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ABSTRACT

Schematizingrailwaynetworksforbetterreadabilityisoftenachievedbyaligningrailwaylinesalong
theoctilineardirections.However,suchrailwaymaplayoutsrequirefurtheradjustmentwhenplacing
stationnamelabels.Inthisarticle,theauthorspresentanovelapproachtoautomatingtheplacement
ofstationnamesaroundtherailwaynetworkwhilemaximallyrespectingitsoriginallayoutasthe
mentalmap.Thekeyideaistoprogressivelyannotatestationsfromcongestedcentraldowntown
areastosparseruralareas.Thisisaccomplishedbyintroducingthesumofgeodesicdistancesover
therailwaynetworktoproperlyorderthestationstobeannotatedfirst,andthenelongatingtheline
segmentsof the railwaynetworkwhile retaining their directions to spare enough labeling space
aroundeachstation.Additionalconstraintsarealso introducedtorestrict theaspectratiosof the
regionconfinedbytherailwaynetworkforbetterpreservationofthementalmap.
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INTRoDUCTIoN

Thisarticlepresentsaprogressiveapproachforautomaticallyannotatingstationswiththeirnames
whilemaximallyrespectingtheoriginallayoutoftheschematicrailwaymap.Thisisaccomplished
byextendingtheauthors’previouswork(Yoshidaetal.,2018)forplacingstationnamesprogressively
asannotationlabelsfromcrowdeddowntownareastosparsely-populatedruralareas.Theauthors
implementedthislabelingschemebycomputingthegeodesic(i.e.,shortesttopological)distancesof
eachstationfromtheotherstationsthroughtherailwaynetwork,andsortingthestationsintermsof
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thesumofsuchdistancesfortheprogressiveannotation.Tofaithfullyaligningstationnamesalong
oneoftheoctilineardirections,theproposedapproachelongatesrailwaylinesegmentsoftheoriginal
schematicnetworkwhileretainingtheiroriginaldirectionssoastospareenoughlabelingspacearound
thestationsintheschematicmap.Furthermore,thisarticlespecificallydiffersfromthepreviouswork
(Yoshidaetal.,2018)inthattheapproachimposesadditionalconstraintsthatrestrictthevariationin
theaspectratiooftheregionsconfinedbytherailwaynetwork,whichallowsmaximalretentionof
thementalmapfromtheoriginalschematicmap.Thefeasibilityofthisworkwillbedemonstrated
throughside-by-sidecomparisonbetweentheresultsofpreviousandnewapproaches,togetherwith
evaluationthroughaninformaluserstudy.

Figure1showshownamelabelsareprogressivelyplacedaroundthecorrespondingstationsin
aschematicrailwaymap.Supposethatwetakeanoctilinearlayoutofarailwaynetworkasinput
asshownonthetop-leftofthefigure.Theannotationprocessbeginswithlabelingstationsinthe
congesteddowntownareaaroundthecenterofthemap,includinginterchangestations.Thestation
namelabelsareplacedonebyonewhilestretchingtherailwaylinesegmentstosparemorelabeling
spacewhennecessary.Thisprocesscansuccessfullylabelallofthestationswhileretainingtheoverall
layoutoftheschematicrailwaynetworkgivenasinput,asshownontheright-bottomofFigure1.

Background
Railwaymapsserveasthecommonmediafortravelerstoexplorethetransportationnetworksofthe
railwaylinesavailableinmajorcities.Suchmapsareoftentransformedintoschematicdiagramsfor
betterreadabilityofthenetworktopology.Inparticular,octilinearlayoutsarethemostrepresentative
form,which isobtainedbyaligning railway linesegments tohorizontal,vertical,and45-degree
slantingdirections.ThisrepresentationoriginatesfromthedesigncriteriainventedbyHenryBeck
(Garland,1994),anEnglishengineeringdraftsmanfamousforhisLondonundergroundtubemap

Figure 1. Metro network in Lyon. Station names are placed from the map center while adaptively extending railway line segments 
for sparing enough labeling space.
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created in 1931. Recent advancement of practical techniques (Nöllenburg & Wolff, 2011; Stott,
Rodgers,Martinez-Ovando,&Walker,2011;Wang&Chi,2011)enablesautomaticschematization
ofgeographicallayoutsofrailwaynetworksinavisuallycoherentfashion.

The Problem
Properlylabelingstationnamesonschematicrailwaymapsisalsoimportant,whileusuallyincurring
additional technical challenges. This is primarily because the central downtown area of such a
schematicmapisusuallycongestedwithmultiplerailwaylinesaroundtheinterchangestationsand,
thus,spaceisunavailableforlabelingstationnames,whencomparedwithareasaroundthesparsely
populatedruralterminalsoftherailwaylines.Thislabelingproblembecomesfurthercomplexifiedif
thealignmentofthenamelabelsaroundthecorrespondingstationisrestrictedtooneoftheoctilinear
directions.Theproblemisoftenalleviatedbymanuallycreatingmore labelingspacearound the
stationsinthecongesteddowntownareas,whichusuallyinvolvesalengthytrialanderrorprocess.
Itisalsounfeasibletooptimizethelayoutoftherailwaynetworkandplacementofstationnames
simultaneously,becauseanexcessivenumberofpossiblesolutionsforthiscombinatorialproblem
mustbeenumeratedinsuchacase.

Contribution
Thetechnicalcontributionsofthisarticlecanbesummarizedasfollows:

• Anovelprogressiveapproachisdevelopedforautomaticallyplacingstationnamesinschematic
railwaymaps;

• Pairwisegeodesicdistancesbetweenstationsareaccumulatedtoproperlylabelstationsfrom
thecentraldowntownareatotheexteriorruralareas;

• Anewsetofconstraintsisintroducedtomaximallypreservethementalmapoftheoriginal
layoutoftheschematicrailwaynetwork.

organization of the Article
Thisarticleisstructuredasfollows:Theauthorsfirstperformabriefsurveyofpreviousstudiesrelated
tothiswork,andthenprovideareviewoffundamentaltechniquesoftheproposedapproach,including
railwaynetworkschematizationbasedonmixed-integerprogramming(MIP).Thisisfollowedby
thetechnicaldetailsoftheproposedapproachforprogressivelyannotatingstationswiththeirnames
onschematicrailwaymaps,andanewsetofconstraintsthatmaximallyretaintheoveralllayoutof
theschematicrailwaymapforbetterpreservationofthementalmap.Afterexperimentalresultsand
evaluationthroughaninformaluserstudyarepresented,theauthorsconcludethisarticleandrefer
topossiblefutureextensions.

LITeRATURe ReVIew / ReLATeD woRK

Inthischapter,theauthorsconductabriefsurveyonrelatedtopicsincludingschematicrailwaymap
visualization,maplabeling,andmentalmappreservation.

Schematic Railway Map Visualization
Recentadvancementsingraphdrawingtechniquessuccessfullypermitustotransformgeographic
layouts of railway network maps into their schematic versions. Among them, constrained
optimizationapproachessuccessfullyalignrailwaylinesegmentstooctilineardirections,i.e.,
horizontal,vertical,and45-degreediagonaldirections.Stott,Rodgers,Martinez-Ovando,and
Walker(2011)formulatedasetofcriteriaforschematicrailwaymapsandoptimizedthemthrough
ahillclimbingmethod.NöllenburgandWolff(2011)introducedamixed-integerprogramming
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framework for designing octilinear railway maps and placing station name labels. Wu et al.
extendedtheworkof(Nöllenburg&Wolff,2011)toelongateaspecificrouteasacentralline
(Wu,Takahashi,Lin,&Yen,2012)andaloopline(Wuetal.,2015)intheschematicmapsto
effectivelydirectvisualattentiononitfrommapusers.Anothersophisticationwasachievedby
WangandChi(2011),whosuccessfullyacceleratedthecomputationofoctilinearrailwaylayouts
byformulatingtheoptimizationasaquadraticprogrammingproblem.ClaudioandYoon(2014)
developedamethodofplacingthumbnailimagesinareasofinterestonrailwaymaps,where
theschematicrepresentationiscreatedbyapplyingproperdistortiontotheentiremapdomain.
Theproposedapproachemploys the techniqueof (Nöllenburg&Wolff,2011)asabasis for
schematizingthegeographiclayoutofthetargetrailwaymap.

Map Labeling
Placing annotation labels aesthetically on maps is another important research subject for
cartographicandgeospatialvisualization.Labeling techniquescanbeclassified into internal
labeling(Christensen,Marks,&Shieber,1995)forplacinganannotationlabelintheneighborhood
ofeachpointfeatureonthemap,andexternallabeling(Bekos,Kaufmann,Symvonis,&Wolff,
2007;Lin,2010) forplacing the labelawayfromthecorrespondingpoint featurewhile they
areconnectedbyaleaderlinetoclarifythecorrespondence.Thecombinationofinternaland
externallabelingtechniques(Wu,Takahashi,Lin,&Yen,2011)togetherwithseveralenhanced
variants(Fekete&Plaisant,1999;Fink,Haunert,Schulz,Spoerhase,&Wolff,2012)havealso
beenpursued.Inaddition,scale-dependentconsistentlabelingtechniqueshavebeeninvestigated
bothininternal(Been,Daiches,&Yap,2006;Wu,Takahashi,Poon,&Arikawa,2017a,2017b)
andexternal(Wu,Takahashi,Poon,&Arikawa,2017a,2017b)labelingtechniques,duetothe
demandfortheuseindigitalmapsavailableonmobiledisplays.NiedermannandHaunertand
(2018)developedaheuristicalgorithm,whichrequiresuserstocarefullychoosethescaleof
labels to find their proper placement. When one applies the external labeling technique for
annotating point features, designers usually prefer to align leader lines along the octilinear
directions(Bekos,Kaufmann,Nöllenburg&Symvonis,2010;Wuetal.,2013).Theproposed
work,whichisinspiredbytheideapresentedin(Wuetal.,2013),employsaninternallabeling
techniquetoplacestationnamesintheoctilinearlayoutofarailwaynetwork.

Mental Map Preservation
Thementalmap isdefined tobeaconcept that refers to thevisual representationof some
subjectpeoplecommonlyhaveintheirmind.Preservingsuchmentalmapsisusuallyimportant,
especially in interactive environments, because one can hardly make clear correspondence
betweenthecomponentsiftheentireviewofthesubjectdrasticallychangesinitslayout.Itis
oftenthecasethatthementalmapcanbemaintainediftheoverallshapeofthesubjecthasbeen
keptevenwhenitstillcontainsminorchangesinitsview.Thepioneeringworkonthistopic
wasdonebyEades,Lai,Misue,andSugiyama(1991),whichsuccessfullyinvestigatedseveral
mathematicalmodelsforpreservingusers’mentalmapsinthecontextofgraphdrawingissues.
ThiswasfollowedbytheworkbyMisue,Eades,Lai,andSugiyama(1995),inwhichasetof
methodswereformulatedtopreservetheorthogonalorderingofverticesindrawinggraphs.
Lin,Lee,andYen(2011)introducedasophisticatedalgorithmforpreservingthementalmap
indrawinggraphsbytakingadvantageofthesimulatedannealingtechnique.Severalempirical
studieswerealsoconductedtounderstandthementalmapanditsimpactsondynamicgraph
drawing issues (Archambault, Purchase, & Pinaud, 2011; Bridgeman & Tamassia, 2001;
Purchase,Hoggan,&Görg,2007).Inthisarticle,asetofconstraintsisnewlyformulatedto
explicitlypreservethementalmapoftheschematicrailwaynetworkbyrestrictingtheaspect
ratiosoftheclosedregionsinthemap.
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MeTHoD

In thisarticle, theauthorsdescribe the technicaldetailsof theproposedmethod,as theprimary
contribution.

Railway Map Schematization
Beforegoingintothedetails,theauthorsbrieflyexplainthepreviousformulationforsynthesizing
schematicnetworksdevelopedbyNöllenburgandWolff(2001),whichisusedasthebasisofthe
proposedapproach.Thismeansthattheapproachtakesthegeographiclayoutofarailwaynetwork
as input and transforms it to an octilinear version using their formulation, in which the railway
segmentsarealigned tohorizontal,vertical,or45-degreediagonaldirections.Here,stationsand
theirconnectionsaresupposedtoberepresentedasverticesandedgesoftheschematicnetwork.
Theresultantschematiclayoutthenservesasabasemaptowhichstationnamesareintroducedas
annotationlabels.Refertothenextchapterformoredetailsaboutthisannotationprocess.

TheformulationbyNöllenburgandWolff(2001)employsamixed-integerprogramming(MIP)
approach to solve the constrainedoptimizationproblems for schematizing the railwaynetworks.
TheMIPproblemcanbethoughtofasadiscreteversionofthelinearprogrammingproblemandis
knowntobeNP-hardfromatechnicalpointofview.Toautomaticallyschematizinginputrailway
networks,theMIP-basedformulationminimizesthreedifferenttypesofcosts,whichareline bends,
relative positions,andedge length.

Thefirstcost,line bends,penalizesthenumberofbendsalongtherespectiverailwaylines.The
researchersdefinethelinebendsbetweenthetwoedges pq andqr byreferringtotheangle∠pqr 
spannedbythetwoedges.Thecorrespondingcostofthelinebendsbd p q r, ,( ) issettobe0if∠pqr 
equalsto180degrees,andincrementitby1,iftheanglechangesby45degrees.Thisimpliesthat
bd p q r, ,( ) rangesfrom0to3inthissetupbecausetheangleissupposedtorangefrom45to315
degreesingeneral.Forexample,inFigure2, bd p q r, ,( ) equals1.Thus,thetotalcostoftheline
bendscanbewrittenas:

c p q r
B

pqr L
( )

∈

= ( )∑bd , , 

whereLindicatesasetofthreeconsecutiveverticesalongeachrailwayline.
Thesecondcost,relative positions,evaluatesthedissimilarityinthedirectionsoftheschematic

railwayedgeanditsgeographicversion.Thiscostisintroducedtofaithfullyfollowthegeographic
shapeoftheinputrailwaynetworkasmuchaspossibleeveninitsschematiclayout.Supposethat
theschematicrailwayedgeqr originallyrunsalongthedirectionindicatedbyqr ′ inthegeographic
layoutasrepresentedbythedottedlineinFigure2.Thissuggeststhatthegeographiclinesegment
qr ′ fallsintoSector2,whichisoneoftheeightsectorsillustratedinthefigure,andisthenfitto
Sector3instead,throughtheschematizationprocess.Thedifferencebetweentheoriginalsectorand
thealignedsectorintheoctilinearlayoutisdenotedby rpos q r,( ) ,whichis 2 3 1− = inthiscase.
Thetotalcostoftherelativepositionsisthengivenby:

c p q
P

pq E
( )

∈

= ( )∑rpos , 

whereE representsthesetofedgesintherailwaynetwork.
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Thelastcost,whichisreferredtoasedge length,ispreparedforminimizingthetotallengthofthe
railwaynetworkedges.Inotherwords,thecostallowsresearcherstopursuethecompactrepresentation
oftherailwaynetworkbyreducingthetotallengthasmuchaspossible.Thisisaccomplishedby
minimizingthefollowingcost:

c p q
L

pq E
( )

∈

= ( )∑λ , 

whereλ p q,( ) representsthelengthoftheedge pq  andE isagainthesetofrailwaynetworkedges
onthemap.Notethatλ p q,( )canbearealvaluebecausethecoordinatesofeachstationvertexare
alsorealinthisformulation.Inthisway,unnecessaryextensionsoftheedgescanbepenalizedin
thisformulation.NotethattheconstantvalueD isimposedasthelowerboundoftheedgelengthof
pq (i.e.,λ p q,( ) ),whereD issettobe1.0bydefault.

Inthisformulation,thetotalcostisdefinedasaweightedsumofthesethreetypesofcostsas:

c w c w c w c
(total (B) (B) (P) (P) (L) (L))

= + + 

where w
(B)

, w
(P)

, and w
(L)

 are the weights assigned to the three costs, respectively. In the
implementationofthisapproach,w w w

(B) (P) (L)
: : : := 1 1 100 bydefault.

Refer totheliterature(Nöllenburg&Wolff,2001)formoredetailsabout theconstraintsfor
aligningrailwaynetworkedgestotheoctilineardirectionswhilepreservingtherelativegeographic
positionsandavoidingunwantedconflictsamongrailwaylines.Theformulationforthisconstrained
optimizationprovidestheinitialschematiclayoutsofrailwaynetworksasshowninFigures5(a),6(a),
7(a),8(a),9(a),and10(a)aswellasonthetop-leftofFigure1.

Progressive Annotation of Railway Stations
Oncetherailwaynetworkhassuccessfullybeenschematized,thenextstepistoplaceastationname
labelintheneighborhoodofeachstationvertex.Asdescribedearlier,thecentraldowntownareaofa
railwaynetworkisinherentlycrowdedwithmultiplerailwaylinesandinterchangestations,andthus
itisoftenhardtofindenoughlabelingspacearoundthestationsinthatareawithoutchangingthe
networklayout.Theproblembecomesevenmoredifficultifthestationnamelabelsareforcedinto

Figure 2. The sector index of each octilinear direction ranges from 0 to 7. In this illustration, the sector indices of dir q p,( ) , 

dir q r,( )  and label (i.e., α q u,( ) ) are 6, 3, and 1, respectively.
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alignmentalongtheunderlyingoctilineardirections.Thecostoftheassociatedcomputationbecomes
considerablyhighduetoanexhaustivesearchforallpossiblecombinationsoflabelalignmentpatterns
overtheentirerailwaymapunderacomplicatedsetofconstraints.

As a solution to this problem, a novel algorithm is introduced to annotate station vertices
progressivelyfromthemapcentertoitsborders.Here,theinputofthealgorithmisassumedtobe
anoctilinearlayoutoftherailwaynetwork,whichisobtainedusingtheaforementionedMIP-based
formulation(Nöllenburg&Wolff,2001).

Sorting Station Vertices for Progressive Annotation
Thefirstsolutionthatcomestomindistosimultaneouslyexplorethebestplacementsofstationname
labelsovertheentirerailwaynetwork.However,asmentionedearlier,thisinevitablyleadstoalarge
solutionspacetosearchfortheoptimalplacementsandusuallyresultsinthehighcomputational
complexity.Thissuggeststheneedtoreducethissearchspaceandmaketheannotationproblem
practicalfromacomputationalpointofview.Thebasicideaistoprogressivelyplaceannotationlabels
onebyonefromthecrowdeddowntownareaatthecenterofthemaptosparseruralareasaroundthe
boundaryofthemapdomain.Inthisapproach,thisideaisimplementedbysortingthestationvertices
accordingtothesumofgeodesic(i.e.,shortesttopological)distanceswithintherailwaynetwork.

Tofindtheproperorderofstationverticestobeannotated,theproposedapproachcomputesfor
eachvertexthesumofitsgeodesicdistancestootherverticesovertherailwaynetwork.Ingeneral,
thesumbecomessmallerasthevertexisclosertothecenterofthenetwork.Thismeasurehasbeen
usedtoretrieve3Dshapesfromtheshapedatabase(Osada,Funkhouser,Chazelle,&Dobkin,2001),
inwhichthedistributionofthegeodesicdistancesumsoverthe3Dshapeisemployedastheshape
descriptor.Figure3showsanexample.Here,eachelementofthematrixontherightrepresentsthe
shortesttopologicaldistancebetweenthepairofverticesatthecorrespondingrowandcolumn,which
canbeobtainedbyapplyingtheDijkstraalgorithm(Cormen,Leiserson,Rivest,&Stein,2009)to
thenetworkontheleft.Notethattheweightofalltheedgesinthenetworkisassumedtobe1.The
bottomrowofthematrixliststhesumofsuchgeodesicdistancesfortherespectivevertices.Actually,
theverticesaresortedinanascendingorderintermsofthisdistancesum,whichmeansthattheorder
ofverticesis C, B, G, D,…{ } inthisexample.Ingeneral,asshowninthisfigure,theresearchers’
vertexorderingprocesssuccessfullylocatesinterchangestationsinthecentraldowntownareainsuch
awaythattheyappearearlierinthelistandterminalstationsintheruralareasaroundtheendofthe
list.Followingthisorderallowsfortheeffectiveplacementofannotationlabelsinthedensedowntown

Figure 3. Computation of the sum of pairwise geodesic distances over the railway network. The element of the matrix on the right 
shows the respective pairwise shortest distance between the corresponding end vertices over the railway network on the left.
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area,firstbysparingadditionallabelingspacearoundthecorrespondingstations,andthenhandling
thoseinsparseruralareas.

Octilinear Alignment of Annotation Labels
Inthisapproach,twodesignrulesareemployedtonewlyformulateanalgorithmforprogressively
annotatingstationsoftheoctilinearrailwaynetwork.Thefirstruleistospareadditionallabeling
spacewhennecessarybystretchingtheedgesoftherailwaynetworkwhileretainingtheiroriginal
octilineardirections.Thesecondruleistoaligneachlabelalongoneoftheeightoctilineardirections
insuchawaythatitemanatesfromthecorrespondingstationvertex.Tooptimizethelabelplacement,
asshowninFigure2,researchersfinditsbestdirectionthatspansthelargestangleatthecorresponding
station(e.g.,q )withexistingrailwaylines(e.g., pqr ),whilethesegmentqu representsthename
labelplacement.Supposethatonedenotesthesectorindicesoftheedgeqp andthelabelbydir q p,( ) 
and α q u,( ) ,respectively.AccordingtotheworkbyWuetal.(2013),thelabelplacementcanbe
formulatedbyminimizingβ q u,( ) thatsatisfiesthefollowingequation:

min dir dirq p q u q p q u q u, , , , , ,( )− ( ) − ( )− ( ){ } = − ( )α α β8 4 

Sincethesectionindex dir q, ⋅( ) goesfrom0to7,andthenbeginswith0againwhentheedge

circulatesaroundthevertexq ,eitherofthetwoterms dir q p q u, ,( )− ( )α and8− ( )− ( )dir q p q u, ,α 

correspondstothesmalleranglespannedbyqp andqu and,thus,theupperlimitoftheleftsideof
theaboveequationis4.Thesameconsiderationcanbeappliedtothenetworkedge qr andlabel
edgequ .Thisimpliestheneedtointroducethefollowingnewcosttermforprogressiveannotation
ofstationvertices:

c q u
D

q V qp qr E qu Lq q

( )
∈ ∈ ∈

= ( )∑
, , ,

,β 

whereV ,E
q

,andL
q
 representthesetsofthestationvertices,networkedgesincidenttothestation

vertexq ,andlabeledgesemanatingfromq .Notethatqp andqr areassumedtobeadjacentto
eachotheraroundthevertexq inthiscase.Forimplementingtheproposedprogressiveannotation,
theaforementionedtotalcostisreplacedwith:

c w c w c w c w c
(total (B) (B) (P) (P) (L) (L) (D) (D))

= + + + 

wherew w w w
(B) (P) (L) (D)

: : : : : := 1 1 100 10 bydefault.
Intheproposedapproach,theoptimalalignmentsofstationnamelabelsarecomputedone-by-one

accordingtotheaforementionedorderofverticesbasedonthesumofthepairwisegeodesicdistances.
Thesizeofeachlabelisadjustedbycountingthenumberofcharactersinthecorrespondingstation
name.Iftheapproachcannotavoidunwantedoverlapsamongrailwaynetworkedgesandlabelsafter
having solved the constrained optimization problem, it additionally incorporates constraints that
prohibitsuchconflictsandcontinuetoresolvetheoptimizationproblemuntiltheresultantannotated
networkbecomesfreeofconflicts.Thisschemeeffectivelysparesminimumnecessaryspaceforthe
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labelplacementbyadaptivelyelongatingtherailwaynetworkedges.Theactualcomputationhasbeen
implementedbyreplacingthelowerboundofthelengthforeachedgewiththenewlength,whenever
theedgeisstretchedforsparingtheadditionallabelingspaceintheprogressiveannotationprocess.
Thisprocesshasbeencarriedoutindividuallyforeachstationvertexuntilallthenamelabelsare
appropriatelyplaced.Furthermore,theoverallcomputationisrelativelyfastwhencomparedwith
theconventionalsimultaneousannotationprocess,whichisoftenrealizedtobeunfeasible.Figure1
showsthisstep-by-stepprocessforprogressivelyannotatingstationsoveraschematicrailwaymap.

Formulating Constraints for Preserving Mental Maps
Inmostcases,theaforementionedapproachcansuccessfullyplacestationnamesasannotationlabels
whilemaintainingthementalmapoftheoriginalschematiclayout.Nonetheless,theapproachstill
failstosufficientlyretainthementalmapthroughtheprogressiveannotationbecausenoconstraints
areexplicitlyimposedtocontroltheoveralldesignoftherailwaymap.Suchfailurecasescanbe
foundinFigures7(b),8(b),9(b),and10(b),wheretheshapesofthecorrespondingoriginallayouts
areundesirablydistortedintherespectivecases.Inparticular,thecongesteddowntownareasaround
thecenterofthemapareexcessivelystretchedhorizontallyintheViennametromap(Figure9(b))
andverticallyintheTaipeimetromap(Figure10(b)),respectively,inwhichtheunderlyingmental
mapsarenotfullyrespected.Thischapterdescribeshowthistypeofunwanteddistortioncanbe
avoidedbyintroducinganewsetofconstraints.

Extracting Closed Regions From the Railway Network
Theauthorsconsiderthatthisdistortionproblemarisesfromthatfactthattheprogressiveannotation
techniquecannotadequatelyretaintheoriginalaspectratioofthespecificfeaturesintheschematic
railwaymap.Morespecifically,theunwanteddistortioninthecentraldowntownareadefinitelydisturbs
ourmentalmapoftherailwaynetworkandkeepsusfrommakingconsistentmatchingbetweenthe
originalschematicmapanditsannotatedversion.Thisinspiresustofocusontheregionssurrounded
bytherailwaynetworkinthedowntownarea,becausethedowntownareaisusuallycrowdedwith
railwaylinesandinterchangestationsandthusismorelikelytocontainfeatureregionsconfinedby
therailwaylines.Iftheproposedapproachcanlimitthechangeintheaspectratiosofsuchfeature
regions,itcansuccessfullymitigatethedistortionoftheunderlyingmentalmapoftherailwaymap.
Thisactuallymatcheswith theaestheticcriteria forpreserving thementalmapsproposed in the
pioneeringworkonmentalmappreservation(Eadesetal.,1991;Misueetal.,1995).Inthisapproach,
thisisaccomplishedbyextractingthecyclesbytraversingtherailwaynetworkasaplanargraph
andthenimposinganewsetofconstraintsthatrestrictthevariationintheaspectratiosofregions
boundedbytheextractedcycles.

Theextractionoftheseregionsisachievedbyfaithfullyreproducingthespatialembeddingof
therailwaynetworkontheplaneandretrievingfacesconfinedbythenetwork.Althoughthefaces
canbecategorizedintoopenandclosed,ourapproachjustcollectsclosedfacesandenumeratethe
verticesontheboundaryofeachfacebecauseopenfacesareusuallyassociatedwithboundaryrural
areasinthemapandthushavelessinfluenceonthementalmapoftherailwaymap.Thisideainspires
ustorestrictthedegreeofdeformationofeachclosedregionandthusretainthementalmapofthe
originallayoutoftherailwaymapasaresult.

Preserving the Aspect Ratio of Each Closed Region
Wearenowreadytounderstandtheformulationofthenewconstraintsintroducedtopreservethe
aspectratiosoftheclosedregions.Supposethataclosedregionisconfinedbyacycleasshownin
Figure4,wherethecyclecontainsn verticeseachofwhichhas x y

i i
,( ) coordinatesasitsposition

i n� �,� ,�= …( )1 .Toevaluatetheaspectratioofthisclosedregion,letusdenotetheupperandlower
limitsforthex -coordinatesofverticesbythevariablesx

max
andx

min
,andthoseforthey -coordinates
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bythevariables y
max

and y
min

.Sincethe x -and y .-coordinatesofalltheverticesstaywithinin
theintervals x x

min max
,{ } and y y

min max
,{ } ,respectively,thefollowinginequalitieshold:

x x x y y y i n
i imin max min max

( ,..., )≤ ≤ ≤ ≤ =          1 

Although thesearenecessaryconditions, theyarenot sufficient conditions toguarantee the
existenceofthelimits x

min
, x

max
, y

min
,and y

max
.Tomakesurethatthesevariablesexactlylimit

therangeofvertexcoordinates x y i n
i i
, , ,( ){ } = …( )1 ,abinaryvariableθ

xmin
i( ) ,θxmax

i( ) ,θ
ymin

i( ) ,
andθ

ymax
i( ) ∈{ }( )� ,� �0 1 areadditionallyintroducedforthe i -thvertex.Forexample,sincex

min
must

exactlycoincidewithatleastoneofx
1
,x

2
,… ,x

n−1
,andx

n
,itsatisfies:

x x M i x x M i i
i x i x
− ≤ − ( )( ) − ≤ − ( )( ) =

min min min min
,..1 1 1θ θ and  for ..,

( ) ( )
min min min

n

x x x
                       while θ θ θ1 2+ + +� (( )n ≥ 1



whereM isasufficientlylargeconstantvalueassuggestedin(Nöllenburg&Wolff,2001).The
samecanbeappliedtothevariablesx

max
,y

min
,andy

max
,andthusthefollowingconditionsare

alsosatisfied:

x x M i x x M i i
i x i x
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Figure 4. Setup for constraining the aspect ratio of the region
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Letusdenotethewidthandheightofarectanglethattightlyenclosestheclosedregionbyw 
andh ,respectively,asshowninFigure4.Thesevariablescannaturallybederivedfromtheupper
andlowerlimitsoftheclosedregionalongthex -andy -axes,asw x x= −

max min
andh y y= −

max min
.

AssumethattheconstantvaluesW andH representthewidthandheightofarectangledefining
theoriginalclosedregionjustafterthenetworkschematization,respectively.Sincetheaspectratio

oftheclosedregionw
h

shouldbekeptclosetooriginalaspectW
H

,thefollowinginequalityconditions

areintroducedasthenewconstraints:

W

E H

w

h

E W

H1

1

+( )
≤ ≤

+( )


whereEistheconstantvaluethatrepresentstheerrortoleranceratio.Theseconditionscanberewritten
asWh E Hw≤ +( )1 andHw E Wh≤ +( )1 .

It is clear that the aspect ratio of the closed region w
h

 changes more significantly if the

correspondingerrortoleranceratioE increases.Thus,ournewformulationallowstocontrolthe
degreeofdistortionintheprogressiveannotationprocessbyadjustingtheerrortoleranceratioE .
Inwhatfollows,E issettobe0.5and0.1.Theeffectsofthisnewsetofconstraintscanbefoundin
Figures7(c),(d),8(c),(d),9(c),(d),10(c)and(d).

ReSULTS

Theauthors’prototypesystemhasbeenimplementedonalaptopPCwith3.1GHz6-CoreIntelCore
i5CPUand16GBRAM.ThesourcecodewaswritteninC++usingOpenGLfordrawingmaps,Boost
GraphLibraryforconstructingthegraphdatastructure,CPLEXfortheMIP-basedoptimization,and
GLUIfortheuserinterface.Table1showscomputationtimesnecessaryforprogressivelylabeling
schematicrailwaymaps,whichwasobtainedbyaveragingthreetrials.

Inthesystemimplementation,alltheresultsweregeneratedasrasterimagesoftheresolution
1280 1024× primarilyduetothelimitationofthescreenspace,andtheentirerailwaynetworkwas
automaticallyfittotheavailablescreensize.Thus,thefontsforthestationnameswerealsoadjusted
accordingtothedomainsizeoftherailwaynetworkaftertheannotationprocess.Nonetheless,itis
technically possible that the results can be produced in a vector format by taking advantage of
accessiblesoftwarelibrariessincetheauthors’employedoutlinefontsintheirsystemimplementation.

Table 1. Computation times (in seconds)

City Figure Time Figure Time Figure Time

Lyon Figure1 16.2 N/A N/A

Prague Figure5(b) 101.1 N/A N/A

Montreal Figure6(b) 29.2 Figure6(c) 27.7 Figure6(d) 57.6

Lisbon Figure7(b) 17.2 Figure7(c) 35.6 Figure7(d) 36.0

Milan Figure8(b) 144.1 Figure8(c) 185.9 Figure8(d) 278.0

Vienna Figure9(b) 140.8 Figure9(c) 164.3 Figure9(d) 235.5

Taipei Figure10(b) 101.1 Figure10(c) 180.6 Figure10(d) 409.7



International Journal of Art, Culture and Design Technologies
Volume 8 • Issue 1 • January-June 2019

42

TheprototypesystemwasalsoequippedwithaninterfaceforadjustingtheerrortoleranceratioE 
tocontrolhowtightlytheoriginalmentalmapispreservedintheannotatedrailwaymaps,together
withtheweightsassignedtothefourcosttermsdescribedearlier.

Design examples
Figure1presentsasequenceofthemetromapsofLyon,inwhichtheproposedapproachprogressively
introducesstationnamelabelsone-by-one,fromthecentraldowntownareatotheexteriorruralareas.
Theresultsshowthattheapproachcanspareadditionallabelingspaceforaroundthenextstation
tobeannotatedbyelongatingtherailwaynetworkedgeswhileretainingtheiroriginaldirections.

Figure5(a)and(b)exhibittheoriginalschematiclayoutofthePraguemetroanditsannotated
version,respectively.Theresultsrevealthattheoverallshapeofthemetromapisrelativelypreserved
usingtheproposedprogressiveannotationonly.Figure6exposestheinfluenceofthechangeinthe
weight assignment on the resultant layout of the annotated railway map. Here,
w w w w

(B) (P) (L) (D)
: : : : : := 1 1 100 1  in Figure 6(b), w w w w

(B) (P) (L) (D)
: : : : : := 1 1 100 10  in

Figure6(c),andw w w w
(B) (P) (L) (D)

: : : : : := 1 1 100 100 inFigure6(d).InFigure6(b),theweight
forthelabelassignmentisthesmallest,andthusthealignmentsofthestationnamesarenotfully
perpendiculartothemetrolinesegments.Comparedtothisexample,thealignmentsofseverallabels
becomeorthogonaltothemetrolinesegmentsinFigure6(c)sincetheweightforthelabelassignment
increases.Ontheotherhand, thelargerweightfor thelabelassignmentforcesmorelabels tobe
perpendiculartothemetrolinesandfinallyresultsinthedistortionofthenetworklayout,asshown
inFigure6(d).Thelastcasetakesmorecomputationtimesinceitrequiresmoresignificantdeformation
oftheoriginalschematiclayoutofthemetronetwork.

Figures7through10demonstratehowtheproposedsetofconstraintspreservestheunderlying
mentalmapoftherespectivemetromapsinmajorcities.InthecaseoftheLisbonmetromap,thesimple
progressiveannotationschemeenlargestheannotatedmetronetworkexcessivelyinthehorizontal
direction(Figure7(b)),andthuscannotadequatelymaintaintheoverallshapeoftheoriginalschematic
layout(Figure7(a)).Newlyintroducedconstraintsforretainingtheaspectratiosoftheclosedregions
successfullyalleviatethisunwanteddistortionaccordingtotheimposederrortoleranceratios(Figures
7(c)and(d)).AsfortheMilanmetromapinFigure8,theprogressiveannotationagainstretchedthe
metromapalongthehorizontaldirectionwhileconstraintsforpreservingthementalmapreproduce
theaspectratiosoftheclosedregionsintheoriginalschematiclayout.Figure9presentstheVienna
metromap,inwhichthenetworklayoutinthecentraldowntownareaisstronglydistorted.

Thisundesirabledeformation is againminimized thanks to theconstraints thatpreserve the
aspectratiosoftheclosedregionsconfinedbythenetwork.Anotherdrasticchangeinthelayoutcan

Figure 5. Annotating the Prague metro network: (a) Original schematic map; (b) A progressively annotated map without any 
constraints on the entire shape
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befoundintheannotatedversionoftheTaipeimetromapshowninFigure10,inwhichthespaces
betweenthemetrolinesinparallelcannotbepreserved.Also,inthiscase,suchunacceptablechanges
inthelayoutcanbeavoidedusingtheproposedformulationforkeepingtheunderlyingmentalmap.
Notethatthecomputationcomplexityusuallybecomeshigherifmoresevereconstraintsareimposed
forpreservingthementalmap.However,suchsevereconstraintssometimeseffectivelysparethe
necessarylabelingspaceinanearlystageoftheprogressiveannotationprocess,andtheassociated
computationtimebecomesshortinthatcase.

Theseresultsdemonstratethattheproposedapproachcansuccessfullyspareenoughlabeling
spaceinthecrowdeddowntownareabyelongatingtherailwaynetworkedgeswiththeunderlying
mentalmapfullypreserved.Seethedemonstrationvideobyvisitinghttps://youtu.be/Eoqwj2XQiBg.

evaluation Through a User Study
Toevaluatethefeasibilityoftheproposedformulationforpreservingthementalmap,54participants
ages20to65(9femalesand45males,including41universitystudents)wererecruitedtoconduct
an informaluserstudy.Theparticipantsof theuserstudywereassumed tohave thestandardor
correctedvisualacuitywhilenotspecificallyfamiliarwiththefundamentalsofvisualizationresearch.
Theywerethenrequestedtocomparetheoriginalschematiclayoutofthesynthesizedmetromap
withthethreeannotatedversions,andselectfromthethreethebestmatchfortheunderlyingmental
mapoftheoriginalschematiclayout.Here,thethreeannotatedlayoutsarethoseobtainedwith(A)

Figure 6. Montreal metro map: (a) Schematic metro map; (b) Annotated metro map with a small weight for the label alignment 

w B w P w L w D( ) ( ) ( ) ( ) =( ): : : : : :1 1 100 1 ; (c) Annotated metro map with a medium weight for the label alignment 

w B w P w L w D( ) ( ) ( ) ( ) =( ): : : : : :1 1 100 10 ; (d) Annotated metro map with a large weight for label alignment 

w B w P w L w D( ) ( ) ( ) ( ) =( ): : : : : :1 1 100 100
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noconstraintsforpreservingtheaspectratiosofclosedregions,(B)constraintswiththetolerance
errorratioE = 0 5. ,and(C)constraintswiththetoleranceerrorratioE = 0 1. .

Table2presents theresultsof theinformaluserstudy.Asfor thecasesinwhichthesimple
progressiveannotationcansuccessfullyannotationstationsoftheschematicmapwithoutexcessively
distortingtheoriginallayout,theparticipantsarelikelytochoosetheanswerrandomly,andthevotes
areuniformlydistributedforthethreelayouts.ThemetromapsofLyon,Prague,andMontrealare
suchexamples.Tothecontrary,theparticipantslikedtheannotatedlayoutsoptimizedwithnewly
formulatedconstraintsintheotherfourcases,includingthemetromapsinLisbon,Milan,Vienna,and
Taipei.Inparticular,forthemetromapsinMilanandTaipei,theparticipantspreferthesmallerror
toleranceratiothatstrictlypreservestheaspectratiosofclosedregionsinthecentraldowntownarea.
However,theydidnotdiscriminatetheconstrainedversionwithdifferenterrortoleranceratiosforthe
metromapsinLisbonandVienna.Thisisprobablybecausethedifferencebetweenthetwoversions
issmallandthesevereconstraintscansometimes,alittleexcessively,enlargetheclosedregionsto
sufficethegivenconditions.Understandingtheperceiveddegreeofmentalmappreservationinterms
oftheerrortoleranceratioisleftasfuturework.

CoNCLUSIoN

Thisarticlepresentedanapproachtoprogressivelyannotatingstationsinschematicrailwaymaps.The
approachcanautomaticallyplacenamelabelsintheneighborhoodsofstationsone-by-onefromthe
crowdeddowntownareatotheexternalruralareas.Thisisaccomplishedbyelongatingtherailway
networkedgestosparethenecessarylabelingspacewhileretainingtheiroriginaldirectionsinthe

Figure 7. Metro network in Lisbon. Station names are placed from the map center while adaptively extending railway line segments 
for sparing enough labeling space while annotating the Lisbon metro network. (a) Original schematic map, (b) A progressively 
annotated map without any constraints on the entire shape. Progressively annotated maps while the aspect ratios of closed 
regions are constrained by the new constraints, where the tolerance error ratio E  is set to be (c) E = 0 5.  and (d) E = 0 1. .
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Figure 8. Annotating the Milan metro network. (a) Original schematic map, (b) A progressively annotated map without any 
constraints on the entire shape. Progressively annotated maps while the aspect ratios of closed regions are constrained by the 
new constraints, where the tolerance error ratio E  is set to be (c) E = 0 5.  and (d) E = 0 1. .

Figure 9. Annotating the Vienna metro network. (a) Original schematic map, (b) A progressively annotated map without any 
constraints on the entire shape. Progressively annotated maps while the aspect ratios of closed regions are constrained by the 
new constraints, where the tolerance error ratio E  is set to be (c) E = 0 5.  and (d) E = 0 1. .
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schematic railwaymap.Furthermore,asetofconstraints isnewlyformulated tokeep theaspect
ratiosofthefeaturedclosedregions,whichallowsresearcherstomaximallypreservetheunderlying
mentalmapoftheschematicrailwaynetwork.Experimentalresultsarepresentedtodemonstrate
thefeasibilityoftheproposedapproach,whichisfollowedbytheevaluationoftheproposedmental
mappreservationthroughaninformaluserstudy.

Possiblefutureextensionincludesplacingstationnamelabelsconsistentlyalongeachrailwayline
inordertoexploremoreaestheticandcompactmaplayouts.Forthispurpose,clusteringstationsby
inferringtheunderlyingmapcontextwillbeimportant.Inthiswork,theproposedapproachextracts
allclosedfacesconfinedbytherailwaynetworkasthefeatureregionsandimposestheproposed
constraintsonthemtolimitthevariationintheiraspectratio.Morecarefulselectionofsuchfeature

Figure 10. Annotating the Taipei metro network. (a) Original Taipei map, (b) A progressively annotated map without any constraints 
on the entire shape. Progressively annotated maps while the aspect ratios of closed regions are constrained by the new constraints, 
where the tolerance error ratio E  is set to be (c) E = 0 5.  and (d) E = 0 1. .

Table 2. Choices of annotated network layout that best preserves the mental map

City (A) No Constraints (B) E ≤ 0.5 (C) E ≤ 0.1

Lyon 27 22 5

Prague 16 25 13

Montreal 21 19 14

Milan 9 10 35

Lisbon 9 26 19

Vienna 1 46 7

Taipei 9 13 32
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regions,includingopenfaces,mayfurtherimprovethecapabilitytomaintaintheunderlyingmental
mapembeddedintheoriginalschematiclayout.Itisalsoaninterestingideatoemploytheproposed
constraintstokeepshapesandlayoutsinherentinthedesignwhenapplyingdeformationtechniques
intheproblemsofinformationvisualization.Thiswillbeusefulespeciallyinothertypesofmaps,
suchasroadandresidentialmaps,inwhichresearchershavetorearrangethegeometricpositions
ofgeographiccomponentsaccordingtothechangeinthemapscale(Maruyama,Takahashi,Wu,
Misue,&Arikawa,2019).
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