteditor interfaces
areemulatedby writing different lexers.The result is an elegant
combinatorlanguagefor writing [Char] -> [Action] editorin-
terfaces.5

We brie�y summarisethe lexer combinatorlanguage.It con-
sistsof a setof regular expressioncombinators,anda numberof
combinatorsfor bindingregularexpressionsto actions,to produce
lexerfragments(action , meta), joining regularexpressions(>|< ),
combining lexer fragments(>||< ), and running lexers over in-
put (execLexer). Thesemanticsof theseoperationsaredescribed
in [9].

Regularexpressions Constructionandcontrol
epsilon action
char meta
string >|<
star >||<
plus execLexer
quest
alt

5.3 A SimpleExample

Here is a simple example of how Yi userswould dynamically
extendtheeditorinterfacevia codefragmentsin con�guration�les.
The user writes a con�guration �le, Config.hs . This �le will
be loadedby the staticcorewhenthe applicationis invoked, and
reloadedondemandastheuserextendsor modi�es thecode:

module Config where

import Yi.Yi
import Yi.Keymap.Vim

5 The original lazy lexer combinatorsdescribedin Chakravarty [9] have
beenmodi®edin two ways to supportkey binding programming:®rstly,
lexers immediatelyreturn tokensoncethey areuniquely determined(not
waitingtill thenext inputcharacter).Secondly, lexercompositionwith over-
lappingbindingsis permitted,with the new bindingsoverriding previous
bindings.



yi = settings { keymap = keymapPlus bind }

bind = char 'n' `action` \_ ->
Just $ mapM_insertE "--"

In the above example,settings is a setof default con�guration
values,andyi is the distinguishedvalue the dynamicloaderex-
pectsto �nd in any con�g �le. The keymap�eld speci�eswhich
lexer theeditor is to useasits keystroke handler—in this casethe
Vim interfaceaugmentedwith a bindingfor thecharacter̀n', that
when triggeredinsertsthe Haskell commenttoken “-- ” into the
buffer at thecurrentpoint.ThefunctionkeymapPlusaugmentsthe
default bindingwith new lexer fragments,allowing usto compose
theVim lexer with new user-suppliedcode.

User'smaythuswrite their own lexer bindingsin con�guration
�les using the EDSL, gaining the safety and expressivenessof
Haskell in the process.Con�guration �les that fail type checking
arerejected,anddefault valuesaresubstitutedin theirplace.

5.4 Lexer TableElements

Key bindings,underour scheme,arelexersfrom stringsto action
tokens. Keystroke interfacesuseregular expressionsto construct
self-optimisinglexertablesspecifyingwhateditoractionsto invoke
given a particularseriesof keystrokes.The elementsof the lexer
tablesare functionscombiningprimitive editor operations.These
arebuilt from asetof around80primitivesproviding thefollowing
functionality:

� Movementcommands:left, right, up,down, goto,...
� Buffer editingactions:insert,delete,replace
� Readingportionsof thebuffer: read,readline
� Multiple-buffer actions:next, prev, focus,unfocus,close,split
� Undo/redo,yank/paste,search/replace
� File actions:new, write
� Metaactions:reboot,reload,quit, suspend
� Higher-level actions:map,fold

Thesefunctionsreturn Action type, a synonym for IO () . Our
extensionlanguagethusallows usto constructbindingsfrom char-
acterinput to monadicexpressions,specifyingstatechangesto the
editor. Theseactionsvaluescanbe composedwith >>= (or other
monadiccombinators),in theusualway.

When passedinput, keymapsreturn a seriesof (unevaluated)
editor actions.For example,in Vi or Vim emulationmode,user
inputof “ jl2x ” generatesthefollowing list of actions:

[downE, leftE, replicateM_ 2 deleteE]

Theseactionsareself-explanatory. As the usertypescharactersa
lazy list of theseeditor actionsis produced.Theseactionsin turn
needto beforced,to generatetheir effects,sothemaineditor loop
bodyis asfollows:

sequence_ . keymap =<< getChanContents ch

The characterinput readerruns in a separatethread,returninga
lazy list of keystrokes via a channelto the main thread.The list
of keystrokesis passedasanargumentto thecurrentkeymap,our
(pure)key bindinglexer. Theresultinglist of actionsareevaluated
asthey areproduced,causingimmediatestatechangesin theappli-
cation.

5.5 A CompleteInterface

We now presenta basic keybinding de�nition for the ee [15]
editor, implementedin our combinatorlexer extensionlanguage.
This interfacecanbe written to a con�guration �le, replacingthe

default interface,andmaybeextendedwhile theeditor is running.
The brevity of the code provides an indication of the power of
domainspeci�c extensionlanguagesfor this task,andwe believe
thelexercombinatorEDSLtobeof generalutility for programming
applicationkeystroke interfaces:

keymap cs = fst3 $ execLexer lexer (cs, ())

lexer = insert >||< command

insert = any `action` \[c] -> Just (insertE c)

command= cmd `action` \[c] -> Just $ case c of
'\^L' -> leftE
'\^R' -> rightE
'\^U' -> upE
'\^D' -> downE
'\^B' -> botE
'\^T' -> topE
'\^K' -> deleteE
'\^Y' -> killE
'\^H' -> deleteE >> leftE
'\^G' -> solE
'\^O' -> eolE
'\^X' -> quitE
_ -> undefined

Whereany andcmdarepatternsthatmatchany character, andthe
set of commandcharacters,respectively. At the top level, a key
binding takesa lazy list of input characters,andrunsthe lexer on
this list. This causesthelexer tableto bedynamicallyconstructed.
The lexer is built from two lexer fragments:onefor self-inserting
characters,andanotherfor a smallsetof controlcharacters.

Partiallyde�nedextensions,suchasthoseincludingundefined ,
or codethat throws other exceptions[20], may be caughtby the
application,anddealtwith in the usualmanner. For example,Yi
catchesandprintsexceptionsvia themessagebuffer, beforeresum-
ing executionin themainloop.Furthermore,theeffectof malicious
extensionscanbemitigatedsomewhatusingtechniquesdescribed
in ourpreviouswork [24].

Wenow considermoresophisticatedinterfacesutilising thread-
edrecursivestate,lexerswitchingand�nally monadiclexerswitch-
ing.

5.6 Thr eadedState

A powerful featureof the lexer combinatorlanguageuponwhich
webaseourextensionlanguageis theability to threadstatethrough
the lexer as it evaluatesinput. This hasproved to be invaluable,
andweusethestate,for example,to communicateresultsbetween
differentregular expressions,to implementcommandhistory and
line editing,aswell asstackabledynamickey mappings.

We take asa simpleexamplethe taskof emulatingthe pre�x
repetitionargumentsto commandsusedin the Vi family of ed-
itors, including Vim and Vi. Many commandscan be optionally
pre�xed with numericalrepetitionarguments.For example3x is
the sequenceto delete3 characters.We needa way to parseany
numericalpre�x n in a digit lexing fragment,but make thatvalue
availablelateron,oncewe've decidedwhichactionto perform.

We implementthisby threadinganaccumulatorasastatecom-
ponentthroughthe lexer. Digit key sequencescanbeappendedto
this lexer stateby the digit lexer fragment(as well as, perhaps,
echoedto a messagebuffer), until a non-digitkey is pressed.Con-
trol is thentransferredto a commandcharacterlexer. Oncethefull
commandhasbeenidenti�ed, thedigit statevalueis retrievedand
thecommandreplicatedby thatvalue.Thedigit lexing codeis

nums :: Lexer String Action



nums = digit `meta` \[c] s ->
(msgE (s++[c]), s++[c], Just lexer)

The lexer statenow consistsof a String value.Ratherthan us-
ing the `action` combinatorfor binding regular expressionsto
actions,we insteadaccessa lexer statecomponentwhenthe lexer
tableelementis retrieved.This is achievedvia the`meta` combi-
nator, which allows usaccessto thelexer statecomponent,aswell
asspecifying(1) any tokento return,(2) a new statevalue,and(3)
a lexer to continueexecutionwith.

In theabove code,s is thestatecomponentof the lexer. When
a digit is matchedin the input stream,we extract the existing
lexerstate.We immediatelyechotheinputvalue,andany previous
input digits to the messagebuffer (via msgE), appendthe current
characterto thestate,andcontinueexecutionwith thedefault lexer.
In this way digits will beaccumulated,aswell asbeingechoedto
thescreeneachtime they arepressed.

Thestatecanbeusedlaterby thecommandlexer fragment:

command= cmd `meta` \[c] s ->
(msgClrE >> fn c (read s), [], Just lexer)
where fn c i = case c of

'\^L' -> replicateM_ i leftE
'\^R' -> replicateM_ i rightE
...

Herewe �rst clearthemessagebuffer, thenconstructa new editor
actionusingthedigits storedin thestateto specifythe repetition.
Finally, we return this action,alongwith a new emptystate,and
continuewith thedefault lexer.

The stateis convenient for other valueswe extract from the
key input stream.For example,supposewe wish to maintain a
commandhistory. We can keeptrack of all editor input in a list
valueinsidethe lexer state,andlater retrieve or index this history,
whenwereceive userinput to doso.

Thesesimpleexamplesillustratetheclose�t betweenour lexer
combinators,andthedomainof interfacekeybindings.Wecontinue
by describinghow to modelmoredif�cult featuresof key binding
syntax.

5.7 Modes

Most editors consistof a set of modes, or distinct setsof key
bindings.Usually only onesuchset is in operationat any point.
Even in modelesseditors there are submodesintroducedwhen
certainkeys arepressed.

Thereis a directencodingof modesasindependentlexer frag-
mentsin ourextensionlanguage,with theresultthatthedistinction
betweenmodedandmodelesseditorsevaporates—modelessedi-
tors just consistof onelargedefault lexer, with smallerlexer frag-
mentsfor submodes.Themainproblemis actuallyhow to achieve
modeswitching.That is, how to bind a keystroke to anactionthat
causescontrolto passto a new lexer.

The usualway to switch modesis via a distinguishedmode
switchingsequence.Thereareoftenmultiple waysto entera new
mode,the differencebeing that particularactionsare performed
prior to themodeswitch.Theserulesaredirectly implementablein
thelexer framework, via themetaaction.

For example, we may specify a lexer fragment for the Vi
andVim editorsthat speci�es modeswitching into `insert' mode
(equivalentto thedefault self-insertionmodein Emacs):

switchChar `meta` \[c] st ->
let doI a = (with a, st, Just insert)
in case c of {

'i' -> doI nopE
'I' -> doI solE
'A' -> doI eolE

'a' -> doI $ rightOrEolE 1
'o' -> doI $ eolE >> insertE '\n'
'O' -> doI $ solE >> insertE '\n' >> upE
'C' -> doI $ readRestOfLnE >>= setRegE >> killE
}

Thesebindingsall causea modeswitch to the insertmodelexer
(insert ) wherekeys are insertedinto the buffer by default. The
�rst binding('i' -> doI nopE) causesadirectswitch,whilst the
otherbindingsall performactionsof variouscomplexity prior to the
switch.For example,'A' movesthecursorto theendof the line,
andthenentersinsertmode.

We may also passstate from one mode to anothervia the
statecomponentof thelexer. Stateis sometimesusefulover mode
switches.For example,when exiting from a line editing mode,
hitting Ctrl-M causesthe �nal editedinput to bepassedfrom the
line editor, to a sub-modethatcantheninterprettheeditedstring.

We now considerhow to add new bindingsthat dynamically
extendeditorkey bindings.

5.8 Dynamic Mappings

Many applicationsallow usersto dynamicallyextendthe tableof
key mappingsby binding keys to a new sequenceof keystrokes.
In Vi or Vim this is achieved by :map and :unmap commands.
We may alsoremappreviously de�ned mappings,shadowing the
formerde�nition with a new de�nition.

In orderto implementdynamicallyextensiblemappingscleanly
we would like to be ableto updatethe application's lexer tableat
runtime.This is not possibleif our lexer is eithera hand-written
parsefunction(i.e. thelexer tableis compiledcode)or if our lexer
is anstaticallygeneratedlexertable.Onesolutionis to usedynamic
reloadingto recompilethelexer on the�y , however this is a rather
sledgehammerapproachwhenwe simply want to updatea lexer
table.

An alternative is to constructnew lexer combinatorsat runtime.
This approach—implementingdynamically extensiblekey map-
pingsvia runtimeconstructedcombinators—cleanlyandelegantly
allows usto implementdynamicmappings.

Let usconsideruserinput in a vi -like editorof :map zz d4j .
This bindsthekey sequencezz to theactionsproducedby typing
d4j . This sequencedeletesthe next four lines down from the
currentline. How dowe implementthisusingthelexercombinator
extensionlanguage?Whatweneedto beableto dois to inspectthe
currentlexer tableto �nd whatactionstheinput d4j areboundto.
Wecanthenusetheresultingactionsto build anew lexer fragment
dynamically.

To inspectthelexertableweneedto runthecurrentlexer, onthe
side,with d4j asinput.Thiswill producealist of Action s.Wecan
thenusea fold to join the list of actionsinto a singleaction.This
actionwe thenuseon the right handsideof a newly constructed
lexer fragment(i.e.anew lexer tableentry),boundto zz, whichwe
useto augmentthecurrentlexer.

Assumingwe wish to bind our zz to thecommandmodelexer,
we caninspectthelexer tableelementsboundto anarbitraryinput
string,inp , like so:

lookupC inp = fst3 $ execLexer command(inp, [])

Thisbuildsanew lexeronthe�y , with inp asinput,returningalist
of actionsthatareassociatedto thegiven input. We canconstruct
a singleactionfrom thelist of actionsas. This canbeachievedby
folding themonadic>> over this list, with a no-opto startthefold
off. We then constructa new lexer fragmentbinding “zz” to the
resultingAction :

bind zzs = string zzs `action` \_ ->
Just (foldl (>>) nopE as)



Thelaststepis to transfercontrolfrom thecurrentlyexecutinglexer
to a new lexer augmentedwith thebind we have just constructed.
Theright handsideof themetabinding for the :map commandis
thus:

(msgClrE, [], Just $ command>||< bind)

wherenew bindingsin the right argumentof >||< replacesany
existingbindsin command.

Oneissueremains,however. Whenwe combinetwo lexerswe
createa new lexer valueto which we passcontrol. If we ever call
:map again,we will add any new binding to the original lexer,
losing any dynamicbindings.The solution to this is to storethe
mostrecentlexer, with any dynamicmappingsit has,in the lexer
state,so that bindingswill not be lost on later mappings.We can
extend the lexer stateto store the current lexer, along with the
accumulator, like so:

data State = State {
acc :: String,
cmd :: Lexer State Action

}

Now new key mappingswill beboundto a metaactionasbefore,
andwe alsorecordthis augmentedlexer in the lexer state.Rather
thanhardcodingwhich lexer control passesto a metaaction,we
insteadtransfercontrol to the lexer found in the threadedstate.
Now, we arein a positionto considerhow to implementcommand
unmapping.

5.9 NestedMappings

It is oftendesirableto allow usersto unmapcommands,andmost
extensibleeditorssupportthis. Two mainapproachesmaybecon-
sidered.The �rst is to only allow onelevel of mappingto exist at
any point.That is, if thesequencezz is mappedtwice, thesecond
mappingwill overwritethe�rst mapping,andit will beforgotten–
this is Vi' s behaviour. Unmappingzz will thenrevert to themap-
ping for zz foundin thedefault lexer, i.e. no mappingatall.

Wecanimplementthissimpleunmapsimilarto map.Werunthe
default lexer with thesequencewe wish to unmapasinput. Three
possiblevalueswill result,either:

� No actionsareboundto thesequence
� Exactlyoneaction
� Multiple actionsareboundto thesequence

If no actionswereboundto somesequencewe areunmapping,
then we can unmapthis sequencefrom the currentmappingby
bindingit to theemptyaction:nopE. If exactlyoneactionis bound
to the sequence,thenthat input did have a previous binding, and
we restorethis by binding the input to the action we have just
retrieved. The dif�cult caseis if someinput string s results in
multiple actions—thisimplies that componentsof the string are
individually bound.In this casewe really needto deletetheentry
for sfrom thetableentirely(mappingsto nopEwon't do,asit adds
a binding). Direct deletionof table elementsis not yet possible,
however we canemulatedeletionby rebindingdynamicallyadded
bindingsto the original lexer, �ltering out the entry we wish to
delete.

With this modelit is possibleto implementstackabledynamic
mappings.Ratherthannew bindingsoverwritingpreviousdynamic
bindings,we can insteadrevert to the last bind (which may have
beenthe result of a :map) for a particularsequence.To do this
we extend the lexer stateto carry a table whosekeys are input
charactersequences,andwhoseelementsarelists of bindings.We
canthenimplementan:unmapthatrevertsto theinnermostbinding
for a particularsequence,by poppingthetop elementof thelist of
bindingsfor thatsequence.It would alsobepossibleto browsethe

historyof key bindingsor to write thecurrentsetof bindingsto a
�le, sothatdynamicmappingscanpersistbeyondthecurrenteditor
session.

5.10 Higher Order Keystrokes

A numberof existing editor interfaceshave commandsthat take
other commandsas arguments.For example, it is commonfor
simpleeditingcommandsto beparameterisedby movementcom-
mandsthatwhenexecutedde�ne aregionof thebuffer for theedit-
ing commandto operateover. Wecanimplementsuchsemanticsin
asimilarwayto dynamicmappings:werunanew lexerwith thein-
put key sequenceto �nd thesequenceof actionsaninputsequence
mapsto, andthenusethatto constructa compositeaction.

Extractingactionsfrom the table is asbefore.For example,if
we take theVi or Vim key sequenced4j (deletefour linesdown),
wethenrunanew lexerwith d4j asinput,returningalist of actions
boundto d4j .

We can now take theseactionsand use them to constructa
new expressionof type Action to �nd the rangeof the buffer a
commandis to operateon. The following expressionusesas, the
actionsboundto d4j , to calculatethestartandendpositionin the
buffer of amovementcommand:

do p <- getPointE
foldr (>>) nopE as
q <- getPointE
when (p < q) $ gotoPointE p
return (p,q)

We save thecurrentpoint, andforcetheactionsretrievedfrom the
lexer. This yieldsa new point in thebuffer. Then,we move backto
wherewestarted,andreturna pairde�ning abuffer range.Finally,
we can call the editor's deletionprimitive with the rangeas an
argument:

deleteNE (max 0 (abs (q-p) + 1))

We are thus able to implementparameterisedbindingsvia lexer
table elementsthat are de�ned via the resultsof running other
elementsof thelexer table.

5.11 Monadic Lexer Switching

Oneproblemthatwehavenotapproachedyet is how to implement
lexerswitchingwheretheswitchis basedontheresultof evaluating
anelementof thelexer table—thatis, anAction .

Switching lexersbasedon the lexer input is easy—it's a pure
operation,andwe can uselexer meta actionsto transfercontrol
(andeven passcontrol to lexersthreadedthroughthe lexer state).
However, therearesomefeaturesthatrequirea modeswitchbased
ontheoutcomeof aneditoraction.Thatis, weneedto passcontrol
to a speci�c lexer basedon thevaluereturnedwhenevaluatingan
elementfoundin thecurrentlexer table.

An exampleof suchan action is text searching.Applications
oftenprovide a searchfunction.If a usertypes`/ ' in many editors
they entera line editor submodefor regularexpressionsearching.
On enteringa completesearchphrase,a buffer searchtakesplace.
If a searchsuccessfully�nds a match,theeditordisplaysa prompt
andswitchesto a sublexer wheretheusercanansweryesor no to
trigger individual text replacements.If thereis no match,anerror
messageis displayed,andcontrolcontinuesasnormal.

The problem,then, is how to specify that if we �nd a match
(the result of an IO event), control should be transferredto the
searchkey binding lexer. We solve this by introducingthe metaM
combinator, aneditoractionfor lexer continuations.It hasthetype

metaM:: ([Char] -> [Action]) -> IO ()
metaMkm = throwDyn (MetaActionException km)



wherethedynamicexceptionis de�ned as

newtype MetaActionException =
MetaActionException ([Char] -> [Action])

deriving Typeable

ThemetaMfunctionconnectstheelementsof thelexer tableto the
currently running lexer. Suchan actionallows a tableelementto
causecontrol to be passedto a new lexer. Whena metaMaction
is evaluated,it throws a dynamicexceptionwhich wrapsthe new
lexer to whichcontrolis transferred.

To actuallyusethis new lexer, we needto catchthis exception
in themainloopof theapplication,andreplacethecurrentkeymap
with the thrown keymap. The top-level key input codefor Yi is
thus:

do let run km = catchDyn
(sequence_ . km =<< getChanContents ch)
(\(MetaActionException km') -> run km')

run dflt

Thesimplemainloopcodeis now wrappedin ahandlerthatpasses
controlto athrown keymap.Webegin evaluationof userinputwith
thedefault keybinding,dflt .

ThemetaMactionis apowerful function—itallowselementsof
the lexer tableto causecontrol transfersto lexersspeci�ed by the
tableelement.We justify its inclusionby outlining somecommon
editorbehavioursonly implementablein our framework via metaM.

5.12 Prompts and User Interaction

A commoneditoractionrequiringmonadiclexer switcharecom-
mandprompts.In theNanoeditor [23], a usercanbegin a search
by typing Ctrl-W . This causesa modeswitch to a submodefor
searching,providing a line editorandsomerelatedcommands(for
continuing,or cancellingthe search,for example).On hitting re-
turn, thesearchis performed.

After completinga search,any further searchesbehave asbe-
fore,exceptthattheprevioussearchstringis usedto seta prompt,
anda default searchvalue.Thedefault searchvalueis a compiled
regularexpressionproducedasanintermediateresultof aprevious
search.Theproblemis how to scriptthis behaviour.

Whenswitchingto searchmodewe needto checkif a previous
expressionhas beensearchedfor. In Yi, the global editor state
storesthemostrecentcompiledregularexpression,andthestring
that it wasgeneratedfrom. When we switch to searchmodethe
switchaction extractsany previous regular expressionandusesit
to generatea prompt,which thendynamicallycreatesa new lexer
with thepromptasits default state.Whenthis actionis evaluated,
we usemetaMto switch control to the customlexer generatedby
theaction.

char '\^W' `action` \_ -> Just (a >>= metaM)
where

a = do
mre <- getRegexE
let prompt = case mre of

Nothing -> "Search: "
Just (pat,_) -> "Search ["++pat++"]: "

msgEprompt
return (mkKMprompt)

Here,mkKMconstructsa new searchkeymapvia execLexer, with
thepromptasits default state.In this way we areableto program
lexer modeswitchesbasedon the result of monadicactions,en-
ablingusto implementmany commoninterfacefeatures.In effect
we have lexersthatbuild new lexerson the�y , whoseelementsare
actionsthattriggerswitchesbetweenlexers.
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6. Performance
Wediscusstheperformanceof ourdynamicarchitectureby wayof
resultsobtainedwith the Yi editor. All measurementsweremade
on a Pentium-M1.6GhzlaptoprunningOpenBSD3.7,with 256M
RAM.

Startup time. We �rst evaluatethe startupcost of the dynamic
architectureby comparingthe startuptime for the Yi editor with
and without the dynamic architecturein Figure 4. Cacheswere
primedwith a dummyrunbeforeeachrun.

WeinstrumentedYi to measurethetimefrom enteringthestatic
mainuntil theeditormainloop,locatedin thedynamicapplication,
commences.Thestartuptimeincreaseslinearlywith thebuffer size
(from the cost of loading the buffer into memory).The results
demonstratethat the dynamic architecturehas a startup cost of
around 30 millisecondson the benchmarkplatform for typical
editing jobs.6 In other words, the cost of loading buffers by far
exceedsthestartupcostsof thedynamicarchitecture.As thebuffer
sizeincreases,factorsunrelatedto dynamiclinking comeinto play,
in particular, afteraround100Mtheamountof realmemoryhasan
impactasthemachinebeginsto swap.

Hot codeswapping. We displaythecostsof state-preservinghot
codeswappingin Figure5. Thedisplayedtime includeshot swap
the entire applicationcode, reinjecting the preserved state,and
returningto thedynamicmainloop.

The resultsindicatea constantcostof 10 millisecondsfor hot
swapping, independentof theYi statesize(thestateincreasesasthe
buffer sizeincreases),up to buffer sizesof around120M,at which
point the test machinestartsto run out of physicalmemory, and
performancerapidly deterioratesas hot swappedcodecompetes
for spacewith the large buffer state.The cost of hot swapping
is independentof the sizeof Yi buffers as we passreferencesto
buffersto thestaticcore,notbuffersthemselves.

Comparisonwith other editors. To evaluateYi' s overall perfor-
mance,we compareit to a rangeof commoneditorsin Figure6.
The benchmarkinvolves the execution of a speci�c editing se-
quencesubmittedto the keystroke interfacesof eacheditor. We
thentestperformanceasbuffer sizeincreases.Themeasuredtime
includeseditor start,GUI initialisation, executionof the edit se-
quence,andeditorshutdown. It mighthavebeenpreferableto mea-

6 Wede®netypical as®le under20M in size.Theaveragesource®le in the
Haskell hierarchicallibrariesis 10k; so,20M is agenerouslimit.
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sureeachoperationin isolation,but the interfaceof someeditors
doesnotsupportsuchisolatedmeasurements.

It is interestingto observe thatYi (bothdynamicandstatic)out-
performsthe matureextensibleeditorsVim andEmacs.It seems
asif dynamicapplicationsconsistingof compiledfunctionalcode
have a signi�cant performanceadvantageover interpretedextensi-
blesystems.Thesmallnon-extensibleeditormgalsohadgoodper-
formance.We alsotestedseveral othersmall staticeditors(nano,
eeandvi). They have goodperformanceon small datasizes,but
this advantagedeterioratesrapidly as�le sizesincrease.We have
not includedthemin the�gure to improve readability.

7. RelatedWork
Emacs. Emacs[27] was the �rst editor whosedesignrevolved
around facilitating extensibility. This implied an extension lan-
guagebeyond simple editing macrosand the ability to dynami-
cally load extensioncodethat can add new or override existing
functionality. Limitationsof thehardwareandoperatingsystemsof
thetime,encouragedinterpretationof extensioncode,andthus,re-
quiredthemostperformance-sensitive functionalityto beincluded
in thestaticcore(which is implementedin C in current�a voursof
Emacs).Stallman[27, Section4], in fact,explicitly lists dynamic
linking asan alternative approach,but dismissesit as impractical

due to lack of operatingsystemsupport.Moreover, Emacspre-
loadsthe mostessentialLisp byte-codeat build time anddumps
theresultingruntimeimageinto a binary�le for fasterstartup.

Erlang. Hot codeswapping(akadynamicsoftwareupdating)is
an important featureof Erlang [2, 3, 11, 18], which has been
part of the languagefor several years.Hot swapping in Erlang
is used, for example, in telephony applicationsthat must have
very high availability. Recentwork haslooked at formalisingthe
hot code swapping capabilitiesof Erlang [6]. Hicks [12] cites
Erlang'sfunctionalnatureascontributingto thesimplicity of its hot
swap implementation,makingreasoningaboutglobal statemuch
simpler.

Java and Eclipse. The architectureof the Eclipse workbench
revolvesarounda hierarchyof dynamicallyloadedplugins[7]. At
the core is the Eclipseplatform togetherwith a numberof core
plugins,which arealwaysavailable.In recentversionsof Eclipse,
thecoreis closeto minimal,permittingtheuseof theEclipseplugin
architecturefor non-IDEapplications.However, in contrastto Lisp
applicationsandour proposal,Eclipsecon�guration is via XML
metadata.Moreover, thereseemsto be no simplefacility for hot
swappingcode.Hot swappinghasalsobeenusedin thecontext of
Java to implementdynamicpro�ling [10].

Linux and other operating systems. The Linux kernel can be
compiledsuchthat mostof its functionality is in kernelmodules
than can be loadedand unloadedat runtime.When fully modu-
larised,only functionality that is crucialduringbootingthekernel
itself, suchasmemorymanagementandprocessscheduling,arein
thestaticcore.Everythingelse,includingsupportfor the �le sys-
tem usedfor the root partition, is loadedat runtime; the root �le
systemmodulecomesfrom an initial RAM disk. Linux' level of
modularisationis limited asit beganasamonolithicoperatingsys-
temwith supportfor kernelmodulesaddedmuchlater. In contrast,
micro kernel operatingsystemsprovide a higherdegreeof modu-
larisationand,in somecases,hot swappingcapabilities[4, 5].

8. Further work
Therestill remainsmuch work to be done in the areaof exten-
sible, statically-typedapplications.Extensionsto Yi andLambd-
abot,for example,mustcurrentlybe loadedascompiledplugins.
In thecaseof Yi, thetime takento compilequick scriptingjobs—
suchasevaluatinga simpleHaskell expression—istediouswhen
the codeis immediatelydiscardedoncea result is produced.An
alternative would beto embeda Haskell interpreterin theapplica-
tion andusethatfor smallscriptingjobs,whilst retainingcompiled
codefor larger, more permanentapplicationextensions.Haskell
usersalreadyfollow this pattern,writing throw-away codein an
interpretersuchas GHCi, but resortingto compilation for more
long-livedcode.Ideally we would like to beableto mix compiled
codewith interpretedcode.To this end,we plan to integratethe
GHCi interpreter, with its ability to mix compiledandinterpreted
code[25], into Yi, effectively addinga form of interactive runtime
meta-programming.

Whenextendingthestateof a dynamicapplication,consumers
of the state,in particularthe statetransferfunctions(which must
preserve stateover changesin the statetype) needto be modi�ed
to handle the new state type. We speculatethat a statedesign
baseduponextensiblegenericprogrammingmayreducethecostof
stateextensionandallow extensiblestatetransferfunctions.Recent
work on open,extensible,functions[21] seemspromising.

Whenextendingthestatetypewhilst hot swapping,we arecur-
rently forcedto stepoutsideof thetypesystem—bytranslatingthe
statevalue into a binary representation—andthen reconstructing
this valueaftertheswap.Ideally, we would like to beableto auto-



maticallyextendthestatetype,withoutrequiringthebinaryencod-
ing or requiringa new statetype.Extensiblerecordsseemsuitable
in this regard[19]. The transferof valuesas the statetype is ex-
tendedis achievedvia a transformfrom a type � to thesametype
augmentedwith new record�elds. The resultwould be that pre-
servingstateover extensionsto thestatetype canbe typedinside
thelanguagewithout resortingto untypedbinaryintermediaries.

Weavoid a largenumberof semanticconcernsby hotswapping
all dynamiccode,which obviatesthe needto worry aboutrefer-
encesinto old codepersistingin hotswappedcode.However, more
�ne grainedhot swappingmay be desirablein someapplications.
We intendto investigatefurther issuesrelatingto �ne grainedhot
swappingin lazy languages.

Beyond the generalresearchissuesraisedby this paper, there
are a numberof featureswe would like to seedevelopedin Yi,
including

� parser-basedsyntaxhighlightingandlanguage-awareediting,
� supportfor embeddingotherHaskell applicationsin theeditor,

suchasrefactoringsupportor classderivationtools,and
� compilersupportwhilst editing;e.g.,for incrementaltyping.

9. Conclusion
We presentedan architecturefor fully dynamic applicationsin
Haskell, basedupona minimal static core.We discusseda prac-
tical designandimplementationof hot swappingfor suchdynamic
applications,anddemonstratedthe feasibility of this architecture
with two applications,Yi and Lambdabot.We then explored so-
phisticateddynamic applicationcon�guration and extensionvia
anEDSL, asimplementedin Yi for dynamicinterfaceextensions.
Finally, we discussedsomeperformancebenchmarksthat suggest
that the costsof the dynamicarchitectureand hot swappingare
negligible, andalso that dynamicapplicationswritten in modern
compiledfunctionallanguagescanhave excellentperformance.
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