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ABSTRACT maps with a few hundredittion vertices ocaipying over 30 GB of

In this paper, we present an algorithm and a system to perform dy- Storage.

namic view dependent simplification of large geographical maps The maps _cr_eated by such techniques are seldom_optimized for
through a novel use of graphics hardware. Given a map as a CO|_render|ng efficiency, and can usually be replaced with far fewer

lection of non-intersecting chains and a tolerance parameter for:)”m'gves (\;ertlr(]:es_and chalr;]s) W'tr:jou_t any Ioszln vcljsualllf_tyle_ .
each chain, we produce a simplified map that resembles the original n oraer to further improve the rendering speed and qua ity, It IS
map, satisfying the condition that the distance betweszh point desirable to compute several versions of these maps. More detailed
on the simplified chain and the original chain is within the given tol- versions can be us_ed when the object is very close to _the VIewer,
erance parameter, and that no two chains intersect. We also prese nd are replaced with coarser representations as the object recedes.

an interactive map visualization system which uses frame-to-frame ften,dlt IS dg;lrable :10 adap_t the level of reflr_}_ehr_ne_ntkln dlffe_renkt]
coherence to perform dynamic view-dependent simplification. Our areaﬁ_ epending on the v_|eW|gg pargme;ersl._f_ IS Is known In the
initial results indicate that we get a 3-4 fold increase in the frame graphics community as awew-dependensimplification strategy.

rates using our simplification algorithm on maps with 1.5-2 million Finall_y, the simplifica_tiqn algorithm can teatic or dyngmlcde-
vertices on an SGI Onyx workstation. pending on whether it is performed as a preprocessing step or as

part of the rendering loop.
In this paper, we focus on the problem mfp simplification

1. INTRODUCTION This is the problem of interactively maintaining a planar subdi-

With the recent advances in shite imaging techniques, the  vision (arrangement of polylines) at varying levels of detail (de-
ability to acquire highly detailed geographical map models has be- pending on the current view point) in such a way that the shape
come a reality. This is crucial for the interactive visual explo- features (the essential geometric and topological characteristics) of
ration of massive data sets, much of which is spatial in nature, the region are preserved. In order to achieve real-time performance,
and is generated with respect to an underlying geographic domain.we implement key steps of our simplification algorithm using the
For example, geographic information systems deal with the prob- graphics hardware. Apart from significant performance gains, the
lem of capture, storage and display of large amounts of data with yse of hardware also allows us to handle the issues of data scala-
spatial information like weather or elevation information, while pjlity and robustness much better than traditional geometric tech-
large telecommunications networks are visualized over an under-pjiques.
lying global map [22]. Thus, one of the major challenges facing Main Contributions: The main features of our simplification al-
any interactive system for visualizing such data is the problem of gorithm are:
rendering the underlying spatial domain (which could be &ipo Use of graphics hardware: Most existing automated methods
cal or topographical map of a region, or even a three-dimensional for map simplification (see Section 3) use software-based geomet-
terrain). Map data can be extremely complexin its finest detail; the ric methods that may not scale well and can have problems of ro-
Tiger [3] data provided by the U.S. Census Bureau contains U.S. pustness due to geometric degeneracy. We employ extensive use
of the OpenGL graphics pipeline; this improves the performance
of our system greatly, and provides an interesting avenue for fur-
ther research into the implementation of geometric algorithms (see
Section 8).
Permission to make digital or hard copies of all or part of this work for ~ SYstem implementation:We have implemented all parts of our
personal or classroom use is granted without fee provided that copies are@lgorithm and developed a system which performs a real-time visu-
not made or distributed for profit or commercial advantage and that copies alization of maps. The system performs dynamic, view-dependent
bear this notice and the full citation on the first page. To copy otherwise, to gimplification to determine the primitives to be rendered at every
republish, to post on servers or to redistribute to lists, requires prior specific frame. Our system provides 15-20 frames per second on maps con-
permission and/or a fee. taining up to 500,000 vertices.

SCG’01,June 3-5, 2001, Medford, Massachusetts, USA. F . ] .
Copyright 2001 ACM 1-58113-357-X/01/000655.00. Metric lndependence. In order to define the notion of Shape
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preservation, any simplification algorithm must assume that the ob-
ject to be simplified is embedded in a metric space. However, our
algorithm does not favor any particular distance function. This is

important because notions of shape preservation can change de-

pending on the application.

Constrained simplification: We can extend our algorithm to
accommodate adtbnal geometric constraints. Consider, for ex-
ample, we are given a map of the United States with cities marked
as vertices inside the map. It is desirable that if we generate sim-
plifications of this map, cities do not change states. Thisdition
is equivalent to preservirgjdednesef chains with respect to these
vertices.

Quality of simplification: Our algorithm guarantees that any
two chains in the original map will not intersect in the simplified
map. Unfortunately, our methods cannot prevent the boundary of a
region from intersecting itself. We discuss ways of addressing this
problem in Section 8.

The paper is organized as follows. Section 2 formally defines
our problem, related work is surveyed in Section 3. We briefly
describe the overview of our approach in Section 4. The details of
our simplification algorithm are given in Section 5 and the issues
that we faced in designing our interactive map visualization system

vs

v1
v3

Figure 1: A single chainC = {v1,... ,v} of size 9.

2. For each, d(C{,C:) < e;.

3. Foralll <1 # j < n, the chaing andC; do not intersect.

4. The quantity}", size(;) is minimum over allM’ satisfying

conditions 1,2 and 3.

If achainC; = {v1 = v;,,vj,,... ,v; , = vy} satisfies con-
ditions 1 and2 above, we say that it is\aalid simplificationof C;.

and our solutions are mentioned in Section 6. Performance resultsSee Figure 2 for one valid simplification of the chain shown in Fig-
are presented in Section 7 and we present conclusions and futuredre 1. Note that conditiot above implies that the line segments

directions in Section 8.

2. PROBLEM DEFINITION

In this section, we define the problem of map simplification. The
basic unit of a map is ahain A chainC = {vi,v2,... ,um} oOf
sizesize(C) = m is a polygonal path, with adjacent vertices in the
sequence joined by straight line segments (see Fig. Bhaktcut
segmentor the chairC is a line segment between any two vertices
v; andvy, ¢ # j, of C. Letd(-,-) denote a metric on points in the

plane. The results in this paper are independent of the metric, and

therefored(-, -) could denote any metric. The distance between a
pointv; and a segment vy is defined by

d(vi, o;0%) =

min _d(v;, p)
PET; U

We define therrror of a line segment;v; as

A(vioy) = imkaéij d(vk, viv;)

LetC' = {v1 = v;,,vj,,...,v; , = vm} be a chain whose
vertices are a subsequence of the vertices. dthen we define the
distancel(-, -) between the two chains as

d(¢',€) = max A@GVL)

A chain isself-intersectingf any two of its line segments inter-
sect. Theendpointvertices of the chaid, verticesv; andvy, are
called thestartandendvertices respectively. We assume in this pa-
per that all chains are non self-intersecting. Two chaitisrsect
if they share any vertex other than their endpoints, or if any pair of
line segments in the chains intersect.

A map M is a set ofnon-intersectinghains. Thesizeof a map
is the sum of the sizes of its chains. The objective of map sim-
plification is to take a mapt = {C1,(>,...,C,} and a toler-
ance vector arrayes, ez, ... ,e,} as input, and compute a map
M’ ={C1,C5, ... ,C.} suchthat

1. Foreach, the vertices of; are a subsequence of the vertices
of C;.

(v51,955)s (V55,055), - 5 (V5. vy, ;) @re shortcut segments of
the chainC;. This fact will be crucial in our algorithm.

C/

Figure 2: A simplified chain C' = {v1,v2,v4, vs, ve, vs,va}
(solid line) of input chain € (dotted line), with size(C') = 7,
andd(C’,C) < e.

Similarly, if all the chainsinM’ are valid simplifications of their
corresponding chains in and they satisfy condition 3 above, then
we say thatM’ is avalid simplificationof M.

The distance functior(-, -) expresses the similarity between
maps. Intuitively, we wish to simplify the map as far as possible
(expressed by the minimization constraint) while preserving visual
fidelity (expressed by the distance constraint). It is important to
note that there are two separate components of similarity, namely
geometry and topology. The topological constraint is expressed in
the condition that the output set of chainsisn-intersecting, and
that each output chain has a corresponding input chain. The geo-
metric constraintis expressed by the distance funetjen). Most
approaches for map simplification attempt to preserve one or the
other; a simultaneous preservation of both constraints is hard.

3. PREVIOUS WORK

We briefly survey previous work in the domain of map simplifi-
cation. All the methods discussed here address the problem in its
static formulation; to the best of our knowledge, there is no prior
work that attempts to solve this problem interactively.



Figure 3: Anillustration of the Douglas-Peucker algorithm.

3.1 Cartography

The problem of map simplificatidris a central concern of the
cartographic community. Traditionally, the focus has been on su
jective measures of simplification such as aesthetic consideration
and the retention of (subjectively decided)important features. How-
ever, as far back as the early 70s, there was a growing interestin au

b-

Algorithm 1 Douglas Peucker(Input ChainC, Tolerance Param-

etere)

Input: Polygonal chairC = {vi,v2,...,vm} and tolerance pa-

srametere

Output: Polygonal chai®’ = {vi = v;,, vy, ... ,¥; , = Um},

m

with d(C’,C) < e

tomated methods, which necessarily required objective measuresof @ « {(vi,vm)}

goodness. One of the first and most effective methods for map sim-
plification was the algorithm proposed by Douglas and Peucker [8]
in 1973. This algorithm was very efficient, and it was observed
by researchers [32, 26] that the simplifications produced by this
method tended to conform to the subjective solutions produced by
domain experts. We employ some ideas from this algorithm in our
system and present a brief overview of it here.

The algorithm works by successive refinement of an initial so-
lution (see Fig. 3) using a greedy approach. ¢be the tolerance
for a given chain. The initial solution (see Fig. 3(a)) is obtained by
forming the line segment connecting the endpoints of the chain. If
all vertices of the chain are within distane®f this solution (the
dashed line), the algorithm terminates. Otherwise, it finds the ver-
tex that is furthest from the line segment (the black vertex), and

C'+0

while @ # 0 do
/* pick any shortcut segment */
Remove(v;, v;) from @
dmax« 0
vmax< 0

/* Find furthest vertex from shortcut segment; */
fork=(i+1)to(y—1)do
dist+ d(vi, viv;)
if dist> dmaxthen
dmax+« dist
vmax <« K
endif

creates a refinement consisting of the two line segments connect-

ing this point to the endpoints (Fig. 3(b)). This process is repeated
recursively on each of the segments. It is not difficult to see that
this algorithm always terminates. The final solution (in bold) is
shown in Fig. 3(c). A detailed description is presented in Algo-
rithm 1. A straightforward implementation of the algorithm runs in
time O(k?) for a chain of sizé:; Hershberger and Snoeyink [17]
show how to improve this t@(k log k).

Although the algorithm is simple and efficient, it can be applied
only to single chains, and it is easy to see that when applied on
an entire map (by applying it successively on individual chains),
the resulting map is likely to have intersections. One solution to
this problem, proposed by Estkowski [10], is to run the Douglas-
Peucker algorithm first, and use a clever local improvement tech-
nique to eliminate intersections.

3.2 Computational Geometry
Map simplification (and the related problem of chain simplifica-

if dmax> e then
[* viu; is not a good approximation */
Insert(v;, vvmax) and(vvmax, v;) into @
else
[* vio;y is an edge in the solution */
C/ = C/ U{Uiv UJ}
endwhile
ReturnC’

ing optimality) is an open problem and is suspected to be hard.
There are very few implementations of any of the map simplifi-
cation algorithms. To the best of our knowledge, there exists only
one implementation (of the algorithm proposed by Estkowski[10]).
This algorithm uses a local improvement heuristic to remove inter-
sections. The timing results published in that paper indicate that
on a typical map of size 100,000-200,000 it takes around 10-30

tion where each map consists of only one chain) has been studiedsgcongs.

extensively by computational geometers [18, 7, 4, 15, 2]; recent
work [9] has shown that map simplification is NP-hard. Moreover,
Estkowski [10] has also shown that it is hard to obtain a solution to
this problem that approximates the optimal answer to within a poly-
nomial factor. For chain simplification, the best known method [4]
obtains the optimal simplification in tim&(k*), wherek is the

size of the original chain. However, none of the methods for chain
simplification guarantee that the output chain will not intersect it-
self; ensuring that self-intersections do not happen (while preserv-

! Also referred to asnap generalizatioin the cartography litera-
ture.

A variant of the above problem allows the introduction of new
vertices that are notin the original chain (the so-caBézinervari-
ant). This problem is also known to be NP-hard [15]; no non-trivial
approximation algorithm is known for this variant.

3.3 Other Related Methods

There has been very little work in the graphics community re-
garding the problem of map simplification. However, the problem
of mesh simplification [31, 29, 20, 19, 5, 11, 24, 28] has been stud-
ied extensively.

Several of the mesh simplification algorithms rely on succes-



Figure 4: Voronoi regions of two chains that partition the plane. Figure 5: e-Voronoi regions

sive vertex removal and local triangulation to simplify the meshes. sure thats ands’ do not intersect. This will enable us to simplify
Mesh decimation [31] and vertex clustering [29] are examples of chains independently of each other. Consider the Voronoi diagram
suchtechniques. Simplification using local edge collapses and edgeof the set of chains in the input map. Since Voronoi regions of
swaps were used by Hoppe et. al. and Garland et. al. [20, 19, 11,non-intersecting chains giion the plane, two different shortcut
28]. Cohen at. al [5] use the notion simplification envelopes  segments lying inside their respective Voronoi regions cannot inter-
to generate genus-preserving simplifications. More recently, Lind- sect. Thus, by requiring that shortcut segments must lie completely
strom et. al. [24] use image similarity to perform mesh simplifica- inside the Voronoi regions of their respective chains, we ensure that
tion. the desired condition is met.We call these regionstmapliantre-

However, mesh simplification algorithms are not directly appli- gions. Shortcut segments lying inside their compliant regions are
cable to our problem. This is because mesh simplification algo- referred to ascompliant shortcut segments=igure 4 shows the
rithms work on either manifolds or simplicial complexes, which compliant regions of a map.
are topologically different from maps (which are two dimensional It is now easy to see that all shortcut segments that are both prox-
subdivisions). imate and compliant are valid.

There have been some studies of exploiting the power of graph-  Now consider the region consisting of all points within distance
ics hardware to implement geometric algorithms. Rossignac et. al. ¢ of C i.e the regiorC @ B. whereB:. is the ball of radiug with
[30] and Goldfeather et. al. [12] use hardware to perform real-time respect to the underlying distance function, ands the standard
constructive solid geometry. Greene et. al. [14, 13] have used the Minkowski sum. Figure 6 illustrates this region for a single chain.
“Z query” feature of some specialized graphics hardware to imple- Any shortcut segment which does not lie completely inside this
ment their hierarchical Z-buffering algorithm. Finally, Hoff et. al.  region is not proximate, though the converse does not hold, as il-

[21] use the Z-buffering capabilities to compute dboi diagrams lustrated by Figure 6. We exploit this fact as following: instead of
of dynamic primitives in real-time. We have used this technique in using the Voronoi diagram to define compliant shortcut segments,
our system to perform our simplification. we use the-Voronoi diagram instead. TheVoronoi diagram is a
Voronoi diagram with respect to the distance measure
4. OVERVIEW OF OUR METHOD ) = { d(p,q) dip.q) < "
In this section, we discuss briefly the algorithmic concepts un- e %) otherwise

derlying the simplification algorithm. The basic approach s to start o o o
with some initial set of segments, throw away the ones that are “un- AN €xample ot-Voronoi diagram of two chains is shown in Fig-
suitable” and build our simplification from the remaining segments. Uré 5. The advantage of usirg\oronoi regions is that they are

As observed in Section 2, we need only consider shortcut seg- Subsets of the corresponding Voronoi region. Further, the nonprox-
ments from chains as possible line segments in a valid simplifi- imate shortcut segments that do not lie within a Minkowski region
cation. Thus, the problem is to determine which shortcut segmentsC @ Be Will also not ie in as-Voronoi region (due to the defifon
can appear in valid simplifications; we will call such segmeatgl
shortcut segments.

There are many ways to build an initial set of shortcut segments. L
For a chain of sizer, there ared(m?) possible shortcut segments '
one could start with. However, for large maps this quadratic size
can be prohibitive, and we use a heuristic to choose a small set of
“good” shortcut segments. Once we have atighset of candidate
shortcut segments, we need to cull out the invalid segments from va vs
them.

For a shortcut segment to be valid, it must satisfy both geomet-
ric and topological conitions. Any shortcut segment that might be o
present in a valid simplification of a chaihmust be within dis-
tances of C. More precisely, a shortcut segmenv;, is said to be )
proximateif A(v;0%) < e. Figure 6: An example of a non-proximate segment; vs (bold)

For shortcut semgentsfor chainC; ands’ for chainC;, we en- completely inside the region defined by the Minkowski sum.

v4
)

ve



Algorithm 2 MapSimplification(Input Map M, Tolerance Pa-
rameter Arrayf)
Input: Map M = {Ci,...,Cn}, Tolerance parametes =
{e1,... ,en}
Output: Simplified mapM' = {C1,...,C}, with 4(C/, ;) <
€;

/* Initialize set of shortcut segmens for each chain*/

for ChainC; € M do

S; =Find.BaseSegments (; )

Compute the-Voronoi diagram ofi.

/* Remove set of non-compliant segments from the map */
RemoveNonCompliantSegmentsM ).

for ChainC; € M do
/* Remove non-proximate segments from each chain */
RemoveNonProximateSegments(;, S; ).

for ChainC; in M do
/* Find shortest path by shortcut segme&itof C;. */
C! = Find_ShortestPath(C;, S; ).

Figure 7: Input chains (non-intersecting) to demonstrate our
algorithm.

known for producing visually pleasing simplifications [32, 26]. Now

of the distance measure ferVoronoi region). Thus, these seg- consider the Douglas-Peuckeralgorithm described in Algorithm 1.
ments can now be rejected, without having to do proximity testing Notice that once the algorithm finds a segment which is proximate,
on them. it stops the recursion, and adds that segmentto the simplified chain.

Given a set of valid shortcut segments for a chain, determining a However, we modify Algorithm 1 in the following way: instead of
valid simplification is straightforward. Observe that the minimum retaining only the proximate segments, we retirshortcut seg-
sized simplification (with respect to the set of base shortcut seg- ments obtained during a simulation of the Douglas-Peucker algo-
ments) is precisely a shortest path from the start vertex to the endrithm. This idea was first proposed by Cromley [6]. We present the
vertex of the chain using the valid shortcut segments. Notice that details of this method in Algorithm 3.
this step introduces the possibility of self-intersectiongcéhtly, The advantages of using the modified Douglas-Peucker algo-
Mantler and Snoeyink [25] proposed a way of fi@ming chains rithm are:
into so-calledsafe setso thatanysimplification method is guaran-
teed not to create self-intersections. Itis possible that this technique
can be incorporated into our system.

Algorithm 2 summarizes the above discussion. We now discuss
each of these functions in more detail.

e Linear sized set of shortcut segmentsit is not difficult to
show that the set of shortcut segments added to our bag of
base segments is linear-sized. Therefore, the size decreases
from (') to 2m-1.

o Computation of A(w;z;). We can obtaim\ (z;v5) as a side

5. DETAILS OF THE ALGORITHM product of Douglas Peucker algorithm. Note that for each

We now describe in detail our algorithm for map simplifica- fr? gznhz?n’ffér;ettﬁlsrlgg’ t:grg(stgnc)eigft:]t;evgilrjtgiita\llsgtve; of
tion. The input to the simplification algorithm is a mag = e 9 Vi) abt
{C1,...,Cn} consisting ofn non-intersecting chains. A set of W.hlc.h this segment become_s _proxmate._Thus, this f_|rst step
tole7ranc7e parameter§, = {o1.. .. .en} is also given, where the eliminates the need to explicitly determine (for a given

chainC; has to be simplified with tolerance parameter An ex- which shortcut segments are proximate.
ample set of chains is shown in Fig. 7. We will use this example to Algorithm 3 is run for each chain as a preprocessing step, gener-
illustrate the working of our algorithm a&&ach step. ating the base set of shortcut segmeftéor each chair; .
. . . The storage required by this preprocessing step is bounded by
5.1 Prep_rocessmg Step: Computing the set of O(|M]), where| M| is the complexity of the input map, and thus
candidate shortcut segments the total memory requirement is linear in the input size. Figure 8
The algorithm is provided with a set of candidate shortcut seg- shows the candidate set determined by the algorithm, together with
mentsS; for each chairC;. The simplest way to generate this set the input chains.
for each chain is to compute pairwise segments for a chain . .
of sizem. While this providesfg::)omplete setof segments for com- -2 Step 1: Computing the--Voronoi Diagram
puting our simplification, its quadratic size is prohibitively expen- The first step in the algorithm is to compute th&oronoi dia-
sive. gram of the set of chains, which is merely the Voronoi diagram of
However, in practice, if we can choose a “good” set of base short- the chains with respect to the distance functiomefined in Equa-
cut segments, whose size is smaller, we gain significant improve- tion (1). Note that for each chain, a different valueé$ used.
ments in speed. We use this idea to select a linear-sized set of base To do this, we make use of the hardware-based method for com-
shortcut segments. puting Voronoi diagrams as described by Hoff et.al [21]. Their
As mentioned before, the Douglas-Peucker algorithm is well- work is applicable to sets of points and polylines. For each chain




Algorithm 3 Find Base_Segments(Input ChainC;)
Input: A ChainC; == {vi,... ,vm,}
Output: The set of base shortcut segmesits
Q {(U17 Umz)}
S 1]
while @ # 0 do
/* pick any shortcut segment */
Remove(v;, v;) from @
dmax+«+ 0
vmax<« —1

/* Find furthest vertex from shortcut segment; */
fork=(i+1)to(y—1)do
dist « d(vr, viv;)
if dist> dmaxthen
dmax+« dist
vmax+« k
endif

if vmax# —1 then
[* Associate dmax with segmefit;, v; } */

A(viv;) = dmax Figure 8: Preprocessing: Input chains (solid) together with the
Insert(v;, vvmax) and(vvmax, v;) into @ initial set S of candidate segments (dashed).
/* Add v;v; as a potential edge for soraé/
Si = Si U{vi, vs}
endif
endwhile
Returns; IHEHEBEEHEE
T2 2f1]3]3]3[1]4[4
ANHNEHEHOEE
. . HHHEHEHEAOEHEHE
C;, they compute a set of 3-dimensional primitives based on the ver- IIEEDODEEE kL. 3
tices and line segments of that chain (the reader is referred to their HEEIEHHEEE
paper for details), and render all the primitives of a ch&imvith ; 3 % % ﬁ ﬁ f f 3 3

a unique color, say;. Once all the primitives of all the chains are
rendered, they use the Z-buffer to compute the lower envelope of ) ) ) . )
these primitives efficiently. The color buffer then gives the Voronoi Figure 9: Stencil region with corresponding color buffer.
diagram for the chains, where the region in the color buffer with
color ¢; is the Voronoi region for the chaifi,. We modify their
algorithm for computing the Voronoi diagram as follows: Instead
of computing the Voronoi diagram in the color buffer, we will com-
pute it in thestencil bufferi.e. after the Voronoi diagram is com-
puted, the stencil buffer gives the Voronoi diagram for the chains,
where the region in the stencil buffer with valués the Voronoi
region for the chaiif’; 2. See Figure 9 for an example of the stencil
buffer state with the corresponding Voronoi diagram in the color
buffer after this phase is finished, and Figure 10 forghéronoi
diagram of our three chains.

5.3 Step 2: Computing Compliant Shortcut
Segments

Once we have drawn theVoronoi diagram on the stencil buffer,
we can use it to find the set of compliant shortcut segments. Re-
call that a compliant shortcut segment lies completely inside the
e-Voronoi region of its chain.

For each chaid; € M, we first set the stencil test to pass only
if the stencil value at a pixel is not equal to We then render all
the shortcut segmends for the chainC; with unique colors. This
is done for all the chains.

2The stencil buffer can have values only up to 256. However, the
technique works as long as the map is 256 colorable. In our system
we use simple heuristics to color the chains; it is conceivable that
one might use an algorithm with formal guarantees [16] for most
data sets.

' Figure 10: Step 1:e-Voronoi diagram of the chain segments.



Algorithm 4 Remove NonCompliant Segments(Input Map M)
Input: AMap M ={Cy,...,Cn}

Output:  The set of compliant shortcut segmentsS =
{S1,...,8n}.
repeat

for ChainC; € M do
glStencilFunc( GLFAIL, GL_FAIL, GL_PASS)
glStencilTest( GLNEQUAL, i)
for Shortcut segmer;, vk} € S; do
Set( Color of{v;, vx})
Draw({v;, vx})
ColorBuffer = ReadColorBuffer()
for Unique colore in ColorBufferdo
Remove segment whose coloriffom S.
until § does not change

cut segments (solid lines) for all the chains, the compliant shortcut
segments (dashed lines) and the non-compliant ones (bold dotted
lines).

5.4 Step 3: Removing remaining nonproxi-
mate shortcut segments

As observed in Section 4, there are cases (e.g. Figure 6) where
the previous phase cannot detect and remove all the nonproximate
shortcut segments. Suppose the set of shortcut segments output by
Step 2 is the sef. We mentioned in the preprocessing step that
for each shortcut segmeniv; we maintain its maximum distance
(A(wiwy)) to the original chain. Given all the compliant segments,
we compare this value with the corresponding tolerance parameter
for the chain and determine if it is proximate or not. Figure 12
shows the proximate segments that are retained after this step.

5.5 Step 4: Computing Shortest Paths

The output of step 3 gives us a set of compliant, proximate seg-
mentsS; for each chair; € M. The next (and final) step is to
find a shortest path from the start to the end of each chain using the
. . segments irf;.

Once we have drawn all the shortcut segments imith unique LetG; = (Vi, E:) be an undirected graph. For each verigxe
color for all the chains, we read the state of the color buffer using ¢;. add the no7dez to Vi. Similarly, for each shortcut segment
the gIReadPixels(¥all in OpenGL, and scan all the pixels. Based —— U S. addth Y d E,'

: ; X iUk € S;, add the edgén;, nx) to E;.
on the stencil test described above, it follows that only the short-
cut segments; of chainC; that go outside the-Voronoi region of
C; appear in the color buffer. Therefore, if the color of a shortcut

Note that if the number of shortcut segments, sHy is greater
than2®? — 1, the algorithm given in Algorithm 4 would have to be

repeated 55| times®

Now we find the shortest path from the first node to the last node
in G;. SinceG; is unweighted, this amounts to doing a breadth-first
) ; . ; search from the first node. Notice however that the edges of this
§(a_gment IS pre;ent in the color buffer, we |mmed|ate_ly know th"?‘t graph are not arbitrary; they form a subset of the edges encountered
it is _non-compllant because each shortcut segment is dra_lwn with i the Douglas-Peucker algorithm. Thus, instead of computing a
a unique color value. We remove the detected non-compliant Seg-y, o 4 gth-first traversal of the graph, we can use a greedy algorithm
ments from our original sef. It is possible, however, thata non-  ,4¢ rom the current node (the first node itially) moves to the
compliant segment is occluded by another segment (or & group of o e that is théurthestnumber of links away from in the chain
segments). In this case, we may wrongly conclude that it is com- (moving from the beginning to the end).
pliant. We solve this problem by repeating the process of segment
elimination until the sef remains unchanged. For the maps tested,
we typically needed two such repetitions. Ca

Cs

Figure 12: Step 3: Set of compliant proximate shortcut seg-
ments (dashed) and compliant nonproximate segments (bold
dotted).

Figure 11: Step 2: Set of compliant shortcut segments (dashed)
and non-compliant shortcut segments (bold dotted) We replace each node in the shortest path thus found with the
corresponding vertex of the chal. Since each edge in the graph
The pseudocode for the algorithm is shown in Algorithm 4. Fig- G corresponds to a compliant proximate shortcut segmest,in

ure 11 illustrates the algorithm by showing the initial set of short- the corresponding sequence of vertices we get forms a valid simpli-
ficationC. of the input chairC;. Since the path is a shortest path,

the simplification is optimal for the set of valid shortcut segments.

®we assume an 8-bit per channel 4-channel color buffer (RGBA).
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Figure 13: Step 4: Simplified chains (bold) and Input chains. ¢ Computation

Figure 13 shows the final simplification produced by the algo-
rithm.

5.6 Point Constraints
There are many situations where maps contain point features, ( Step2 )

M S//

B e et it

whose sidedness (with respect to boundaries) we wish to preserve! N, S

For example, a careless simplification of a map of Massachusettsl Rem. Noncompliant e-Voronoi

could cause a feature corresponding to the city of Bostontoendupt_~——r7"m—— s, tm_ .
in the Atlantic Ocean! Such coitibns can be expressed by spec-

ifying that certain points must remain on the same side of certain Figure 14: System components of our Map viewer

boundaries as they were in the input. We call such constraditg
constraints
Our algorithm can be modified to respect certain types of point module.
constraints. Consider a point constrajptC), wherep is a point .
andC is the constrained chain. For each such constraint, wegtreat 6.1 Preprocessmg Module
as a chain (of length 0) having a tolerance parameter equal to that Firstly, we compute an initial set of shortcut segmentsefach

of ¢*. This ensures that the chain canfiiptsides. If there are mul- chain in the map using the procedure described in Section 5.1.
tiple chains constrained by a point, then we choose the tolerance toAlong with this information, we also maintain the bounding box
be the maximum of the chain tolerances. of each input chain. Next, for a fixed set of tolerance vafugs<
Suppose there are two chaifis C. near a poinp, but only the g2 < ... < e}, we invoke the simplification module on the map
constraint(p, C) is present. This might forcé. to be simplified M, obtaining a set of simplification$1;. For a chairC;, the sim-

to a lesser degree than possible. In general though, if a point isplified chainC; ; € M; represents the base level-of-detail (LOD)
constrained with respect to all chains surrounding it, the above ap-for C; for values ofc betweene; ande;11 (note that different

proach will not over-constrain the problem. chains can have different values). We use these base LODs as
the input into our run-time simplification system (which produces
6. MAINTAINING INTERACTIVITY continuous simplifications).

The map simplification algorithm is one module of ourvisualiza- 6.2 The Selection Module
tion system. The run-time system consists of three main modules:
thedisplay modulehat renders the simplified chains and provides
user interactivity, theselection moduléhat takes the current view-
ing parameters and generates a set of chains to be simplified, an
the simplification modulelescribed in the previous section, which
simplifies a given set of chains and returns the output to the dis- bl
play routine. The system iterates through each of these modules ay,
each frame; Figure 1l#lustrates the system cgmonents and their
interaction.

The system also has a preprocessing module, which is invoked
once when the system is initialized. We start by describing this

The selection module is the first stage of the run-time system. It
kes as input the chain bounding boxes generated by the prepro-
essing phase and information about the current viewing parame-
ers.

For large maps, typically only a small portion of the map is visi-

e at any given time. Therefore, significant performance gains can
e achieved by eliminating portions of the map outside the view-
port. Using the OpenGIGL_SELECTfeature, we eliminate all
chains that are not currently visible.

Chains that are closer to the viewer should appear in more detail
than chains that are further away. The selection module creates this
*We only need the tolerance for the point to be at least!(p, C), effect by computing a view-dependenttolerance parameter for each
which is always at most. chain, giving chains that are closer a smaller tolerance. Note that




€ USA | TEXAS | EURASIA TEXAS | USA | USA-FULL
0.0 261,460| 151,983 222,969 Our algorithm|  22-30 | 14-20 8
0.0002 9,718 | 14,232 46,792 Simple viewer 11 6 0.9
0.0008 3,287 5,154 20,094
0.0040 1,233 2,173 7,867

Table 3: Frame rates for various maps (as frames/s)

Table 2: Sizes of simplified maps as tolerance varies o _ _ i
each frame. Observe that this discrepancy increases with the size

of the map; for the map USA-FULL, the frame rate of the simple

the mechanism for generating tolerances is modular; other effectsviewer is0.91, whereas ours i8.
can be created as well, such as focusing on user-specified chains. ~ Finally, we present data on the relative amount of time spent on

Using these chain-specific tolerance parameters, the selectioreachstepinthe display cycle. Referring back to Figure 14, there are
module can now pick the appropriate base LOD for each chain. five main steps in the rendering pipeline: OpenGL SELECT, view-
Specifically, if the tolerance for chaih is , then it picks the LOD  dependent edge selection (proximity checking), Voronoi diagram
C!; wheree; < e < e;41. Note that for different chains we may construction, compliance checking, and shortest path computation.
have different LODs; this results from having a view where some In Table 1 we present the relative fraction of time spent in each
chains are closer than others. of these steps. The timings were generated (for each data set) by

Finally, for each LOD chosen, the selection module scans its set Simulating a series of navigation paths in our viewer. The specific
of shortcut segments (generated during the preprocessing step) an@ature of the motion tends to have little effect on the percentage
eliminates all those segments that are not proximate with respect totime spent. We note here that preprocessing times are negligible
the tolerance for that chain. Note that our technique for generat- for these maps; typical running time for the preprocessing phase
ing shortcut segments ensures that for each segment, we know thds 0.5-1 second for the maps USA, TEXAS, and EURASIA, and 3
value ofe above which it is proximate. seconds for USA-FULL.

The Display Module The chains output by the selection module 8. DISCUSSION
are sent to the simplification module and the simplified chains are

rendered by the display module, where all user interaction takes la
place.

In this paper, we describe an interactive system for visualizing
rge maps that has at its core a fast map simplification algorithm.
Our method is based on the exploitation of modern graphics hard-
ware to perform key computations efficiently, and is fast, flexible,
7. PERFORMANCE ANALYSIS and simple to implement.

In this section we report the results of experiments testing the ©ON€ major challenge is scaling our system to handle maps that
performance and quality of our system. Our system was built using have billions of vertices (street-level maps of the _Unlted States for
C++ over the OpenGL library on an SGI Onyx with an R10000 examplg). Currently, our system requires the entire map to be pro-
processor with 2 GB of main memory. cess_ed in-core, Whlch_ls not feasible for such maps. Another c_hal-

To demonstrate the quality of simplificationggluced by our Ignglng open p_roblem is to integrate our system with data V|suaI|_za-
method, we ran the algorithm on three different maps. The first map 0N systems (like Swift3D [22]) so that at varying levels of detail,
(called USA) is a map of the United States that contains the national € USer may issue queries to the system for various types of data.
and state boundaries. It has 261,460 vertices and 375 chains. The 1N€ paradigm of simulating general purpose computations on
second map (called TEXAS) is a detailed map of the state of Texas, 1€ graphics pipeline is a recent trend in graphics and visualiza-
containing both state and county lines. This map has 151,983 ver-tion [23, 13, 21, 27]. Especially in the domain of geometric com-
tices and 817 chains. The third map (called EURASIA) is a detailed PUtation, there is the hope of obtaining fast algorithms for a variety
political map of Europe and Asia, containing both stzoendaries of problems using techniques similar to those that we used. Some

as well as country boundaries. This map has 222,969 vertices anoproblemsthatseem amenable to such methods are mesh simplifica-

2,674 chains. Due to lack of space, we do not display these mapst'on' medial axis computation, cartogram computation and others.

here. The reader may go to [1] to see them as rendered. This is a direction that we plan to pursue actively in the future.
Table 2 shows the level of simplification (in size of the simplified

map) achieved for different values of the tolerance paranagterd 9. ACKNOWLEDGEMENTS
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