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Figure 1: Wheelchair accessible stations in Prague metro. (a) Octilinear and (bpgadhal annotated maps.

Abstract

Annotating metro maps with thumbnail photographs is a commonly useddeelor guiding travelers. However,
conventional methods usually suffer from small labeling space aroundéive stations, especially when they are
interchange stations served by two or more metro lines. This paperrgeae approach for aesthetically design-
ing schematic metro maps while ensuring effective placement of largeadimmdabels that are suf ciently close
to their corresponding stations. Our idea is to distribute such labels in a wédlflazad manner to labeling regions
around the metro network rst and then adjust the lengths of metro lineleader line segments, which allows
us to fully maximize the space coverage of the entire annotated map. Thiisglshed by incorporating ad-
ditional constraints into the conventional mixed-integer programming ftatimn, while we devised a three-step
algorithm for accelerating the overall optimization process. We includerakdesign examples to demonstrate
the spatial ef ciency of the map layout generated using the proposgiaph through minimal user intervention.

Keywords: Metro maps, annotation labels, ef cient space coverage, mixed-inpgggramming

1. Introduction

Schematic representation of metro maps signi cantly im-
proves the visual readability of the map contents due
to its clear and simplied layout design, especially for

guiding complicated metro networks. Currently available
metro maps usually follow the aesthetic criteria invented by
Beck [Rob03, where the metro lines are aligned to horizon-
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tal and vertical directions and optionally 45 degree diagonal
directions. In addition, annotating the map with comprehen-
sive explanations and photographs effectively allows us to
nd suf cient information on our own places of interest. Ac-
tually, this type of schematic representation with such large
annotation labels has been widely employed in commer-
cially available metro maps and travel guideboo&sIiLZ].
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Figure 2: (a) The reference schematic Taipei MRT map. Hand-drawn illustratqosrdasigned in (b) 2011 and (c) 2012
for “Taipei MRT map handkerchief” (courtesy of Milu Design Co., LTaiwan). Metro line segments circled in gray are
elongated after the opening of new lines.

Nonetheless, the design of such annotated metro maps hassible stations in Prague metro with large image labels, while
not been fully automated so far and thus is often conducted applying minimal deformations to the metro network.

by professional illustrators. The remainder of this paper is structured as follows: Sec-

On the other hand, professional illustrators often share tion 2 brie y summarizes related work. Secti@formulates
common aesthetic criteria in designing the annotated metro aesthetic criteria for annotated metro maps together with an
maps. Among them, the most primary principle is to apply overview of the three-step optimization process. The overall
minimal transformation to the original schematic layout, so process is detailed from Sectighto Section6. Section4
that they can spare additional space for placing large annota- describes a step for computing an initial layout of the metro
tion labels while making the overall map more compact. Fig- network. Sectiorb presents an extended version of the con-
ure?2 presents such an example of Taipei metro map. In prac- ventional MIP formulation where additional aesthetic crite-
tice, the original schematic layout (Figu2éa)) is success- ria for label annotation have been incorporated in the second
fully incorporated into its annotated version (Fig2(e)) by step. Sectiorb explains how the lengths of metro line seg-
locally adjusting the orientations and lengths of metro line ments are adjusted to make the entire annotated map more
segments. Furthermore, this layout has been further revised compact. After having presented several design examples to-
to rearrange a new version (Figu2g)) after new lines are gether with discussions in Secti@nwe conclude this paper
opened, where several metro lines are extended or shrunk toand refer to future work in Sectidh
apply local deformations to the entire map layout. Indeed,
this observation provides us with an insight into the auto- 5 Rejated Work

matic design of annotated metro maps in our context. ) ) ) )
In this section, we review two research topics: metro network

This paper presents a novel approach for aesthetically |ay6yt and annotation label placement.
designing schematic metro maps while ensuring effective

placement of large annotation labels that are suf ciently
close to their corresponding stations. Our idea is to dis-
tribute annotation labels in a well-balanced manner to label- The history of the schematic metro map design can be traced
ing regions around the metro network rst, and then adjust back to 1933 when Harry Beck created the rst schematic
the lengths of metro line segments, so that we can seek themap of the London Underground by introducing several aes-
minimal deformation of the entire annotated map to maxi- thetic design rulesGar94. The most important rule is to
mize its space coverage. This is accomplished by extending align metro line segments with one of the octilinear direc-
the conventional mixed-integer programming (MIP) formu- tions, which signi cantly improves the readability of the
lation for computing schematic layout of metro maps, where map content from a perceptual point of view. Nonethe-
we incorporated aesthetic criteria for label placement as ad- less, automatically generating such octilinear layouts has
ditional constraints. The overall computation is further ac- been a challenging problentGaro4 Tufo0, Tuf97]. As re-
celerated through a three-step optimization process, by fully minded in a survey by Wolf\vol07], the pioneering work of
taking advantage of the aforementioned design aestheticsschematic metro map visualization has been done by Hong et
commonly employed by map illustrators. Figuteshows al. [HMDO05], where they modi ed the conventional spring-
how our approach can compactly annotate wheelchair acces-embedder model speci cally for drawing metro networks.

2.1. Metro network layout

C 2013 The Author(s)
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Stott et al. BRMOW11] introduced the hill climbing method 3.1. Design rules for annotated metro maps
to optimize the cost function under constraints derived from
multiple aesthetic criteria. The most relevant work is the ap-
proach based on mixed-integer programming (MIP) formu-
lated by Nollenburg et al.LNW11], where they rigorously
retain the octilinear layout of the metro network. Wang et
al. [WC11] devised an accelerated algorithm through contin-
uous shape smoothing and approximation. Other metro line
representations based on adjacency matri&d0[7] and
Bézier curvesifHN 13] are also available. However, these
conventional methods cannot directly rearrange the layout of
annotation labels especially when they are relatively large.

Major criteria for designing schematic layout of the metro
network were intensively explored, while, for placing anno-
tation labels, only small textural labels such as station names
have been considered so far. However, map annotation with
large labels has been already popular among commercially
available travel guidebooks since they can assist travelers
with rich information about areas of interest. Unfortunately,
such maps have been manually composed by professional il-
lustrators only (cf. Figur®), due to the dif culty in nding
visually appealing layout of large annotation labels.

Here, we investigate important criteria for placing large
2.2. Annotation label placement annotation labels to construct an automatic algorithm for
generating aesthetic annotated metro maps. Actually, by
studying common design rules employed in published guide-
books, we formulate the following criteria as constraints:

Techniques for placing annotation labels can be categorized
into internal labelingandexternal labeling The internal la-
beling is a method for placing a relatively small label suf-
ciently close to the corresponding landmark point called (AH1) Leader octilinearity: Align leader line segments
site In the external labeling, on the other hand, we usu-  along octilinear directions

ally reserve speci c space for placing large annotation la- (AH2) Overlap-free layout: Avoid overlaps among metro
bels beforehand while the space is usually far away from the lines, annotation labels, and label leaders

sites. We also connect the label and its corresponding site (AS1) Leader orientation: Maximize the angles between
with a line segment calledlaaderto clarify the correspon- the leader and its adjacent metro lines

dence between them. The internal labeling serves as a com-(AS2) Total leader length:Minimize the total leader length
mon technique for annotating point features with small text (AS3) Leader bends:Minimize the number of leader bends
labels especially in cartographic illustrations. Christensen (AS4) Closed regions:Avoid placing annotation labels in

et al. [CMS9§ presented an empirical survey on heuris- small regions con ned by the metro network
tic algorithms for this purpose, and since then many im- (AS5) Alternating distribution: Distribute annotation la-
proved techniques have been intensively investigdEe®§ bels alternately to incident regions along metro lines

HAS04,SSB06Mot07,dEO§BNPW1(Q. Meanwhile, Bekos
et al. proposed a representative technique for the externa
labeling calledboundary labelinglBKSWO07), where they
arranged annotation labels within the margin around the ; .
central map content. Their mathematical formulations have Ventional MIP formulation I[NW11], so that we can seek a
also inspired other sophisticated techniques soLf&YDS8, reasonable compromise between the aesthetic layout of the

BKSO08 Lin10, BKNS10,Lin10, WTLY12]. metro network and large annotation labels.

Taking advantage of both the internal and external la-
bels motivates us to seek more effective ways to anno- 3.2, Overview of the algorithm
tate landmark features with large labatsGASO5BKPS1]
WTLY11]. Although our previous methods tackled the In an annotated metro map, a set of stations are connected
placement of large annotation labels also, they cannot fully With large annotation labels with leaders, where each leader
enhance the space coverage of the nal annotated maps duehas one bend at most and thus it can represented as two seg-
to the xed layout of metro mapsW}TLY11] or prede ned ments merged at a leader joint. We choose this leader style
space allocation for annotation labeM/TLY12]. On the to seek the best compromise between the degree of freedom
other hand, the proposed approach can be considered as a" the leader shape and computational complexity of its opti-
hybrid of the internal and external labeling techniques, in the Mization. Furthermore, this setup lets us represent an anno-
sense that we try to place relatively large annotation labels tated metro network as a planar gre@t (V;E), whereV
in the vicinity of the corresponding landmark features. andE are the sets of vertices and edges, respectively. Here,
V = Vs+ V| + V¢ whereVs, Vj, andVc indicate the sets of the
stations leader joints andlabel centersrespectively, and
E = Em+ Ef + Es whereEm, E;, andEs correspond to the
This section presents an overview of our approach for spa- sets of themetro line segmentsrst leader line segments
tially ef cient design of annotated metro maps. Here, we in- connecting stations and leader joints, @edond leader line
troduce design rules for label placement employed in our segmentgonnecting leader joints and label centers, respec-
approach, followed by the overview of our algorithm. tively. In our approach, it is assumed that at each center ver-

|Note that the rst two are formulated d@sard constraints
while the last ve are asoft constraints. In our approach,
we introduce these as additional constraints into the con-

3. System Overview

¢ 2013 The Author(s)
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Figure 3: Overview of our algorithm for generating an annotated metro map. (a) Aslilayout of the metro network with
annotation labels. (b) An enlarged layout by a scale factor of 4. (c) Inflacement of annotation labels having mutual
overlaps. (d) Overlap-free placement of annotation labels. (e) Finabtated map after minimal contraction has been applied.

tex we place the center of rectangular annotation label while
we can adaptively adjust its width and height.

In practice, we can design the layout of the annotated
metro network all at once using the MIP formulation, while
this causes excessive computation time, because a single
graph, which represents the entire annotated metro network, @ (b) (©
has more elements than that for the metro network only, Figure 4: Aligning metro lines with octilinear directions.
and thus we inevitably suffer from a large number of de- (a) Octilinear coordinate system around the vertex u, where
grees of freedom in its design. In our approach, we decom- z () = (x(u) + y(u))=2 and 2(u) = (x(u) y(u))=2. (b)
pose the associated computation into three steps by taking The corresponding fan-shaped sectors with respect to u. (c)

into account the drawing process of professional illustrators Three sectors to which the optimized versiomobelongs.
as described earlier. Indeed, this signi cantly reduces com-

putational complexity inherent in the original optimization
problem. Although such approximation algorithms may in-
troduce possible infeasibility into the optimization problem,
our algorithm usually succeeds in nding visually plausible
layouts of the metro network in our setting. 4.1. Mixed-integer programming

MIP formulation NW11], where we incorporate a set of new
constraints to better control the shape of the metro network.

Figure 3 illustrates the overview of the three-step algo- The conventional MIP formulationNW11] allows us to
rithm. We rst nd an initial schematic layout of the metro  place all the stations on the integer grid coordinates, and rig-
network using a variant of the conventional MIP formula- orously align every metro line segment to one of the octi-
tion (Figure3(a)). After having enlarged the initial layout linear directions by referring to the horizontal, vertical, and
by some scale factor (FiguB¢b)), we seek a well-balanced 45 degree diagonal axes (Figu@)). This is accomplished
distribution of annotation labels to regions around the net- by classifying the corresponding edge segment to one of the
work while adjusting the lengths and orientations of the la- eight fan-shaped sectors (Figui)), where the orientation
bel leaders (Figure8(c) and (d)). Here, the scale factor is  of the edgaivfalls into the sector 5, for example. In the con-
proportionally adjusted according to the size of the largest ventional MIP formulation, we achieve this embedding by
annotation labels to be placed. Finally, we compute an opti- minimizing the following linear objective function:
mized layout of the annotated metro map by contracting the )
metro line segments so that we can tightly enclose the an- Ws1)COStLsn) + W(Ls2)COSkisa)+ Wits3COStsay, (1)
notation labels with the metro network (Figu¢e)). Note Ccosfsy = & ywwe L, bA(U; v, W); (2)
that we have to avoid mutual overlaps between the edges COStisz) = Ay E,, TPOYUVY); (3)
and annotation labels during this process. In our approach, costisy = &upk. | (UY): (4)
we repeatedly resolve overlaps between these map elements "
in each optimization process until we can obtain an overlap- Here,Lt represents the set of adjacent two edges on a metro
free layout. These steps will be detailed in the following line while Em is the set of metro line segments as described
three sections. earlier. Furthermore, cqg¢1) penalizes the amount of the
bend bdu;v;w) by referring to the angle spanned ayand
VW, COSfLs) lets us preserve the original directions of the
network edges by computing rpas), i.e., the difference
This section describes how we nd an initial layout of the between the original sector numberwfand its optimized
metro network, which serves as a basis for further placing one, and coglss) is used to minimize the sum é{uv), the
rectangular labels around it. For this purpose, we compute length of the edg@v, for nding a tight layout of the metro
schematic layouts of the metro networks by introducing the network. Note thatv s1), WiLs2), andwss) are the weights

4. Initializing the Metro Network Layout

C 2013 The Author(s)
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for the three cost terms, respectively. Refer NW11] for second leader segment (in the area shaded in red), on the
this notation, which we also employed in this paper. other hand, is restricted to horizontal and vertical while its
length can be extended freely to some extent. Thus, we have
twelve leader types (i.e€, NEE, NEN, N, NWN, NWW,

W, SWW SWSS SESandSERE in total. This leader style

As well as the octilinear layouts, we compute nearly orthog- setup provides us with appropriate degrees of freedom in
onal layouts of the metro network as an option. This helps us their shapes as well as the capability to t the correspond-
to pack rectangular labels more tightly into the available la- ing annotation labels more compact to the available space.
beling space. We achieve this by slightly modifying the con- In practice, these label leader styles are often employed in
ventional MIP formulation. Actually, the conventional for-  published maps also.

mulation limits every edge to fall into one of th@eced-

ing, original, andsucceedingectors, and penalizes E®) (

if the optimized edge goes out of the original sector. In Fig- 5.2. Leader orientation

ure4(c), for example, the original sector u¥is encoded as

5 while its corresponding preceding and succeeding sectors
are 4 and 6, respectively. For computing the nearly orthog-
onal layout for our purpose, we penalize E8) when the
optimized edge is distributed to diagonal sectors irrespective
of the sector to which the original edge belongs.

4.2. Computing nearly orthogonal layouts

To avoid any undesirable visual clutter between the metro
lines and leader lines, we would like to adjust the orienta-
tion of each rst leader segment usirigader orientation
(AS1) constraints so that it makes a maximal angle with the
metro line segments that share the same station ve(tg-
ure5(b)). Given a leader edgegl and a metro network edge
VU, we can penalize the similarity in orientation between the
5. Spatially-Ef cient Placement of Annotation Labels two edges by introducing a new variabléus j) as:

This section describes how to formulate the aesthetic place-
ment of large annotation labels as a MIP model, which is the
primary contribution of this paper. Note that in this second Here, di{v; u) represents the edge sectorvofandx corre-
step, we rst enlarge the initial layout of the metro network sponds to the sector of the rst leader segmentEq. ©6)

in order to spare suf cient labeling space around it, and then follows from the fact that the octilinear sector ranges from 0
try to embed large annotation labels together with their lead- to 7 and circulates in that range, which means that the dif-
ers, by following the aesthetic criteria described in Secdion  ference in sector igir(v;u) xjor8 j dir(vu) xjandits
The main challenge here is to formulate such aesthetic crite- upper limit is 4. According to the sign of the absolute value
ria as linear constraints for the MIP model, while seeking a in Eq. (6), we can rewrite the above condition as:
reasonable compromise between the aesthetic layout of the

minfj dir(v;u) xj;8j dir(vyu) xjg=4 Is(u;v;j): (6)

metro network and annotation labels. For this purpose, we so(V)+ s1(V)+ sa(V)+ s3(v) = 1 @)
minimize the sum of ve cost terms as follows: dir(vu) x M(1 so(W)+ 4 Is(uv;j)

5 dir(v;u)) x M(1 so(v)+ 4 Is(u;Vv;])

& Was)COSiasi; (5) dir(vu)+ x M1 sy(v)+ 4 Is(uvj)

i=1 dir(yu)+x M1 sy(v)+ 4 Is(uvj) )
wherews), . .., Wass) represent the weights for the ve dir(vu)+x M(1 sa(v)) 4 Is(uvj)
cost terms, respectively. Here, these cost terms correspond to dir(vu)+x M1 sp(v) 4 Is(uvj)
the ve soft constraints listed in Sectighl The remainder dir(vu) x M1 s3(v)) 4 Is(uvj)
of this section describes how we formulated each of the two dir(vu) x = M(1 s3(v) 4 Is(uvj)

hard constraints and ve soft constraints described earlier.

introduced to validate two of the eight inequalities in ), (
5.1. Label leader styles andM corresponds to a large value used to retain inequality
constraints when the correspondmigv) vanishesiNW11].
The cost term coglsyy can be obtained by accumulating
the absolute difference between two variables, for example,
Is(u;v; j) and Igw; Vv, j), whereva andvw are edges incident
tovand are adjacent to each other arounthus, we obtain:

First of all, we employ the styles of label leaders as shown
in Figure5(a), for preserving theeader octilinearity(AH1).
Here, each leader line consists of two line segments in such
a way that therst segment connects tiséationvertexv and

joint vertexj and thesecondsegment bridgegand thdabel
centervertex p. Note that the leader joint and label center diff(uviw, i) Is(upv;j)  Is(wv; ) diff(u;v;w; j)(9)
vertices are located at the integer grid coordinates again in
our formulation. We also align the rst leader segment (in
the area shaded in gray) with one of the octilinear directions
while keeping itsL1-norm to be proportional to the size of  Note that this term lets us align the rst leader segment close
annotation label, as described later. The orientation of the to the bisector of the largest angle spanned by metro edges.

COStas1) = é Is(u;v; )+ Is(w;v; )+ diff (u;v;w; j):(10)
V2 VsVj2 Ef;vuvw2 Ep,

¢ 2013 The Author(s)
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Figure 5: Aesthetic constraints for spatially-ef cient map design. (a) Twelve leatiges. (b) Aligning a leader line to make a
maximal angle with adjacent metro lines. Checking overlap between (dptvets, (d) a label and a metro line segment, (e) a

label and a leader line segment, (f) leader and metro line segments, atdqdeader line segments.

5.3. Leader octilinearity and total leader length
We formulate théeader octilinearity(AH1) andtotal leader

length (AS2) constraints together in this section. Suppose

that we consider the leadejp, wherev, j, andp correspond

to a station, a leader joint, and a label center, respectively. We

encode the orientation of the rst leader segmejby

&iof N.SEWNENWSESWLi = 1 (11)
using new binary variablds, which satisfy:
Xx=0tg+1ltng+t +7 tse (12)

Now let us encode the leader styles of the tyyEE and
NEN, by considering the orientation of the rst and second
leader segmentsj and jp, respectively, (Figuré(a)) as:

tNE= INEET tNEN

2M(1 tne)+ B ox()+ y()) x(V) y(v)
ZM(l tNE)+B
2M(1 tne) x(5) YD) x(V)+ y(v)
2M(1  tnE)
xp) X(j) M@ tye)+ K (13)
M1 tnes) V(P V() M(1 tneg)
y(p) ¥(i) M(1 tnen)+ K
M(1 tneN)

x(p) x(j) M(1 tnewn)

wheretngg andtnen are again binary variables that be-
come true ifjp coincides with the corresponding orienta-
tion. The constanB represents the prede ned length of the
rst leader segment ] as describe earlier, and is set to be the

half the sum of the width and height of the corresponding

@ (b)

Figure 6: Distributing annotation labels to incident regions.
(a) Labels are kicked out of a small closed region. (b) Labels
are placed alternately to incident regions along a metro line.

we penalize the case where the rst segmepis aligned
with a diagonal direction since, in that case, the leader al-
ways has a bend at the joip{Figure5(a)). This implies that
Ibd(p; j;v) = tNne+ taw + tswt tse Thus, we obtain:

COStas3) = Avavavj2 Eq:jp2 £I0A(P; 5 V) (16)

5.5. Closed regions

In general, we should avoid inserting annotation labels into
small regions that are completely enclosed by the metro net-
work (Figure6(a)). This is because such annotation labels
become obstacles when we contract metro line segments
to make the overall map more compact in the last step. In
our approach, we alleviate this problem by introducing the
closed region(AS4) constraints, which penalize the num-
ber of labels con ned in each closed region. For later conve-
nience, we also partition the map domain by extending each
metro line, which leads to a dead-end, to the domain bound-

rectangular label by default. On the other hand, the second ary so as to identify open regions around the metro network.

leader segmenjtp has the lower limit lengttK (set to be 0
by default) and is minimized by penalizing:

costasz= A r(j;p): (14)
ip2 Es
wherer (j; p) represents the length ¢p and satis es:
D G P TG
r(i;p) y(i)  ¥(p) r(j;p):

5.4. Leader bends

The leader bendgAS3) constraint is formulated by intro-
ducing an additional variable Ibd for each leadgp, so that

Here, we de ne a binary variablg (v) that speci es if the
label at the vertex stays in thej-th region, by referring to
the orientation of the corresponding rst leader segment, as

7

wherec; is aconstanbinary value and becomes 1 if the rst
leader segment is directed toward that region; otherwise it is
0. We can then count labels assigned to that region as:

N(fj) = &2y, fj(v) (18)
Thus, the total number of labels in closed regions is:
19)

fj(v) = Cete+ csts+  + Cswtswi

costasay = 821 N(fj);

C 2013 The Author(s)
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wherelc denotes the indices of closed labeling regions. Box-edge constraints: Constraints of this type allow us to
check overlaps of annotation labels with metro lines (Fig-
ure 5(d)) and leader lines (FigurB(e)). The overlap-free

5.6. Alternating distribution constraint for the box centgrand edgaivis given by:

An important design rule for making the annotated map spa- &if NSEWNENWSESWKI 1 (@4)
tially compact is to distribute annotation labels alternately to x(p)  X(v) M(1 kg)+ wp

incident regions along each metro lines. (SE@l7 for ex- x(p)  x(u) M(1 Kkg)+ wp (25)

ample.) This is aesthetically reasonable especially for large

annotation labels because with constraints of this type we

can distribute annotation labels rather uniformly over the Wherek; are new binary variables for avoiding overlaps be-
map (Figures(b)). In our approach, we formulate atter- tween the two elements along all the octilinear direction.

nating distribution(A5) constraint as: ) )
Edge-edge constraints:Edge-edge constraints can be used

23; 1+ fj(vi) fj(vir1) 1+ 4 to resolve overlaps of a leader line with a metro line (Fig-
b 1 fij(vi)+ fj(vie) 1+ Db (20) ure5(f)) and another leader line (Figut€g)). The constraint
1 adj(fj) a+ b 2(1 adj(fj) can be formulated between the edgesanduv as
whereg; andb; are newly introduced binary variables and é. ci 1 (26)
adj(fj)(i = 1;:::;n) are binary variables that penalize the i2f N:SEWNENW.SESWg
case where two annotation labels, whose corresponding ver- X(p)  x(u) M(1 cg)+ D
ticesy; andvj+ 1 are next to each other, are distributed to the X(p)  X(Vv) M(1 cg)+D
same regiorf;. Indeed, Eq.20) computes the XOR ofij(vj) x(q)  x(u) M(1 cg)+ D (27)
andfj(vi+1). Thus, the corresponding cost term is given by X(q)  x(v) M(1 cg)+ D
costass)= @ adi(fj): (21)

215 wherec; are new binary variables for nding overlap-free
placement of the two edge segments. Note that the constant
D is set to be 1 by default in our implementation.

5.7. Overlap-free layout

As described in SectioB, we examine overlaps between 6. Contracting Edges of the Metro Network

me:jp eIementT sulci;)als metro line segm_entshle?der segfmentsm the last step of our optimization algorithm, we x the ori-
an re(;:tangu ar labels cance vlve.optlmlze t eh ayout o an(; entation of the label leaders obtained in the previous step and
_notate Imetfro mlaps, and newly mc_orporatet e corresplon “then adjust the lengths of metro line segments together with
Ing overlap-iree ayou(AI_—IZ) constramts_ to our MIP model. . the lengths of the second leader line segments. This allows
This incremental insertion of constraints makes our opti- us to nd an appropriate deformation for making the entire
mization much faster when compared with the case where an annotated metro map more spatially compact. We achieve
appropriate set of overlap-free constraints is introduced from this deformation by xing all the variables except fofuv)

the beginning. The overlap-free constraints are grouped into ; Eq. @) andr (v) in Eq. (L5) in our MIP model. Thus the

thre_e categories: box-box, box-edge, a_md edge-edge CON-gpjective cost function to be minimized in this step becomes:
straints, and can be formulated by referringXwy11].

Wg_sz)COSILss) + W&sz)COStAszﬁ (28)

Box-Box constraints: Constraints of this type are em-  where we assign different weight valua&%) andV\f()Asz) to
ployed to avoid overlaps between annotation labels as shown the two cost terms, respectively. Indeed, we assign a larger

in Figure5(c), and can be formulated as: value tow?Asz) so that we can avoid unnaturally long leader
. lines in the nalized map layout. Note also that the variables
aizf N;sEWgH 1 (22) tiin Eg. (13) have also been xed and thus we can reduce the
x(p) x(@) Wwp+wg M(1 pg) number of linear constraints by substituting fpthe binary
X(p)+ X(@) Wp+twg M(1 pw) 23) values we obtained in the second step.
¥(p) (@ hp+hg M(1 )
y(P+y(@ hpthg M(1 s 7. Results and Evaluation
wherep andq are label centers, andlp, wg, hp, andhq are Our algorithm was implemented on a desktop PC with two

the half widths and heights of two rectangular labeland Quad-Core Intel Xeon CPUs (2.4GHz, 12MB cache) and
g, respectively. Note that we introduce new binary variables 8GB RAM, and the source code was written in C++ us-
K to make one of the four conditions in EQ3] hold. ing IBM ILOG CPLEX for solving MIP problems. Figurg
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(@) (b) (©

Figure 7: Lisbon annotated metro maps. (a) Octilinear, (b) orthogonal, and (®eldhair accessible stations annotated only.

(@) (b)

Figure 8: Taipei gourmet metro maps. (a) Octilinear layout. (b) Orthogonal layou

(@) (b)

Figure 9: Berlin annotated metro maps. (a) Light blue line annotated in an octilinearugyb) All the stations annotated in
an orthogonal layout.
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shows Prague metro maps where wheelchair accessible statapje 1: Computation times (in seconds) for automatically
tions are selectively annotated with thumbnail photographs, generating annotated metro maps (averaged over 5 trials).

while Figuresl(a) and (b) are in octilinear and orthogonal Fig L(a) Fig 1(b)| Fig 7(a)| Fig 7(0)[ Fig 7(c)
layouts, respectively. Figurega) and (b) present Lisbon Iststep| 013 078 282 2.16 2.16
metro maps in the octilinear and orthogonal layouts, respec- 2ndstep| 72.00 23.23 8170 6522 2.35
tively, where all the stations are annotated with image la- 3rd step|| 163.37 69.84 201.94 87.89 49.22

bels that are suf ciently close to the corresponding stations.
On the other hand, in Figui&c), wheelchair accessible sta-
tions are only selected to be annotated on the orthogonal lay-
out. Our observation suggests that the orthogonal layouts are
more likely to enhance the spatial ef ciently of the metro
map since annotation labels can be t more tightly to hori-
zontal and vertical metro lines. Tahleshows computation
times required for automatically generating the aforemen-
tioned annotated metro maps. Note that we empirically em-
ploy wesiy = 1, Wisz) = 50, andwLss) = 10 for the weights
inthe rst step,Was1) = 5,Was2) = 1, Wasz) = 2,Wass) = 10

and wass) = 100 in the second step, amgi sz = 1 and
Was2) = 10 in the third step, respectively.

Table 2: Percentages of positive responses for each design
criterion through online questionnaires.

City || (AH1)|(AH2)|(AS1)[(AS2)|(AS3)|(AS4)|(AS5)
Pragueg| 80% | 100%| 67% | 74%| 50% | 67 %| 71 %
Viennal| 84% |100%| 90% | 76% | 81%| 79 %| 74 %

ensures that it is reasonable to formulgi¢il) and(AH2)
as hard constraints since the corresponding percentages are
quite high. We also handle other criteria as soft constraints
because they may con ict with each other. This means that
we do not rigorously optimize each criteria, but rather try
to seek the best compromise among them by adjusting the
We also equipped our prototype system with an interface weight values associated with each cost term (cf. Se&jion
for editing the styles of annotation labels as well as select-
i_ng/dgselecting stations to be annotated. This sglection f_unc- 8. Conclusion
tionality also allows us to decompose the entire map into
smaller areas and edit annotations area by area from denseThis paper has presented an approach to designing spatially
downtown including interchange stations to sparse suburbs. €f cient annotated metro maps by introducing additional
We accomplish this selective design of label annotation by constraints to the conventional MIP formulation. Our ap-
relaxing MIP variables contained in the target area while proach ensures the effective placement of large annotation
keeping other variables to be constant. Figishows such labels that are suf ciently close to the landmark stations,
a design example where Taipei gourmet maps are interac- While maximizing the space coverage of the map contents
tively composed using our system within 30 minutes, where through an appropriate deformation of the map layout. We
we selectively annotated stations where famous restaurantsalso devised the three-step algorithm for nding feasible so-
are located. We can see that the layout of the metro network lutions within an acceptable period of time, by reasonably
has been aesthetically transformed for both in the octilinear restricting the degrees of freedom in the layout of the anno-
and orthogonal layouts to make the entire maps more spa- tated metro network. An interface for editing the layout of
tially ef cient. Figure 9(a) presents a Berlin annotated metro ~ annotated metro maps is provided for users to design their
map where we spent 30 minutes or less to interactively an- Own customized metro maps according to their preference.

notate stations on a speci c route. Here, the effect of map o future work includes the development of more pow-

deformation in the nal step is the most obvious in the sense o1| interfaces for fully facilitating the design of annotated
that the route together with the associated annotation labels ot maps even for naive users. Implementing our map

dominates large space of the metro map. Fid{b shows
the same metro network while we annotated all stations this

Fime. O_f course, scalability is still one of the_mos_tsigni ca_nt Animating annotated metro maps is also a challenging tech-
issues in our approach. However, we can still editlarge-sized pjc4| problem for future research because we have to retain

annotated metro maps by properly partitioning the network ame to-frame temporal coherence for the sake of better

into several areas within an hour, as shown in Figi{t. map readability. It is also interesting to extend our approach

In order to assess the validity of the seven aesthetic criteria to 3D geographical maps where we can embed more anno-
described in SectioB.1, we organize a comparative study. tation labels into 2D projections of the target 3D scenes.
We prepared an online questionnaire for this purpose, and
incorporated Prague and Vienna metro maps as test exam-
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visualization on mobile devices may demand several new
schematization rules of metro lines and annotation labels.
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