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Abstract

Multiple representations of geographic objects draw one of the main focuses
in modern cartographic research. Initial works were concentrated on multiresolu-
tion databases and elevation models derivation through generalization process.
Development of interactive computer mapping in 90-00’s lead to growth of inter-
est in visual representations of multilevel objects. However, the task of multiscale
mapping of earth topography has not been paid a due attention. In this work a
complete technology of making multiscale hypsometric maps is proposed, begin-
ning from scales and projection definition, walking through database design and
DEM generalization with novel algorithm and finally outlining map preparation
using hypsometric tints, contours and hill shading.

Keywords: multiscale mapping, hypsometric mapping, multiresolution data-
bases, digital elevation models, generalization.

1 Background and objectives

Multiscale mapping is among the most prominent and problematic areas in mod-
ern cartography. Casting away the limits of fixed-scale maps cartographers go into
detail of multiresolution databases design, real-time generalization, map layers
structure, scale-dependent behavior and symbolization, while trying to keep repre-
sentation clear and credible. During the 80-00’s large amount of work had been
done to develop and extend this area of knowledge. Most of results were yielded
in digital space, including data generalization for multiresolution databases (But-
tenfield 1993, Muller et al. 1995, Li 2007) and optimal database structure (Jones et
al. 1996, Frye 2006).

In recent decade we watched the growing interest in visual, symbolic aspects of
multiple representations. Bedard and Bernier (2002) developed a VUEL concept
to integrate geometric, semantic, and semiotic presentation of object in multiscale
environment. Cecconi et al. (2004) examine limits of LoDs' applicability for dis-
play in various scales and accentuate the primary role of symbolization in mul-
tiscale maps. Brewer and Buttenfield (2009) analyze data sensitivity for scale var-
iation and propose effective combination of symbology and geometry changes.



Despite variety of existing works in multiple presentations, they have not cov-
ered all the geographic phenomena to an equal degree in visual context. Most of
them concern discrete objects, which cartographic representation is usually planar
(2D): roads, rivers, buildings etc. The task of multiscale mapping of relief have
not been paid deserved attention.

Relief concept is used for describing earth topography. It can be logically di-
vided into separate forms, or treated as continuous surface. Both models are useful
in their own area and supplement each other in cartographic relief presentation and
generalization.

Manual contour drawing is made within neighboring fragments of contour lev-
els, which are topologically related and correspond to the same relief form. Scale
reduction and accompanying generalization process lead to representation of high-
er hierarchical level of topography on the map. Contour interval is increased con-
secutively. According to Zarutskaya (1958) small-scale hypsometric relief repre-
sentation should be geographically credible and keeping the most distinct features
of great forms which are conditional to their structure and genesis, with respect to
scale and purpose of the map.

Careful analysis of guides and instructions for topographic mapping reveals
that beginning from scale of 1:200 000 relief forms are extensively exaggerated
and contours are deliberately shifted and stylized to save the morphological fea-
tures typical for relief of certain genesis. Imhof (1982) also singles out scales
smaller than 1:100 000. He mentions that simplification of lines at these scales ex-
tends more or less over the whole map image and not only in particular places.

Scale dependency is also present in hillshading technique and hypsometric tints
selection. As Imhof states, tones and mutual contrasts of small-scale hillshading
are dependent primarily on elevations and differences in elevation, and no longer
on the angle of slope. Stylized symbols for formations gradually replace individual
features (Imhof 1982).

Hypsometric layers height steps and colors obey scale-dependent rules of con-
struction. In small scales steps are usually based on geometric progression while
in large and middle scales steps can be equal as contour interval. Colors should be
adapted to the steps chosen, thus in small scales contrast between neighboring lay-
ers will be more prominent and number of colors will be less. Scale coloring can
also change gradually transitioning from spectral in small scales to more natural-
istic in large ones.

All these suggestions help us to formulate three basic principles of multiscale
hypsometric mapping:

1. Every map scale should represent relief forms of corresponding size and hierar-
chical level with their prominent features and structure lines.

2. At scales smaller than 1:100 000 intensive generalization should be made to
maintain most characteristic forms of the earth surface.



3. While changing scales, gradual transition of representation parameters, such as
contour intervals, hypsometric colors and hillshading character should be pro-
vided.

The problems of multiple relief representations and generalization are closely
related to each other. The first studies in automatic relief generalization were
based upon filtering (Loon 1978). Since the filtering method does not take struc-
ture lines into account, an adaptive technology combining filtering and structural
generalization was developed by Weibel (1987). Zaksek and Podobnikar (2005)
combine structure lines, characteristic points and cells of smoothed model as
source data for interpolation. Fan et al. (2007) developed four-stage method using
low-pass, smoothing and threshold filters that are locally combined depending on
slope and curvature of the surface. Leonowicz et al. (2009) offer using low and
high quartile filters for valleys and watersheds. The same authors developed cur-
vature-based algorithm, which is intended for production of small-scale hillshades
(Leonowicz et al. 2010).

Jordan (2007) developed method based upon Strahler ordering of streams. Ba-
sins are derivated for streams of certain hierarchical order and then are filled by
triangulating watershed borders. Ai and Li (2010) use similar methodology. Pro-
cess is divided into three stages: stream network generalization using orders, large
valleys extension by taking up small ones and smoothing the surface within the
areas of removed valleys. Another interesting field of research is generalization
based on Fourier analysis (Clarke 1988) and wavelet transformation (Wu 2000).

Careful analysis of direct contours generalization methods reveals that they are
harder to implement than indirect methods based on DEM generalization because
of necessity to consider topological relationships between lines (Zhang et al.
2007), complexity of structure lines derivation (Ai 2007) and interpolation diffi-
culties when contour interval in resulting DEM should be different (Peled et al.
1989).

There are also advanced techniques for TIN generalization using morphological
criteria (Pedrini 2001, Wang et al. 2008). Hierarchical or pyramidal multiresolu-
tion models provide generalization mechanism for derivation of intermediate lev-
els of detail (de Floriani et al. 1996). Great attention is paid to global hierarchical
models since the amount of detailed information is growing irrepressibly (Bernar-
din et al. 2010)

Most investigations related to visualization of multiresolution DEMs are ori-
ented on morphometric and hydrologic analysis (Wood 1996, Dragut et al. 2009)
and demonstrate results as thematic images in variety of scales. On the whole
there is a lack of methods for multiscale relief mapping and visualization, not
DEM generalization and analysis. Our methodology is intended to bridge this gap
and make relief image the full-fledged element of multiscale maps.



2 Approach and methods

2.1 Scales and projection

As multiscale map can be viewed in a continuous set of scales, there is obvious
need in control of map appearance while scale changes. It can be made more con-
sistently if scale range and scale series of map are defined.

Scale range defines space between largest and smallest map scales in which
generalization take place. It should cover suitable scales for relief forms that will
be studied and allow wide field of vision to study neighboring relationships be-
tween forms. Below and above scale range map image will be simply reduced or
enlarged.

Scale series defines a discrete set of scales within scale range in which map
compilation and design is made. In topography scales are usually reduced by 2-2,5
times. This rule allows gradual transition and sufficient degree of control over the
map look and can be used for providing scale series (Figure 1).
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Fig. 1. Scale range and scale series

Map projection should be constant or gradually changing to provide cross-scale
coherence.

2.2 Database design: structure and content

Database content for hypsometric mapping consists of relief and additionally hy-
drographic data. All other layers, such as settlements, borders, and transportation
are optional and their inclusion depends on the purpose of the map. We can divide
data into three functional groups: base, auxiliary and analytical (Table 1).

Base layers are neces- | Relief Hydrography
sary and sufficient for

hypsometric mapping

Elevation raster -




Spot heights

Water levels

Polygons (glaciers, cliffs
etc.)

Polygons (lakes, seas,
reservoirs, etc.)

Lines (gully edges, steep
slopes, dry channels etc.)

Lines (rivers, brooks,
channels etc.)

Points (volcanoes, holes,
mounds etc.)

Points (mineral springs
etc.)

Auxiliary layers are
used for relief repre-
sentation, can be de-
rived from base ones,
but are maintained in
database for visualiza-
tion efficiency

Contours, intermediate contours, hatches, hillshad-

ing etc.

Analytical layers are
not used for relief rep-
resentation, but are
needed for generaliza-
tion and analysis

Slope, aspect, curvature (profile, plan etc.), flow
direction, flow accumulation etc.

Table 1. Database content for multiscale hypsometric mapping

Logical structure of the database should be designed to support the full scale
range and keeping scale series in mind. To implement multiple representations,

database is usually divided into several levels of detail (Figure 2).
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Fig. 2. Multiresolution database logical structure for multiscale hypsometric mapping

In general case the number of LoDs can be less than that of scale series. For
example, city points are often displayed in many scales using different SQL que-
ries from the same database layer. Desirable number of LoDs depends on the sen-
sitivity of the data geometry to scale reduction. Brewer and Buttenfield (2009) in-
vestigated this problem and demonstrated the difference between various
geographic phenomena. Among them, relief and streams are the most sensitive:
scale reduction in 2 times or greater require extensive generalization. So if scales
in our series differ in 2-2.5 times, database for hypsometric mapping should pro-
vide LoD for every scale. Otherwise relief representation would be cluttered in
some scales.

Data sources for MRDB generation are collected to fit into predefined LoDs as
far as possible. Every LoD without suitable data source has to be generated from
more detailed LoDs through generalization (Figure 3).
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Fig. 3. Data integration scheme for multiscale mapping

While data for vector database layers is usually got from digital topographic
maps, the sources for DEM generation excel in variety. Careful analysis of exist-
ing data and results of related investigations (Doytsher and Daliot 2009) reveal the
difference in possible spatial resolutions of DEMs from various data sources and
therefore mapping scales (Figure 4).
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Fig. 4. Various sources for DEM generation

However, the situation when every database LoD is supplied by fitting source
data is pretty rare. The problem becomes vital in small scales, where no data with
proper detailisation is usually available. Thus the task of generalization remains
the central issue of multiresolution database preparation. Let’s consider DEM
generalization as most urgent for our study.

2.3 Algorithm for DEM generalization

The task of choosing the most appropriate algorithm for multiscale DEM generali-
zation entails running into some drawbacks. The initial one is that most of existing
algorithms need comparative testing on terrains of different morphology and in
different scales. The second issue is that most of advanced generalization tech-
niques are implemented by authors as inaccessible customized software.



To overcome these difficulties, a compromising strategy was taken. First, care-
ful analysis of existing algorithms was made and some useful ideas that can be
implemented using standard GIS functions were chosen to combine. Then a new
algorithm partially adopting selected ideas was developed and tested on various
DEMs and in several scales for multiscale hypsometric mapping purposes.

The concise scheme of the algorithm is presented in Figure 5. It consists of the
following steps:

1. Streams generation from flow accumulation (O'Callaghan and Mark, 1984)
with density corresponding to source DEM detailization (S1).

2. Streams generation with density corresponding to target DEM detailisation
needed (S2). Here we implemented algorithm by Leonowicz et al. (2009) based
upon least negative flow accumulation difference as Python script for ArcGIS.

3. Selection of the streams from S1 which are the direct tributaries of S2 streams

(S3). Valleys of these streams will be filled by triangulation.

. Watersheds generation for S2 (W2).

. Watersheds generation for S3 (W3).

. Triangulation of S2, W2 and W3 data (Figure 6).

. Conversion from TIN to raster.

. Raster postprocessing by low and high quartile filters for slight extension of re-

sulting valleys and watersheds. Here we adopted method by Leonowicz et al.
(2009).

03N NN

We should note similar algorithms, which were developed previously by Jordan
(2007) and Li and Ai (2010). The main difference of our methodology is that it
does not rely upon stream ordering but uses stream length for generalization in-
stead, as proposed by Leonowicz et al. (2009). We believe that this principle gives
more credible generalization results because order-based stream selection can lead
to removal of short riverheads and removal of significant streams with low order.

Algorithm was tested for DEM production in 1:500 000 and 1:1 000 000 (from
1:100 000 and 1:200 000) and 1:10 000 000 (from 1:1 000 000) scales. For every
scale several source DEMs with morphologically different terrains were selected
to estimate algorithm’s ability to preserve distinct morphological features such as
slope profiles and structure lines sharpness. Some results are presented in Figures
7-9.
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Fig. 6. Triangulation of streams and watersheds for DEM generalization

Algorithm proved to be generally preserving main forms, characteristic heights,
slope bends and structure lines. However, testing of it revealed some shortcom-
ings, that need further developments:

* Algorithm does not encounter horizontal distance between valleys. This criteria
should be used along with length during stream generalization to avoid exces-
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sive number of negative forms and preserve correct balance of positive and
negative from areas.

Not everywhere a correct shape of contour bends in upper reaches is preserved
which indicates the morphology and genesis of relief.

Some profile smoothing and distortion takes place during low/high quartile fil-
ter postprocessing (Figure 10). We believe that this process should be adaptive
to local topography and with respect to hypsometric scale chosen: a certain bal-
ance of filters should be found.
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Fig.7. Generalization of high mountains (from 1:1 000 000 to 1:10 000 000)
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Generalization results
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Fig. 9. Generalization of gullies (from 1:200 000 to 1:1 000 000)
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Fig. 10. Widening valleys and watersheds: left — before, right — after widening.

2.4 Multiscale mapping and visualization

2.4.1 Layers structure and scale ranges
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One general thing to be made when designing any multiscale map is to define log-
ical structure of the layers and their limits of applicability (scale ranges). These
questions are deeply considered by Cecconi et al. (2004) and Brewer and Butten-
field (2009). For clear structure layers can be united in thematic and scale groups.
What should be the highest level of grouping: scale or theme? We find that in case
of scale series with 2-2.5-times difference scale grouping on top level is more
suitable. The scale ranges can be set to allow scale decrease in 1.5 times for 2-
times interval and in 1.75 times for 2.5-times interval between neighboring scales
(Table 2).

Il?(z:]t)abase Scale Group | Scale range 'y k,
1 1:25 000 ...—1:37 500 1,5 —
2 1:50 000 1:37 501 — 1:75 000 1,5 0,25
3 1:100 000 1:75 001 — 1:150 000 1,5 0,25
4 1:200 000 1:150 001 — 1:350 000 1,75 10,25
5 1:500 000 1:350 001 — 1:750 000 1,5 0,3
6 1:1 000 000 1:750 001 — 1:1 750 000 1,75 10,25
7 1:2 500 000 1:1 750 000 — 1:3 750 000 1,5 0,3
8 1:5 000 000 1:3 750 001 — 1:7 500 000 1,5 0,25
9 1:10 000 000 | 1:7 500 001 — 1:17 500 000 1,5 0,25
10 1:20 000 000 | 1:17 500 001 — 1:35 000 000 | 1,75 | 0,25
11 1:50 000 000 | 1:35 000 001 — ... — 0,3

# k' — zoom out ratio, k, — zoom in ratio

Table 2. Scale ranges (limits of applicability)

These rules prevent LoD to be decreased 2 times (keep in mind that relief is
sensible for scale reduction) and allow some zooming in without change of de-
tailization for examining areas of complex relief representation.

2.4.2 Contour levels

The most verisimilar contour system is based upon equal intervals, as stated by
Imhof (1982). But it’s only scales greater than 1:1 000 000 that allow equal inter-
vals. Beginning from 1:1 000 000 it’s almost impossible to prevent equal interval
everywhere. Here the geometric progression proved to be most useful.

Despite the fact that lots of great contour systems have been developed, they
need adaptation for screen visualization. The smallest recommended distance be-
tween contours on paper maps is 0.25 mm. At the same time, the smallest clearly
visible distance between lines on screen is 1.5 pixels or 0.375 mm (for 0.25 mm
screen cell) when using antialiasing, as was ascertained by Jenny et al. (2008). If
antialiasing is not used, the distance would be even greater — 2 pixels or 0.5 mm.
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This means that contour interval has to be extended in some mountainous areas
where contours are very close to each other.

While mapping relief in large and middle scales for great territory contour sys-
tem should inevitably be more flexible than on paper maps and interval would in-
crease up to even 4 times in mountainous areas and decrease by 2 times in flat re-

ions (Table 3).
Additional interval
Scale Main interval - -
Plains Mountains

1:10 000 2,5 1 5/10
1:25 000 5 2,5 10/20
1:50 000 10 5 20/40
1:100 000 20 10 40/80
1:200 000 20 10 40/80
1:500 000 50 25 100/200

Table 3. Example contour intervals for large and middle scales (in meters)

The problem of changing interval is easy in topographic maps, where every
map sheet has fixed interval. At the same time, multiscale maps have no sheets
and intervals should be changed within whole terrain forms and height levels.
Traditional intervals offered by Imhof (1982) for small scales usually need no ad-
aptation and can be used directly.

2.4.3 Hypsometric tints

Hypsometric scale should be developed for every map scale of the defined series.
Consecutive scales of multiscale map will be coherent if tint colors are similar and
successive without sudden tone changes. The more scale increases the more diffi-
cult is the task of creating distinctive layers of color. Imhof (1982) argues that
number of colors should not exceed 6-10, otherwise they will be hard to distin-
guish. Therefore in large scales, where contour interval is small but terrain forms
are relatively large in size, a transition from layered to gradient color shading
would be effective.

2.4.5 Hillshading

Hillshading of already generalized DEM is rather simple using standard GIS in-
struments. We also recommend combining oblique and vertical hillshading in any
scales, as this kind of shading reveals ridges and valley bottoms clearly. In smaller
scales there usually more need in exaggeration of DEM to give hillshading more
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contrast (up to 10 times). In large and middle scales exaggeration factor can usual-
ly be set to 1-5 when combining with hypsometric tints and contours.

3 Results

The proposed methodology was applied in preparation of multiscale hypsometric
map of the European part of Russia. Esri ArcGIS Desktop 10 software was used as
it allows implementing of all stages of proposed methodology. The scale range of
the map extends from 1:25 000 to 1:50 000 000 and the series includes 11 scales
differing in 2-2.5 times from each other. Data sources used in this project include
public Russian topographic maps of scales 1:25 000—1:1 000 000, and free digital
elevation models ASTER GDEM and USGS GTOPO30. In large and middle scale
the coverage of the map is fragmented, which is caused by availability of suitable
source data. The scale of 1:25 000 is available on the Black sea coast of the
Northern Caucasus, and the largest scale for Central Russian Upland is 1:200 000.

The LoDs of vector data were filled by topography in scale range 1:25 000 —
1:1 000 000 and generalized by simplifying, merging geometry and query selec-
tion for coarser LoDs. Raster DEMs were derived for scales 1:25 000 — 1:200
000 using contours and hydrography from topographic maps and GDEM. Rasters
for scales 1:500 000 and 1:1 000 000 were derived by generalization of 1:200 000
models, and for smaller scales by generalizing GTOPO30. Auxiliary and analyti-
cal rasters were calculated for each LoD. The resulting database structure is pre-
sented on Figure 11.
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Fig. 11. Resulting database structure

As can be seen database content is suitable not only for hypsometric mapping but
for more common topographic. Map layer structure was implemented using the-
matic and scale grouping with the last being the highest level (Figure 12).
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Fig. 12. Map layers structure

Every scale group has its own scale range. Group switching is made automatically
when scale changes.

We used combination of hypsometric tints, contours and hillshading generated
from the same DEM LoD. Hypsometric tints are successive between scales, and
free of bright and saturated colors that can tire eyes while looking at computer
screen. At the same time they are oriented on combination with hillshades, thus
they are lightening (Figure 13). Gradient color shading is used in scales 1:1 000
000 and greater based on colors from 1:2 500 000 hypsometric scale.
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Fig. 13. Hypsometric «multiscale»

Selected contour interval is the same as in hypsometric layers height for scales
smaller than 1:1 000 000, but somewhere it’s supplemented by intermediate con-
tour levels, that favour the representation of morphological features not seen in
standard interval. These levels are shown by dashed line in Figure 13. Contour in-
terval for scales 1:1 000 000 and greater is constant and follows those prescribed
in Table 3. Examples of map images in scales of 1:10 000 000, 1:5 000 000 and
1:2 500 000 are shown on Figure 14.



lower 0 50 100 150 200 300 500 750 1000 1500 2000 2500 3000 3500 4000 5000 higher, m
Fig. 14. Map fragment (Great Caucasus). Scales: A — 1:10 000 000; B — 1:5 000 000; C —
1:2 500 000.
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4 Conclusion and future plans

Multiscale mapping has got a lot of attention during the last years, thanks to the
growing interest in visual aspects of multiple representations. However surprising-
ly few works can be found that investigate relief representation as an element of
multiscale maps. In this paper we presented methodology that provides representa-
tion and generalization of relief on multiscale hypsometric maps. Proposed data-
base structure takes mapping scales into account. Developed algorithm for DEM
generalization proved to be efficient in middle and small scales of mapping. It pre-
serves major relief forms, slope profiles and structure lines although not being free
of shortcomings. We also pointed out some rules of relief graphical representation
in multiscale mapping environment.

We believe that the most promising area to improve our methodology is the de-
velopment and incorporation of real-time methods to control relief representation
not only in fixed set of scales but in any scale within map scale range. This would
lead to reduction of number of database LoDs, truly scale-correspondent and con-
tinuously changing image detailisation, and ability to interpolate symbology be-
tween scales.
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