Dynamic Applications From the Ground Up

Don Stewvart

ManuelM. T. Chakraarty

Programmind_anguagesndSystems
Schoolof ComputerScienceandEngineering
University of New SouthWales
f dons,chag@cse.unsvedu.au

Abstract

SomelLisp programssuchas 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

Haslell where the static core is minimal and codeis hot swap-
pable.We demonstratehe feasibility of this architectureby two

applications:Yi, an extensibleeditor, and Lambdabot,a plugin-

basedRC robot. Bene ts of the approachinclude hot swappable
codeandsophisticatedpplicationcon guration andextensionvia

embedded®dSLs.Weillustratebothbene tsin detailattheexample
of anovel embeddedSL for editorinterfaces.

Categoriesand SubjectDescriptors D.3.3 [ProgrammingLan-
guageq: LanguageConstructandFeatures

GeneralTerms Design,Languages

Keywords Dynamic applications,Hot swapping, Dynamic up-
date Extensionanguagesk-unctionalprogramming

1. Intr oduction

Dynamicapplicationsareableto add,remove, andexchangecode
atruntime.Thisincreasespplication e xibility by facilitatingrun-
time con guration, user extension, hot code swapping, runtime
metaprogrammingandapplicationcon guration by EDSLs(em-
beddeddomainspeci c languages).

Stallmans Emacseditor [27] is a widely knovn exampleof a
dynamicapplicationfrom the Lisp world—Stallmancallsit anon-
line extensiblesystemEmacsconsistof asmallcore,implemented
asa corventionalC program,which is extendedto a fully- edged
editor by a large body of Lisp code,which is byte-compiledand
dynamicallyloaded.The applicationcorecontainghe Lisp engine
as well asthoseeditor primitives that would not be sufciently
efcient in interpretedbyte code. Such an applicationis mostly
dynamicbut thecodeof thestaticcorecannotthangedynamically;
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thus,somefunctionalitycannotchangeeither In thecaseof Emacs,
the editor primitivesandary otherprimitivesprovided by theLisp

engineare x ed.Thisincludesthe choiceof userinterfaceswhich

canbetext-basedor dependon oneor more GUI toolkits (suchas
Xwindows).

An entirely differentexampleof a mostly dynamicapplication
is the Linux kernel.It canload and unloadso-calledkernel mod-
ulesat runtimeusinganin-kernelmoduleloader Justlike Emacs,
Linux contains x ed functionality in its static core; someof this
functionality (suchasthe processchedulerthel/O schedulerand
the virtual memorysubsystemyvould bene t from beingdynam-
ically con gurable.In contrastto Emacs boththe coreaswell as
the modulesof Linux areimplementedn C. As a consequence,
kernel con guration is achiered via mechanismsndependenbf
dynamicallyloadedcode—whichis in contrastto Emacs,where
con guration les arejuststylisedLisp les.

In this paperwe move beyond applicationssuchasEmacsand
Linux, by exploring a fully dynamicsoftware architecturewhose
staticcoreis minimal; i.e., the core containsonly whatis needed
to load the restof the applicationat runtime. This was not a fea-
sible designfor Emacs,due to hardware and operatingsystems
constraints,which required an interpretedLisp implementation
whenEmacswvasdesignedn thelate 1970s Interpretedoyte code,
in turn, was not sufciently efcient for the implementationof
performance-sensit editor primitives. In contrast,we demon-
strateby benchmarkf the extensibleeditor Yi that an editorin
a modern,compiledfunctionallanguagestructuredas a fully dy-
namicapplicationcanhave excellentperformance.

We experimentedwith two fully dynamicapplicationsthe ex-
tensibleeditor Yi andthe IRC' robot Lambdabat We found two
main advantagesover applicationsthat are only mostly dynamic.
Firstly, with a smallerstaticcore,we gainmore e xibility andex-
tensibility from dynamiccodeloadingandcodeswapping,asfewer
featuresdependon the staticcore. A casein point are userinter-
facesin EmacsandYi. As alreadymentionedthe userinterfaces
supportedy Emacsdepencdbn the primitive operationgealisedn
Emacs'staticcore.In contrastheminimal staticcoreof Yi is inde-
pendenbf the choiceof userinterface,which enablescompletely
dynamicinterfacecon guration.

Secondlyfully dynamicapplicationenablehotcodeswapping.
We demonstratehis by presentinga methodfor replacingthe cur-
rentlyexecutingapplicationcodeby avariantwithoutlosingtheap-
plication state.Dynamiccodereplacemenis alwaysa tricky busi-
ness;in a purely functionallanguagethe semanticconsequences
areeven more subtle.We achieve it by redoingthe dynamicboot
processvhile preservinga handleto theapplicationstate This pro-
cessis fastin practiceandavoids a large rangeof semantidssues

LinternetRelayChat(IRC) is a standardisednline chatsystem.
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thatotherapproachet dynamicsoftwareupdatesncur. Dynamic
software updatesand also dynamicextensionand con guration,
aregenerallycorvenient,but they areof specialvaluein 24/7 ap-
plicationslik e senersthatarein continualuse.

Lisp applications,suchas Emacs,pioneeredthe idea of con-
guration les basedntheextensionlanguagetself—in thiscase,
Lisp. Thisapproachs lightweightasit avoidsaparserandanalyser
for yet anothedanguage Moreover, con guration languagesave
thetendeny to slowly grow to includeadhocabstractiorfacilities
and control structures.Thesefeaturesare available in a system-
aticway right from the beginningif the extensionlanguages used
for con guration. Thisideais evenmorepowerful whencombined
with the conceptof embeddediomain speci c languayes (ED-
SLs)[13, 14]. Then,con guration les canbetailoredto thetask
andbeusedfor complex con gurations.For example the editorYi
usesself-optimisingexer combinatorgi.e.,anembeddedanguage
of regular expressions}o de ne editor commandsequencesuch
that different con guration les emulatethe interface of various
existing editors(e.g.,Nano,Vim, Emacs).This approachis more
lightweight than, e.g., Emacs'keymaps.It hasthe addedbene t
thatcon guration les arestaticallytypechecled,andit illustrates
how con gurablecomponentsanbestructuredo achieve e xible,
modularextensions.

In summaryour contritutionsarethefollowing:

afully dynamicsoftwarearchitecturgSection2);

hot codeswappingthatpreseresapplicationstate(Section3);
practicalexperiencewith the new softwarearchitecturen two
applicationspamelyYi andLambdabo{Section2 and4);

applicationcon guration and extensionvia plugins codedin
embeddedSLs(Section5) includinganovel EDSL for editor
interfacesand

performancevaluationof afully dynamiceditor(Section6).

We discusgelatedwork in Section?. The sourcecodefor Yi2 and
Lambdabot is publicly available.

2. Dynamic Ar chitecture

Thefoundationfor extensibility in Yi andLambdabois adynamic
architecturebasedon runtime code loading. Figure 1 illustrates
this architectureasimplementedn 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,

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

thebinaryitself consistssolely of a staticcoreof around100lines
of Haslell. The purposeof the staticcoreis to provide aninterface
to thedynamiclinker andto assistin hot swapping.The staticcore
hasno application-speci cfunctionality Lambdabots structured
similarly, with the differencethatthe dynamicapplicationis atree
of dependenmodules ratherthana singlearchive of objectslike
theYi mainlibrary.

2.1 Overview

Thestaticcore,with the help of thedynamiclinker, loadsary con-

guration data(asplugins)followed by the main applicationcode.
Controlis thentransferredo the main applications entry point—
its main function—andhe programproperstartsup.In Yi les are
openedpuffers allocatedandthe usermay begin editing. Lambd-
abotconnectgo an IRC sener nodeand bayins servinguserre-
questNotethatthe Yi con guration pluginsandthe mainapplica-
tion aredynamicallylinked againsteachothersothat pluginsmay
call applicationcode (and vice versa).For clarity we omit these
detailsfrom Figurel.

During execution the user may invoke the Haslell dynamic
linker library [24] to recompileandreloadary con guration les,
or to reloadthe applicationitself. The stateof the applicationis
preseredduringreloading(hot swapping),with theresultthatnev
codecanbeintegratedor existing codebereplacedwithouthaving
to quit the application.In the restof this section,we discussthe
processof booting in more detail; in the following section,we
discusshot swapping.

2.2 Dynamic Bootstrapping

The single purposeof the minimal staticcoreis to initiate the dy-
namicbootstrappingrocesspy arrangingthe dynamiclinking of
theapplicationproper Hence we seeka structurethatit is generic
in its functionality (so thatthe 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 mmain' -> main'

HereYi.o isthemainmoduleof theeditorlibrary, whichwe load
usingtheplugininfrastructuredescribedn our previouswork [24].
Yi.o istherootof atreeof modulesdeterminedy moduledepen-
denciesTheplugininfrastructurgakescareof recursvely loading
all requiredmodulesandpackagessuchthatthe entlreprogramls
loadedandlinked. The nal amgumentto load —i.e., "main" —is
the symbolthat representshe applications entry point. If loading
is successfulthe plugin infrastructurepresentaiswith the Haslell
valuerepresentethy the given symbol.Hence we transfercontrol
to thedynamicportionof the applicationby evaluatingthatvalue.

On the dynamic side, the entry point is a corventional main
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



Figure 2. Screenshoof Yi'sncursesnterface

startup.A screenshobf Yi runningunderits ncursesnterfacé is
in Figure2.

3. Hot Codelnjection

Oncetheapplicationis upandrunningtherearetwo operationghat
we would liketo beableto perform:

1. reloadingof pluginsand
2. hotswappingof applicationcode.

The rst operatiormeanghatchangeso con guration les (imple-
mentedasplugins)canaffect the runningapplicationwithout hav-
ing to restartthe program.The seconds more profound:we want
to replaceapplicationcodewhile the editoris running,withoutlos-
ing state—alleving usto “ x-and-continue” or to incorporatenev
functionalityonthe y . Wewill rst considethow to reloadcon g-
uration les in a dynamicarchitecturewhich thenleadsusto the
secondmoredif cult problem.

3.1 Dynamic Recon guration

We follow the Lisp tradition of expressingcon guration les as
sourcecodein the extensionlanguagejn our caseHaslell. The
reasondor usingthe extensionlanguageratherthan specialpur-
posecon guration languagesrevery muchthe sameasthosefor
theuseof embeddedomainspeci c language¢EDSLs)over stan-
daloneDSLs[13, 14]. However, we alsoinherit the dravbacksof
the EDSL approachsuchaserrormessagethatareharderto com-
prehendfor end users.On the positive side, we shall seein Sec-
tion 5 how con gurationscannaturallyandcornvenientlygrow into
EDSLsin ourapproach.

In ary case,usersspecify their own con guration settingsby
writing Haslell codein con guration les. Theseles arecompiled
anddynamicallyloaded Thevaluesthey provide areusedio update
a default con guration recordtype;in otherwords,we follow the
schemefor applicationcon guration via pluginsdescribedn our
earlierwork [24].

Con guration les aredynamicallyloadedwhenthe staticcore
of Yi begins executing. The userde ned con guration valuesare
retrieved and passedo the dynamiceditor core,which usesthese
valuesto setinitial statesor the variouscomponent®f the editor.
It is importantto remembetthatit is the staticcorethat performs

4 A prototypeinterfacebasednwxHaslell [22] is alsobeingdeveloped

all dynamic linker operations,including plugin loading, in our
architectureAll invocationof thedynamiclinkerby dynamiccode
go via the static core;i.e., the dynamiccodecalls into the static
core,which in turn forwardsthe requesto the dynamiclinker. As
we discusssoon,this structureis crucialfor thereloadingprocess.

To beableto passcon guration valuesthroughto the dynamic
code,we needextendthe simpledynamicmainfunctionillustrated
in Section2.2 slightly. Ratherthan jumping to a constantmain
function,we insteadpassthe con guration valuesasargumentsto
amodi ed entrypoint:

main' :: Config -> 10 ()

To initiate reloadingof con gurations—orary otherplugins—
from thedynamicapplicationwe needto interactwith thedynamic
linker. As already explained, the linker is not visible from the
dynamic code: it is linked to the static core. This structureis
crucialto enablehehotswappingof theentiredynamicapplication
code,which we will discussshortly Hence,the static core needs
to provide the dynamicapplicationthe requiredfunctionsof the
dynamiclinker asfunction argumentsto the dynamicentry point.
Overall, the dynamicentry point hasthefollowing type:

type DynamicT =
(Maybe State,

editor state

Maybe Config, -- configuration  values
Maybe State -> 10 (), -- ‘reboot' function
10 (Maybe Config)) -- “reconf' function

dynmain :: DynamicT-> 10 ()

The rst componenis an optional editor statevalue for whenwe
wish to presere stateover hot codeswapping(Section3.2). The
secondeld is acon gurationrecordretrievedfrom the con gura-
tion plugins. The nal two componentonstitutedynamiclinker
functions,which we call reboot andreconf , respectiely.

Thefunctionreconf is a simplewrapperaroundthe dynamic
linker's reloading primitive, reload , which checksfor changes
to the con guration les. If thereare changesyreload triggers
recompilationand reloading of the con guration modules.The
recon gurationfunction hasthefollowing type:

10 (Maybe a)

The type is polymorphic so that we can enforce statically that
reconf doesnot dependon the representatiorof the valuesex-
tractedfrom con guration les—that is the concernof the con-
sumersof con gurationvalues.

Whenreconf is called from the dynamiccodea newv con g
valueis retrieved by the static core,which passeshis value back
to the caller in the dynamicapplication.The dynamiccodethen
usesthe new valueto updatethe applications state.For example,
Yi callsreconf by de ning aneditoractionin thedynamiccode:

reconf

reloadE :: Action
reloadE = do
modifyEditor_  $ \e -> do

conf <- reconf
return $ case conf of
Nothing -> e
Just (Config kmsty) ->
e { curkeymap = km, uistyle
Ul.initcolours

= sty }

ThefunctionreloadE atomically(with respecto thedynamicap-
plication'sglobalstate)invokesthestaticlinker'sreconf function.
Then,controlis passedackto the staticcorewherethe actualre-
compilationchecksand dynamicreloadingtakes place.Oncethe
new con guration datais returnedreloadE usesit to setthe cur-



reloadE()

dynamic code

Figure 3. Reloadingcon guration les from dynamiccode

rentuserinterfacestyle andkey mappingsin this way we canin-

ject new (statelessyodedynamically enablingchangesn con g-

uration les to beimmediatelyre ectedin therunningapplication.
This processs illustratedin Figure3.

Thereis a questionof type safetywhenimportingcodedynam-
ically. We are able to checkcon guration les usingtechniques
developedin our earlierwork on type safeplugins[24]. Con gu-
ration les maybe checled prior to loadingeitherthroughthe use
of dynamictyping, or by emplgying thetype checler at runtimeto
checktheinterfacebetweenrstaticanddynamiccode.

Weusedynamicrecon gurationfor similar purposesn Lambd-
abot. Lambdabotwas originally developedas a static binary of
somel500linesof Haslell; in addition,it useddynamicallyloaded
plugins as an extensionmechanismWe refactoredLambdabotto
usea minimal static core which loadsthe actualLambdabotap-
plication dynamically In doing so, we neededo make all further
loading of pluginsgo via the static core for the reasongust dis-
cussedThenaw staticcoreof Lambdabois lessthana 100lines.

3.2 Pulling the Rug Out from Underneath

In thediscussiorsofar, we neglectedanimportantproblem:during
reloadinga plugin, beit the mainbody of the dynamicapplication
or anextensionwe loseary statemaintainedn thatplugin. In our
experienceijt is notunusuafor pluginsto requireprivatestate(for
example,in the form of IORefs),which is reinitialisedon reload-
ing. The loss of this statemay be acceptabldor small pluginsor
con guration les, but is unacceptabléf we attemptto dynami-
cally reloadlargeamountsf code,or indeedthe applicationitself.
Hencewewill now turnto discussinganapproacho maintainplu-
gin stateacrosgeloadsby stateinjectionfrom the staticcore.

3.2.1 Keepingstate

When updatingcodedynamically we wish to continueexecution
from exactly the point at we reachedprior to the dynamicupdate.
To do this, we mustreconstrucary relevantapplicationstatebuilt
by thecodebeforetheupdate Reconstructinginapplications state
in Haslell is usually simple. By default entire Haslell programs
arepurely functional,so simply re-enteringthe applicationvia its
normalentrypointis enoughto recreateheapplications statefrom
apreviousrun. Thereis noneedo actuallystorestatebetweerruns,
aswe arealwaysableto reconstructt.

However, someapplicationsrequirelarge amountsof mutable
state andreproducinghemutationsto thatstatemaybeinfeasible.
Yi is suchan application.Editor buffers are potentially very large

at byte arrays,constructedover the entire running time of the
application.Any copying is prohibitively expensve. Buffersin Yi
arestoredin asingleglobalstatecomponenbf the editor Whatwe
needto dois capturethis stateduringthe update andtheninject it
into thenew updatedcode,continuingexactly wherewe left off.

This bringsusto a centralreasorfor usinga dynamicapplica-
tion structurecentredarounda minimal static core;i.e., a reason

besideghe desireto modify all functionality of the applicationat
runtime. We usethe staticcoreto keepall global statewhile the
dynamiclinker reloadsplugins.For thisto work it is crucialthatall
requestdo load or re-loadplugins go via the staticcore,as men-
tionedpreviously. Ultimately, thestaticcoreis theonly safeplaceto
keeptheglobalstateduringreloading asthewhole dynamicappli-
cationcodemaybereplacedIn otherwords,we structuretheentire
dynamicapplicationsothatit takesits stateasanargument,mak-
ing it purelyfunctionalagain,andhence gnablingstate-preserving
hot swapping.

At this point, Haslell offers signi cant advantageover lan-
guageswhich encouragdhe useof global state.Unrestricteduse
of global stateleadsto a multitude of valuesscatteredhroughout
theprogramhencepooklkeepingof suchadispersedtatebecomes
dif cult andpotentiallyinfeasible Hot swappingis only practicalif
theapplicationalreadyhasdisciplineduseof globalstate—ass the
caseby defaultin Haslell programsWithout restrictedstate,run-
time systemor operatingsystemsupportseemsnecessaryo deal
with the stateproblem.

3.2.2 Redoingmain

Sofar, we establishedhat hot swappingneedso be via the static

core,while passinaary globalstatefrom theold to thenew instance
throughthe staticcore.We realisethis by thereboot component
of the con guration argumentof type DynamicT passedto the

dynamicentry point, asdiscussedn Section3.1. The static core

will passthefollowing functionasa concretevaluefor reboot :

a-> 10 ()

It takesa statevalue and ‘returns'a nominal() value—infactit
neverreturnsto thecaller, it insteadreloadsall theapplicationcode
(which is fast,c.f Section6). The input stateis then passedack
to the new mainfunctionwe just loaded.The nev dynamicentry
pointthenrestartghe editorandusesthe stateparameteto restore
thepreviouservironment.Thestatevalueletsuskeepary les and
buffersopenin Yi, for example.

We utilise polymorphismin remain, aswith otherinterfacesto
thestaticcore.This simpli es statetransfer aswe canbe surethat
the static core doesnot dependon the representatiomf the state
component.

Thecompletesequencef operationgperformedoy remain is:

remain

1. the dynamic code calls remain with the currentstateas an
argument,

2. staticcoreunloadsthe dynamicapplication,

3. the(new) dynamicapplicationis loaded,and

4. thecorecallstheapplications entry point, passinghe old state
asanargument.

In the staticcore,we implementthis asfollows:

remain i@ a -> 10 ()
remain st = do
unloadPackage "yi"

status <- load "Yi.o" [ [ "main"
case status of
LoadFailure e -> return ()

LoadSuccess mmain' -> main' st

ThefunctionunloadPackage unloadghe entiredynamicapplica-
tion (packagedsanarchive). We thenreloadthe codefrom object
les, andreenterthe codevia its normalentry point, supplyingthe
old statevalue as an agument.The dynamic code then inspects
this value, and doesa quick restart—aoiding the initial applica-

tion startup—andinsteaddirectly enteringthe editormainloop.
In Yi we invoke the hot swap event by gettinga handleto the
currentstate shuttingdown the editor (which involvesterminating



somethreadsandexiting theuserinterface) We thenjump into the
staticcodeby callingreboot (i.e. calling into the staticcore),and
passingdownn the state.

rebootE :: Action
rebootE = do
st <- getEditorState
Editor.shutdown
reboot (Just st)

Whenthe new applicationcodeis enteredafterthe reload,the old
stateis injectedbackinto the application,andwe shortcircuit the
usualinitialisation steps.

We canincreasaheperformancef dynamicreloadingby struc-
turing the dynamiccodeas a single library, ratherthan a tree of
separatenodules Doing someanghatthe dynamiclinker doesnt
have to readinterface les for eachmoduleit needsto load—to
chasedependencies—andsteadloadsthe entire dynamiclinker
in oneload.In Section6 we discusghe performancef 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 global stateis only safeif thede nition of

the statedatatype is unchangedn the new code.If, for example,
the buffer type changedo includeanextra eld andwe restorethe
old statecontainingan old buffer valuelackingthis eld, the new

codewill crash—itsimply is notcompiledto handlea valueof the
old type.Whatwe needis a safeway of injectinganold statevalue
into a new, different statetype. This problem, statetransfer has
beenconsideredn work relatingto operatingsystemssupporting
hot swapping[26, 5] aswell asin thework of Hicks[12].

We tacklethis problemby reducingit to a form of parsing:we
de ne anerrorhandlingparsingfunctionto inject valuesof theold
typeinto theneaw type.To transfervaluesbetweertypeswe convert
the statevalueinto a binary representatioryia serialisation Prior
to rebootingthe application,we encodethe old statevaluein this
binary format. After injecting this binary statevalueinto the nev
code thevalueis parsedo constructa statevalueof the new type,
wheremissing,or extra, elds areeitherignoredor replacedwith
defaultvalues.In thisway globalstatevaluescanbepreseredover
datatype changesandthe statevalueis effectively immortal.

A more comple solution could usea versiontag in the state
datatype anda classof injectionfunctionsto achieve binary com-
patibility betweerarbitraryversionsof the statetype.

3.4 PersistentState

The problemof preservingstateduring dynamiccodereloadingis
tightly connectedo the generalproblemof persistenceApplica-
tionsthatareableto extractandinject their entirestatecanbe ex-
tendedto supportpersistenceia the usualmechanisms—e.ge-
rialisation of valuesto binary representationf30]. Whenpassing
the statevalue from dynamiccodeto the staticcore,the corecan
arrangdo write thestateto disk,andonrebooting rereadhis state,
passingt backto thedynamicmain.

Theproblemof preservingstateacrosscodeloadingeffectively
forcesus to separateand sanitiseuse of statein the application.
Extendingthe state preseration to full persistences relatively
simpleoncewe reachthatpoint.

3.5 Static Applications

Dynamiclinking is notsupportedn all ervironmentsthatthecom-
piler, GHC, runsin. For portability, it is corvenientto be ableto
build a statically linked version of the applicationthat provides

all the samefeaturesandis usablein lesssupportecervironments.
Suchan applicationwill lack the ability to dynamicallyload con-
guration les or new code.

Producinga static version of the dynamically loaded appli-
cation can be achieved quite simply by adding a corventional
main :: 10 () to the main moduleof the dynamicapplication,
and arrangingfor the compiler to treat this as the normal entry
point of the program,leaving the boot stub out of the compilation
processBoth Yi and Lambdabotcan be compiledas static-only
applicationsn this way.

This is possibleas the static core is minimal—it containsno
applicationcode—soeven whenit is left out, we still arrive ata
working application.This cleanseparatiorof all dynamiclinking-
relatedcodeinto a single staticcoreis anothemreasonfor forcing
the dynamicapplicationto delegateall invocationsof the dynamic
linkerto the staticcore.

4. Adapting Lambdabot

Lambdabotis an InternetRelay Chat (IRC) [1] robot, or bot for
short.IRC featuresmessagindpetweenindividual usersaswell as
channelswheremultiple userscanmeetto engagen corversation.
In thechatnetwork, botsappeamasnormaluserclientsthatprovide
awide rangeof serviceshy reactingto commandsentto themdi-
rectly or issuedon a channeimonitoredby the bot. Somebotswith
specialprivilegesauthenticataisers,award operatorprivilegesto
selectedusers andstopnetwork abuses Otherbotssimply provide
servicedo theusersof aparticularchannelLambdabobelongsto
thelatercategory andis, for example,usedon the#haskell chan-
nel of theirc.freenode.net  network. Lambdabotservicesare
implementedy a suiteof dynamicallyloadedservicepluginsthat
includedictionaryqueriesweatherforecastsnoti cation services,
but alsoanonline Haslell type checler andinterpreter

The rst versionof Lambdabothad a fairly large static core
(about1500 lines) implementinglRC protocol support.The ser
vice pluginsamountedo another5000lines of Haslell. The main
incentive for the useof pluginswaseaseof con guration andthe
ability to upgradeplugins without needingto shutdown the bot.
Channelssuchas#haskell , almostalwayshave active userswho
might wantto usethe bot's servicesHence,hot codeupdatesare
an attractve option. Unfortunately the original architecturewith
thefairly largestaticcoresufferedfrom two drawbacks:

1. Patchedo thecoreof Lambdabotequireda completerestart—
and the core is quite large (nearly 25% of the applications
code).

2. GHC'sruntimesystenrequiresall librariesthatarebothusedn
staticallyanddynamicallylinked codeto be in memorytwice.
Thisis clearlyawasteof resources.

We refactoredLambdabotto usethe dynamicarchitecturede-
scribedin this paper Now, thestaticcorehaslessthan100linesof
Haslell, whicharelinkedstaticallyagainsthehs-plugins linker.
This static core when invoked dynamicallyloadsthe Lambdabot
main module,triggering cascadinglynamicloadingof the restof
whatwasformerly thestaticbinaryandis now thedynamicapplica-
tion code After loading,controlis transferredo thedynamicentry
point of Lambdabotpassinga setof linker functionsasan argu-
ment. Thesefunctionsarethenusedto dynamicallyload Lambd-
abots suite of serviceplugins. At this point the applicationcon-
nectsto the sener. Underthis new architecturewe avoid both of
theabove problems.

Refactoring Lambdabotproved to be quite painless,despite
Lambdabothaving beendevelopedwithout ary thoughtof struc-
turing it asa dynamicapplication.The responsibilityof loading
pluginswastransferredrom Lambdabos simpleobjectloader to
the staticcorelinked againstthe hs-plugins library. This wasa



matterof exportinglinker functionsin a mannersimilarto Yi, and
in factreducedandsimpli ed the mainapplicationcode,asall dy-
namicloadinggluewasfactorednto the staticcore.

Our experiencewith Lambdabotsuggestghat adaptingother
Haslell applicationdo the dynamicarchitectureve proposés fea-
sible.Dynamicallyloadingary Haslell applicationcanbeachieved
with only small modi cations to the application.In particular the
staticentry point is simply hoistedto becomethe dynamicentry
point.

5. Con guration and Extension

As alreadymentionedin Section3.1, the Lisp experienceshavs
thatit is attractive to realisecon guration les in a dynamicervi-
ronmentasdynamicallyloadedcode.After that, it is a small step
from con guration les to extensionmodulesandthe useof em-
beddeddomainspeci ¢ languagegEDSLs)[13, 14] for both ap-
plication con guration as well as extension.Languageghat are
usedto extendapplicationsdynamicallyare called extensionlan-
guages. Mary programswritten in corventionallanguage®pt to
implementextensionlanguage$®y embeddingnterpreterdor nen
application-speci clanguages—Wwh can be con gured and ex-
tendedin Vim script, for example.An alternatve is to embedan
existing scriptingor extensionlanguagen the application 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-
ablepluginsdirectly provide extensionandcon gurationvia com-
piled code.Moreover, we useEDSLsfor morecomplex con gura-
tionsandextensions.

To illustrate our approachto creatingmodular e xible exten-
sions,we useasa runningexamplethe self-optimisinglexer com-
binatorsusedby Yi. Theseareanembeddedegularexpressioran-
guagefor implementingeditor keystroke interfaces(or keymaps)
basedupon a lexer combinatorlibrary. When combinedwith dy-
namicallyreloadablecon guration les andhot swapping,theuse
of acon gurationandextensionEDSL allows usto rapidly extend
keystroke interfacesfor Yi. Indeed,with very little programming
effort, Yi is ableto emulate to differing degreesof completeness,
several existing editors,including Vi [28] and Vim [8] (different
editorsof the Vi family) aswell as Emacs[27], Nano[23] and
Ee[15].

Con guration les in Yi are corventional Haslell modules
which Yi arrangego compileanddynamicallyload, bringinguser
con guration dataandcodeinto the editor The usermay thusim-
plementsmall interfaceextensions,or indeedcompletelynew in-
terfaces by extendingtheir con guration les. We usethis EDSL
to constructnen lexers emulatingexisting editor interfaces,and
male useof advancedlexer features suchasthreadedexer state
storingnestedexer histories,andlexer table elementghattrigger
monadiclexer switching,to develop sophisticatednterfaces.

5.1 The Lexer Language

Theinterfaceextensionlanguageof Yi is anembeddedexer com-
binator languagebasedon the self-optimising combinatorsde-
scribedin our earlierwork [9]. We usetheseas the foundation
of anovel EDSL for the constructiorof key bindings Userwritten
lexer fragmentsare written in con guration les which are then
appendedo, or replacedefault key bindingsat runtime. The use
of a DSL for specifyingkey bindingsallows full interfacesto be
constructedy thoseunfamiliar with theimplementatiorof theap-
plication.Additionally, interfaceswrittenin acombinatoistylecan
be constructedrom fragmentsspreacover multiple les, allowing
codereuse.This enablesusersto corveniently specify their own
custommappings.

The use of a domain-speci clanguagefor key bindings has
enabledusto createspeci cationsfor the often obscuregrammars
of existing editor interfaceswith little effort. We suspecthat key
bindingconstructiorvia DSLswill allow cleanemandmoreintuitive
interfacego beconstructedasthegapfrom formal speci cationto
implementations less.

5.2 Overview of Key Bindings

Most editorshave a x ed mappingof characteisequenceto edi-
tor actions.Usersinteractwith the editor by typing characterse-
qguencesvhichtriggerspeci c functionsin the editor This method
of interactionis analogoudo aninterpreter—keystrokesare lexed
andparsedroducingphrasesn theeditor language which specify
editor statechangesThesephrasesarethenexecuted,causingthe
correspondinghangego occur

It is importantto note that the input to the lexer is possibly
in nite, makingit essentiato usealexerthatconsumesnputlazily
(lexer generatorghat consumenput strictly arenot suitable).We
canmodelalazy keymaplexer asafunction:

[Char]

where Action is the type for editor actions.The return type of
keymapis a list of suchactions,as eachkey sequenceyenerates
a discreteaction event, and thereare an in nite numberof such
events.

In Yi the keybinding lexers have preciselythis type. Multiple
functionsof this type canbeloadedasa pluginsto the editor, and
lexer de nitions canbeimplementedasseparateombinatorfrag-
mentsspreadacrossmultiple modules.Differenteditor interfaces
are emulatedby writing differentlexers. The resultis an elegant
combinatodanguagdor writing [Char] -> [Action] editorin-
terfaces’

We brie y summarisethe lexer combinatorlanguagelt con-
sistsof a setof regular expressioncombinatorsand a numberof
combinatordor binding regularexpressiongo actions,to produce
lexerfragmentgaction , meta), joining regularexpressiong>|<),
combining lexer fragments(>||< ), and running lexers over in-
put (execLexer). The semanticof theseoperationsaredescribed
in [9].

keymap :: -> [Action]

Regularexpressions| Constructiorandcontrol
epsilon action

char meta

string >|<

star >||<

plus execLexer

quest

alt

5.3 A Simple Example

Here is a simple example of how Yi userswould dynamically
extendtheeditorinterfacevia codefragmentsn con guration les.
The userwrites a con guration le, Config.hs . This le will
be loadedby the static core whenthe applicationis invoked, and
reloadedn demandasthe userextendsor modi es thecode:

module Config where

import  Yi.Yi
import  Yi.Keymap.Vim

5The original lazy lexer combinatorsdescribedin Chakraarty [9] have
beenmodi®edin two waysto supportkey binding programming:®rstly,
lexersimmediatelyreturntokensoncethey are uniquely determinednot
waitingtill thenext inputcharacter)Secondlylexer compositiorwith over-
lappingbindingsis permitted,with the new bindingsoverriding previous
bindings.



yi = settings { keymap= keymapPlus bind }

bind = char 'n" ‘“action” \_ ->
Just $ mapM_insertE  "--"

In the abore example,settings is a setof default con guration
values,andyi is the distinguishedvalue the dynamicloaderex-
pectsto nd in ary cong le. Thekeymap eld speci eswhich
lexer the editoris to useasits keystroke handles—in this casethe
Vim interfaceaugmentedvith a binding for the charactern’, that
whentriggeredinsertsthe Haslell commenttoken “-- ” into the
buffer atthecurrentpoint. ThefunctionkeymapPlusaugmentshe
default binding with new lexer fragmentsallowing usto compose
the Vim lexer with new usersuppliedcode.

User's maythuswrite their own lexer bindingsin con guration
les using the EDSL, gaining the safety and expressienessof
Haslell in the processCon guration les thatfail type checking
arerejected anddefault valuesaresubstitutedn their place.

5.4 Lexer Table Elements

Key bindings,underour schemearelexersfrom stringsto action
tokens Keystrole interfacesuseregular expressiongo construct
self-optimisingexertablesspecifyingwhateditoractionsto invoke

given a particularseriesof keystroles. The elementsof the lexer

tablesare functionscombiningprimitive editor operationsThese
arebuilt from asetof around30 primitivesproviding thefollowing

functionality:

Movementcommandsteft, right, up, down, goto, ...

Buffer editingactions:insert,delete replace

Readingportionsof the buffer: read,readline

Multiple-buffer actions:next, prev, focus,unfocus close,split

Undo/redoyank/pastesearch/replace

File actions:new, write

Metaactions:reboot,reload,quit, suspend

Higherlevel actions:map,fold
Thesefunctionsreturn Action type, a synorym for 10 () . Our
extensionlanguagehusallows usto constructbindingsfrom char
acterinputto monadicexpressionsspecifyingstatechangego the
editor Theseactionsvaluescanbe composedvith >>=(or other
monadiccombinators)in theusualway.

When passednput, keymapsreturn a seriesof (unevaluated)
editor actions.For example,in Vi or Vim emulationmode,user
inputof “jI2x " generateghefollowing list of actions:

[downE, leftE, 2 deleteE]

Theseactionsare self-explanatory As the usertypescharactera
lazy list of theseeditor actionsis produced.Theseactionsin turn
needto beforced,to generateheir effects,sothe main editorloop
bodyis asfollows:

replicateM_

sequence_ . keymap=<< getChanContents ch

The characterinput readerrunsin a separatehread,returninga
lazy list of keystrokes via a channelto the main thread.The list
of keystrokesis passedisan argumentto the currentkeymap,our
(pure)key bindinglexer. Theresultinglist of actionsareevaluated
asthey areproducedgcausingmmediatestatechangesn theappli-
cation.

5.5 A Completelinterface

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

defaultinterface,andmay be extendedwhile the editoris running.

The brevity of the code provides an indication of the power of

domainspeci ¢ extensionlanguagedor this task,andwe believe

thelexercombinatolEDSL to beof generalitility for programming
applicationkeystroke interfaces:

keymapcs = fst3 $ execLexer lexer (cs, ()
lexer = insert >||< command
insert = any “action” \[c] -> Just (insertE c)

command= cmd “action® \[c] -> Just $ case c of

‘WL > leftE
VWR'  -> rightE
‘“J' -> upE
D' -> downE
‘"B' -> botE
'WT' > topE
"K' -> deleteE
Wy > KillE
"H' -> deleteE >> leftE
'"G' -> solE
"O' -> eolE
‘WX > quitE

-> undefined

Whereany andcmdarepatternghatmatchary characterandthe
set of commandcharactersrespectiely. At the top level, a key
binding takesa lazy list of input charactersandrunsthe lexer on
thislist. This causeghe lexer tableto be dynamicallyconstructed.
Thelexer is built from two lexer fragments:onefor self-inserting
charactersandanotheifor asmallsetof controlcharacters.

Partially de ned extensionssuchasthoseincludingundefined ,
or codethat throws other exceptions[20], may be caughtby the
application,and dealtwith in the usualmanner For example, Yi
catchesindprintsexceptionsvia themessagéuffer, beforeresum-
ing executionin themainloop. Furthermoretheeffectof malicious
extensionscanbe mitigatedsomevhat usingtechniquesiescribed
in our previouswork [24].

We now considemoresophisticatednterfacesutilising thread-
edrecursve state Jexer switchingand nally monadidexerswitch-
ing.

5.6 ThreadedState

A powerful featureof the lexer combinatorlanguageuponwhich
we baseour extensionlanguages theability to threadstatethrough
the lexer asit evaluatesinput. This hasproved to be invaluable,
andwe usethe state for example,to communicateesultsbetween
differentregular expressionsto implementcommandhistory and
line editing,aswell asstackablalynamickey mappings.

We take asa simple examplethe task of emulatingthe pre x
repetitionargumentsto commandsusedin the Vi family of ed-
itors, including Vim and Vi. Many commandscan be optionally
pre xed with numericalrepetitionarguments.For example 3x is
the sequenceo delete3 charactersWe needa way to parseary
numericalpre x n in adigit lexing fragment,but male thatvalue
availablelateron, oncewe've decidedwhich actionto perform.

We implementthis by threadinganaccumulatoasa statecom-
ponentthroughthe lexer. Digit key sequencesanbe appendedo
this lexer stateby the digit lexer fragment(as well as, perhaps,
echoedo a messagéuffer), until a non-digitkey is pressedCon-
trol is thentransferredo a commandcharactetexer. Oncethe full
commandhasbeenidenti ed, the digit statevalueis retrieved and
thecommandeplicatedby 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 expressiongo
actions,we insteadaccess lexer statecomponentvhenthe lexer
tableelements retrieved. Thisis achieved via the ‘'meta’ combi-
nator which allows usaccesgo the lexer statecomponentaswell
asspecifying(1) ary tokento return,(2) anew statevalue,and(3)
alexerto continueexecutionwith.

In the above code,s is the statecomponenbf the lexer. When
a digit is matchedin the input stream,we extract the existing
lexer state We immediatelyechotheinput value,andary previous
input digits to the messagéuffer (via msgl, appendthe current
characteto the state andcontinueexecutionwith thedefault lexer.
In this way digits will be accumulatedaswell asbeingechoedo
thescreereachtime they arepressed.

Thestatecanbe usediaterby the commandexer fragment:

command= cmd ‘'meta’ \[c] s ->

(msgCIrE >> fn ¢ (read s), [I, Just lexer)
where fn ¢ i = case c of
‘WL' > replicateM_ i leftE

"R' -> replicateM_ i rightE

Herewe rst clearthe messagduffer, thenconstructa new editor
actionusingthe digits storedin the stateto specifythe repetition.
Finally, we returnthis action,alongwith a new empty state,and
continuewith thedefaultlexer.

The stateis convenientfor othervalueswe extract from the
key input stream.For example, supposewe wish to maintaina
commandhistory We can keeptrack of all editor input in a list
valueinsidethe lexer state,andlaterretrieve or index this history
whenwe receve userinputto do so.

Thesesimpleexamplesillustratetheclose t betweerourlexer
combinatorsandthedomainof interfacekeybindings.We continue
by describinghow to modelmoredif cult featuresof key binding
syntax.

5.7 Modes

Most editors consistof a set of modes or distinct sets of key
bindings.Usually only one suchsetis in operationat ary point.
Even in modelesseditors there are submodesintroducedwhen
certainkeys arepressed.

Thereis a directencodingof modesasindependentexer frag-
mentsin our extensionlanguagewith theresultthatthedistinction
betweenmodedand modelesseditors evaporates—modelesedi-
torsjust consistof onelarge default lexer, with smallerlexer frag-
mentsfor submodesThe mainproblemis actuallyhow to achiere
modeswitching. Thatis, how to bind a keystroke to anactionthat
causegontrolto passto anew lexer.

The usualway to switch modesis via a distinguishedmode
switchingsequenceThereare often multiple waysto entera newv
mode, the differencebeing that particularactionsare performed
prior to themodeswitch. Theserulesaredirectlyimplementablén
thelexer framework, via themeta action.

For example, we may specify a lexer fragmentfor the Vi
andVim editorsthat speci es modeswitchinginto “insert' mode
(equialentto thedefault self-insertiormodein Emacs):

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

i' -> dol nopE

' -> dol solE

‘A" -> dol eolE

a' -> dol $ rightOrEolE 1

o' -> dol $ eolE >>insertE \n'

'O" -> dol $ solE >>insertE '\n' >> upE

'C' -> dol $ readRestOfLnE >>= setRegE >> killE

}

Thesebindingsall causea modeswitch to the insertmodelexer
(insert ) wherekeys areinsertedinto the buffer by default. The
rst binding(i'  -> dol nopB causesdirectswitch,whilstthe
otherbindingsall performactionsof variouscompleity priortothe
switch. For example,'A" movesthe cursorto the endof the line,
andthenentersinsertmode.

We may also passstate from one mode to anothervia the
statecomponenof thelexer. Stateis sometimesisefulover mode
switches.For example, when exiting from a line editing mode,
hitting Ctrl-M causeghe nal editedinput to be passedrom the
line editor, to a sub-modeahatcantheninterpretthe editedstring.

We now considerhow to add new bindingsthat dynamically
extendeditorkey bindings.

5.8 Dynamic Mappings

Many applicationsallow usersto dynamicallyextendthe table of
key mappingsby binding keys to a new sequencef keystroles.
In Vi or Vim this is achieed by :map and :unmap commands.
We may alsoremappreviously de ned mappings shadwing the
formerde nition with anew de nition.

In orderto implementdynamicallyextensiblemappingsleanly
we would like to be ableto updatethe applications lexer table at
runtime. This is not possibleif our lexer is eithera hand-written
parsefunction(i.e. thelexer tableis compiledcode)or if ourlexer
is anstaticallygeneratedexertable.Onesolutionis to usedynamic
reloadingto recompilethe lexer onthe y , however this is arather
sledgehammeapproachwhenwe simply want to updatea lexer
table.

An alternatveis to constructhew lexer combinatorsatruntime.
This approach—implementingynamically extensible key map-
pingsvia runtime constructeccombinators—cleanlgndelegantly
allows usto implementdynamicmappings.

Let usconsideruserinputin avi -like editorof :map zz d4j.
This bindsthe key sequencez to the actionsproducedby typing
d4j. This sequencedeletesthe next four lines dovn from the
currentline. How dowe implementthis usingthelexer combinator
extensionlanguageWhatwe needto beableto dois to inspectthe
currentlexertableto nd whatactionstheinputd4j areboundto.
We canthenusetheresultingactionsto build anew lexer fragment
dynamically

To inspecthelexertablewe needto runthecurrentiexer, onthe
side,with d4j asinput. Thiswill producealist of Action s.Wecan
thenusea fold to join thelist of actionsinto a singleaction. This
actionwe thenuseon the right handside of a newly constructed
lexerfragment(i.e. anew lexertableentry),boundto zz, whichwe
useto augmenthecurrentlexer.

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

lookupC inp = fst3 $ execLexer commandinp, [])

Thisbuildsanew lexeronthe y , with inp asinput, returningalist

of actionsthatareassociatedo the giveninput. We canconstruct
asingleactionfrom thelist of actionsas. This canbe achieved by

folding the monadic>> over this list, with a no-opto startthe fold

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 augmentedvith the bind we have just constructed.

Theright handside of the metabinding for the :map commands
thus:

(msgCIrE, ],

wherenew bindingsin the right agumentof >||< replacesary
existing bindsin command.

Oneissueremains hovever. Whenwe combinetwo lexerswe
createa new lexer valueto which we passcontrol. If we ever call
‘map again,we will addary new binding to the original lexer,
losing ary dynamicbindings. The solutionto this is to storethe
mostrecentlexer, with ary dynamicmappingsit has,in the lexer
state,so that bindingswill not be lost on later mappingsWe can
extend the lexer stateto storethe currentlexer, along with the
accumulatarlike so:

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

Just $ command>||< bind)

}

Now new key mappingswill be boundto a metaactionasbefore,
andwe alsorecordthis augmentedexer in the lexer state.Rather
thanhard codingwhich lexer control passedo a metaaction,we

insteadtransfercontrol to the lexer found in the threadedstate.
Now, we arein a positionto considethow to implementcommand
unmapping

5.9 NestedMappings

It is oftendesirableto allow usersto unmapcommandsand most
extensibleeditorssupportthis. Two mainapproachesnay be con-
sidered.The rst is to only allow onelevel of mappingto exist at
ary point. Thatis, if the sequencez is mappedwice, the second
mappingwill overwritethe rst mappingandit will beforgotten—
thisis Vi's behaiour. Unmappingzz will thenrevert to the map-
ping for zz foundin thedefaultlexer, i.e. no mappingatall.

We canimplementhis simpleunmagpsimilarto map.Werunthe
default lexer with the sequenceve wish to unmapasinput. Three
possiblevalueswill result,either:

No actionsareboundto thesequence
Exactlyoneaction
Multiple actionsareboundto thesequence

If no actionswereboundto somesequenceve areunmapping,
then we can unmapthis sequencdrom the currentmappingby
bindingit to theemptyaction:nopE If exactly oneactionis bound
to the sequencethenthatinput 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 resultsin
multiple actions—thisimplies that componentof the string are
individually bound.In this casewe really needto deletethe entry
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 implementstadkable dynamic
mappingsRatherthannew bindingsoverwriting previousdynamic
bindings,we caninsteadrevert to the last bind (which may have
beenthe result of a :map) for a particularsequenceTo do this
we extend the lexer stateto carry a table whosekeys are input
charactesequencegndwhoseelementsarelists of bindings.We
canthenimplementan:unmapthatrevertsto theinnermosbinding
for a particularsequencebhy poppingthe top elementof thelist of
bindingsfor thatsequencet would alsobe possibleto brovsethe

history of key bindingsor to write the currentsetof bindingsto a
le, sothatdynamicmappingsanpersistoeyondthecurrenteditor
session.

5.10 Higher Order Keystrokes

A numberof existing editor interfaceshave commandshat take
other commandsas arguments.For example, it is common for
simpleediting commandsgo be parameterisely movementcom-
mandghatwhenexecutedde ne aregion of thebuffer for theedit-
ing commando operatever. We canimplementsuchsemanticén
asimilarwayto dynamicmappingswe runanew lexerwith thein-
putkey sequencéo nd thesequencef actionsaninputsequence
mapsto, andthenusethatto constructa compositeaction.

Extractingactionsfrom the tableis asbefore.For example,if
we take the Vi or Vim key sequencel4j (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 therangeof the buffer a
commands to operateon. The following expressionusesas, the
actionsboundto d4j, to calculatethe startandendpositionin the
buffer of amovementcommand:

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

We save the currentpoint, andforce the actionsretrieved from the
lexer. Thisyieldsanew pointin the buffer. Then,we move backto
wherewe started andreturna pair de ning abuffer range.Finally,
we can call the editor's deletion primitive with the rangeas an
agument:

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

We are thus able to implementparameterisedindings via lexer
table elementsthat are de ned via the resultsof running other
elementf thelexer table.

5.11 Monadic Lexer Switching

Oneproblemthatwe have notapproachegetis how to implement
lexer switchingwheretheswitchis basedntheresultof evaluating
anelementbf thelexer table—thatis, anAction .

Switching lexers basedon the lexer input is easy—its a pure
operation,and we can use lexer meta actionsto transfercontrol
(andeven passcontrol to lexersthreadedhroughthe lexer state).
However, therearesomefeatureghatrequirea modeswitchbased
ontheoutcomeof aneditoraction.Thatis, we needto passcontrol
to a speci ¢ lexer basedon the valuereturnedwhenevaluatingan
elementfoundin thecurrentlexer table.

An exampleof suchan actionis text searchingApplications
oftenprovide a searctHunction.If ausertypes’/' in mary editors
they entera line editor submodefor regular expressionsearching.
On enteringa completesearchphrase a buffer searchtakesplace.
If asearchsuccessfullynds a match,the editordisplaysa prompt
andswitchesto a sublexer wherethe usercanansweryesor noto
triggerindividual text replacementdf thereis no match,an error
messagés displayedandcontrolcontinuesasnormal.

The problem,then,is how to specifythatif we nd a match
(the result of an 10 event), control should be transferredto the
searchkey binding lexer. We solve this by introducingthe metaM
combinatoran editoractionfor lexer continuationslit hasthetype

metaM:: ([Char] -> [Action]) -> 10 ()
metaMkm = throwDyn (MetaActionException  km)



wherethedynamicexceptionis de ned as

newtype MetaActionException =
MetaActionException ([Char]
deriving Typeable

-> [Action])

ThemetaMunction connectghe elementof thelexer tableto the
currently running lexer. Suchan actionallows a table elementto
causecontrol to be passedo a new lexer. Whena metaMaction
is evaluated,it throws a dynamicexceptionwhich wrapsthe nev
lexer to which controlis transferred.

To actuallyusethis new lexer, we needto catchthis exception
in themainloop of theapplication,andreplacethe currentkeymap
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 dfit

Thesimplemainloop codeis now wrappedn ahandlerthatpasses
controlto athrown keymap.We begin evaluationof userinput with
thedefault keybinding, dflt

ThemetaMactionis a powerful function—it allows elementof
the lexer tableto causecontrol transfersto lexersspeci ed by the
tableelementWe justify its inclusionby outlining somecommon
editorbehaioursonly implementablén our framevork via metaM

5.12 Promptsand User Interaction

A commoneditor actionrequiringmonadiclexer switch arecom-
mandprompts.In the Nanoeditor[23], a usercanbegyin a search
by typing Ctrl-W . This causesa mode switch to a submodefor
searchingproviding aline editorandsomerelatedcommandgfor
continuing,or cancellingthe searchfor example).On hitting re-
turn, the searchis performed.

After completinga searchary further searchebehae asbe-
fore, exceptthatthe previous searchstringis usedto seta prompt,
anda default searchvalue. The default searchvalueis a compiled
regularexpressiorproducedasanintermediatgesultof aprevious
searchTheproblemis how to scriptthis behaiour.

Whenswitchingto searchmodewe needto checkif a previous
expressionhas beensearchedor. In Yi, the global editor state
storesthe mostrecentcompiledregular expressionandthe string
that it was generatedrom. When we switch to searchmodethe
switch action extractsary previous regular expressionand usesit
to generatea prompt,which thendynamicallycreatesa new lexer
with the promptasits default state. Whenthis actionis evaluated,
we usemetaMto switch controlto the customlexer generatedy
theaction.

char "\"W'
where
a = do
mre <- getRegexE
let prompt = case mre of
Nothing -> "Search: "
Just (pat,_) -> "Search ['++pat++"]:
msgEprompt
return (mkKMprompt)

‘action”  \_ -> Just (a >>= metaM)

Here,mkKMonstructsa nen searchkeymapvia execLexer, with
the promptasits default state.In this way we areableto program
lexer mode switchesbasedon the result of monadicactions,en-
ablingusto implementmary commoninterfacefeaturesin effect
we have lexersthatbuild new lexersonthe y , whoseelementsare
actionsthattriggerswitcheshetweerexers.
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6. Performance

We discusgheperformancef our dynamicarchitectureby way of
resultsobtainedwith the Yi editor All measurement&ere made
onaPentium-M1.6GhzlaptoprunningOpenBSD3.7, with 256M
RAM.

Startuptime. We rst evaluatethe startupcostof the dynamic
architectureby comparingthe startuptime for the Yi editor with
and without the dynamic architecturein Figure 4. Cacheswere
primedwith adummyrun beforeeachrun.

Weinstrumented'i to measurehetime from enteringthe static
mainuntil theeditormainloop, locatedin thedynamicapplication,
commencesThestartuptime increasetinearly with the buffer size
(from the cost of loading the buffer into memory). The results
demonstratahat the dynamic architecturehas a startup cost of
around 30 millisecondson the benchmarkplatform for typical
editing jobs® In other words, the cost of loading buffers by far
exceedghestartupcostsof thedynamicarchitectureAs thebuffer
sizeincreasesfactorsunrelatedo dynamiclinking comeinto play,
in particular afteraround100M theamountof realmemoryhasan
impactasthe machinebeginsto swap.

Hot codeswapping. We displaythe costsof state-preservingot
codeswappingin Figure5. The displayedtime includeshot swap
the entire application code, reinjecting the presered state,and
returningto the dynamicmainloop.

Theresultsindicatea constantcostof 10 millisecondsfor hot
swappingindependentf theYi statesize(thestateincreasessthe
buffer sizeincreases)yp to buffer sizesof around120M, at which
point the testmachinestartsto run out of physicalmemory and
performancerapidly deterioratesas hot swappedcode competes
for spacewith the large buffer state.The cost of hot swapping
is independenof the size of Yi buffers aswe passreferencego
buffersto the staticcore,not buffersthemseles.

Comparisonwith other editors. To evaluateYi's overall perfor
mancewe compareit to a rangeof commoneditorsin Figure6.
The benchmarkinvolves the execution of a speci ¢ editing se-
guencesubmittedto the keystrole interfacesof eacheditor We
thentestperformanceasbuffer sizeincreasesThe measuredime
includeseditor start, GUI initialisation, executionof the edit se-
guenceandeditorshutdevn. It mighthave beenpreferabldo mea-

6We de®netypical as®le under20M in size. Theaveragesource®le in the
Haslell hierarchicalibrariesis 10k; so,20M is a generoudimit.



Time to hot swap Yi versus buffer size
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sureeachoperationin isolation, but the interface of someeditors
doesnot supportsuchisolatedmeasurements.

It is interestingo obsere thatYi (bothdynamicandstatic)out-
performsthe matureextensibleeditorsVim and Emacs.lt seems
asif dynamicapplicationsconsistingof compiledfunctionalcode
have a signi cant performancedwantageover interpretedextensi-
ble systemsThesmallnon-etensibleeditor mgalsohadgoodper
formance . We alsotestedseveral other small static editors (hano,
eeandvi). They have good performanceon small datasizes,but
this adwantagedeterioratesapidly as le sizesincreaseWe have
notincludedthemin the gure to improve readability

7. RelatedWork

Emacs. Emacs[27] wasthe rst editor whosedesignrevolved
around facilitating extensibility. This implied an extensionlan-
guagebeyond simple editing macrosand the ability to dynami-
cally load extensioncodethat can add nev or override existing
functionality Limitationsof thehardwareandoperatingsystemsf
thetime, encouragecthterpretatiorof extensioncode,andthus,re-
quiredthe mostperformance-sensitt functionality to beincluded
in the staticcore(whichis implementedn C in current a voursof
Emacs).Stallman[27, Section4], in fact, explicitly lists dynamic
linking asan alternatve approachput dismissest asimpractical

due to lack of operatingsystemsupport.Moreover, Emacspre-
loadsthe mostessentiaLisp byte-codeat build time and dumps
theresultingruntimeimageinto abinary le for fasterstartup.

Erlang. Hot codeswapping(akadynamicsoftware updating)is
an important feature of Erlang [2, 3, 11, 18], which has been
part of the languagefor several years.Hot swappingin Erlang
is used,for example, in telephoy applicationsthat must have
very high availability. Recentwork haslooked at formalisingthe
hot code swapping capabilitiesof Erlang [6]. Hicks [12] cites
Erlang'sfunctionalnatureascontrikuting to thesimplicity of its hot
swap implementationmaking reasoningaboutglobal statemuch
simpler

Java and Eclipse. The architectureof the Eclipse workbench
revolvesarounda hierarchyof dynamicallyloadedplugins[7]. At
the core is the Eclipse platform togetherwith a numberof core
plugins,which arealwaysavailable.In recentversionsof Eclipse,
thecoreis closeto minimal, permittingtheuseof theEclipseplugin
architecturdor non-IDE applicationsHowever, in contrasto Lisp
applicationsand our proposal,Eclipsecon guration is via XML
metadata.Moreover, thereseemsao be no simplefacility for hot
swappingcode.Hot swappinghasalsobeenusedin the contet of
Javato 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 thatis crucial during bootingthe kernel
itself, suchasmemorymanagemerandprocesschedulingarein
the staticcore.Everythingelse,including supportfor the le sys-
tem usedfor the root partition, is loadedat runtime; the root le
systemmodulecomesfrom aninitial RAM disk. Linux' level of
modularisations limited asit beganasa monolithicoperatingsys-
temwith supportfor kernelmodulesaddedmuchlater. In contrast,
micro kernel operatingsystemsprovide a higherdegreeof modu-
larisationand,in somecaseshot swappingcapabilitieg4, 5].

8. Further work

Therestill remainsmuchwork to be donein the areaof exten-
sible, statically-typedapplications.Extensiongto Yi and Lambd-
abot,for example,mustcurrently be loadedas compiledplugins.
In the caseof Yi, thetime takento compilequick scriptingjobs—
suchasevaluatinga simple Haslell expression—istediouswhen
the codeis immediatelydiscardedoncea resultis produced.An

alternatve would beto embeda Haslell interpretelin the applica-
tion andusethatfor smallscriptingjobs,whilst retainingcompiled
codefor larger, more permaneniapplicationextensions.Haslell

usersalreadyfollow this pattern,writing throw-away codein an
interpretersuchas GHCI, but resortingto compilationfor more
long-lived code.ldeally we would like to be ableto mix compiled
codewith interpretedcode. To this end, we plan to integratethe
GHCi interpretey with its ability to mix compiledandinterpreted
code[25], into Yi, effectively addinga form of interactve runtime
meta-programming.

Whenextendingthe stateof a dynamicapplication,consumers
of the state,in particularthe statetransferfunctions(which must
presere stateover changesn the statetype) needto be modi ed
to handlethe newv statetype. We speculatethat a state design
baseduponextensiblegenerigorogrammingnayreducethe costof
stateextensionandallow extensiblestatetransferfunctions.Recent
work on open,extensible functions[21] seemgromising.

Whenextendingthe statetypewhilst hot swapping,we arecur-
rently forcedto stepoutsideof thetype system—bytranslatingthe
statevalue into a binary representation—anthen reconstructing
this valueafterthe swap. Ideally, we would like to be ableto auto-



maticallyextendthe statetype, without requiringthebinaryencod-
ing or requiringa new statetype. Extensiblerecordsseemsuitable
in this regard[19]. The transferof valuesasthe statetype is ex-
tendedis achieved via a transformfrom atype to the sametype
augmentedvith new record elds. The resultwould be that pre-
servingstateover extensiongo the statetype canbe typedinside
thelanguagewithout resortingto untypedbinaryintermediaries.

We avoid alargenumberof semanticconcernsy hot swapping
all dynamiccode,which olviatesthe needto worry aboutrefer
encesnto old codepersistingn hot swappedcode However, more
ne grainedhot swappingmay be desirablein someapplications.
We intendto investigatefurtherissuesrelatingto ne grainedhot
swappingin lazy languages.

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

parsefbasedsyntaxhighlightingandlanguage-aareediting,

supportfor embeddingptherHaslell applicationsn the editor,
suchasrefactoringsupportor classderivationtools,and

compilersupportwhilst editing; e.g.,for incrementatyping.

9. Conclusion

We presentedan architecturefor fully dynamic applicationsin
Haslell, basedupona minimal static core. We discussed prac-
tical designandimplementatiorof hot swappingfor suchdynamic
applications,and demonstratedhe feasibility of this architecture
with two applications,Yi and Lambdabot.We then explored so-
phisticateddynamic applicationcon guration and extensionvia
anEDSL, asimplementedn Yi for dynamicinterfaceextensions.
Finally, we discussedomeperformancebenchmarkshat suggest
that the costsof the dynamicarchitectureand hot swappingare
negligible, and also that dynamicapplicationswritten in modern
compiledfunctionallanguagesanhave excellentperformance.

Acknowledgements. We are gratefulto GabrieleKeller, Stefan
Wehr and Simon Winwood for feedbackon drafts. The develop-
mentof Yi bene tedfrom several discussionsvith Tuomo Valko-
nen,in particularthe monadiclexer switchingmodel.

References

[1] InternetRelay Chat(IRC) help archie. http://www.irchelp.
org/ , 2005.

[2] J.Armstrong. Erlangb a Surwy of the Languageandits Industrial
Applications. In INAP'96 — The9th Exhibitionsand Symposiunon
Industrial Applicationsof Prolog, pagesl6—18,1996.

[3] J. L. Armstrong. The developmentof Erlang. In International
Confeenceon FunctionalProgramming pagesl 96—-203,1997.

[4] A. BaumannG. Heiser J. Appavoo, D. D. Silva, O. Krieger, R. W.
Wisniewski, andJ. Kerr. Providing dynamicupdatein anoperating
system.In Proceeding®f the 2005USENIXTednical Confeence
page279-291USENIX Association2005.

[5] A. Baumann,J. Kerr, J. Appavoo, D. Da Silva, O. Krieger, and
R. W. Wisniewski. Module hot-swappingfor dynamicupdateand
recon®guratiorin K42. In Proceedingf the 6th Linux.ConfAu,
CanberraAustralia,Apr. 2005. To appear

[6] G.BiermanM. Hicks,P. Sevell, andG. Stoyle. Formalizingdynamic
software updating. In Proceedingsof the Secondinternational
Workshopon UnanticipatedSoftwae Evolution(USE) April 2003.

[7] A. Bolour. Notesonthe Eclipseplug-in architecture http://www.
eclipse.org/articles/Arti cle - Plug-in- archite ctur e/
plugin _architecture.html |, 2003.

[8] BramMoolenaar.TheVim Editor. http://www.vim.org/

[9] M. M. T. Chakraarty. Lazy lexing is fast. Fourth Fuji International
Symposiunen Functionaland Logic Programming LNCS 1722:68—
84,1999.

[10] M. Dmitriev. Pro®lingJava applicationsusingcodehotswappingand
dynamiccall graphrevelation. In WOSP'04: Proceedingsf the
Fourth International\Workshopon Softwae and Performancepages
139-150New York, NY, USA, 2004.ACM Press.

[11] B. Hausman. Turbo Erlang: Approachingthe speedof C. In
E. Tick andG. Succi,editors,Implementationsf Logic Programming
Systemspagesl 19-135Kluwer, Dordrecht,1994.

[12] M. Hicks. DynamicSoftwae Updating PhD thesis,Department
of ComputerandInformation ScienceUniversity of Pennsylania,
August2001.

[13] P. Hudak. Building domain-speci®@mbeddedanguages.ACM
ComputingSurvg's (CSUR) 28(4es):1961996.

[14] P. Hudak. Modular domain speci®clanguagesand tools. In
P. Devanlu andJ. Poulin, editors,ProceedingsFifth International
Confeenceon Softwae Reuse pages134-142.1EEE Computer
SocietyPress1998.

[15] HughMahon. The Editor'ee’. http://mahon.cwx.net/

[16] R. lerusalimschyL. H. de FigueiredoandW. Celes. The evolution
of an extensionlanguageA history of Lua. In M. A. Musicante
andE. H. Hausley editors,V Simpsio Brasileiro de Linguagensde
Programagéo, pagesB-14-B—28 Curitiba, May 2001.

[17] R. lerusalimschyL. H. de Figueiredo,andW. C. Filho. Lua-an
extensibleextensionlanguage Softw, Pract. Exper, 26(6):635-652,
1996.

[18] E. JohanssonM. PetterssonandK. SagonasA high performance
Erlangsystem.In PPDP'00: Proceeding®fthe2nd ACM SIGPLAN
International Confeenceon Principlesand Practiceof Declarative
Programming pages32—-43,New York, NY, USA, 2000.ACM Press.

[19] M. P. JonesandS. Peyton Jones.Lightweightextensiblerecordsfor
Haslell. In Proceeding®f the 1999Haslell Workshop Publishedn
TechnicalReportUU-CS-1999-28Departmenbf ComputeirScience,
University of Utrecht,Sept.1999.

[20] S. P. JonesA. Reid, F. Henderson]T. Hoare,and S. Marlow. A
semanticgor impreciseexceptions.In PLDI '99: Proceeding®f the
ACM SIGPLAN1999Confeenceon ProgramminglLanguaye Design
andImplementationpage25-36,New York, NY, USA, 1999.ACM
Press.

[21] R. Lammeland S. Peyton Jones. Scrapyour boilerplatewith
class:extensiblegenericfunctions. Draft, submittedto ICFP 2005.
http://www.cwi.nl/ralf Isyb 3/, Apr. 2005.

[22] D. Leijen. wxHaslell — a portableand conciseGUI library for
Haslell. In ACM SIGPLANHaslell Workshop(HW'04). ACM Press,
Sept.2004.

[23] Nano Core DevelopmentTeam. GNU Nano Text Editor. http:
/lwww.nano- editor.org/

[24] A. Pang,D. Stewart, S. SeefriedandM. M. T. Chakraarty. Plugging
Haslell In. In Proceedingf the ACM SIGPLANWorkshopon
Haslell, pagesl0—-21.ACM Press2004.

[25] J.Seward,S. Marlow, A. Gill, S.Finne,andS. P. Jones.Architecture
of the Haslell ExecutionPlatform(HEP). http://www.haskell.
org/ghc/docs/papers/ , 1999.

[26] C.A. N. SoulesJ. Appavoo, K. Hui, R. W. Wisniewski, D. D. Silva,
G. R. GangerO. Krieger, M. Stumm,M. AuslanderM. Ostravski,
B. Rosenhrg, andJ. Xenidis. Systemsupportfor onlinerecon®gura-
tion. In Proc. of the UsenixTedchnical Confeence 2003.

[27] R. M. Stallman. EMACS: the extensible, customizableself-
documentingdisplayeditor In Proceeding®f the ACM SIGPLAN
SIGQA Symposiunon Text Manipulation pagesl47-156,1981.

[28] Sven Verdoolage and Keith Bostic. The Berkeley Vi Editor.
http://www.bostic.com/  vi/ .

[29] L. Wall. ProgrammingPerl. O'Reilly & Associateslnc., Sebastopol,
CA, USA, 2000.

[30] M. WallaceandC. Runciman.The bits betweerthelambdasbinary
datain a lazy functionallanguage.In ISMM '98: Proceedingof
the 1st International Symposiunon Memory Management pages
107-117New York, NY, USA, 1998.ACM Press.



