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Abstract—The consistent arrangement of map features in
accordance with the map scale has recently been technically
important in digital cartographic generalization. This is primarily
due to the recent demand for informative mapping systems,
especially for use in smartphones and tablets. However, such
sophisticated generalization has usually been conducted manually
by expert cartographers and thus results in a time-consuming and
error-prone process. In this paper, we focus on the displacement
process within cartographic generalization and formulate them
as a constrained optimization problem to provide an associated
algorithm implementation and its effective solution. We first
identify the underlying spatial relationships among map features,
such as points and lines, on each map scale as constraints and
optimize the cost function that penalizes excessive displacement
of the map features in terms of the map scale. Several examples
are also provided to demonstrate that the proposed approach
allows us to maintain consistent mapping regardless of changes
to the map scale.

Index Terms—Cartographic generalization, displacement, con-
strained optimization, scale-aware mapping

I. INTRODUCTION

Recent development of mobile devices such as smartphones
and tablets has facilitated the efficient exploration of digital
map contents. With such mobile devices, users interactively
change the map scale to focus their attention on areas of
interest with various map scales according to their preference.
In general, reducing the map scale inevitably concentrates
existing map features such as roads and buildings within a
small map area, while their minimal size should be retained.
Figure 1 shows such an example, in which the roads and
buildings are more likely to overlap with each other as the
scale decreases, because we retain the width of the road with
respect to the size of the map domain. Solving this problem
usually requires a process of properly displacing the map
features to avoid mutual geometric conflicts.

In practice, this displacement process plays an important
role in so-called cartographic generalization, which allows
us to adjust the configuration of map contents in accordance
with the map scale. Cartographic generalization often poses
technically involved problems in conventional map editing.
In the process, experienced cartographers manually adjust the
positions of map features to avoid visual clutter arising from
their geometric conflicts, especially when they are too crowded
in a limited space. This always results in a tedious and time-
consuming task that is prone to error. Automating this task

enhances the readability of the digital map contents on mobile
devices and accelerates the manual process of editing maps on
various scales.

This paper presents a novel approach to automating dis-
placement on arbitrary map scales to ensure an aesthetic
configuration of map components. In this approach, the dis-
placement process is formulated as a constrained optimization
problem, by taking advantage of linear programming tech-
niques. Our formulation employs several aesthetic criteria as
constraints for preserving the appearance of the map content,
and minimizes the displacement and distortion of map features.
We also develop the consistent selection of map features with
respect to the map scale, in such a way that the map features
avoid having unexpected pop-ups and sudden changes in the
positions across the scale. Several experimental results will
also be included to demonstrate the feasibility of our proposed
approach.

Our technical contributions are summarized as follows:

o The displacement process is formulated as a constrained
optimization problem in which hard and soft constraints
are explicitly formulated.

o The entire map layout is optimized by minimizing the dis-
placement and distortion of the associated map features
while keeping their relative positions.

The remainder of this paper is organized as follows.
Section II surveys the previous work related to the proposed
approach. Section III provides an overview of our approach.
Our major technical contributions are described in the sub-
sequent three sections. Computing the optimal displacement
of map features on individual scales is detailed in Section IV,
while controlling the consistent placement of the map features
in accordance with the map scales is described in Section V.
After having presented several experimental results together
with the discussion on the proposed approach in Section VI,
we conclude this paper together with possible future exten-
sions of our work in Section VII.

II. RELATED WORK

Cartographic generalization has been considered as a pro-
cess of extracting important map features including lines
and boundaries while reducing minor ones, selecting and
combining map features, schematizing the shapes of fea-
tures as their simplified version, resolving geometric con-



C

—1

|

~— 1

(@)

(b)

(©)

Fig. 1. Maps on various scales: Roads and buildings are more likely to overlap with each other as the scale decreases: (a) Map at a large scale; (b) Map at

a small scale; (c) Displacement of a building to avoid overlaps.

flicts among features and so on when placing the map
components within the limited map domain at the small
scale. The conventional manual generalization processes have
been formulated as a set of specific operations so far [1],
[2] and the associated principles are detailed in the literature
[3]. Map generalization mechanisms and examples are also
exhibited in several books [4], [5].

Among the generalization processes, the simplification oper-
ation has been studied rather intensively in the community. For
example, the shapes of geometric entities, such as buildings,
are also abstracted by level-of-detail simplification based on
image-processing techniques, which are based on the scale-
space theory [6] and a set of optimization techniques that in-
clude least-square adjustment, self-organizing maps and neural
networks [7].

Algorithmic formulation of such simplification operation
starts with line schematization for reducing the geometric
complexity of the rectangular cartograms [8], and then ex-
tends to more complicated polygonal shapes by employing
subdivision simplification [9] and area preservation [10].
Schematization techniques have also been applied to various
types of map styles and often the associated operations are
formulated as constrained optimization processes. Examples
include schematic metro maps [11]-[13] road networks [14],
[15] and urban area maps [16]-[18].

Aggregation of geometric components are successfully
formulated by taking advantage of Gestalt-based cluster-
ing rules [19]. Selection operations have also been suc-
cessfully incorporated to schematize map contents. In
particular, automatically composing route maps of high
readability through selection of important road segments
will facilitate travelers navigating with mobile devices
[20]-[22].

Displacement operations can avoid visual clutter arising
from overlapping map features. Ware and Jones [23] proposed
an interactive approach to avoid geometric conflicts of map
features by incorporating the steepest gradient descent and
simulated annealing techniques, whereby the cost function
is incorporated to penalize such undesirable conflicts. Liu et
al. [24] also solved this cartographic displacement problem by

introducing the combination of constrained Delaunay triangu-
lation and deformation based on an elastic beam truss [25].

Finally, it is important to implement the consistent place-
ment of map features in accordance with changes to map
scales. Been et al. [26] formulated consistent labeling in a dy-
namic environment in which they optimized the dynamic label
placement by maximizing the total sum of active range within
the scale domain and further explored several computational
aspects of this labeling problem [27]. We also employed this
formulation in order to maximize the total stay of map features
with respect to the map scale.

III. OVERVIEW

In our approach, we model a road network as a set of
connected polylines. Thus, we consider each road polyline
as a single map feature in this formulation. This means that
we consider the proper arrangement of the map feature by
displacing its component vertices to avoid unwanted overlap
between the map features. Further, we encode the basement
of each building as a closed polygon and again search for its
conflict-free placement by optimizing the displacement of the
building.

In this problem setup, we draw each road segment with
a fixed width with respect to the screen size. This implies
that the road segment is more likely to have conflicts with
other building polygons as well as road segments as the map
scale becomes smaller, since the map domain contains more
geographic components. We solve this problem by making
enough space around the road segments so that we can
avoid visual clutter arising from conflicts between roads and
buildings that are close to each other. In our approach, we
formulate this problem as a constrained optimization problem
by imposing constraints derived from several aesthetic criteria
on spatial relationships among the map features. In practice,
we introduce linear constraints with respect to the geometric
positions of the map features together with the additional vari-
ables, and then solve the optimization problem by employing
conventional linear programming techniques. In the sections
that follow, we detail the formulations for displacing map
features and consistently placing them across multiple map
scales.
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Fig. 2. Fixed line orientation constraint for keeping the orientation of line
features during the displacement process.

IV. DISPLACEMENT

It is natural to avoid geometric overlaps among map features
by properly translating them with minimum displacement, as
shown in Figure 1(c). Nevertheless, we still have to maximally
keep the visual appearance of the map features together with
their spatial relationships, so that we can maintain the inherent
configuration of the given maps. In our approach, inspired by
Hirono et al. [18], we achieved this goal by introducing three
aesthetic criteria in the configuration of map features: fixed
line orientation, relative position and scale limits.

A. Fundamental Constraints for Displacement

The fixed line orientation constraints allow us to strictly
fix the orientation of each line feature, while its length can
be adjusted within the predefined scale range. Suppose that,
as shown in Figure 2, the line segment pg will be translated
to a new segment through the displacement process, where
(X(p),Y(p)) and (X(q),Y(q)) are the original coordinates
of p and ¢, respectively, and (z(p),y(p)) and (z(p),y(q))
are those of p and ¢ after the displacement, respectively. The
orientation of the line segment can be retained by imposing
the following equations:

{ z(p) —x(q) = s(X(p) -~ X(q)) 0
y) —yle) = s(Y(p)-Y(g) ~

where s signifies the scale factor of the line segment in terms
of the original length. Since X (p), Y(p), X(¢) and Y (q)
are constant, equations in Eq. (1) are linear constraints with
respect to the variables z(p), y(p), x(¢) and y(g). In our
formulation, the fixed orientation constraints are imposed on
all the road and building segments to maximally maintain the
local shapes of these map features.

On the contrary, the relative position constraints let us
preserve the spatial relationships among map features. This is
especially important in maintaining the accuracy of the map
contents, because with the constraints we can avoid cases in
which two buildings are swapped or a building goes beyond a
road. This is accomplished by preserving the relative positions
of a vertex (i.e., a sample point) and an edge (i.e., a line
segment) that are next to each other, as shown in Figure 3(a).
In our implementation, we search for the neighboring edges of
each vertex by looking around it. This lets us sort out edges in
the vicinity of the vertex by their distance from the vertex at
the respective reference angle in the polar coordinate system.
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Fig. 3. Relative position constraint for preserving the spatial relationship
between a sample point and a line segment.

Collecting such combinations of vertices and edges can be
conducted as a preprocess, and the associated results can be
stored on the disk storage prior to the map optimization if
necessary.

Now suppose that we have the vertex v on the left side
of the line segment pq, as shown in Figure 3(b), and employ
the same notation as in Figure 2 to express the coordinates of
these vertices before and after the displacement process. Since
the coordinates of the original positions of pg are given, we
can easily calculate a unit vector normal to the line segment pg
as (A, B) and thus represent the equation of the line L along
the line segment as Ax + By + C = 0. Now we are ready
to obtain the signed distance of v from the line segment pgq,
by calculating the inner vector o and the unit normal vector
(A, B) as:

D = A(X(v) = X(p)) + B(Y (v) = Y (p))- 2

This implies that the equation of L along pq splits the entire
2D domain into a positive side (Axz + By + C > 0) and a
negative side (Az+ By+C' < 0), which facilitates keeping the
relative position v with respect to pg by constraining v within
the positive side of pqg. This constraint should be satisfied,
even after the displacement process as:

d = A(z(v) — z(p)) + B(y(v) — y(p)). 3)

Note that the orientation of the line segment pg has been
already fixed, and thus the coefficients A and B remain
constant throughout the displacement process.

This formulation finally allows us to compose a linear
inequality of the relative position constraint as:

{A(x(w —x(p)) + B(y(v) —y(p)) > H if D>0
A(z(v) —z(p)) + By(v) —y(p)) < —H if D <0

Here, H represents the possible spacing from the line segment.
In particular, as described earlier, we associate the width of
each road segment and H represents the half-width of the road
on the corresponding map scale. Let us denote the inverse of
the map scale S by R = 1/S5. Actually, H is proportional to
R and can be written as H = R - C, where C is a constant
value. If the line segment is on the boundary of a building
basement, we can simply set H = 0.

The scale limits constraint, which is the last of the afore-
mentioned three types of constraints, merely restricts the

4)
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Fig. 4. Unexpected shape distortion of a building basement polygon: (a)
Original polygon shape; (b) Optimized shape containing unwanted distortions;
(c) Triangulated polygon shape; and (d) Optimized shape while maximally
retaining the orientations of internal diagonals.

available range of the scale factor s, so that we can avoid
an excessive shrinkage or expansion of the map features after
the displacement process. On all the scale factors, we impose
the following constraints in our implementation:

1
— < s < 10.
1073710 5)

We also have to define a cost function to find an optimized
layout of the map features under these types of constraints.
For this purpose, we simply penalize the overall amount of
displacement to maximally retain the original configuration
of the map features. This can be achieved by evaluating the
absolute difference between the positions of each vertex before
and after the displacement as:

{ _5m(v) < :C(U) —X(U) < 5I(U) (6)
—0y(v) < y(©) =Y (v) < by(v)

where d,,(v)(> 0) and d,(v)(> 0) are variables that are newly
introduced to represent the displacement of the vertex v along
the z- and y-axes, respectively. Our cost function is given by
the sum of all the displacements as:

COStdisplacement =Wy Z (61 (U) + 6@/(”))7 (N
veV
where W, corresponds to the weight value associated with the
displacement process.
B. Constraints for Preserving Shapes

It is sometimes the case that we cannot fully retain the
shapes of building basements even with the aforementioned

'min -
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Fig. 5. Preserving the orientation of a line segment by bounding the aspect
ratio of the associated bounding box.

constraints. Figure 4 shows such an example in which we
optimized the layout of the map features. Unfortunately, in
this case, we introduced unwanted distortions around the small
protruding parts of the building basement (Figure 4(b)) when
compared with the original shape (Figure 4(a)). To alleviate
this problem, we first triangulate the inside of the building
polygons by inserting diagonals, as shown in Figure 4(c), and
then preserving the orientation of such diagonals, as shown
in Figure 4(d). More specifically, we take advantage of an ear
clipping algorithm [28] for triangulating concave polygons and
impose additional constraints to restrict the orientation of the
diagonal segments that are newly introduced into the inside of
the polygon.

The new formulation for preserving the polygonal shapes
has been inspired by the work that respects mental maps in
schematic railway diagrams [29] and can be summarized as
follows. Suppose that, as shown in Figure 5, the bounding
boxes that confines a diagonal line segment before and after
the map optimization are represented by [Xyin, Xmax] X
[Ymina Ymax] and [xmina wmax] X [ymina ymax]’ rCSpCCtiVC]y. We
can restrict the change in the orientation of the line segment
by bounding the aspect ration of this bounding box as:

W Tmax — Ymin (1 + E)W (8)
(1 + E)H n Ymax — Ymin - H ’
where W = Xmax — Xomins H = Yinax — Yinin and E

indicates the error tolerance and set to be 0.05 by default.
Note that the above formulation can be reduced to linear
inequality constraints, and thus permits the further preservation
of the shapes of the map features, as presented in Figure 4(d).
Moreover, our present formulation can be solved using the
linear programming technique and requires less computation
times.

V. SCALE-AWARE CONSISTENT MAPPING

So far, we have assumed that the optimization of the map
layout is conducted at the present map scale on demand.
This means that we have to adjust the layout of the map
features every time we change the map scale, which may
prevent us from interactively exploring the map contents at
arbitrary scales. Optimizing map layouts on individual scales
also causes unexpected pop-up effects of map features and
sudden leaps in their position as the map scale changes.



This leads us to the idea of precomputing the optimized map
layouts within the specific range of the map scale, to ensure
consistency in the placement of map features irrespective of
the change to the map scale.

We implemented this functionality by first sampling a
specific number of scale values SI" (I = 1,...) in the available
scale range and optimizing the total sum of the cost functions
at the individual scales. As for the position of each vertex
v within the scale range, we interpolate optimized positions
on the vertex v with respect to the map scale. Assume
that the current scale S falls into the range [SI!, SU+11],
that is, S € [S s [l“]], and the coordinates of v on the
scale Sl and S(+1] are obtained as (z[!(v),y!(v)) and
(2! (), y 1 (v)), respectively. Linearly interpolating be-
tween the two coordinates allows us to obtain the coordinates
of v at the scale S as:

(1 = )@ (), 5 (v)) + t(2" (), 4+ (0)), ©)

where t = (S — S /(St+1 — SU), This allows us to
interactively explore the map contents at arbitrary scales once
we have precomputed the optimized layout within the available
range of the map scale.

VI. RESULTS AND DISCUSSION

We have implemented our prototype system on a laptop
PC with Intel Core i7 CPU with 2 cores (3.3GHz, 256KB L2
Cache per core and 4MB L3 Cache), 16GB RAM and an Intel
Iris Graphics 550 GPU (1536MB VRAM). The source code
has been written in C++ using Qt for the interface, OpenGL
for drawing map contents, CGAL for geometric computation
and IBM ILOG CPLEX for solving constrained optimization
problems through linear programming techniques. Table I pro-
vides computation times and numbers of variables and linear
constraints, which are required to optimize the map layouts in
the experimental results.

As described earlier, the optimized layouts of a residential
area using multiple-scale displacement are demonstrated in
Figure 6 and Figure 7, respectively. In particular, the scale-
aware optimization framework allows us to precompute the
optimized layout of the map features by sampling the available
scale range, and fully facilitates interactively exploring the
digital map contents on arbitrary map scales.

VII. CONCLUSION

This paper has presented a novel formulation for dis-
placement techniques as effective map-editing processes in
cartographic generalization. We formulated the aesthetic dis-
placement of the map features as constrained optimization
problems, in which we employed linear programming tech-
niques for finding appropriate solutions. Furthermore, our
proposed formulation is scale-aware in the sense that it retains
the consistent placement of map features such as roads and
buildings by taking into account the space spanned by the
map domain and scale axis. Experimental results demonstrate
that our formulation can precompute visually plausible layouts
of map features within an acceptable time frame, which fully

TABLE I
Computation times (in seconds)
Computation No. of No. of
Case times variables | constraints
Figure 6 35.9 162,244 386,368
Figure 7 54.7 196,852 471,680

facilitates the exploration of digital map contents on arbitrary
scales on computers and mobile devices.

Our future work includes integrating existing formulations
such as simplification, aggregation, and selection into our
approach. Inferring semantics of map features to adaptively
adjust penalty weights still remains to be tackled. More
sophisticated displacement can also be explored by seeking
collaboration with domain experts. It is also interesting to
extend this formulation to 3D architectural map [18] in which
3D objects are displaced and deformed consistently as the
scale changes.
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Fig. 7. Scale-aware consistent placement of map features in the area around the Koujiya Sta. Left: original layout. Middle: optimized layout. Right: Difference
between the two layouts. From top to bottom, we monotonously decrease the map scale. Red features correspond to the effects obtained by the displacement
processes.
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