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Abstract—Multi-destinationmaps are a kind of navigationmaps aimed to guide visitors tomultiple destinationswithin a region, which can

be of great help to urban visitors. However, they have not been developed in the current online map service. To address this issue, we

introduce a novel layoutmodel designed especially for generatingmulti-destinationmaps, which considers the global and local layout of a

multi-destinationmap.Wemodel the layout problem as a graph drawing that satisfies a set of hard and soft constraints. In the global

layout phase, we balance the scale factor between ROIs. In the local layout phase, wemake all edges have good visibility and optimize

themap layout to preserve the relative length and angle of roads.We also propose a perturbation-based optimizationmethod to find an

optimal layout in the complex solution space. Themulti-destinationmaps generated by our system are potential feasible on themodern

mobile devices and our result can show an overview and a detail view of the wholemap at the same time. In addition, we perform a user

study to evaluate the effectiveness of our method, and the results prove that themulti-destinationmaps achieve our goals well.

Index Terms—Multi-destination maps, visualization, layout optimization, urban network, traffic visualization, geographic/geospatial

visualization
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1 INTRODUCTION

MULTI-DESTINATION maps are a kind of navigation map,
aimed to guide a user, within a region, to multiple

locations (destinations). For example, when a visitor is trav-
eling to an unfamiliar city, he may intend to reach several
destinations. In this case, the visitor will expect to use the
map on his mobile device or bring a printable version of a
personalized navigation map with clear display of impor-
tant roads. However, the current general-purpose online
map services (Google Maps, Bing Maps, Baidu Maps, etc.),
with a fixed scale, cannot provide such multi-destination
maps. First, a general-purpose online map service is not
designed to meet individual needs of users and the roads
on the map are often cluttered with irrelevant details. Sec-
ond, a general-purpose online map is a fixed-scale map. If
visitors want to navigate all the destinations within a single,
consistent visual frame, and the geographic span is large
among those destinations, a limited display space would
result in the loss of details in region of interest(ROI) while
zooming out the map. Otherwise, if visitors hope to see
more details of ROIs, he will have to scale the map level,
and this may result in that all ROIs cannot be seen at the
same time in a small display area. Therefore, we aim to gen-
erate multi-destination maps automatically within a single,
consistent visual frame.

However, there are two challenges when generating a
multi-destination map to provide good visibility for all the
roads in a limited display space.The spatial relationship of
multiple ROIs. The first challenge is to handle the space

relationship of multiple ROIs. To avoid the situation that
some ROIs are clear enough but others are too small to see,
we must balance the scale factor between them.

Road Layout Inside Every ROI. The second challenge is to
keep the clarity of the roads in every ROI. Rescaling the
roads non-uniformly to adjust the length of roads would
result in the deformation of roads. Therefore, we should lay
out a multi-destination map that all of the roads are visible
while reducing deformation as much as possible .

In this paper, we propose a novel automated system for
generating such multi-destination maps within a single, con-
sistent visual frame to address both challenges. To generate
a map layout, we introduce a novel layout model based on
ROIs and define a suitable set of layout metrics based on
previous research [1], [2], [3], [4] to evaluate the quality of a
map layout. To solve the first challenge, our system uses a
graph-cut-based segmentation algorithm to segment the
map into multiple ROIs. Then, our system optimizes the
spatial relationship among multiple ROIs in the global lay-
out phase; To address the second challenge, we optimize
the road layout inside every ROI in the local layout; further-
more, after the above two phases, to maintain road visibil-
ity, a layout trimming phase is applied to adjust the relative
length and angle closer to the original map layout.

Since producing destination maps manually is a very
costly, time-consuming process requiring a skilled graphic
designer or cartographer. in this paper, we focus on the
automatic layout of multi-destination maps. The two main
contributions of this paper are as follows:

(1) We propose a novel system to produce multi-
destination maps within a single, consistent visual
frame.

(2) We introduce a novel layout model designed espe-
cially for multi-destination maps. This novel model
is a two-level layout optimization method, which
automatically and efficiently generates multi-
destination maps.
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2 RELATED WORK

In recent years, much research has focused on map visuali-
zation to meet the individual needs of users. Grabler et al.
[5] proposed a system to automatically generate tourist
maps for visitors. Turkay et al. [6] developed attribute sig-
natures, a new method for the geographic variability of sta-
tistics of attributes. Kopf et al. [4] proposed an automatic
system to generate a destination map with only a single des-
tination. The destination maps generated by their system
guide users to reach a given location from anywhere in a
given area. Differing from their work, we focus on the opti-
mal layout of multi-destination maps. And our task is more
complex and challenging. To optimize the layout of multi-
destination maps, we must balance the spatial relationship
between ROIs and road clarity within each ROI.

There are also many methods designed to enhance the
readability of maps. An alternative method is applying
image-warping techniques to enlarge regions of interest on a
fixed-scale map [7], [8], [9], [10]. Wang and Chi [11] intro-
duced the concept of focus+context layout for metro map
visualization according to Beck’s design rules [12]. They used
a nonlinear optimizationmethodwith constraints to visualize
a complicated metro map on a small display area. However,
these methods often result in unnatural distortion of roads.
Hence, Haunert and Sering [13] presented a sound method
for enlarging user-defined focus regions onlywith a small dis-
tortion. However, their method needs to set zoom factors for
focus regions. Differing from their work, our method auto-
matically computes appropriate zoom factors. Besides, our
method also automatically selects roads relevant to users.

Based on cartography rules, some other researchers [11],
[12], [14] applied optimization techniques to lay out road
networks. Qu et at. [15] presented a focus+context zooming
technique, which provides a nice overview that allows users
to zoom into the route and the landmarks with low distor-
tions while keeping the surrounding 3D environments from
a 45-degree birds-eye view. However, their method need a
route as input. Different from their work, our method only
need multiple destinations as input, then the routes are
selected automatically. Karnick et al. [3] presented a method
to generate a printable version of route maps that show the
overview, as well as the detailed views, of the route within
a single visual frame. Unlike their goal to generate route
maps based on LineDrive [1], our goal is to produce multi-
destination maps based on a 2D road network. Birsak et al.
[16] presented a method to generate the tourist brochures
automatically which contain routing instructions and

additional information presented in the detail lenses. Wang
et al. [17] proposed a hierarchical structure for visualizing a
route map, which displays maps in both a large scale to see
details and a small scale to see an overview. Though their
method also could deal with multiple destinations, it is not
intuitional to find the information when there are too many
points of interest. Different from their work, we do not
show the detailed information in the detail lenses, which
would lead to visual discontinuity. Instead, we present a
novel framework to simplify the routes, emphasize the
roads near the destinations and reduce detail according to
the distance to destinations.

Recently, to explore movement patterns of people over a
territory throughout a certain time period, some researches
have been conducted on utilizing urban trajectory data, such
as taxi trajectories [18] and peoples movement trajectories
extracted from social media [19]. These methods mainly
focused on visual analytics of real trajectory data. Unlike
these works, our aim is to propose a layout model designed
especially for generatingmulti-destinationmaps, which con-
siders the global and local layout of amulti-destinationmap.

Our work, compared with past work, involves many key
differences and greater challenges. First, most past work
used a detail lens to encapsulate the ROI on a route. In this
paper, we divide the road network into multiple partitions,
with each partition viewed as a region of interest. Second,
we layout a 2D road network that contains multiple destina-
tions. To tackle this issue, we design a significant new objec-
tive function and a novel optimization procedure to
efficiently explore the layout design space.

3 GENERATING MULTI-DESTINATION MAPS

As shown in Fig. 1, our system generates a multi-destination
map via a sequence of four steps: (1) Specify destinations,
(2) Roads selection, (3) Global layout, and (4) Local layout.
The road network, as our system’s input, is a graph G = (V,
E), the selected destinations are specified as a set of nodes
D ¼ fv1; v2; . . . ; vng � V . Gi denotes a ROI corresponding to
the ith destination. As shown in Fig. 2, we use these ROIs,
and a small number of line segments eadj i to abstractly rep-
resent the layout of the multi-destination map. In the fol-
lowing section, we illustrate each step of the method except
for Step 1 that users specify destinations.

3.1 Road Selection

In this step, we try to select the relevant subset of roads to
help users reach multi-destinations. Before road selection,

Fig. 1. System overview. Our system includes four steps. a) Users specify multiple destinations as our system’s input. b) Roads Selection determines
necessary roads navigating to these destinations. c) Global Layout optimizes the spatial position and scale among ROIs. d) Local Layout optimizes
the road network within ROI to provide a good visibility for all of them.
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we filter the GIS data to remove the most common errors.
We define a road as an ordered set of vertices, R, with a
starting vertex, rs, and an ending vertex, re, such that for all
ri 2 R , degree (ri) = 2 if and only if ri =2 frs; reg and edge
ðri; riþ1Þ 2 E. If there is a cross road, we split it into several
roads with the same starting vertex. If the GIS data do not
strictly adhere to the rules defined above, we perform road
splitting and road joining operations [20] simultaneously to
ensure that the above definition holds on our data set.

Because cognitive psychologists have shown that people
perceive and remember space hierarchically [21]. Hence,
drivers often plan routes hierarchically, first selecting the
highways, then the major roads, and finally the residential
streets [4], [22], [23]. To ensure that users easily reach these
multiple destinations, we hierarchically compute concen-
tric visibility rings [4], which are associated with navigat-
ing to these destinations. As shown in Fig. 3, road selection
starts with highways. We search visibility rings for each
smaller road class, the major roads, and streets. Then we
compute the union set of selected roads to remove the
roads that are the same.

3.2 Global Layout

In this section, for step three, we adopt a novel perturba-
tion-based simulated annealing (SA) algorithm to opti-
mize the spacial relationship and scale among ROIs to
obtain a global map layout, as shown in Fig. 4. Accord-
ing to the design experience of hand-drawn maps [1],
[4], [24], a good map layout should satisfy a clear path
display, have a right relative angle among roads, fully
use the available space, and keep correct topology. Based
on the above discussions, the goals of optimizing the
global layout are:

(a) Maintain a minimum size of each edge on the screen
to ensure a clear path display.

(b) Retain the original orientation of connecting edges to
ensure a right relative angle among roads.

(c) Make full use of the display space, and make sure
the total overlapping area of ROIs is a minimum.

(d) Avoid distortion of topology to ensure correct
topology.

To control the spatial relationship well, our system firstly
use the graph-cut-based segmentation algorithm to segment
the map into multiple ROIs. Then our system optimizes the
spacial relationship among ROIs using simulated annealing
algorithm based on the above rules.

3.2.1 Map Segmentation

To perturb a map layout during the search, most previous
researchers [2], [4], [11] usually randomly chose a road;
then either scaled its length or changed its orientation ran-
domly. Different from their methods, we consider ROI as
the basic unit of optimization. A ROI is a region of interest
which is represented by a rectangle to present ROI, and
each rectangle contains only one destination. A user speci-
fies n destinations on the input map; then we apply an
graph-cut-based map segmentation method to segment the
map into n ROIs.

A satisfactory segmentation is constrained by four fac-
tors: (1) Each ROI should only contain one destination. (2)
The goal is to emphasize the roads inside the ROI and
reduce the details of the roads between these ROIs, so we
should generate a map segmentation with the smallest
number of edges connecting ROIs. (3) If the overlapping
area among ROIs is too large, it would have a big influence
on operations of two ROIs. To decrease this influence, we
should keep the overlapping area among ROIs as small as
possible. (4) As a navigation tool, a multi-destination map
must keep the completeness of the routes in each ROI to the

Fig. 2. Layout model for multi-destination maps. We use these ROI Gi

and a small amount of line segments eadj i to represent the layout of the
multi-destination map abstractly.

Fig. 3. Road selection. a) Hong Kong map with two destinations. b) We
assume that each destination has a light source, which can emit light in
all directions. c) At each stage, larger classes and the selected roads
become a barrier to block the light to pass through. We only select the
road if it is illuminated by the light source. d) Finally we use a shortest
path algorithm to connect the rings to corresponding destination to pro-
duce complete traversable roads network.

Fig. 4. Example of global layout. (a) Before global layout. (b) After global
layout.
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destinations so that users can access the destination from all
the surrounding directions.

We split these principles into hard constraint (a) and soft
constraints (b-d) as follows:

(a) Keep the uniqueness of the destination in a ROI.
(b) Keep the connecting edges between ROIs to a

minimum.
(c) Minimize the overlapping area among ROIs.
(d) Keep the completeness of the routes in each ROI.
We define a set of extensible metrics that capture the

essence of the above rules in strict mathematical terms in
the following.

Map Segmentation Problem. Given a map G = (V, E) with n
destinations, namely, set D, we find a segmentation of G
that satisfies the hard constraint (a) and the soft constraints
(b)-(d). The cost of a map segmentation is the weighted sum
of three items

GðG;DÞ ¼ afdesðG;DÞ þ bfedgeðG;DÞ þ gfovlðG;DÞ; (1)

where lower values of GðG;DÞ correspond to better map
segmentation. And fdesðG;DÞ captures the essence of princi-
ple (a). We combine the principle (b) and (d) using
fedgeðG;DÞ to measure the number of edges that be cut off,
and this simultaneously guarantees each ROI with complete
surrounding routes. fovlðG;DÞ measures the overlapping
area among ROIs corresponding to principle (c). a, b and g

represent the weights depending on their importance. We
describe each of the metrics in detail as follows.

Destination.Wedivide amulti-destinationmap into n sub-
graphs using a graph-cut-based segmentation method. We
define that, if a subgraph containsmore than one destination,
we call it a divisible graph. If a subgraph contains only one
destination, the subgraph is indivisible. Otherwise, we call
the graph a singular graph.We recursively run the graph cut
[25] algorithm until each subgraph can no longer be divided.
If there is a singular graph, it incurs an infinitely large cost.
We set a ¼ 1; if there is a singular graph fdesðG;DÞ ¼ 1;
otherwise, fdesðG;DÞ ¼ 0, as defined in Eq. (2).

fdesðG;DÞ ¼ 1; if there is a singular graph
0; else:

�
(2)

Complete Surrounding Routes. As shown in Fig. 5, we classify
all the roads into three types including street (gray), road
(yellow) and highway (brown).

The destinations specified by the users are usually
located on smaller streets. To let highways connect multiple
ROIs while most streets are enclosed in a single ROI, we cut
streets as little as possible and prefer cutting highways. The
weights decrease as the road type changes from street to
highway, namely gstreet > groad > ghighway. Specifically, the

cost function of fedgeðG;DÞ is defined as

fedgeðG;DÞ¼
X

ei2Estreet

gstreetþ
X

ei2Eroad

groadþ
X

ei2Ehighway

ghighway;

(3)

where g represents the cutting weights, ei is the pruned
edge when segmenting the map. And Estreet, Eroad, Ehighway

is sets of road segments marked as street, road, and high-
way, respectively. We suppose most highways connect mul-
tiple ROIs while most streets are enclosed in a single ROI.
Eq. (3) ensures that a minimum connecting edges among
ROIs, and less street is pruned to keep the completeness of
routes in each ROI, which captures the essence of the princi-
ple (b) and (d).

Overlapping. There are many different map segmenta-
tions with the same value of fedgeðG;DÞ, as shown in Fig. 6.
To meet principle (c), we need to find map segmentation
with the minimum overlapping area. Assuming that there
are n destinations in a given multi-destination map G, we
define the overlapping area metric as

fovlðG;DÞ ¼
Xn
i¼1

si � s1
[

s2
[

; . . . ;
[

sn

� �
; (4)

where si represents the area covered by the ith ROI. The
lower values of fovlðG;DÞ correspond to smaller total over-
lapping areas among the n ROIs.

Best Segmentation Searching. To find a segmentation that
satisfies our requirements, we employ an improved graph-
cut based segmentation method. Boykov et al.[25] proposed
interactive graph cut for the segmentation of N-dimensional
images. The improvement of their method is also well
suited for the segmentation of maps. Our improved seg-
mentation method lies in running graph cut recursively and
constructing a cost function based on principles (a-d). First,
to segment a map into n ROIs, we run the graph cut algo-
rithm recursively until each subgraph is indivisible. Second,
we define four segmentation principles, and aggregate
them into a cost function as Eq. (1) that evaluates how much
a given segmentation conforms to the principles. A mini-
mum cost cut generates a segmentation that satisfies all pre-
defined principles.

3.2.2 Global Layout Problem

After map segmentation, we obtain N ROIs fG1; G2; . . . ; Gng
and edges eadj i connecting ROIs. We regard each ROI as

Fig. 5. Three types of roads in multi-destination maps: Street (grey), road
(yellow) and highway (brown).

Fig. 6. Overlapping area among ROIs. (a) We segment the map into
three ROIs with a cut of three highways. The total overlap area among
the ROIs is Sa ¼ Sa1 þ Sa2. (b) We segment the map into three ROIs by
cutting three highways. The total overlap area among ROIs is
Sb ¼ Sb1 þ Sb2. However, It is obviously that Sa > Sb.
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a whole, taking it as the basic unit of optimizer. We
define an energy function that evaluates the quality of
map layout. Each energy function is defined through an
extensive empirical study. To find a lower cost for the
energy term, we use a perturbation-based simulated
annealing algorithm to generate the best global layout.
The energy equation is defined as the weighted sum of
the four metrics:

Fglobal ¼vlengthflength þ vanglefangle eadj

þ vareafarea þ vtopoftopo;
(5)

where flength measures the length of each edge in a given
road network; fangle eadj measures the angular deviation of

each connecting edge eadj from their original orientation;
farea measures the total overlapping area of ROIs; and ftopo
measures the topology of the road network. v represents
the weights. We describe the individual cost terms in detail
in the following sections.

3.2.3 Balance Road Identifiability

To ensure the visibility of each road, it is necessary to
specify a minimum length lmin of road. Generally, the
length of streets is often shorter than that of the major
roads or the highways. The penalty is achieved by set-
ting the weights �i according to road type, and the
weight decreases in the order of street, major road and
highway. Assuming that the ith ROI Gi ¼ ðVi; EiÞ con-
tains n ¼ jEij edges and the length of edge ei ¼ fu; vg is
li, we evaluate the readability of the ith ROI by the fol-
lowing equation:

fðGiÞ ¼
Xn
i¼1

�iðlmin �minðlmin; liÞÞ2

�i ¼
�street when ei is a street

�road when ei is a road

�highway when ei is a highway

8><
>:

�street > �road > �highway:

(6)

To balance the scale factor among ROIs, we introduce a
balance factor d that represents the density of edges whose
length is less than lmin in a ROI. If the area of Gi ¼ ðVi; EiÞ is
si and the total number of edges is jEij, the number of edges
whose length is less than lmin is denoted as numi. We define
di as inversely proportional to si, but proportional to
pi ¼ numi=jEij.

In addition, each connecting edge should also maintain a
minimum length so that each edge can be seen clearly.
Assuming that the number of connecting edge eadj in graph
G is k, we evaluate the readability of eadj by the following
equation:

fðeadjÞ ¼
Xk
i¼1

ðlmin �minðlmin; liÞÞ2: (7)

Assuming that the map G ¼ ðV;EÞ contains n ROIs, we
evaluate the balance of road identifiability by the following
equation:

flength¼
Xn
i¼1

difðGiÞþfðeadjÞ; di¼pi
si
; pi¼numi

jEij : (8)

3.2.4 Overlap

In the global layout phase, we regard each ROI as the basic
unit of optimizer without concern for the details within it.
To keep a ROI independent from the others, we must avoid
excessive overlap among ROIs. In addition, to make full use
of the display space, we hope a maximum total area of all
ROIs. Assuming that there are n ROIs on the map,
G ¼ ðV;EÞ, and the area of ROIi is si, we compute the total
area of all ROIs and their overlapping area as

farea ¼ ðs1
\

s2
\

; . . . ;
\

snÞ �
Xn
i¼1

si; (9)

where s1
T
s2
T
; . . . ;

T
sn corresponds to the total overlap-

ping area, and
Pn

i¼1 si corresponds to the total area of ROIs.

The higher value of
Pn

i¼1 si corresponds to a lower value of
farea, namely, the map make full use of the display space.

3.2.5 Angle

A reasonable map layout should retain edge’s original ori-
entation the best while optimizing. So an edge that deviates
from its original direction will be penalized. The penalty is
proportional to the square of the angle deviation from its
original angle

fangle ¼
XjEj

i¼1

ðuoi � uiÞ2; (10)

where uoi represents the angle of edge ei in original layout
and ui in current layout.

3.2.6 Topology

Map making experts [21] pointed out that users do not care
about the exact geometric shape of the roads. However, the
topology of the road network is the most important infor-
mation for navigation. To keep the original topology, false
intersections would incur an infinitely large cost. Besides,
some intersections disappearing in the resulting map also
result in false topology. To address this issue, we give an
infinite penalty to avoid false topology

ftopo ¼ 1; if false topology
0; else:

�
(11)

3.2.7 Global Layout Perturbation and Optimization

To achieve an optimal layout over the space of possible
layouts, we consider each ROI as a whole, taking it as a
basic optimizer unit without concern for the details
within it. We define a perturbation function including
two basic operations, as shown in Fig. 7. The optimizer
applies a layout perturbation on each iteration via a
sequence of seven steps:

(1) Select a ROI Gi randomly.
(2) Generate a random scale factor between 0.8 and 1.2.
(3) Geometric scaling ROI.
(4) Select a ROI Gj randomly again.
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(5) Generate two random numbers move x and move y
among �3 and +3 as the offset of the horizontal and
vertical directions.

(6) Move ROI Gj: Gjþ ¼ move xþmove y.
(7) Rescale the entire road network to fit within the pre-

specified image size.
To avoid a local minimum, we adopt the simulated

annealing algorithm [26] to find a global minima Fglobal of
Eq. (18). SA is a generic probabilistic metanephritic for
obtaining an approximation solution of the global optimum
in a large search space. The algorithm maintains a current
layout Lglobal and iteratively generates a modified layout
L�
global that is either accepted or rejected. The acceptance of a

proposal layout Lglobal ! L�
global is governed by the Metropo-

lis-Hastings acceptance probability

aðLglobal ! L�
globalÞ ¼ min 1;

pðL�
globalÞqðLglobaljL�

globalÞ
pðLglobalÞqðL�

globaljLglobalÞ

 !
;

(12)

where qðL�
globaljLglobalÞ is the proposal distribution from

which a new layout L�
global is sampled given a current layout

Lglobal. And the proposal distribution is generated by our
perturbation function, therefore, the proposal distribution is
symmetric, that is, qðL�

globaljLglobalÞ ¼ qðLglobaljL�
globalÞ. This

allows us to simplify the acceptance probability to

aðLglobal ! L�
globalÞ ¼ min 1;

pðL�
globalÞ

pðLglobalÞ
� �

: (13)

The algorithm iterates until its computational budget is
exhausted. The pseudo-code of the SA is shown in Fig. 8,
and Fig. 4 shows a result of global layout.

3.3 Local Layout

In the fourth step, the local layout optimization phase, we
focus on the identifiability of roads within each ROI.
Because there are still some edges with poor visibility after
the global layout optimization, we optimize the road net-
work within each ROI one by one non-uniformly to
provide good visibility for all edges, as shown in Fig. 9.
We emphasize the influence of the minimum length while
reducing the influence of angle and relative angle. In
the local layout optimization process, we desire to achieve
the following objectives.

(a) Ensure that all edges in ROI have good visibility to
provide a clear path display.

(b) Retain original orientation of each edge to ensure a
right relative angle among roads.

(c) Keep all edges in ROI, preserving their relative ori-
entation to ensure a right relative angle among
roads.

(d) Preserve correct topology of the road network all the
time.

3.3.1 Local Layout Problem

Given a map G ¼ ðV;EÞ with n ROIs ¼ fGi; . . . ; Gng, we
find a local layout Li local ¼ fVi; Eig for Gi that satisfies the
goals discussed above. We also define an energy function
that captures the essence of the above goals and use it to
evaluate the quality of the layout in a ROI Gi. The lower
cost of the energy term corresponds to a better local layout.
The energy equation is defined by four terms

F ðLi localÞ ¼ vlengthflength þ vanglefangle

þ vr anglefr angle þ vtopoftopo;
(14)

where flength measures the length of edges in ROI; fangle
measures the angular deviation of edges or connecting
edges; fr angle measures the relative angular deviation of
edges; and ftopo measures the topology of a multi-destina-
tion map to preserve correct topology (See as Eq. (11)).

3.3.2 Relative Angle

Any pair of edges in a ROI Gi should keep their original rel-
ative angles. As shown in Eq. (15), we penalize any

Fig. 7. Perturbation of global layout. (a) Rescale and move ROIs ran-
domly. (b) Rescale the entire road network to fit within the pre-specified
canvas size .

Fig. 8. The pseudo-code of the search algorithm.

Fig. 9. Example of local layout. (a) Before local layout. (b) After local
layout.
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deviations from their original relative orientation, , where
uij is the relative angle between ei and ej in current layout,
and uo ij is in the original layout

fr angle ¼
XjEij�1

i¼1

XjEi j

j¼iþ1

ðuij � uo ijÞ2: (15)

We use Eq. (14) to evaluate the layout quality of Gi. If a
map G ¼ ðV;EÞ contains n ROIs, the quality of a map, G, is
therefore denoted as in Eq. (16)

Flocal ¼
Xn
i¼1

F ðLi localÞ: (16)

3.3.3 Local Layout Perturbation and Optimization

In this section, our main objective is to produce the optimal
layout of a multi-destination map based on the metrics
described above. Allowing arbitrary and continuous move-
ment of nodes will lead to a large search space and time
consuming computation. Instead of the above method, we
propose a discontinuous perturbation method to discretely
produce a new layout. Such perturbation pushes the road
network towards a lower cost layout. The optimal discrete
layout is likely to be a good approximation of the optimal
continuous layout. As shown in Fig. 10, to perturb a road
network in ROI during the search, the optimizer applies a
layout perturb on each iteration via a sequence of the fol-
lowing steps:

(1) Pick a node v randomly in ROI.
(2) Giving an arbitrary line l through the node v, the

ROI is divided into two parts (part1 and part2) by
the line l.

(3) Generate two random scaling factors scale1 and scale2
among 0.8 and 1.2.

(4) Zoom part1 and part2 by the scale factor scale1 and
scale2 respectively.

(5) Rescale the entire road network to fit within the pre-
specified map size.

We use the same search algorithm as shown in Section 3.3
to find aminimal cost of Eq. (16).

3.3.4 Layout Trimming

After the perturbation and optimization, most roads are
clearly visible in the resulting map. However, because the
weights depend on the importance of rules, some rules
with a lower weight may not be satisfied well, such as the
relative angle. Besides, to guarantee roads visibility, we
did not consider the relative length of roads in the previ-
ous phases. Assuming the number of edges of graph G is

k, the original length of edge ei is li, and after the previous

optimization, the length becomes l
0
i. We define the relative

length of two different edges ei; ej as li=lj. To this end, we

evaluate the relative length deviation by the following
equation:

fr length ¼
Xk�1

i¼1

Xk
j¼iþ1

ðli=lj � l
0
i=l

0
jÞ2: (17)

To provide a clear navigation, the map should let all edges
preserve their relative length. Therefore, we regard all ROIs
as a whole to perform a layout trimming. The goals of this
step are:

a. Keep all edges retaining their original orientation.
b. Keep all edges preserving their relative orientation.
c. Keep all edges preserving their relative length.
d. Preserve correct topology of the road network all the

time.
e. Ensure the visibility of all edges.
We define the overall quality of a layout Ftrimming as the

weighted sum of the five metrics

Ftrimming ¼ vlengthflength þ vr lengthfr length

þ vanglefangle þ vr anglefr angle þ vtopoftopo;
(18)

where flength; fangle measures the length and the angle of
each edge in a given road network respectively;
fr length; fr angle measures the relative length deviation and

the relative angle deviation of edges respectively. We use
the same perturbation-based optimization discussed in Sec-
tion 3.3.3 to find a lower cost layout. Fig. 11 shows the result
of layout trimming, we can see that the road visibility of
Fig. 11b is better than that of (a) after the layout trimming
operation. In this step, our method will not only adjust the
relative length to the original, but also ensure the roads visi-
bility by flength, and ensuring visibility is a prerequisite for

adjusting edge length. After layout trimming, too short
edges are reduced.

4 EVALUATION AND RESULTS

In this section, we evaluate the multi-destination maps gen-
erated by our proposed method. We first evaluate our
method for map segmentation; then we evaluate the layout
optimization method.

Fig. 10. Perturbation of local layout.

Fig. 11. Comparing road visibility. The regions of red rectangles are
more clear after the layout trimming (a) before the layout trimming phase
and (b) after the layout trimming phase.
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4.1 Evaluate the Quality of Our Results

In Section 3.2.1, we formulated Eq. (1) to obtain a good map
segmentation. As shown in Fig. 12a, we set a ¼ 1, b ¼ 1 and
g ¼ 0:001 to balance the map segmentation. To test the func-
tion of each soft constraint and its corresponding energy
term in Eq. (1), we selectively eliminate the energy terms to
generate corresponding results. As shown in Fig. 12b, we
ignore the principle of “Complete Surrounding Routes”
while computing a minimum total overlapping area. As we
can see, it leads to two ROIs without complete surrounding
routes (marked with green and dark blue) although with a
minimum overlapping area. In addition, as shown in
Fig. 12c, there exist obvious overlapping areas among ROIs if
ignoring the principle “minimizing the overlapping area”.
Hence, the principles discussed in Section 3.2.1 are effective
to achieve a goodmap segmentation.

One of themost importantmeasurements formap naviga-
tion is the road identifiability. According to Kopf et al. [4], if a
road’s length is less than ten pixels, it is difficult to identify
that road on a map. Therefore, we set ten pixels as the mini-
mumdisplay length (MDL) of a road.We run some examples
to verify the effectiveness of our method. Fig. 13a shows the
percentage of edges whose length are less than MDL in each
step. As shown in Fig. 13a, the total percentage of streets,
major roads, and highwayswhose lengths are less thanMDL
is 31.2 percent. However, the percentage drops to 20.43 per-
cent after the global layout optimization process. In the

following steps, this percentage is gradually reduced. After
the fourth step, there is no edge whose length is less than
MDL, and this means all roads have good visibility after the
above optimization. From the data, we see that streets account
for the vast majority. Therefore, the penalty weight of streets
is to set larger than that of the others. According to our experi-
mental experience, the weights of � in Eq. (7) are �street ¼ 10,
�road ¼ 8 and �highway ¼ 5. After the global layout optimiza-
tion, the percentage of streets whose display length is less
thanMDL decreased from 21.51 to 15.05 percent. There was a
4.3 percent decline of roads and highways whose display
length is less than MDL. Namely, the road identifiability is
significantly improved after the global layout optimization.
Angular deviation is another measurement to evaluate road
visibility. As shown in Fig. 13b, we adjusted the angle of the
edges to obtain a small angle deviation while maintaining
road visibility in the layout trimming optimization. After the
layout trimming phase, the number of edges whose angular
deviation is less than 2 degree is only 51.61 percent before
layout trimming optimization. The percentage rose to 75.34
percent after this optimization phase. The number of edges
whose angular deviation in the range of 0 to 4 degree
accounted for 97.85 percent compared with the former 81.72
percent. The number of edges with angular deviation is only
about 1 percent, and it almost does not affect themap naviga-
tion of users. Therefore, ourmethodmaintains road visibility
well after the layout trimming operation.

After extensive testing and experimentation, we set the
weights at each step as shown in Table 1. From the above
discussion, we see that the proposed layout optimization
method can generate promising multi-destination maps. In
Fig. 19, we present more multi-destination maps produced
by our system. The computing time is given in Table 2 with
an average of three runs.

4.2 Compare with Other Methods

Fig. 14 and Table 3 show a comparison of the results. Com-
pared with Kopf’s method [4], which aims to lay out maps

Fig. 12. Evaluating the objectives of map segmentation. (a) A good map segmentation satisfies the two soft constraints. (b) The map segmentation
without considering the principle “Complete Surrounding Routes” and (c) The map segmentation without considering the principle “minimizing the
overlapping area” .

Fig. 13. Evaluating layout optimization method. (a) The percentage of
edges whose lengths less than the minimum display length in each key
step. (b) The percentage of edges that deviate from its original orienta-
tion before and after the layout trimming optimization.

TABLE 1
Weights Setting at Each Optimization Step

vlength vr length vangle vr angle varea

global 9,000 n 5,000 n 18,000
local 5,000 n 4,000 4,000 n
trimming 5,000 1,000 5,000 6,000 n
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with only a single destination, our method generates more
efficient multi-destination maps. Since Kopf’s cost function
is not specified for generating multi-destination maps, their
cost function maintains a lower value, which corresponds
to a good map layout, for the situation where a ROI contains
many fewer short roads than other ROIs. Kopf’s cost func-
tion excessively enlarges those ROIs containing dense
streets, and simultaneously reduces the area of ROIs with
sparse streets. As shown in Table 3, the number of high-
ways, major roads, and streets in a map are denoted as
NðhÞ, NðrÞ and NðsÞ. Let N 0ðhÞ, N 0ðrÞ and N 0ðsÞ denotes the
number of road segments whose lengths are less than MDL
for highways, major roads, and streets, respectively. The
total percent of road segments whose lengths are less than
MDL are marked as P. About 52.2 percent of the road seg-
ments are not clearly displayed. After layout optimization
using our method, there are only 8.6 percent road segments
less than MDL. However, the results using Kopf’s method
obtains 24.7 percent.

Fig. 15 shows a comparison with Haunert’s method. The
input data is the road network of Largo, USA from Open-
StreetMap. Haunert et al. presented a sound method for
enlarging focus regions with small distortion comparedwith
traditional fish-eye methods. However, their method needs
to set zoom factors for focus regions. Differing from their
work, our method automatically computes appropriate
zoom factors for multiple ROIs. Besides, our method also can
automatically select roads relevant to the users.

4.3 Performance

Our multi-destinations map system is implemented in Java-
script, and we have run our experiments on a 1.6 GHz Intel
Core i5 machine with 4 GB of RAM. All the map data are
from OpenStreetMap (http://www.openstreetmap.org). As
shown in Table 2, it takes 4 to 12 minutes to generate a
result. The major computational cost of our method is part
of the layout optimization, especially the global layout opti-
mization. The reason for such time consumption is to search
for an optimal solution using the simulated annealing algo-
rithm. Besides, the number of destinations also greatly
impacts the running time.

5 USER STUDY

To evaluate how well a multi-destination map achieves our
stated goals compared with a single-destination map, we
propose the following three hypotheses:

H1: A multi-destination map satisfies the space utiliza-
tion better than a single-destination map does.

H2: A multi-destination map has better road visibility
than does a single-destination map.

H3: Overall, a multi-destination map is better than a sin-
gle-destination map.

TABLE 2
Timing Results for Our Layout Algorithm

Maps Road Selection Map Segmentation Global Layout Local Layout Layout Trimming

Fig. 19a 6 s 2 s 107 s 64 s 49 s
Fig. 19d 8 s 16 s 371 s 180 s 129 s
Fig. 19g 16 s 14 s 358 s 184 s 151 s
Fig. 19j 35 s 15 s 299 s 128 s 102 s

Fig. 14. Result comparison. Our result (b) shows adequately scales all the ROIs than that of Kopf’s method(c).

TABLE 3
Result Comparison in Fig. 14

Maps N 0ðhÞ=NðhÞ N 0ðrÞ=NðrÞ N 0ðsÞ=NðsÞ P

Fig. 14a 10/52 36/75 51/59 52.2%
Fig. 14b 2/52 6/75 8/59 8.6%
Fig. 14c 2/52 14/75 30/59 24.7%

Fig. 15. Result comparison with Haunert’s method. The same input data
is the road network of Largo, USA from OpenStreetMap. Haunert’s result
applying zoom factor 2 for ROIs.
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As described in the following sections, to help verify these

three hypotheses, we carried out two user studies to test the

quality of multi-destination maps.

5.1 Comparing with the Single-Destination Maps

To provide evidence that our multi-destination maps are
more user-friendly than single-destination maps, we ran a
user study to compare these two type maps.

Since users often want to know the route information
they are unfamiliar with, so we designed a user study to
test which one provides users more information about the
route. We recruited five female and 15 male students, and
their average age was 25. The task was to browse a pair of
route maps and rate each map according to three criteria:
space utilization, road visibility, and the whole effect. We
downloaded three maps of different cities from OpenStreet-
Map: HongKong, Charleston, and Largo. For each of the
two maps, we prepared different versions with two to four
destinations. For each version, we showed the single-
destination and multi-destination maps and six pairs over-
all. At the beginning of each questionnaire, we showed a
brief introduction on the map and evaluation criteria, so
that participants could familiarize themselves with our
multi-destination maps and evaluation criteria. Then, we
asked the subjects to rate the maps how well they liked the

single-destination and multi-destination maps, on a scale
from 1 (strongly uncomfortable) to 7 (strongly comfortable)
according to each criterion.

The rating result is shown in Fig. 16. We tested the signif-
icance for the space utilization, road visibility and the whole
effect based on ANOVA (analysis of variance), a repeated
measures method, using SPSS 19.0. As shown in Fig. 16,
there were significant differences in space utilization
(p=.000), road visibility (p=.000) and the whole effect
(p=.000). Thereby, demonstrating that hypotheses H1, H2,
and H3 are all verified. Because a multi-destination map
shows the overview and the detailed view of the whole
map simultaneously, which is user-friendly for convenient
navigation.

5.2 Comparing with the Original Map

To gain more insight into the quality of the optimized
map, we also ran a user study to compare the optimized
map with the original map. We recruited four female and
16 male students, and their average age was 24. They were
asked to fill out a questionnaire to compare the undistorted
and distorted versions of the maps. We downloaded two
different city maps (HongKong and Charleston) from Open-
StreetMap. For each map, we prepared several versions
with one to five destinations. For each of the versions, we
showed the original map and multi-destination map and
ten pairs overall. We asked subjects to rate how well they
liked them on a scale from 1 (strongly uncomfortable) to 5
(strongly comfortable).

The rating results are shown in Figs. 17 and 18. As shown
in Fig. 17, an average of 82.9 percent of the participants
rated the multi-destination maps with four or five points;
However, only 19.4 percent gave those ratings to the origi-
nal maps. There is a slight drop in the comfort levels with
an increase in the number of destinations. About 90 percent
of the participants gave a rating of four or five points for

Fig. 16. Statistics of user study one. The single-destination map is marked with blue, and the multi-destination map is marked with red.

Fig. 17. The ratings for comfort levels navigating (the original map is
marked with blue, and the multi-destination map is marked with red. The
darker color corresponds to higher rating). Fig. 18. The ratings of navigating.
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destination maps with fewer than two destinations; for
five destinations, the percentage dropped to 71 percent.
As shown in Fig. 18, the average rating for the multi-
destination maps is over the original maps, and the average
ratings for comfort levels indicate a significant leaning tow-
ards our multi-destination maps over the fixed scale maps.

Besides, we also tested if the number of destinations would
impact users’ ratings. As a result, the number of destination
did not affect the user’s score both for original maps
(p = .395) and multi-destination maps (p = .249).

After rating, participants were asked for suggestions reg-
arding the usability and aesthetics of our multi-destination

Fig. 19. Some results of our method with two to four destinations. Our map data, HongKong, Charleston and Largo, are provided by OpenStreetMap.
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maps. Several participants suggested route name labels and
important landmarks should be displayed. Someothers sug-
gested route travel time should be displayed. Since non-uni-
form scaling changes the exact geometry of the map. These
suggestions lead to exciting possibilities for our futurework.

5.3 Discussion and Future Work

We have proposed a novel model for generating multi-
destination maps within a single, consistent visual frame.
The model is a two-level layout optimization method,
which could automatically and efficiently generate multi-
destination maps. However, there are several limitations
and possible extensions regarding our model as follows.

Map landmarks are important for users. Although
we have provided road names for the generated multi-
destination maps, adding more landmarks for future system
is a valuable attempt, such as cognitive landmarks, visual
landmarks, and structural landmarks [27]. With these land-
marks users could localize themselves within the surround-
ing environment.

Our current layout algorithm is time consuming, and the
system has difficulty to generate multi-destinations maps
for real time applications. To tackle this issue, one potential
solution is to use GPU to speed up the algorithm.

Our work currently mainly focuses on multi-destination
maps generation and optimization, further study for city
traffic visualization is an interesting topic. Toward this end,
we could extend our work to the visualization of city traffic
information by fusing crowds and traffic information.

Finally, there are some other network visualization appli-
cations like road network, such as wireless network and
social network. Our network selection, simplification and
layout optimization strategy perhaps could meet these
applications while combing expert knowledge and princi-
ples in these fields.

6 CONCLUSION

In this paper, we presented a novel method for multi-
destination map generation, designed to address the
problem that current online maps cannot show the over-
view and detailed views of a multi-destination map
within a single, consistent visual frame. Users first specify
multiple destinations as input, and our method automati-
cally selects the relevant subset of roads navigating to
destinations. Then, to provide good visibility for all roads
in a single map, we focused on the optimization problem
of multi-destination map layout. This optimization pro-
cess includes two phases: (1) In the global layout, we first
applied a novel graph cut-based method to segment the
map into regions containing the destinations. Then, we
adopted a novel perturbation-based simulated annealing
algorithm to optimize the spatial relationship and scale
among ROIs. (2) In the local layout, we first non-
uniformly optimized the road network within ROI to pro-
vide good visibility for all of the roads. Then, we applied
a layout trimming to optimize the map closer to the origi-
nal layout on the relative length and angle of roads. We
also performed two user studies to evaluate the effective-
ness of the maps generated by our method.
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