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Abstract. Galleys have beenintroducedby Jeff Kingstonasoneof the key
conceptsunderlyinghisadvanceddocumentformattingsystemLout. Although
Lout is built on a lazy functionalprogramminglanguage,galley conceptsare
implementedaspartof thatlanguageanddefinedonly informally.

In this paper we presenta first formalisationof documentformatting
combinatorsusinggalley conceptsin the purely functionalprogramminglan-
guageHaskell.

1 Introduction and Related Work
Prettyprinting is anestablishedtopic in thefunctionalprogrammingcommunity;it is
targetedtowardsappropriatelayoutof datastructures,with oneof themainapplications
beinguser-friendly displayof internaldatastructuresof compilers,for examplefor
thecreationof errormessages.Hugheshasturnedthedevelopmentof pretty-printing
combinatorsinto afineart in [2,3]. Hiscombinatorshavesubsequentlybeenimproved
uponby PeytonJones[10]. Wadler[11]haspresentedasimplerdesign;yetanotherset
of “optimal prettyprinters”hascomeforth in [1].

However,documentformattingwith problemssuchastheplacementof footnotesis
simplyoutsidethescopeof prettyprintingasdiscussedin thepapersmentionedsofar.

The best-known documentformatting systemin the scientific community is
probablyTEX [9]. TEX isbuilt onaratherlargenumberof primitivesthatincorporate
many finepointsof theartof typesetting.TEX offersaccessto theseprimitivesthrough
animperativeprogramminglanguagewith dynamicbindingandratherweakstructuring
capabilities— in short,TEX consideredasaprogramminglanguageisaboutasimpure
aspossible.

Anotherdocumentformattingsystemrecentlygainingacceptanceandpopularityis
Jeff Kingston’sLout [6,7,8]. Lout hadtwenty-threeprimitivesin theversionpresented
in [6] — thisnumberhasgrown in themeantime,but is still small. Theprogramming
languageavailable for programmingdocumentformat definitions is a small lazy
functionalprogramminglanguagewith an innovative definition and namevisibility
mechanism,flexiblecompositionof alignedobjects,aversatilecrossreferenceconcept
and,mostimportantfor thispaper, thegalley concept.

Thegalley abstractionallowsto directpartof thedocumentto placessomewhere
elsein the document,for examplefootnotesare implementedasgalleys directedto
targetsatthebottomof thepage.Thegeneralityof thegalleyabstractionasconceivedby



Kingstonallowsessentiallyall problemsof text flow,tablesof contents,andevenindices
andlistsof referencesto bedefinedvia galleys,sothatLout is a documentformatting
systemthatdoesnot evenneeda built-in conceptof pages— pagesaredefinedin the
programminglanguageasobjectsof acertainsizeandcontainingcertaintargets.

However, thegalley conceptitself is definedoutsidethefunctionalprogramming
languageof Lout, describedonly informally in [6] (andeven moreinformally in the
“Expert’sGuide”[7]), andimplementedin C.

In this paperwe give a completelyformal definitionof galley movementin the
purefunctionalprogramminglanguageHaskell. By disregardingall aspectsunrelated
to galley flushingwe areableto presenta small setof basicdocumentcombinators
that satisfactorily capturethe essentialbehaviour of galleys in Lout andstill canbe
implementedwith relativeease.

2 Overview of Document Formatting Combinators
We startwith giving a brief overview of how to reflectthecentralfeaturesof Lout’s
galleysin documentformattingcombinators.

Theexpositionof thispaperis centredaroundobjects, thedatatypefor which we
shallpresentin detailin thenext section:
> data Object

A very importantobjectis thenull objectwhichnever leavesa trace1:
> null :: Object

For beingableto build upmoreinterestingdocuments,wehaveto decideontheirbasic
constituents.AdheringtoLout nomenclaturewecall thesecomponents. For thispaper,
weconsiderlistsof linesascomponents— thisismoregeneralthanjustlinesandallows
usto experimentwith unbreakablecomponentsof differentheights:
> type Component = [String]

We want to be ableto turn componentsinto objects,andto prefix objectswith com-
ponents:
> singleton :: Component -> Object
> prefix    :: Component -> Object -> Object

Obviouslywecandefinesingleton via prefix:
> singleton c = prefix c null

A moregeneralmeansto composeobjectsis concatenation:
> (#) :: Object -> Object -> Object

In theexpert’sguideto Lout [7], Kingstondefines:“A galley is an object plus a cross
reference which points to where the object is to appear.” However, crossreferences
occurringin galleysarelimited to thosereferringto anametogetherwith adirection2:
> type Galley = (String, Direction, Object)
> data Direction = Preceding | Following

Suchacrossreferenceis takento meanthelist of all targetsof thesamename,starting
with thenext occurencein therespectivedirectionandalwayscontinuingforward.

1 Sincewehaveanameclashhere,wehaveto rememberto “> import Prelude hiding (null)”!
2 In Lout,a third modeis possiblewhich is only usedfor bibliographicreferencelist entries.



A galley consideredas an object sendsitself as the first outgoinggalley and
otherwisebehaveslikenull — in Lout,suchagalley is built by definingasymbolwith
thegalley objectasthebodyof thedefinitionandaspecial“@Target” parameter(or the
“ into” abbreviations).
> galley :: Galley -> Object

In Lout,a targetthatis receptiveto galleysis built usingthe“@Galley” symbol,which
thereforedoesnot representagalley, but apossibletarget for galleys. Ourcombinator
for introducingtargetsis thefollowing:
> target :: String -> Object

Thesecombinatorsarenot yet sufficientfor thedefinitionof pages.Obviouslya page
shouldcontaintargetsfor text andfootnotes,but theessentialfeatureof apageis thatit
restrictsthesizeof whatcanbereceivedinto thesetargets.Sizerestrictionis achieved
by usingthefollowing combinator:
> high :: Int -> Object -> Object

The footnote section, when it appears,will start with some space and a
horizontal line followed by a list of footnotes — we can achieve this by
“prefix ["", "-----"] footList”.

However, when there is no footnote,then the whole footnote sectionshould
disappear— Lout hastheconceptof receptive symbols for this: A receptivesymbolis
any symboldefinedto directlyor indirectlycontaina target,andreceptivesymbolsare
replacedby null if nocontainedtargetever receivesagalley.

Our framework lackstheconceptsof symbolsanddefinitions,thereforewemake
the effect of receptive symbolsexplicit asa combinatorthat lets its argumentobject
appearonly if it receivesagalley:
> delay :: Object -> Object

Lout relieson recursive definitionsfor implementinge.g.lists of pagesor footnotes;
however Lout usesa specialsemanticsof recursionthat includesrecursive objects
beingdelayedandnotexpandingunlessspaceissufficient.Sincewecannotchangethe
semanticsof recursionin Haskell,wehaveto provideourown combinatorfor building
recursiveobjectsandabstainfrom usingHaskell recursionin objectdefinitions:
> recurse :: (Object -> Object) -> Object

Finally we needa function that actually formatsa document;its result is a list of
components,whichusuallyshallstandfor pages:
> force :: Object -> [Component]

3 A Simple Document Format
Thesecombinatorsaresufficientto build documentformatsanalogousto thoseusedto
explaingalley conceptsin [6,7].

A list of pagesto hold thewholedocumentis a simplerecursionover of a page
concatenatedwith the recursive call, and every page is a restricted-heightobject
containinga targetfor text concatenatedwith a footnotesection:
> pageList = recurse (page #)
> page = high 12 (target "TextPlace" # footSect)



The footnotesectionis delayed,and containsa recursive list of footnotetargets(in
Haskell, theinfix operator“$” is low-priority, right-associativefunctionapplication):

> footSect = delay $ prefix ["", "-----"] footList
> footList = recurse (target "FootPlace" #)

Now wehavetwo kindsof targets;in thesimpledocumentsweareconsidering,corres-
pondinglytwo kindsof galleysoccur, themaintext of thedocumentandfootnotes:
> text     t = galley ("TextPlace",Preceding,t)
> footNote f = galley ("FootPlace",Following,f)

A sampledocumentis constructedwith ease:
> purcell = prefix ["PURCELL(1)"] (footNote fn) # body
> fn = singleton ["(1) Blom, Eric. Some", "Great Composers.", "Oxford, 1944."]
> body = foldr prefix null [ ... ]

So now we can format the running exampleof [6,7] by evaluatingthe expression:
force (pageList # text purcell) , anddisplayingtheresultin apleasingmanner:
----------------------------------------------------------------------------------
|PURCELL(1)                |that is regarded          |of the world’s musical    |
|                          |elsewhere as perfectly    |classics, as here, we find|
|In the world of music     |normal and natural; but   |that we cannot omit this  |
|England is supposed to be |if foreign students of    |English master.           |
|a mere province.  If she  |musical history have to   |                          |
|produces an indifferent   |acknowledge a British     |                          |
|composer or performer,    |musical genius, he is     |                          |
|                          |considered a freak.       |                          |
|-----                     |                          |                          |
|(1) Blom, Eric. Some      |    Such a freak is       |                          |
|Great Composers.          |Henry Purcell.  Yet if we |                          |
|Oxford, 1944.             |make a choice of fifteen  |                          |
----------------------------------------------------------------------------------

4 Implementation
Objectsare modeledas entitiesthat essentiallyare preparedto react to two kinds
of stimuli:
– anevaluation request triesto extractacomponentinto availablespace,
– areception request askstheobjecttoreceiveagalleydirectedatsometargetcontained

in theobject— we considerit to beanerror to senda galley to anobjectthatdoes
notcontaina targetfor it.

Thereactionsto bothof thesehave to take into accounttheavailablespace,which is
expressedasaConstraint , andabooleanforcing parameterwhichinfluencestheeager-
nessof theobject’s behaviour anddependson theobject’s positioninsideconcatena-
tion chains.

Furthermorewe needto know which receiving targetsan objectcontains,both
openandwithin delayedor recursive subobjects,andits minimumheightasa whole.
Thereforewedefine:
> data Object = Object
>  {eval           :: Bool -> Constraint -> EvalResult
>  ,receive        :: Bool -> Constraint -> Galley -> RcvResult
>  ,openTargets    :: [String]
>  ,delayedTargets :: [String]
>  ,height      :: Int
>  }



> type RcvResult = (Bool, [Galley], Object)
> targets o = openTargets o ++ delayedTargets o

Theresultof evaluatingcanbe:
– Disappearing: Theobjectdisappearswithout trace,which is whatnull alwaysdoes.
– Suspended: Theobjectcannotyet saywhat it is goingto be,asfor exampletargets

thathave not yet beenattachedto, or recursiveor delayedobjects.If forcing is set
to True in thecall to eval, anobjectmustnot suspend— it will thenusuallychoose
to disappear.

– NoSpace: The object wantsto yield a first componentwhich is too large for the
currentconstraints.

– Sending: A list of galleysis dispatched.
– Yielding: A non-empty componentfitting into the current spaceconstraintsis

yielded.
ExceptDisappearing, all resultscarryacontinuationobjectsincetheevaluationattempt
alwaysmightchangetheobject:
> data EvalResult = Disappearing
>                 | Suspended {                   obj :: Object}
>                 | NoSpace   {                   obj :: Object}
>                 | Sending   {gall :: [Galley],  obj :: Object}
>                 | Yielding  {comp :: Component, obj :: Object}

The only measureto be constrainedin our currentsettingis the height of objects;
andthereis alsothepossibilitythatanobjectis evaluatedwithout any constraints,so
wedefine:
> type Constraint = Maybe Int

For modellingmoreof Lout, theconstraintdatatypeshouldnot only containinforma-
tion abouttheallowedheightandwidth,but alsoothersettingssuchasfont andspacing
information.

With this we canalreadydefinetheglobaldocumentformattingfunctionwhich
forcesevaluationanddoesnot imposeany constraints— we decideto simplediscard
any straygalleys:
> force :: Object -> [Component]
> force o = case eval o True Nothing of
>   Disappearing  -> []
>   Yielding c o’ -> c : force o’
>   Sending gs o’ -> force o’

Thepossibleresultsof receive havethefollowing semantics:
– “(True,gs,o)” meansthat thegalley wasreceived,triggeredfurther galleys gs, and

thattheresultingobjectis “o”.
– “(False,gs,o)” meansthatthegalley wasnot received,usuallybecauseof insufficient

space,but thattheobjecthastriggeredthegalleysgs andmayhaveundergonechanges
(suchasdecidingnever to receive anymore);thereforeonenow hasto refer to “o”
instead. Although the argumentgalley hasnot beenreceived, it may have been
modifiedor discarded,soif it is to besenton,it will alwaysbefoundin gs.

The null object is alwaysreadyto disappearimmediatelywithout leaving any trace
(rcverror documentsanerror thatshouldnot occursinceobjectsshouldonly besent
galleysthey canreceive):



> null :: Object
> null = Object
>  {eval = (\ forcing co -> Disappearing)
>  ,receive = (\ forcing co g -> rcverror g "null")
>  ,openTargets = []
>  ,delayedTargets = []
>  ,height = 0
>  }

A singletonobjectyields its componentif thereis spacefor it andotherwisesignals
NoSpace. Fortestingwhethersomecomponentorobjectfitsintoaconstraint,respectively
for decreasinga constraintby theamountindicatedby somecomponentor object,we
useanappropriatelydefinedclassConstrainer andthefollowing functions:
> (&?) :: Constrainer c => Constraint -> c -> Bool
> (&-) :: Constrainer c => Constraint -> c -> Constraint

Wegiveanexplicit definitionof singleton:
> singleton :: Component -> Object
> singleton c = o where
>  o = Object
>   {eval = (\ forcing co -> if co &? c then Yielding c null else NoSpace o)
>   ,receive = (\ forcing co g -> rcverror g "singleton")
>   ,openTargets = [], delayedTargets = []
>   ,height = length c
>   }

Thesamespaceconsiderationsapplyto prefix, whichotherwiseinheritsthebehaviour
of theprefixedobject:
> prefix :: Component -> Object -> Object
> prefix c o = o’ where
>  o’ = Object
>   {eval =  (\ forcing co -> if co &? c then Yielding c o else NoSpace o’)
>   ,receive = (\ forcing co g ->
>                 thrdUpd3 (prefix c) $ receive o forcing (co &- c) g)
>   ,openTargets = openTargets o
>   ,delayedTargets = delayedTargets o
>   ,height = length c + height o
>   }

For updatingtheobjectwithin theRcvResult weusedtheprelude-qualitythrdUpd3:
> thrdUpd3 :: (c -> d) -> (a, b, c) -> (a, b, d)
> thrdUpd3 f (a, b, c) = (a, b, f c)

It is easyto seethattheequationsingleton c = prefix c null doesindeedhold.
A galley consideredas an object sendsitself as the first outgoinggalley and

otherwisebehaveslikenull:
> galley :: Galley -> Object
> galley g = Object
>   {eval    = (\ forcing co -> Sending [g] null)
>   ,receive = (\ forcing co g’ -> rcverror g’ "galley")
>   ,openTargets = [],  delayedTargets = []
>   ,height = 0
>   }

Beforewe startto presentthedefinitionof objectconcatenation,we first introducean
auxiliarycombinatorthatshallbeneededthere.Takingacomponentc andanobjecto,
suffix deliversanobjectthatyieldsc only aftero disappears:



> suffix :: Component -> Object -> Object
> suffix c o = o’ where
>  o’ = Object
>   {eval = (\ forcing co -> case eval o forcing (co &- c) of
>                   Disappearing -> eval (singleton c) forcing co
>                   r -> r {obj = suffix c (obj r)})
>   ,receive = (\ forcing co g ->
>                   thrdUpd3 (suffix c) $ receive o forcing (co &- c) g)
>   ,openTargets = openTargets o
>   ,delayedTargets = delayedTargets o
>   ,height = length c + height o
>   }

Concatenationof two objectsinto asingleobjecthastwo maintasks:
– Communication: Galleys sentoff by oneobject,accordingto their directioneither

haveto besentto theotherobjector to thecontext.
– Space negotiation: Twoobjectsplacedtogetherwithin oneconstraintmayonlygrow

aslongasthey donot infringeinto eachothersspace.
Sincethe final result of evaluatingan object must alwayseither be that the object
disappearsor thatit yieldsacomponentfrom the object’s beginning,anaturalasymmetry
is imposedonbothseeminglysymmetricaltasks.Weresolvethisasymmetryusingthe
forcing parametersto eval andreceive asindicatedby thefollowing:
– While galleys aresentbetweenthe severalobjectsin a concatenationtree,galleys

arrivingattheleft-mostleafarenotexpanded,whileall othergalleysareexpandedas
faraspossible(are“forced”) onarrival. Thisensuresfor examplethatfootnotesare
allowedtogrow afterbeingsentoff beforethesubsequentmaintext (whichissentto
thecompeting"TextPlace" target)is allowedto grow into its space.

– While objectsareevaluated,Suspended objectsareleft waitingeverywhereexceptin
theright-mostleaf. There,evaluationis “forced”, andtargetsor delayedobjectsare
madeto disappear— if no galley hasreachedthemyet, therewill alsobeno such
galley lateron. Otherwisewewouldneverbeabletodeterminetheendof adocument
in oursampleformat,sincethereis alwaysa pageList waitingat theright end.

For communicationof galleys we first presenta few auxiliary definitions. We usea
communicationstatethatcontainstwoobjectsandaflagsignallingwhethersomegalley
alreadyhasbeenreceived:
> type OCState = (Bool, Object, Object)

Thisis thenusedasthestatefor asimplestatemonad:
> type STfun s x = s -> (s,x)
> type SToc = STfun OCState [Galley]

Weprovidea functionto combineresultsof SToc transformersinto RcvResults:
> ocMkResult :: (OCState,[Galley]) -> RcvResult
> ocMkResult ((rcv, o1, o2), gs) = (rcv, gs, o1 # o2)

Communicationbetweentwoadjacentobjectshasto respectthedirectionof thegalleys
sentoff by either. Furthermorewe takecarethatonly theveryfirst objectof a longer
concatenationreceivesin adelayedmanner, while all laterobjectsreceivewith forcing

set. The definitions of ocGalleyFrom1 and ocGalleyFrom2 are thereforesymmetric
exceptfor theforcing parameterpassedto thereceive calls: Thesecondobjectof a
concatenationalwaysreceiveswith forcing = True, while thefirst inheritsfrom above:



> ocGalleyFrom1, ocGalleyFrom2 :: Bool -> Constraint -> Galley -> SToc
> ocGalleyFrom1 forcing co g @ (name,Preceding,_) s = (s, [g])
> ocGalleyFrom1 forcing co g @ (name,Following,_) s @ (rcv, o1, o2) =
>   if name ‘notElem‘ targets o2 then (s,[g])
>   else let (rcv’, gs2, o2’) = receive o2 True (co &- o1) g
>        in ocGalleysFrom2 forcing co gs2 (rcv || rcv’, o1, o2’)
> ocGalleyFrom2 forcing co g @ (name,Following,_) s = (s, [g])
> ocGalleyFrom2 forcing co g @ (name,Preceding,_) s @ (rcv, o1, o2) =
>  if name ‘notElem‘ targets o1 then (s,[g])
>  else let (rcv’, gs1, o1’) = receive o1 forcing (co &- o2) g
>       in ocGalleysFrom1 forcing co gs1 (rcv || rcv’, o1’, o2)

Iteratedcommunicationis achievedvia asimplefold functionin thestatemonad:
> stfold :: (a -> STfun b [c]) -> [a] -> STfun b [c]
> stfold f []     s = (s,[])
> stfold f (g:gs) s = let (s’ , gs’ ) = f g s
>                         (s’’, gs’’) = stfold f gs s’
>                     in (s’’, gs’ ++ gs’’)
> ocGalleysFrom1, ocGalleysFrom2 :: Bool -> Constraint -> [Galley] -> SToc
> ocGalleysFrom1 forcing co = stfold (ocGalleyFrom1 forcing co)
> ocGalleysFrom2 forcing co = stfold (ocGalleyFrom2 forcing co)

In thedefinitionof receive, theconcatenationlooksat theopenanddelayedreceptors
of bothcomponentsanddecidesaccordinglyto which thegalley is goingto besent.
> (#) :: Object -> Object -> Object
> o1 # o2 = o where
>  o = Object
>   {eval = ocEval o1 o2
>   ,receive = (\ forcing co g @ (name,d,o’) -> let
>     send1 = let (r,gs,o1’) = receive o1 forcing (co &- o2) g
>             in ocMkResult $ ocGalleysFrom1 forcing co gs (r, o1’, o2)
>     send2 = let (r,gs,o2’) = receive o2 True (co &- o1) g
>             in ocMkResult $ ocGalleysFrom2 forcing co gs (r, o1, o2’)
>     sendO1 x = if name ‘elem‘ openTargets o1 then send1 else x
>     sendO2 x = if name ‘elem‘ openTargets o2 then send2 else x
>     sendD1 x = if name ‘elem‘ delayedTargets o1 then send1 else x
>     sendD2 x = if name ‘elem‘ delayedTargets o2 then send2 else x
>     in case d of
>       Following -> sendO1 $ sendO2 $ sendD1 $ sendD2 $ rcverror g "(#)"
>       Preceding -> sendO2 $ sendO1 $ sendD2 $ sendD1 $ rcverror g "(#)")
>   ,openTargets = openTargets o1 ++ openTargets o2
>   ,delayedTargets = delayedTargets o1 ++ delayedTargets o2
>   ,height = height o1 + height o2
>   }

Whenevaluatingtheconcatenationof two objects,wefirst evaluatethefirst (never for-
cing)andthenperformany communicationthatmight resultfrom thegalleyssentby
thatevaluation.Only thecasethat thefirst objectsuspendsis not straight-forward. In
thatcase,wealwaysevaluatethesecondobject,too,in thehopethattheresultingcom-
municationrelievesthesuspension.Thereforewe resumeevaluationof thecombined
objectif theconcatenatedobjectisforcedor if eithercommunicationsucceededor if the
evaluationof thesecondobjectyieldedacomponent— in orderto enablemoreof the
secondobjecttobeevaluatedif necessarywehavetousesuffix tostickthatcomponent
ontotheendof thefirst objectin therecombination.



> ocEval :: Object -> Object -> Bool -> Constraint -> EvalResult
> ocEval o1 o2 forcing co = case eval o1 False (co &- o2) of
>   Disappearing -> eval o2 forcing co
>   NoSpace o1’ -> NoSpace (o1’ # o2)
>   Yielding c o1’ -> Yielding c (o1’ # o2)
>   Sending gs o1’ ->
>     case ocMkResult $ ocGalleysFrom1 False co gs (False, o1’, o2) of
>      (rcv,[],o’) -> eval o’ forcing co
>      (rcv,gs,o’) -> Sending gs o’
>   Suspended o1’ -> case eval o2 forcing (co &- o1’) of
>    Disappearing -> if forcing then eval o1’ forcing co else Suspended o1’
>    Suspended o2’-> Suspended (o1’ # o2’)
>    NoSpace o2’ -> if forcing then NoSpace o2’ else Suspended (o1’ # o2’)
>    Yielding c o2’ -> eval (suffix c o1’ # o2’) forcing co
>    Sending gs o2’ ->
>     case ocMkResult $ ocGalleysFrom2 False co gs (False, o1’, o2’) of
>       (True, [], o’) -> eval o’ forcing co
>       (False, [], o’) -> error ("empty Sending???")
>       (_, gs, o’) -> Sending gs o’

Thefunctionhigh constrainstheheightof its objectargumentto theamountindicated
by theintegerargument.If theobjectargumentdoesnotfit in theindicatedheight,the
remainderobjectisdiscardedandaplaceholderof theappropriateheightissubstituted.
Otherwise,theresultis filled to thespecifiedheight.

Filling up to the specifiedheight involvesrecursively evaluatingthe remaining
objectsafterYielding andconcatenatingthecomponentsintoasinglecomponent— this
taskisdelegatedto theauxiliaryfunctionprefixConc. Besideswealsousethefollowing
smallfunctions:
> strut h = replicate h ""
> fill h c = take h (c ++ repeat "")

If theresultingobjectitself is placedin a too tightly constrainedenvironment,thenit
doesnotfit andremainsasthecontinuationobjectof NoSpace.
> high :: Int -> Object -> Object
> high h o = o’ where
>  eval’ forcing = case eval o forcing (Just h) of
>    NoSpace o1 -> Yielding (fill h ["@High: Object too large"]) null
>    Disappearing -> Yielding (strut h) null
>    Suspended o1 -> Suspended (high h o1)
>    Sending gs o1 -> Sending gs (high h o1)
>    Yielding c o1 -> let h’ = h - length c in
>      if h’ < 0 then error "@High: yielded component too high!"
>      else case eval (high h’ o1) forcing Nothing of
>        Yielding c’ o2 -> Yielding (c ++ c’) o2
>        Sending gs o2 -> Sending gs (prefixConc c o2)
>        Suspended o2 -> Suspended (prefixConc c o2)
>        NoSpace o2 -> error "@High: NoSpace in recursive call!"
>        Disappearing -> Yielding (fill h c) null
>  o’= Object
>   {eval = (\ forcing co -> case co of
>                Nothing -> eval’ forcing
>                Just h’ -> if h’ < h then NoSpace o’ else eval’ forcing)
>   ,receive = (\ forcing co g ->
>                 thrdUpd3 (high h) $ receive o forcing (Just h) g)



>   ,openTargets = openTargets o
>   ,delayedTargets = delayedTargets o
>   ,height = h
>   }

Theauxiliary functionprefixConc usedabove is thetool thatallows high to assemble
componentsof exactlytheright heightfrom objectsthatyield smallirregularcompon-
entsby modifying its argumentobjectto concatenate theargumentcomponentbefore
its first yieldedcomponent:
> prefixConc :: Component -> Object -> Object
> prefixConc c o = o’ where
>  o’ = Object
>   {eval = (\ forcing co -> case eval o forcing (co &- c) of
>     Disappearing -> Yielding c null
>     Yielding c’ o2 -> Yielding (c ++ c’) o2
>     r -> r {obj = prefixConc c (obj r)})
>   ,receive = (\ forcing co g -> if co &? c
>                 then thrdUpd3 (prefixConc c) $ receive o forcing (co &- c) g
>                 else (False, [forward g], o’))
>   ,openTargets = openTargets o, delayedTargets = delayedTargets o
>   ,height = length c + height o
>   }

If agalley cannotbereceivedbecauseof lackof space,it hastobesentonlookingfor its
next target;but it alwayshastobeturnedforwardfor thispurpose(imagineoverflowing
text in theexamplepresentedin Sect.3; althoughit findsits first pageinitially asthe
Preceding target,thenext targetto beunveiledby pagelist is theFollowing):
> forward :: Galley -> Galley
> forward (name,d,o) = (name,Following,o)

A galley thathasreachedits targettransformsthistargetintoaconcatenationconsisting
of theobjectcarriedby thegalley andthetargetitself whichhasto bereadyto receive
moregalleysdirectedat it. However, if thegalley objectdoesnot fit into thespaceat
thetarget— a factthatcannotbeexcludedat receptiontime— it hasto besenton to
thenext targetwith thesamename,andtheoriginal targetdisappears.

For thispurposeweprovidethefollowing auxiliarycombinatorthatshallbeused
in thedefinitionof target andthatattaches a receivedobjectto a targetname.

An importantcasetoconsideris thattheattachedobjectmightbeaconcatenation,
sinceconcatenationtakesinto accounttheheightsof both itscomponentsbeforedecid-
ingtoyieldacomponent.However,if theattachedobjectistoolargefor thespacewhere
it currentlyresides,it will senditself to thenext target— thereforewehaveto evaluate
theattachedobjectwith nosizeconstraintsothatit mayyield itsfirstcomponentwithout
internalsizeconsiderations(isEmpty determineswhetheraconstraintis Just 0):
> attach :: String -> Object -> Object
> attach name = attach’ where
>  attach’ o = o’ where
>   o’= Object
>    {eval = (\ forcing co -> case eval o forcing Nothing of
>        Disappearing -> Disappearing
>        NoSpace o1 -> error "attach: NoSpace without constraints!"
>        Suspended o1 -> if isEmpty co
>                        then Sending [(name,Following,attach’ o1)] null
>                        else Suspended (attach’ o1)



>        Sending gs o1 -> Sending gs (attach’ o1)
>        Yielding c o1 -> if co &? c then Yielding c (attach’ o1)
>                  else Sending [(name,Following,attach’ (prefix c o1))] null)
>    ,receive = (\ forcing co g -> thrdUpd3 attach’ $ receive o forcing co g)
>    ,openTargets = openTargets o
>    ,delayedTargets = delayedTargets o
>    ,height = 0
>    }

Thetarget functionis usedto build thebasicreceptiveobjects.It thereforedisappears
whenevaluationis forcedon it, andsuspendsotherwise.

Whenreceiving,we have to distinguishwhetherreceptionis forcedor not — re-
memberthatall but thefirst objectof aconcatenationhavetoperformforcedreception.
Themotivationbehindthisis that,for example,thesizeof afootnoteneedstobeknown
beforethetext canbeallowedtofill theremainderof thepage.Thereforethefootnotehas
to expandasfaraspossibleonceitsgalley hasreachedits target. Again,thisexpansion
involvesevaluationwithout constraintssincethepart thatdoesnot fit into thecurrent
targetwill besenton to thenext target.
> target :: String -> Object
> target name = o where
>  o = Object
>   {eval = (\ forcing co -> if forcing then Disappearing
>    else case co of Just 0 -> Disappearing
>                    _ -> Suspended o)
>   ,receive = (\ forcing co g @ (name’,d’,o’) -> case co of
>    _ -> if name /= name’ then rcverror g "target"
>         else if not forcing then (True, [], (attach name o’ # o))
>         else case eval o’ False Nothing of
>           Disappearing -> (True, [], o)
>           Suspended o’’ -> (True, [], (attach name o’’ # o))
>           NoSpace o’’ -> error "target: NoSpace without constraint!"
>           Sending gs1 o’’ -> (True, gs1, (attach name o’’ # o))
>           Yielding c o’’ -> if co &? c then
>              let g’ = (name’,Following,o’’)
>                  (rcv, gs1, o1) = receive (prefix c o) forcing co g’
>              in (True, gs1, o1)
>            else (False, [(name,Following,prefix c o’’)], null))
>   ,openTargets = [name]
>   ,delayedTargets = []
>   ,height = 0
>   }

Thelastline of thedefinitionof receive reflectsthefactthatwhenthereis not enough
spacefor thefirst componentof thegalley arriving at its target,thenthegalley is sent
on to thenext targetin forwarddirection,andtheoriginal targetdisappears.

Objectsbuilt with recurse anddelay areboth delayedobjects1 andexpandonly
if somecontainedtargetreceivesa galley. Thereforebothdisappearwhenforcedand
suspendonnormalevaluation.

As a small concessionto the forcing galleys of Lout (which are not directly

1 In thispaperweonlyconsiderreceptive recursiveobjects.Thebehaviour of otherrecursiveobjectsin Lout
apparentlycannotbeintegratedeasilyinto theforcingstrategy of thecurrentpaper.



connectedwith ourforcingparameters)weallow themtodisappear, too,whenit isclear
that thereis not enoughspacefor expansion.Sinceeventuallytheseobjectswould be
forcedaway in theend,this is not strictly necessary, but in theeffect it allowspagesto
beflushedearlier.

Whenarecursiveobjectisaskedto receiveagalley, it first checkswhetherasingle
instanceof thebodyof therecursion,with null substitutedfor therecursive call, can
receivethegalleyunderthepresentsizeconstraints.Onlyif thisispossible,therecursion
isunfoldedonelevelandthegalley senttotheresult— notethatthistentativeevaluation
is possiblewithout problemssinceit cannotprovoke any sideeffects. If receptionis
impossible,thenthegalley is senton andtherecursiveobjectdisappears— otherwise
footnotesmightappearoutof order.
> recurse :: (Object -> Object) -> Object
> recurse ff = o
>  where
>   ffo = ff o
>   ff0 = ff null
>   targs = targets ff0
>   o = Object
>    {eval = (\ forcing co -> if forcing || isEmpty co || not (co &? ffo)
>                             then Disappearing else Suspended o)
>    ,receive = (\ forcing co g @ (name,d,o’) -> case co of
>         Just 0 -> (False, [forward g], null)
>         _ -> if name ‘elem‘ targs
>              then case receive ff0 forcing co g of
>                    (False, gs, o1) -> (False, [forward g], null)
>                    r -> receive ffo forcing co g
>              else rcverror g "recurse")
>    ,openTargets = []
>    ,delayedTargets = targs
>    ,height = 0
>    }

Sinceit only receivesafterexpansion,a recursiveobjectcontainsno opentargets,and
all targetsof thebodyaredelayedtargetsof therecursion.

For objectsbuilt with delay, thesameconsiderationsapply:
> delay :: Object -> Object
> delay o = o’ where
>  o’ = Object
>   {eval = (\ forcing co -> if forcing || isEmpty co || not (co &? o)
>                       then Disappearing else Suspended o’)
>   ,receive = (\ forcing co g @ (name,d,o’) -> case co of
>         Just 0 -> (False, [forward g], null)
>         _ -> if name ‘elem‘ targs
>              then case receive o forcing co g of
>                (False, gs, o1) -> (False, [forward g], null)
>                r -> r
>              else rcverror g "delay")
>   ,openTargets = []
>   ,delayedTargets = targs
>   ,height = 0
>   }
>  targs = targets o



5 Extensions
If in our exampledocumentformatthereis a footnoteon a pagewith only little other
material,thenthisfootnotewill beappendedimmediatelybelow thatmaterialinsteadof
beingpushedto thebottomof thepage.Sincewedonot haveanythingcorresponding
to thegapmodesof lout,whichinfluencethespacebehaviour of concatenationandcan
beusedfor suchpurposes,wemight insteadwantto define
> vfill = recurse (prefix [""])

andinsert this on top of footSect for pushingthe footnotesectionsto the bottomof
thepage.

However,asmentionedbefore,thisun-receptiverecursiondoesnotwork well with
our presentevaluationstrategy. Neverthelesswe canintroducea combinatorroughly
correspondingto theLout symbol@VExpand that makesan objecttake up all space
availablefor it (aslongasthatspaceis finite):
> vExpand :: Object -> Object
> vExpand o = o’ where
>  o’ = Object
>   {eval = (\ forcing co -> case co of
>     Nothing ->     eval o forcing co
>     Just 0 ->      eval o forcing co
>     Just h -> case eval o forcing co of
>       Disappearing -> Yielding (strut h) null
>       NoSpace o1 -> NoSpace o1
>       Sending gs o1 -> Sending gs (vExpand o1)
>       Suspended o1 -> Suspended (vExpand o1)
>       Yielding c o1 -> Yielding c (if length c < h then vExpand o1 else o1))
>   ,receive = (\ frc co g -> thrdUpd3 vExpand (receive o frc co g))
>   ,openTargets = openTargets o
>   ,delayedTargets = delayedTargets o
>   ,height = height o
>   }

If wenow modify thedefinitionof page accordingly, thenfootnotesarealwayspushed
to thebottomof thepage:
> page = high 12 (vExpand (target "TextPlace") # footSect)

Anotherextensionthatwewould liketo presentwill allow usto numberourpages.
We give a variantof the recurse combinatorthat usesfunctionsfrom arbitrary

domainsto Objects insteadof just Objects. Thedefinitionis unchangedexceptfor the
framework neededto setupthetwo expandedobjects:
> recurseF :: ((a -> Object) -> (a -> Object)) -> (a -> Object)
> recurseF ff = f
>  where
>   f’ = ff f
>   f a = o where
>    ffo = f’ a
>    ff0 = ff (const null) a
>    targs = targets ff0
>    o = Object -- { as before }

Themodificationsnecessarytoobtainnumberedpagesarenow veryeasy:thenumbered
pageitself is obtainedvia a Haskell function taking the pagenumberanddelivering
a numberedpage(includingthevExpand from above),andthelist of numberedpages



is a recursionover a functionthatmapsa page-listgeneratormkpl to anotherpage-list
generatorthatgeneratesa numberedpageconcatenatedwith a recursivecall usingan
incrementedpagenumber:
> npage :: Int -> Object
> npage n = high 14 $ prefix ["          - " ++ show n ++ "-",""]
>                            (vExpand (target "TextPlace") # footSect)

> npageList :: Object
> npageList = let f mkpl n = npage n # mkpl (n+1)
>             in recurseF f 1

6 Concluding Remarks
Motivatedby the galley conceptimplementedin Lout, we have presentedHaskell
definitionsof eight elementaryandtwo advanceddocumentformattingcombinators.
Thesecombinatorsallow toputtogetherdocumentformatsthatincludepagenumbering,
footnotesandtablesof contentsin asimple,declarativeandintuitiveway. Wehavenot
strivedto mimick exactly thebehaviour of Lout, but have insteadtried to constructa
self-contained,intuitively motivatedandexplainableimplementationof thedocument
formattingcombinators.Thedefinitionsof thosecombinators,althoughthey arenot
trivial andmaynot yet bethemostelegant,still fitted into thespaceconstraintssetfor
thispaperandshow theeleganceof Kingston’sgalley abstractionandhow thismaybe
reflectedin apurelyfunctionalformalisation.

Especiallytheextensionto recurseoverobject-yieldingfunctionsalsoshowshow
documentformattingcanprofit from beingembeddedinto a full-fledged functional
programminglanguage,justaswith many otherdomain-specificlanguages.

Althoughmuchstill needstobedonetobeabletoreflectalsotheotherabstractions
underlyingLout in aHaskell setting,thesecombinatorsperhapsmayserveto illuminate
a little bit thepathtowardsJeff Kingston’s“vapourwaresuccessorto Lout”:
– A Haskell implementationof Lout or its successorwouldallow compileddocument

formats,sothatonly thedocumentitself neededto beinterpreted.
– Furthermore,documentformat authorscould be given the choice whether to

programin Lout or directly in Haskell, wherethefull power of Haskell would beat
theirfingertips.

– Theconcisefunctionalspecificationcouldalsoserveasamorerigorousyetaccessible
documentation— theLout mailing list aboundsof postingsby usersbaffledby the
intricaciesof thegalley flushingalgorithm.

An interestingapplicationof thegalley conceptcouldalsobefoundin literateprogram-
ming: Therevariantsof thesamedocumentpartsaredirectedatdifferenttargets,namely
programcodefilesanddocumentation,verymuchlikesectionheadingsaredirectedto
theirplaceabovethesectionandto thetableof contents.

Suchan extensionwill be mucheasierto explore from within a Haskell setting
thanfrom theC implementation— onepoint to take careof is that we reliedon the
absenceof side-effectsin thedefinitionof recurse, sothatoutputto fileseithershould
nothappenduringreceives,or thedefintionof recurse (andtheforcingstrategy)would
haveto beadapted.



Sincethe documentformattingcombinatorspresentedin this paperare purely
functional,andsincetheir interactionis rathercomplicated,it is not easyto find the
reasonsfor unexpectedbehaviour during development,especiallysincethe relation
betweencauseandeffectmaybevery indirectandobscure.Sincetheauthordoesnot
have accessto any usableHaskell debuggeror tracer, the Haskell definitionsof this
paperhavebeentranslatedinto termgraphrewriting rulesfor thegraphicallyinteractive
stronglytypedsecond-ordertermgraphtransformationsystemHOPS [4,5]. Beingable
to watch thingsgowrongwasinvaluablefor trackingdown subtledesignerrors.

This paperhasbeentypesetusingthe Lout documentformattingsystem.Lout
definitionsandanauxiliaryHaskell programprovidedby theauthorturnthispaperinto
a literateprogram;theHaskell codegeneratedfrom thispaperwith theuseof Lout and
FunnelWeb[12] is availableon theWWW at

URL: http://diogenes.informatik.unibw-muenchen.de/kahl/Haskell/VGalleys.html.
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