
vilnius university
faculty of chemistry and geosciences

department of cartography and geoinformatics

Motiejus Jakštys

A Thesis Presented for the Degree of Master in Cartography

wang–müller algorithm realization
for cartographic line generalization

Supervisor Dr. Andrius Balčiūnas
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Abstract

Currently available line simplification algorithms are rooted in math-
ematics and geometry, and are unfit for bendy map features like rivers
and coastlines. Wang and Müller observed how cartographers simplify
these natural features and created an algorithm. We implemented this
algorithm and documented it in great detail. Our implementation makes
Wang–Müller algorithm freely available in PostGIS, and this paper ex-
plains it.

Šiuo metu esami linijų supaprastinimo algoritmai yra kilę iš matem-
atikos ir geometrijos, bet nėra tinkami lankstiems geografiniams objek-
tams, tokiems kaip upės ir pakrantės, atvaizduoti. Wang ir Müller ištyrė,
kaip kartografai atlieka upių generalizaciją, ir sukūrė algoritmą. Mes re-
alizavome šį algoritmą ir išsamiai jį dokumentavome. Mūsų Wang–Müller
realizacija ir dokumentacija yra nemokamos ir laisvai prieinamos, naudo-
jant PostGIS platformą.
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1 Introduction
When creating small-scale maps, often the detail of the data source is greater
than desired for the map. While many features can be removed or simplified,
it is more tricky with natural features that have many bends, like coastlines,
rivers, or forest boundaries.

To create a small-scale map from a large-scale data source, features need to
be simplified, i.e., detail should be reduced. While performing the simplification,
it is important to retain the “defining” shape of the original feature. Otherwise,
if the simplified feature looks too different from the original, the result will
look unrealistic. Simplification problem for some objects can often be solved by
non-geometric means:

• Towns and cities can be filtered by the number of inhabitants.

• Roads can be eliminated by the road length, number of lanes, or classifi-
cation of the road (local, regional, international).

However, things are not as simple for natural features like rivers or coastlines.
If a river is nearly straight, it should remain such after simplification. An overly
straightened river will look like a canal, and the other way around — too curvy
would not reflect the natural shape. Conversely, if the river originally is highly
wiggly, the number of bends should be reduced, but not removed altogether.
Natural line simplification problem can be viewed as a task of finding a delicate
balance between two competing goals:

• Reduce detail by removing or simplifying “less important” features.

• Retain enough detail, so the original is still recognizable.

Given the discussed complexities with natural features, a fine line between
under-simplification (leaving an object as-is) and over-simplification (making a
straight line) needs to be found. Therein lies the complexity of simplification
algorithms: all have different trade-offs.

The purpose of the thesis is to implement a cartographic line generalization
algorithm on the basis of Wang–Müller algorithm, using open-source software.
Tasks:

• Evaluate existing line simplification algorithms.

• Identify main river generalization problems, using classical line simplifica-
tion algorithms.

• Define the method of the Wang–Müller technical implementation.

• Realize Wang–Müller algorithm technically, explaining the geometric trans-
formations in detail.

• Apply the created algorithm for different datasets and compare the results
with national datasets.
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Scientific relevance of this work — the simplification processes (steps) de-
scribed by the Wang–Müller algorithm — are analyzed in detail, practically im-
plemented, and the implementation is described. That expands the knowledge
of cartographic theory about the generalization of natural objects’ boundaries
after their natural defining properties.

In the original Wang–Müller article introducing the algorithm, the steps
are not detailed in a way that can be put into practice for specific data; the
steps are specified in this work. Practically, this work makes it possible to use
open-source software to perform cartographic line generalization. The devel-
oped specialized cartographic line simplification algorithm can be applied by
cartographers to implement automatic data generalization solutions. Given the
open-source nature of this work, the algorithm implementation can be modified
freely.

2 Literature Review And Problematic

2.1 Available Algorithms
This section reviews the classical line simplification algorithms, which, besides
being around for a long time, offer easily accessible implementations, as well as
more modern ones, which only theorize, but do not provide an implementation.

2.1.1 Douglas & Peucker, Visvalingam–Whyatt and Chaikin’s

Douglas & Peucker[1] and Visvalingam–Whyatt[2] are “classical” line simplifi-
cation computer graphics algorithms. They are relatively simple to implement
and require few runtime resources. Both of them accept a single parameter
based on desired scale of the map, which makes them straightforward to adjust
for different scales.

Both algorithms are available in PostGIS, a free-software GIS suite:

• Douglas & Peucker via PostGIS st_simplify.

• Visvalingam–Whyatt via PostGIS st_simplifyvw.

It may be worthwhile to post-process those through Chaikin’s line smoothing
algorithm[3] via PostGIS st_chaikinsmoothing.

In generalization examples, we will use two rivers: Šalčia and Visinčia. These
rivers were chosen because they have both large and small bends, and thus are
convenient to analyze for both small- and large-scale generalization. Figure 1
on page 6 illustrates the original two rivers without any simplification.

Same rivers, unprocessed but in higher scales (1:50 000 and 1:250 000), are
depicted in Figure 2. Some river features are so compact that a reasonably
thin line depicting the river is touching itself, creating a thicker line. We can
assume that some simplification for scale 1:50 000 and especially for 1:250 000 is
worthwhile.

Figure 3 illustrates the same river bend, but simplified using Douglas &
Peucker and Visvalingam–Whyatt algorithms. The resulting lines are jagged,
and thus the resulting line looks unlike a real river. To smoothen the jaggedness,
traditionally, Chaikin’s[3] is applied after generalization, illustrated in Figure 4.
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Figure 1: Example rivers for visual tests (1:25 000).

The resulting simplified and smoothened example (Figure 4 on page 7) yields
a more aesthetically pleasing result; however, it obscures natural river features.

Given the absence of rocks, the only natural features that influence the river
direction are topographic:

• Relatively straight river (completely straight or with small-angled bends
over a relatively long distance) implies greater slope, more water, and/or
faster flow.

• Bendy river, on the contrary, implies slower flow, slighter slope, and/or
less water.

Both Visvalingam–Whyatt and Douglas & Peucker have a tendency to remove
the small bends altogether, removing a valuable characterization of the river.

Sometimes low-water rivers in slender slopes have many bends next to each
other. In low resolutions (either in small-DPI screens or paper, or when the
river is sufficiently zoomed out, or both), the small bends will amalgamate to
a unintelligible blob. Figure 6 illustrates a real-world example where a bendy
river, normally 1 or 2 pixels wide, creates a wide area, of which the shapes of the
bend become unintelligible. In this example, classical algorithms would remove
these bends altogether. A cartographer would retain a few of those distinctive
bends, but would increase the distance between the bends, remove some of the
bends, or both.

For the reasons discussed in this section, the “classical” Douglas & Peucker
and Visvalingam–Whyatt are not well-suited for natural river generalization,
and a more robust line generalization algorithm is worthwhile to look for.
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(a) Example scaled 1:50 000. (b) Example scaled 1:250 000.

Figure 2: Down-scaled original river.

(a) Using Douglas & Peucker. (b) Using Visvalingam–Whyatt.

Figure 3: Simplified using classical algorithms (1:50 000).

(a) Douglas & Peucker and Chaikin’s. (b) Visvalingam–Whyatt and Chaikin’s.

Figure 4: Simplified and smoothened river (1:50 000).
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(a) Original (fig. 2a) and simplified
(fig. 4a).

(b) Original (fig. 2a) and simplified
(fig. 4b.)

Figure 5: Zoomed-in simplified and smoothened river and original.

Figure 6: Narrow bends amalgamating into thick unintelligible blobs.
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2.1.2 Modern Approaches

Due to their simplicity and ubiquity, Douglas & Peucker and Visvalingam–
Whyatt have been established as go-to algorithms for line generalization. During
recent years, alternatives have emerged. These modern replacements fall into
roughly two categories:

• Cartographic knowledge was encoded to an algorithm (bottom-up ap-
proach). One among these are “Line generalization based on analysis of
shape characteristics”[4], also known as Wang–Müller’s algorithm.

• Mathematical shape transformation which yields a more cartographic re-
sult. E.g., “Line simplification using self-organizing maps”[5], “Simultane-
ous curve simplification”[6], “Dynamic simplification and visualization of
large maps”[7], “Morphing polylines: A step towards continuous general-
ization”[8], “A New Algorithm for Cartographic Simplification of Streams
and Lakes Using Deviation Angles and Error Bands”[9].

Authors of most of the aforementioned articles have implemented the gener-
alization algorithm, at least to generate the illustrations in the articles. However,
code is not available for evaluation with a desired dataset, much less for use as
a basis for creating new maps. To the author’s knowledge, Wang–Müller[4] is
available in a commercial product, but requires a purchase of the commercial
product suite, without a way to license the standalone algorithm.

Wang–Müller algorithm was created by encoding professional cartographers’
knowledge into a computer algorithm. It has a few main properties which make
it especially suitable for generalization of natural linear features:

Figure 7: Figure 12.5 in [4]: example of cartographic line generalization.

• Small bends are not always removed, but either combined (e.g., 3 bends
into 2), exaggerated, or removed, depending on the neighboring bends.

• Long and gentle bends are not straightened, but kept as-is.

As a result of these properties, Wang–Müller algorithm retains the defining
properties of the natural features: high-current rivers keep their appearance as
such, instead of becoming canals; low-stream bendy rivers retain their frequent
small bends.
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Figure 7, sub-figure labeled “proposed method” (from the original “Line gen-
eralization based on analysis of shape characteristics”[4]) illustrates the Wang–
Müller algorithm.

2.2 Problematic with Generalization of Rivers
This section introduces the reader to simplification and generalization, and dis-
cusses two main problems with current-day automatic cartographic line gener-
alization:

• Currently available line simplification algorithms were created to simplify
geometries, but do not encode cartographic knowledge.

• Existing cartographic line generalization algorithms are not freely acces-
sible.

2.2.1 Simplification versus Generalization

It is important to note the distinction between simplification, line generalization,
and cartographic generalization.

Simplification reduces an object’s detail in isolation, not taking the object’s
natural properties or surrounding objects into account. For example, if a river
is simplified, it may have an approximate shape of the original river, but lose
some shapes that define it. For example:

• Low-water rivers in slender slopes have many small bends next to each
other. A non-cartographic line simplification may remove all of them, thus
losing an important river’s characteristic feature: after such simplification,
it will be hard to tell that the original river was low-water in a slender
slope.

• Low-angle river bend river over a long distance differs significantly from
a completely straight canal. Non-cartographic line simplification may re-
place that bend with a straight line, making the river more similar to a
canal than a river.

In other words, simplification processes the line, ignoring its geographic fea-
tures. It works well when the features are human-made (e.g., roads, admin-
istrative boundaries, buildings). There is a number of freely available non-
cartographic line simplification algorithms, which this paper will review.

Contrary to line simplification, cartographic generalization does not focus
into a single feature class (e.g., rivers), but the whole map. For example, line
simplification may change river bends in a way that bridges (and roads to the
bridges) become misplaced. While line simplification is limited to a single fea-
ture class, cartographic generalization is not. Fully automatic cartographic gen-
eralization is not yet a solved problem.

Cartographic line generalization falls in between the two: it does more than
line simplification, and less than cartographic generalization. Cartographic line
generalization deals with a single feature class, takes into account its geographic
properties, but ignores other features. This paper examines Wang–Müller’s
“Line generalization based on analysis of shape characteristics”[4], a cartographic
line generalization algorithm.
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2.2.2 Availability of Generalization Algorithms

Lack of robust openly available generalization algorithm implementations poses
a problem for map creation with free software: there is no high-quality simplifi-
cation algorithm to create down-scaled maps, so any cartographic work, which
uses line generalization as part of its processing, will be of sub-par quality. We
believe that the availability of high-quality open-source tools is an important
foundation for future cartographic experimentation and development, thus it
benefits the cartographic society as a whole.

Wang–Müller’s commercial availability signals something about the value of
the algorithm: at least the authors of the commercial software suite deemed it
worthwhile to include it. However, not everyone has access to the commercial
software suite, access to funds to buy the commercial suite, or access to the
operating system required to run the commercial suite. PostGIS, in contrast,
is free itself, and runs on free platforms. Therefore, algorithm implementations
that run on PostGIS or other free platforms are useful to a wider cartographic
society than proprietary ones.

2.2.3 Unfitness of Line Simplification Algorithms

Section 2.1.1 illustrates the current gaps with line simplification algorithms for
real rivers. To sum up, we highlight the following cartographic problems from
our examples:

Long bends should remain as long bends, instead of becoming fully straight
lines.

Many small bends should not be removed. To retain a river’s character, the
algorithm should retain some small bends, and, when they are too small
to be visible, they should be combined or exaggerated.

We are limiting the problem to cartographic line generalization. That is, full
cartographic generalization, which takes topology and other feature classes into
account, is out of scope.

Figure 7 on page 9 illustrates Wang–Müller algorithm from their original
paper. Note how the long bends retain curvy, and how some small bends get
exaggerated.

3 Methodology
The original Wang–Müller’s algorithm [4] leaves something to be desired for a
practical implementation: it is not straightforward to implement the algorithm
from the paper alone.

Explanations in this document are meant to expand, rather than substitute,
the original description in Wang–Müller. Therefore, familiarity with the orig-
inal paper is assumed, and, for some sections, having the original close-by is
necessary to meaningfully follow this document.

This paper describes Wang–Müller in detail that is more useful for anyone
who wishes to follow the algorithm implementation more closely: each section is
expanded with additional commentary, and illustrations added for non-obvious
steps. Corner cases are discussed, too.
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3.1 Main Geometry Elements Used by Algorithm
This section defines and explains the geometry elements that are used through-
out this paper and the implementation. Assume Euclidean geometry throughout
this document, unless noted otherwise.

vertex is a point on a plane, can be expressed by a pair of (x, y) coordinates.

line segment or segment joins two vertices by a straight line. A segment can
be expressed by two coordinate pairs: (x1, y1) and (x2, y2). Line segment
and segment are used interchangeably.

line or linestring represents a single linear feature. For example, a river or
a coastline.

Geometrically, a line is a series of connected line segments, or, equivalently,
a series of connected vertices. Each vertex connects to two other vertices,
with the exception of the vertices at either ends of the line: these two
connect to a single other vertex.

multiline or multilinestring is a collection of linear features. Throughout
this implementation, this is used rarely (normally, a river is a single line)
but can be valid when, for example, a river has an island.

bend is a subset of a line that humans perceive as a curve. The geometric
definition is complex and is discussed in section 4.4.

baseline is a line between the bend’s first and last vertices.

sum of inner angles is a measure of how “curved” the bend is. Assume that
first and last bend vertices are vectors. Then sum of inner angles will be
the angular difference of those two vectors.

algorithmic complexity measured in big o notation, is a relative measure
that helps explain how long1 the algorithm will run depending on its input.
It is widely used in computing science when discussing the efficiency of a
given algorithm.

For example, given n objects and time complexity of O(log(n)), the time
it takes to execute the algorithm is logarithmic to n. Conversely, if com-
plexity is O(n2), then the time it takes to execute the algorithm grows
quadratically with input. Importantly, if the input size doubles, the time
it takes to run the algorithm quadruples.

big o notation was first suggested by Bachmann[10] and Landau[11] in
late xix century, and clarified and popularized for computing science by
Donald Knuth[12] in the 1970s.

1the upper bound, i.e., the worst case.
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3.2 Algorithm Implementation Process

Read linestring

Detect bends

Fix gentle inflections

Eliminate self-crossing

Mutated?

Compute bend attributes

Exaggeration

Mutated?

Elimination

Mutated?

Stop

Yes

No

Yes

No

Yes

No

Figure 8: Flow chart of the implementation workflow.

Figure 8 visualizes the algorithm steps for each line. multilinestring fea-
tures are split to linestring features and executed in order.

Judging from Wang–Müller prototype flow chart (depicted in figure 11 of
the original paper), their approach is iterative for the line: it will process the
line in sequence, doing all steps, before moving on to the next step. We will call
this approach “streaming”, because it does not require to have the full line to
process it.
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create function ST_SimplifyWM(
geom geometry,
dhalfcircle float,
intersect_patience integer default 10,
dbgname text default null

) returns geometry

Listing 1: Function st_simplifywm.

We have taken a different approach: process each step fully for the line,
before moving to the next step. This way provides the following advantages:

• For eliminate self-crossing stage, when it finds a bend with the right
sum of inflection angles, it checks the whole line for self-crossings. This is
impossible with streaming because it requires having the full line in mem-
ory. It could be optimized by, for example, looking for a fixed number of
neighboring bends (say, 10), but that would complicate the implementa-
tion.

• fix gentle inflections is iterating the same line twice from opposite
directions. That could be re-written to streaming fashion, but it compli-
cates the implementation, too.

On the other hand, comparing to the Wang–Müller prototype flow chart, our
implementation uses more memory (because it needs to have the full line before
processing), and some steps are unnecessarily repeated, like re-computing the
bend’s attributes during repeated iterations.

3.3 Technical Implementation
Technical algorithm realization was created in PostGIS 3.1.1 [13]. PostGIS is a
PostgreSQL extension for working with spatial data.

PostgreSQL is an open-source relational database, widely used in industry
and academia. PostgreSQL can be interfaced from nearly any programming
language; therefore, solutions written in PostgreSQL (and their extensions) are
usable in many environments. On top of that, PostGIS implements a rich set
of functions[14] for working with geometric and geographic objects.

Due to its wide applicability and rich library of spatial functions, PostGIS
is the implementation language of the Wang–Müller algorithm. The implemen-
tation exposes the entrypoint function st_simplifywm, in listing 1.

This function accepts the following parameters:

geom is the input geometry. Either linestring or multilinestring.

dhalfcircle is the diameter of the half-circle. Explained in section 4.3.

intersect_patience is an optional parameter to exaggeration operator, ex-
plained in section 4.13.

dbgname is an optional human-readable name of the figure. Explained in
section 4.1.

14



The function st_simplifywm calls into helper functions, which detect,
transform, or remove bends. These helper functions are also defined in the
implementation and are part of the algorithm technical realization. All sup-
porting functions use spatial manipulation functions provided by PostGIS.

3.4 Automated Tests
As part of the algorithm realization, an automated test suite has been developed.
Shapes to test each function have been hand-crafted, and expected results have
been manually calculated. The test suite executes parts of the algorithm against
a predefined set of geometries, and asserts that the output matches the resulting
hand-calculated geometries.

The full set of test geometries is visualized in Figure 9.

Figure 9: Geometries for automated test cases.

Test suite can be executed with a single command and completes in about
a second. Having an easily accessible test suite boosts confidence that no unex-
pected bugs have snug in while modifying the algorithm.

We will explain two instances when automated tests were very useful during
the implementation:

• Created a function wm_exaggeration, which exaggerates bends follow-
ing the rules. It worked well over simple geometries but, due to a subtle
bug, created a self-crossing bend in Visinčia. The offending bend was
copied to the automated test suite, which helped fix the bug. Now the

15



test suite contains the same bend (a hook-like bend on the right-hand side
of Figure 9) and code to verify that it was correctly exaggerated.

• During algorithm development, automated tests run about once a minute.
They quickly find logical and syntax errors. In contrast, running the al-
gorithm with real rivers takes a few minutes, which increases the feedback
loop, and takes longer to fix the “simple” errors.

Whenever we find and fix a bug, we aim to create an automated test case
for it, so the same bug is not re-introduced by whoever works next on the same
piece of code.

Besides testing for specific cases, an automated test suite ensures future
stability and longevity of the implementation itself: when new contributors start
changing code, they have higher assurance they have not broken an already-
working code.

3.5 Reproducibility
It is widely believed that the ability to reproduce the results of a published
study is important to the scientific community. In practice, however, it is often
hard or impossible: research methodologies, as well as algorithms themselves,
are explained in prose, which, due to the nature of the non-machine language,
lends itself to inexact interpretations.

This article, besides explaining the algorithm in prose, includes the program
of the algorithm in a way that can be executed on reader’s workstation. On top
of it, all the illustrations in this paper are generated using that algorithm from
a predefined list of test geometries (see section 3.4).

This article and accompanying code are accessible on GitHub as of 2021-05-
19 [15].

Instructions how to re-generate all the visualizations are in appendix A.1.
The visualization code serves as a good example reference for anyone willing to
start using the algorithm.

4 Algorithm Implementation
As alluded in section 1, Wang–Müller paper skims over certain details which
are important to implement the algorithm. This section goes through each
algorithm stage, illustrating the intermediate steps and explaining the author’s
desiderata for a more detailed description.

Illustrations of the following sections are extracted from the automated test
cases which were written during the algorithm implementation (as discussed in
section 3.4).

4.1 Debugging
This implementation includes debugging facilities in a form of a table wm_debug.
The table’s schema is written in listing 2.

When debug mode is active, implementation steps will store their results,
which can be useful to manually inspect the results of intermediate actions.
Besides manual inspection, most of the figure illustrations in this article are

16



visualized from the wm_debug table. Debugging mode can be activated by
passing a non-empty dbgname string to the function st_simplifywm (this
function was described in section 3.3). By convention, dbgname is the name of
the geometry that is being simplified, e.g., šalčia. The purpose of each column
in wm_debug is described below:

id is a unique identifier for each feature. Generated automatically by Post-
greSQL. Useful when it is necessary to copy one or more features to a
separate table for unit tests, as described in section 3.4.

stage is the stage of the algorithm. As of writing, there are a few:

afigures at the beginning of the loop.

bbends after bends are detected.

cinflections after gentle inflections are fixed.

dcrossings after self-crossings are eliminated.

ebendattrs after bend attributes are calculated.

gexaggeration after bends have been exaggerated.

helimination after bends have been eliminated.

Some of these have sub-stages which are encoded by a dash and a sub-stage
name, e.g., bbends-polygon creates polygon geometries after polygons
have been detected; this particular example is used to generate colored
polygons in Figure 11.

name is the name of the geometry, which comes from parameter dbgname.

gen is the top-level iteration number. In other words, the number of times
the execution flow passes through detect bends phase as depicted in
Figure 8 on page 13.

nbend is the bend’s index in its line.

way is the geometry column.

props is a free-form JSON object to store miscellaneous values. For example,
ebendattrs phase stores a boolean property isolated, which signifies
whether the bend is isolated or not (explained in section 4.9).

When debug mode is turned off (that is, dbgname is left unspecified),
wm_debug is empty and the algorithm runs slightly faster.

4.2 Merging Pieces of a River into One
Example river geometries were sourced from OpenStreetMap[16] and NŽT[17].
Rivers in both data sources are stored in shorter line segments, and multiple
segments (usually hundreds or thousands for significant rivers) define one full
river. While it is convenient to store and edit, these segments are not explicitly
related to each other. This poses a problem for simplification algorithms which
manipulate on full linear features at a time: full river geometries, but not their
parts.
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drop table if exists wm_debug;
create table wm_debug(

id serial,
stage text not null,
name text not null,
gen bigint not null,
nbend bigint,
way geometry,
props jsonb

);

Listing 2: wm_debug table definition

Since these rivers do not have an explicit relationship to connect them to-
gether, they were connected using heuristics: if two line segments share a name
and are within 500 meters from each other, then they form a single river. For
all line simplification algorithms, all rivers need to be combined and this way
proved to be reasonably effective. Source code for this operation can be found
in listing 5 on page 54.

4.3 Bend Scaling And Dimensions
Wang–Müller accepts a single input parameter: the diameter of a half-circle.
If the bend’s adjusted size (explained in detail in section 4.8) is greater than
the area of the half-circle, then the bend will be left untouched. If the bend’s
adjusted size is smaller than the area of the provided half-circle, the bend will
be simplified: either exaggerated, combined, or eliminated.

The extent of line simplification, as well as the half-circle’s diameter, depends
on the desired target scale. Simplification should be more aggressive for smaller
target scales and less aggressive for larger scales. This section goes through the
process of finding the correct variable to Wang–Müller algorithm. What is the
minimal, but still eligible, figure that should be displayed on the map?

According to Cartographic Design for Screen Maps[18], the map is typically
held at a distance of 30 cm. Recommended minimum symbol size, given viewing
distance of 45 cm (1.5 feet), is 1.5 mm, as analyzed in Guidelines for minimum
size for text and symbols on maps[19].

In our case, our target is line bend, rather than a symbol. Assume 1.5 mm
is a diameter of the bend. A semi-circle of 1.5 mm diameter is depicted in
Figure 10. A bend of this size or larger, when adjusted to scale, will not be
simplified.

Figure 10: Smallest feature that will be not simplified (to scale).

Wang–Müller algorithm does not have a notion of scale, but it does have a
notion of distance: it accepts a single parameter D, the half-circle’s diameter.
Assuming measurement units in projected coordinate system are meters (for
example, WGS 84/Pseudo-Mercator [20]), some popular scales are highlighted
in table 1.
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Scale D(m)
1:10 000 15
1:15 000 22.5
1:25 000 37.5
1:50 000 75
1:250 000 220

Table 1: Wang–Müller half-circle diameter D for popular scales.

4.4 Definition of a Bend
The original article describes a bend as follows:

A bend can be defined as that part of a line which contains a num-
ber of subsequent vertices, with the inflection angles on all vertices
included in the bend being either positive or negative and the inflec-
tion of the bend’s two end vertices being in opposite signs. [4]

Figure 11: Similar to figure 8 in [4]: detected bends are highlighted.

Here are some non-obvious characteristics that are necessary when writing
code to detect the bends:

• End segments of each line should also belong to bends. That way, all
segments belong to 1 or 2 bends.

• First and last segments of each bend (except for the two end-line segments)
are also the first vertex of the next bend.

4.5 Gentle Inflection at the End of a Bend
But if the inflection that marks the end of a bend is quite small,
people would not recognize this as the bend point of a bend [4]

Figure 12 visualizes the original paper’s figure 5, when a single vertex is
moved outwards the end of the bend.

The illustration for this section was clear but insufficient: it does not specify
how many vertices should be included when calculating the end-of-bend inflec-
tion. The iterative approach was chosen: as long as the angle is “right” and the
baseline is becoming shorter, the algorithm should keep re-assigning vertices to
different bends. There is no upper bound on the number of iterations.

To prove that the algorithm implementation is correct for multiple vertices,
additional example was created and illustrated in Figure 13: the rule re-assigns
two vertices to the next bend.
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(a) Before applying the inflection rule. (b) After applying the inflection rule.

Figure 12: Figure 5 in [4]: gentle inflections at the ends of the bend.

(a) Before applying the inflection rule. (b) After applying the inflection rule.

Figure 13: Gentle inflection at the end of the bend with multiple vertices.

Note that to find and fix the gentle bends’ inflections, the algorithm should
run twice, both ways. Otherwise, if it is executed only one way, the steps will
fail to match some bends that should be adjusted. Current implementation
works as follows:

1. Run the algorithm from the beginning to the end.

2. Reverse the line and each bend.

3. Run the algorithm again.

4. Reverse the line and each bend.

5. Return result.
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Reversing the line and its bends is straightforward to implement but costly:
the two reversal steps cost additional time and memory. The algorithm could be
made more optimal with a similar version of the algorithm, but the one which
goes backwards. In this case, steps 2 and 4 could be spared, that way saving
memory and computation time.

The “quite small angle” was arbitrarily chosen to 45◦.

4.6 Self-Line Crossing When Cutting a Bend
When a bend’s baseline crosses another bend, it is called self-crossing. Self-
crossing is undesirable for the upcoming bend manipulation operators; therefore,
should be removed. There are a few rules on when and how they should be
removed — this section explains them in higher detail, discusses their time
complexity and applied optimizations. Figure 14 is copied from the original
article.

Figure 14: Originally figure 6: the bend’s baseline (orange) is crossing a neigh-
boring bend.

Figure 15: The bend’s baseline (orange) is crossing a non-neighboring bend.
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Looking at the Wang–Müller paper alone, it may seem like self-crossing may
happen only with the neighboring bend. This would mean an efficient O(n)
implementation2. However, as one can see in Figure 15, it may not be the case:
any other bend in the line may be crossing it.

If one translates the requirements to code in a straightforward way, it would
be quite computationally expensive: naively implemented, complexity of check-
ing every bend with every bend is O(n2). In other words, the time it takes to
run the algorithm grows quadratically with the number of vertices.

It is possible to optimize this step and skip checking a large number of bends.
Only bends, the inner angles’ sum of which is larger than 180◦, can ever self-
cross. That way, only a fraction of bends need to be checked. The worst-case
complexity is still O(n2), when all bends’ inner angles are larger than 180◦.
Having this optimization, the algorithmic complexity (as a result, the time it
takes to execute the algorithm) drops by the fraction of bends, the inner angles’
sum of which is smaller than 180◦.

4.7 Attributes of a Single Bend
compactness index is “the ratio of the area of the polygon over the circle
whose circumference length is the same as the length of the circumference of
the polygon” [4]. Given a bend, its compactness index is calculated as follows:

1. Construct a polygon by joining first and last vertices of the bend.

2. Calculate the area of the polygon Ap.

3. Calculate perimeter P of the polygon. The same value is the circumference
of the circle: C = P .

4. Given the circle’s circumference C, the circle’s area Ac is:

Ac =
C2

4π

5. Compactness index c is the area of the polygon Ap divided by the area of
the circle Ac:

c =
Ap
Ac

=
Ap
C2

4π

=
4πAp
C2

Once this operation is complete, each bend will have a list of properties
which will be used by other modifying operators.

4.8 Shape of a Bend
This section introduces adjusted size Aadj which trivially derives from com-
pactness index c and “polygonized” bend’s area Ap:

Aadj =
0.75Ap
c

2where n is the number of bends in a line. See explanation of algorithmic complexity
in section 3.1.
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Adjusted size is necessary later to compare bends with each other, or to
decide if the bend is within the simplification threshold.

Sometimes, when working with Wang–Müller, it is useful to convert between
half-circle’s diameter D and adjusted size Aadj . These easily derive from circle’s
area formula A = 2πD2

2:

D = 2

√
2Aadj
π

In reverse, adjusted size Aadj from half-circle’s diameter:

Aadj =
πD2

8

4.9 Isolated Bend
Bend itself and its “isolation” can be described by average curvature, which
is “geometrically defined as the ratio of inflection over the length of a curve.” [4]

Two conditions must be followed to claim that a bend is isolated:

1. average curvature of neighboring bends should be larger than the “can-
didate” bend’s curvature. The article did not offer a value; this implemen-
tation arbitrarily chose 0.5.

2. Bends on both sides of the “candidate” bend should be longer than a
certain value. This implementation does not (yet) define such a constraint
and will only follow the average curvature constraint above.

We believe unclear criteria for isolated bend is one of the main causes for
jagged lines in section 5, and is a suggested further area of research in section 7.

4.10 The Context of a Bend: Isolated And Similar Bends
To find out whether two bends are similar, they are compared by 3 components:

1. adjusted size Aadj .

2. compactness index c.

3. baseline length l.

Components 1, 2 and 3 represent a point in a 3-dimensional space, and
Euclidean distance d(p, q) between those is calculated to differentiate bends p
and q:

d(p, q) =
√
(Aadj(p) −Aadj(q))2 + (cp − cq)2 + (lp − lq)2

The smaller the distance d, the more similar the bends are.
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4.11 Elimination Operator
Figure 16 illustrates steps of figure 8 from the original paper. There is not much
to add to the original description beyond repeating the elimination steps in an
illustrated example.

(a) Original

(b) Iteration 1

(c) Iteration 2 (result)

Figure 16: Originally figure 8: the bend elimination through iterations.

4.12 Combination Operator
Combination operator was not implemented in this version.

4.13 Exaggeration Operator
Exaggeration operator finds bends, of which adjusted size is smaller than
the diameter of the half-circle. Once a target bend is found, it will be
exaggerated in increments until either becomes true:

• adjusted size of the exaggerated bend is larger than the area of the
half-circle.

• The exaggerated bend starts intersecting with a neighboring bend. Then
exaggeration aborts, and the bend remains as if it were one step before
the intersection.
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Exaggeration operator uses a hardcoded parameter exaggeration step
s ∈ (1, 2]. It was arbitrarily picked to 1.2 for this implementation. A single
exaggeration increment is done as follows:

1. Find a candidate bend.

2. Find the bend’s baseline.

3. Find midpoint, the center of the bend’s baseline.

4. Find midbend, the center of the bend. Distance from one baseline vertex
to midbend should be the same as from midbend to the other baseline
vertex.

5. Mark each bend’s vertex with a number between [1, s]. The number is
derived with elements linearly between the start vertex and midbend,
with values somewhat proportional to the azimuth between these lines:

• midbend and the point.

• midpoint and the point.

The other half of the bend, from midbend to the final vertex, is linearly
interpolated between [s, 1], using the same rules as for the first half.

The first version of the algorithm used simple linear interpolation based
on the point’s position in the line. The current version applies a few
coefficients, which were derived empirically, by observing the resulting
bend.

6. Each point (except the beginning and end vertices of the bend) will be
placed farther away from the baseline. The length of misplacement is the
marked value in the previous step.

Figure 17: Example isolated exaggerated bend.

The technical implementation of the algorithm contains two implementa-
tions of exaggeration operator: wm_exaggerate_bend is the original one.
It uses simple linear interpolation. It is fast, but simple. It tends to leave
jagged bends. wm_exaggerate_bend2 is a more computationally expensive
function, which leaves better-looking exaggerated bends.

Both functions are interchangeable and can be found in listing 4. Figure 17
illustrates an exaggerated bend using wm_exaggerate_bend2.
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5 Results
This section visualizes the results, discusses robustness and issues of the gener-
alization, and suggests specific improvements.

One of our goals is to compare the generalized lines with the official gener-
alized dataset[17]. Therefore, we have selected the target scales that the official
sources offer, too: 1:50 000 and 1:250 000. The dhalfcircle values for the
subset are as follow:

Scale D(m)
1:50 000 75
1:250 000 220

Our generalized results are viewed from the following angles:

• Compare to the non-simplified originals.

• Compare to the official datasets.

• Compare to Douglas & Peucker and Visvalingam–Whyatt.

5.1 Generalization Results of Analyzed Rivers
5.1.1 Medium-Scale (1:50 000)

Wang–Müller 1:50 000

GRPK 1:10 000

Figure 18: 2x zoomed-in Wang–Müller for 1:50 000.

As one can see in Figure 18, the illustrations deliver what was promised by
the algorithm, but with a few caveats. Left side of the figure looks reasonably
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Wang–Müller 1:50 000

GRPK 1:10 000

Figure 19: Top–right part of Figure 18.

Wang–Müller 1:50 000

GRPK 1:10 000

Figure 20: Left part of Figure 18.

well simplified: long bends remain slightly curved, small bends are removed or
slightly exaggerated.

Figure’s 18 left part is clipped to Figure 20. As one can see, some bends
were well exaggerated, and some bends were eliminated.

Top–right side (clipped in Figure 20), some jagged and sharp bends appear.
These will become more pronounced in even larger-scale simplification in the
next section.

To sum up, mid-scale simplification works well for some geometries, but
creates sharp edges for others.
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5.1.2 Large-Scale (1:250 000)

As visible in Figure 21, for large-scale map, some of the resulting bends look
significantly exaggerated. Why is that? Figure 22 zooms in the large-scale
simplification and overlays the original.

(a) Original. (b) Simplified.

Figure 21: GRPK10 simplified with Wang–Müller for 1:250 000.

Figure 22: 10x zoomed-in Wang–Müller for 1:250 000.

A conglomeration of bends is visible, especially in top–right side of the il-
lustration. We assume this was caused by two bends significantly exaggerated,
leaving no space to exaggerate those between the two.

5.1.3 Discussion

For mid-size scales of 1:50 000, the implemented algorithm works well for cer-
tain geometries, and poorly for others. This test surfaced two areas for future
research and improvement:

• Exaggeration is sometimes creating sharp edges, especially when the exag-
gerated bend is quite small. When sharp edges are created, exaggeration
could interpolate more points in the bend, and exaggerate using the in-
terpolated points.

• In larger scales, when bends do not have space to exaggerate, they should
be combined or eliminated instead.
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5.2 Comparison with National Spatial Datasets
There are a few datasets used in this comparison: GRPK10, GRPK50 and
GRPK250. They are vector datasets which include rivers. They can be down-
loaded for free from [17]. Here are the meanings of the codenames:

GRPK10 is a dataset of highest detail. Suited for maps of scale 1:10 000.

GRPK50 is suited for maps of scale 1:50 000.

GRPK250 offers the least detail, and is suited for maps of scale 1:250 000.

During the analysis, we ran Wang–Müller on GRPK10 for 2 destination
scales: 1:50 000 and 1:250 000.3 This section compares the resulting Wang–
Müller–generalized rivers to GRPK50 and GRPK250.

5.2.1 Medium-Scale (1:50 000)

For our research location, the national dataset GRPK10 is almost equivalent to
GRPK50, with a few nuances. Figure 23 illustrates all three shapes: GRPK50,
Wang–Müller–simplified GRPK10, and the original GRPK10.

Wang–Müller 1:50 000

GRPK 1:50 000

GRPK 1:10 000

Figure 23: GRPK10, GRPK50 and Wang–Müller for 1:50 000.

Although figures are almost identical, Figure 25 illustrates two small bends
that have been removed in GRPK50, but have been exaggerated by our imple-
mentation.

3parameter calculation is detailed in section 4.3.
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Wang–Müller 1:50 000

GRPK 1:50 000

GRPK 1:10 000

Figure 24: Left side of Figure 23.

Wang–Müller 1:50 000

GRPK 1:50 000

GRPK 1:10 000

Figure 25: Top–right side of Figure 23.
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5.2.2 Large-Scale (1:250 000)

Figure 26 illustrates the original GRPK250 and the Wang–Müller–simplified ver-
sion. As section 5.1.2 explains, the algorithm tries to exaggerate many bends to
a great size. However, GRPK250 takes the opposite approach — only the very
basic shapes of the largest bends are retained. Time and customers will tell,
which approach is more appropriate, after the current Wang–Müller implemen-
tation receives some time and attention, as desired in section 7.

(a) GRPK250. (b) Wang–Müller-simplified GRPK10.

Figure 26: GRPK250 and Wang–Müller–simplified GRPK10.

5.3 Comparison with Douglas & Peucker and Visvalingam–
Whyatt

It is time to visually compare our implementation with the classical algorithms:
Douglas & Peucker, Visvalingam–Whyatt and Chaikin. Since we have estab-
lished that more work is needed for small-scale maps (1:250 000), we will limit
the comparison in this section to 1:50 000.
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Wang–Müller 1:50 000

Douglas & Peucker

GRPK 1:10 000

Figure 27

Wang–Müller 1:50 000

Douglas & Peucker and Chaikin

GRPK 1:10 000

Figure 28
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Wang–Müller 1:50 000

Visvalingam–Whyatt

GRPK 1:10 000

Figure 29

Wang–Müller 1:50 000

Visvalingam–Whyatt and Chaikin

GRPK 1:10 000

Figure 30
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5.4 Testing Results Online
An on-line tool[21] has been developed to test incoming parameters to Wang–
Müller algorithm. A user should select a river of interest, enter the dhalfcircle
parameter and click “Submit”. The simplified line feature will be overlaid on
top of the map.

Figure 31 illustrates the end result that looks reasonably well. Figure 32
illustrates that the algorithm produces poorly simplified results for some ge-
ometries.

Figure 31: Example on-line test tool for Wang–Müller algorithm.

Figure 32: Another example from the on-line test tool.
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6 Conclusions
Classical and modern line simplification algorithms were evaluated, main prob-
lems with them identified. A method for Wang–Müller technical implementation
was defined, and the algorithm implemented. Each geometric transformation
was described and visualized. The implemented algorithm was applied for dif-
ferent shapes and compared to national (Lithuanian) datasets.

About 1,000 lines of Procedural SQL were written for the algorithm and
tests, and a few hundred lines of supporting scripts in Make, Python, Awk,
Bash. With the help of its permissive license and early interest, the algorithm
code has already been used to create a prototype on-line service to evaluate the
algorithm robustness.

7 Future Suggestions
These are the areas for possible future work with this, published, implementa-
tion:

• Implement bend combination operator (section 4.12).

• Fine-tune parameters for bend exaggeration. Section 5.1 contains a exag-
gerated bends that became sharp and includes some future ideas.

• What are the exaggeration limits when working with large scales? Sec-
tion 5.2.2 discusses examples that some limits are necessary.

• Research when bends should be marked as isolated. As is seen from
examples, the current criteria are not robust enough.

• Once the points above yield a satisfactory result, the efficiency of the
algorithm could be improved to work on the lines in “streaming” fashion
(more details in section 3.2).

That sums up what could be improved without changing the algorithm in
a significant way. Other than that, further area of research is working towards
graduating the algorithm from “isolated cartographic generalization” to “full
cartographic generalization”. The current operators of Wang–Müller algorithm
have a few venues to preserve the surrounding topology. This could be further
researched and extended.
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Appendices
Appendix A Code Listings
This section contains a subset of files for the Wang–Müller algorithm. As a re-
minder, full listings, including supporting programs, can be found on GitHub[15].

A.1 Re-Generating This Paper
As explained in section 3.5, illustrations in this paper are generated from a
small list of sample geometries. To observe the source geometries or regenerate
this paper, run this script (assuming the name of this document is mj-msc-
full.pdf).

Listing 3 will extract the source files from the mj-msc-full.pdf to a tem-
porary directory, run the top-level make command, and display the generated
document. Source code for the algorithm, as well as other supporting files, can
be found in the temporary directory.

#!/bin/bash -eu
s=${1:-mj-msc-full.pdf}
d=$(mktemp -d)
f=mj-msc.pdf
l="$d/make.log"
echo "Extracting $s to workdir $d/"; pdfdetach -saveall -o "$d" "$s"
echo "Logs in $l ..."; make -j "$(nproc)" -C "$d" "$f" &> "$l" || {

echo "Failed to generate. $l extract:"; tail -20 "$l"; exit 1
}
echo "Opening $d/$f ..."; xdg-open "$d/$f"
echo "$d/$f was closed. Removing $d"; rm -r "$d"

Listing 3: extract-and-generate
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A.2 Function st_simplifywm

\set ON_ERROR_STOP on
SET plpgsql.extra_errors TO 'all';

-- wm_detect_bends detects bends using the inflection angles. No corrections.
drop function if exists wm_detect_bends;
create function wm_detect_bends(

line geometry,
dbgname text default null,
dbggen integer default null,
OUT bends geometry[]

) as $$
declare

p geometry;
p1 geometry;
p2 geometry;
p3 geometry;
bend geometry;
prev_sign int4;
cur_sign int4;
l_type text;
dbgpolygon geometry;

begin
l_type = st_geometrytype(line);
if l_type != 'ST_LineString' then

raise 'This function works with ST_LineString, got %', l_type;
end if;

-- The last vertex is iterated over twice, because the algorithm uses 3
-- vertices to calculate the angle between them.
--
-- Given 3 vertices p1, p2, p3:
--
-- p1___ ...
-- /
-- ... _____/
-- p3 p2
--
-- When looping over the line, p1 will be head (lead) vertex, p2 will be the
-- measured angle, and p3 will be trailing. The line that will be added to
-- the bend will always be [p3,p2].
-- So once the p1 becomes the last vertex, the loop terminates, and the
-- [p2,p1] line will not have a chance to be added. So the loop adds the last
-- vertex twice, so it has a chance to become p2, and be added to the bend.
for p in

(select geom from st_dumppoints(line) order by path[1] asc)
union all
(select geom from st_dumppoints(line) order by path[1] desc limit 1)

loop
p3 = p2;
p2 = p1;
p1 = p;
continue when p3 is null;
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cur_sign = sign(pi() - st_angle(p1, p2, p2, p3));

if bend is null then
bend = st_makeline(p3, p2);

else
bend = st_linemerge(st_union(bend, st_makeline(p3, p2)));

end if;

if prev_sign + cur_sign = 0 then
if bend is not null then

bends = bends || bend;
end if;
bend = st_makeline(p3, p2);

end if;
prev_sign = cur_sign;

end loop;

-- the last line may be lost if there is no "final" inflection angle. Add it.
if (select count(1) >= 2 from st_dumppoints(bend)) then

bends = bends || bend;
end if;

if dbgname is not null then
for i in 1..array_length(bends, 1) loop

insert into wm_debug(stage, name, gen, nbend, way) values(
'bbends', dbgname, dbggen, i, bends[i]);

dbgpolygon = null;
if st_npoints(bends[i]) >= 3 then

dbgpolygon = st_makepolygon(
st_addpoint(bends[i], st_startpoint(bends[i]))

);
end if;
insert into wm_debug(stage, name, gen, nbend, way) values(

'bbends-polygon', dbgname, dbggen, i, dbgpolygon);
end loop;

end if;
end $$ language plpgsql;

-- wm_fix_gentle_inflections moves bend endpoints following "Gentle Inflection
-- at End of a Bend" section.
--
-- The text does not specify how many vertices can be "adjusted"; it can
-- equally be one or many. This function is adjusting many, as long as the
-- cumulative inflection angle is small (see variable below).
--
-- The implementation could be significantly optimized to avoid `st_reverse`
-- and array reversals, trading for complexity in wm_fix_gentle_inflections1.
drop function if exists wm_fix_gentle_inflections;
create function wm_fix_gentle_inflections(

INOUT bends geometry[],
dbgname text default null,
dbggen integer default null
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) as $$
declare

len int4;
bends1 geometry[];
dbgpolygon geometry;

begin
len = array_length(bends, 1);

bends = wm_fix_gentle_inflections1(bends);
for i in 1..len loop

bends1[i] = st_reverse(bends[len-i+1]);
end loop;
bends1 = wm_fix_gentle_inflections1(bends1);

for i in 1..len loop
bends[i] = st_reverse(bends1[len-i+1]);

end loop;

if dbgname is not null then
for i in 1..array_length(bends, 1) loop

insert into wm_debug(stage, name, gen, nbend, way) values(
'cinflections', dbgname, dbggen, i, bends[i]);

dbgpolygon = null;
if st_npoints(bends[i]) >= 3 then

dbgpolygon = st_makepolygon(
st_addpoint(bends[i],

st_startpoint(bends[i]))
);

end if;

insert into wm_debug(stage, name, gen, nbend, way) values(
'cinflections-polygon', dbgname, dbggen, i, dbgpolygon);

end loop;
end if;

end $$ language plpgsql;

-- wm_fix_gentle_inflections1 fixes gentle inflections of an array of lines in
-- one direction. An implementation detail of wm_fix_gentle_inflections.
drop function if exists wm_fix_gentle_inflections1;
create function wm_fix_gentle_inflections1(INOUT bends geometry[]) as $$
declare

-- the threshold when the angle is still "small", so gentle inflections can
-- be joined
small_angle constant real default radians(45);
ptail geometry; -- tail point of tail bend
phead geometry[]; -- 3 tail points of head bend
i int4; -- bends[i] is the current head

begin
for i in 2..array_length(bends, 1) loop

-- Predicate: two bends will always share an edge. Assuming (A,B,C,D,E,F)
-- is a bend:
-- C________D
-- / \
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-- \________/ \_______/
-- A B E F
--
-- Then edges (A,B) and (E,F) are shared with the neighboring bends.
--
--
-- Assume this curve (figure `inflection-1`), going clockwise from A:
--
-- \______B
-- A `-------. C
-- |
-- G___ F |
-- / `-----.____+ D
-- E
--
-- After processing the curve following the definition of a bend, the bend
-- [A-E] would be detected. Assuming inflection point E and F are "small",
-- the bend needs to be extended by two edges to [A,G].
select geom from st_dumppoints(bends[i-1])

order by path[1] asc limit 1 into ptail;

while true loop
-- copy last 3 points of bends[i-1] (tail) to ptail
select array(

select geom from st_dumppoints(bends[i]) order by path[1] asc limit 3
) into phead;

-- if the bend got too short, stop processing it
exit when array_length(phead, 1) < 3;

-- inflection angle between ptail[1:3] is "large", stop processing
exit when abs(st_angle(phead[1], phead[2], phead[3]) - pi()) > small_angle;

-- distance from head's 1st vertex should be larger than from 2nd vertex
exit when st_distance(ptail, phead[2]) < st_distance(ptail, phead[3]);

-- Between two bends, bend with smaller baseline wins when two
-- neighboring bends can have gentle inflections. This is a heuristic
-- that can be safely removed, but in practice has shown to avoid
-- creating some very bendy lines.
exit when st_distance(st_pointn(bends[i], 1), st_pointn(bends[i], -1)) <

st_distance(st_pointn(bends[i-1], 1), st_pointn(bends[i-1], -1));

-- Detected a gentle inflection.
-- Move head of the tail to the tail of head
bends[i] = st_removepoint(bends[i], 0);
bends[i-1] = st_addpoint(bends[i-1], phead[3]);

end loop;

end loop;
end $$ language plpgsql;

-- wm_if_selfcross returns whether baseline of bendi crosses bendj.
-- If it doesn't, returns a null geometry.
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-- Otherwise, it will return the baseline split into a few parts where it
-- crosses bendj.
drop function if exists wm_if_selfcross;
create function wm_if_selfcross(

bendi geometry,
bendj geometry

) returns geometry as $$
declare

a geometry;
b geometry;
multi geometry;

begin
a = st_pointn(bendi, 1);
b = st_pointn(bendi, -1);
multi = st_split(bendj, st_makeline(a, b));

if st_numgeometries(multi) = 1 then
return null;

end if;

if st_numgeometries(multi) = 2 and
(st_contains(bendj, a) or st_contains(bendj, b)) then
return null;

end if;

return multi;
end $$ language plpgsql;

-- wm_self_crossing eliminates self-crossing from the bends, following the
-- article's section "Self-line Crossing When Cutting a Bend".
drop function if exists wm_self_crossing;
create function wm_self_crossing(

INOUT bends geometry[],
dbgname text default null,
dbggen integer default null,
OUT mutated boolean

) as $$
declare

i int4;
j int4;
multi geometry;

begin
mutated = false;
<<bendloop>>
for i in 1..array_length(bends, 1) loop

continue when abs(wm_inflection_angle(bends[i])) <= pi();
-- sum of inflection angles for this bend is >180, so it may be
-- self-crossing. Now try to find another bend in this line that
-- crosses an imaginary line of end-vertices

-- Go through each bend in the given line, and see if has a potential to
-- cross bends[i]. The line-cut process is different when i<j and i>j;
-- therefore there are two loops, one for each case.
for j in 1..i-1 loop
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multi = wm_if_selfcross(bends[i], bends[j]);
continue when multi is null;
mutated = true;

-- remove first vertex of the following bend, because the last
-- segment is always duplicated with the i'th bend.
bends[i+1] = st_removepoint(bends[i+1], 0);
bends[j] = st_geometryn(multi, 1);
bends[j] = st_setpoint(

bends[j],
st_npoints(bends[j])-1,
st_pointn(bends[i], st_npoints(bends[i]))

);
bends = bends[1:j] || bends[i+1:];
continue bendloop;

end loop;

for j in reverse array_length(bends, 1)..i+1 loop
multi = wm_if_selfcross(bends[i], bends[j]);
continue when multi is null;
mutated = true;

-- remove last vertex of the previous bend, because the last
-- segment is duplicated with the i'th bend.
bends[i-1] = st_removepoint(bends[i-1], st_npoints(bends[i-1])-1);
bends[i] = st_makeline(

st_pointn(bends[i], 1),
st_removepoint(st_geometryn(multi, st_numgeometries(multi)), 0)

);
bends = bends[1:i] || bends[j+1:];
continue bendloop;

end loop;
end loop;

if dbgname is not null then
insert into wm_debug(stage, name, gen, nbend, way) values(

'dcrossings', dbgname, dbggen, generate_subscripts(bends, 1),
unnest(bends)

);
end if;

end $$ language plpgsql;

drop function if exists wm_inflection_angle;
create function wm_inflection_angle (IN bend geometry, OUT angle real) as $$
declare

p0 geometry;
p1 geometry;
p2 geometry;
p3 geometry;

begin
angle = 0;
for p0 in select geom from st_dumppoints(bend) order by path[1] asc loop

p3 = p2;
p2 = p1;
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p1 = p0;
continue when p3 is null;
angle = angle + abs(pi() - st_angle(p1, p2, p3));

end loop;
end $$ language plpgsql;

drop function if exists wm_bend_attrs;
drop function if exists wm_elimination;
drop function if exists wm_exaggeration;
drop type if exists wm_t_attrs;
create type wm_t_attrs as (

adjsize real,
baselinelength real,
curvature real,
isolated boolean

);
create function wm_bend_attrs(

bends geometry[],
dbgname text default null,
dbggen integer default null

) returns wm_t_attrs[] as $$
declare

isolation_threshold constant real default 0.5;
attrs wm_t_attrs[];
attr wm_t_attrs;
bend geometry;
i int4;
needs_curvature real;
skip_next boolean;
dbglastid integer;

begin
for i in 1..array_length(bends, 1) loop

bend = bends[i];
attr.adjsize = 0;
attr.baselinelength = st_distance(st_startpoint(bend), st_endpoint(bend));
attr.curvature = wm_inflection_angle(bend) / st_length(bend);
attr.isolated = false;
if st_numpoints(bend) >= 3 then

attr.adjsize = wm_adjsize(bend);
end if;
attrs[i] = attr;

end loop;

for i in 1..array_length(attrs, 1) loop
if dbgname is not null then

insert into wm_debug (stage, name, gen, nbend, way, props) values(
'ebendattrs', dbgname, dbggen, i, bends[i],
jsonb_build_object(

'adjsize', attrs[i].adjsize,
'baselinelength', attrs[i].baselinelength,
'curvature', attrs[i].curvature,
'isolated', false

)
) returning id into dbglastid;
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end if;

-- first and last bends can never be isolated by definition
if skip_next or i = 1 or i = array_length(attrs, 1) then

-- invariant: two bends that touch cannot be isolated.
if st_npoints(bends[i]) > 3 then

skip_next = false;
end if;
continue;

end if;

needs_curvature = attrs[i].curvature * isolation_threshold;
if attrs[i-1].curvature < needs_curvature and

attrs[i+1].curvature < needs_curvature then
attr = attrs[i];
attr.isolated = true;
attrs[i] = attr;
skip_next = true;

if dbgname is not null then
update wm_debug
set props=props || jsonb_build_object('isolated', true)
where id=dbglastid;

end if;
end if;

end loop;

return attrs;
end $$ language plpgsql;

-- sm_st_split a line by a point in a more robust way than st_split.
-- See https://trac.osgeo.org/postgis/ticket/2192
drop function if exists wm_st_split;
create function wm_st_split(

input geometry,
blade geometry

) returns geometry as $$
declare

type1 text;
type2 text;

begin
type1 = st_geometrytype(input);
type2 = st_geometrytype(blade);
if not (type1 = 'ST_LineString' and

type2 = 'ST_Point') then
raise 'Arguments must be LineString and Point, got: % and %', type1, type2;

end if;
return st_split(st_snap(input, blade, 0.00000001), blade);

end $$ language plpgsql;

-- wm_exaggerate_bend2 is the second version of bend exaggeration. Uses
-- non-linear interpolation by point azimuth. Slower, but produces nicer
-- exaggerated geometries.
drop function if exists wm_exaggerate_bend2;
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create function wm_exaggerate_bend2(
INOUT bend geometry,
size float,
desired_size float

) as $$
declare

scale2 constant float default 1.2; -- exaggeration enthusiasm
midpoint geometry; -- midpoint of the baseline
points geometry[];
startazimuth float;
azimuth float;
diffazimuth float;
point geometry;
sss float;
protect int = 10;

begin
if size = 0 then

raise 'invalid input: zero-area bend';
end if;
midpoint = st_lineinterpolatepoint(st_makeline(

st_pointn(bend, 1),
st_pointn(bend, -1)

), .5);
startazimuth = st_azimuth(midpoint, st_pointn(bend, 1));

while (size < desired_size) and (protect > 0) loop
protect = protect - 1;
for i in 2..st_npoints(bend)-1 loop

point = st_pointn(bend, i);
azimuth = st_azimuth(midpoint, point);
diffazimuth = degrees(azimuth - startazimuth);
if diffazimuth > 180 then

diffazimuth = diffazimuth - 360;
elseif diffazimuth < -180 then

diffazimuth = diffazimuth + 360;
end if;
diffazimuth = abs(diffazimuth);
if diffazimuth > 90 then

diffazimuth = 180 - diffazimuth;
end if;
sss = ((scale2-1) * (diffazimuth / 90)^0.5);
point = st_transform(

st_project(
st_transform(point, 4326)::geography,
st_distance(midpoint, point) * sss, azimuth)::geometry,

st_srid(midpoint)
);
bend = st_setpoint(bend, i-1, point);

end loop;
size = wm_adjsize(bend);

end loop;
end $$ language plpgsql;

-- wm_exaggerate_bend exaggerates a given bend. Uses naive linear
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-- interpolation. Faster than wm_exaggerate_bend2, but result visually looks
-- worse.
drop function if exists wm_exaggerate_bend;
create function wm_exaggerate_bend(

INOUT bend geometry,
size float,
desired_size float

) as $$
declare

scale constant float default 1.2; -- exaggeration enthusiasm
midpoint geometry; -- midpoint of the baseline
splitbend geometry; -- bend split across its half
bendm geometry; -- bend with coefficients to prolong the lines
points geometry[];

begin
if size = 0 then

raise 'invalid input: zero-area bend';
end if;
midpoint = st_lineinterpolatepoint(st_makeline(

st_pointn(bend, 1),
st_pointn(bend, -1)

), .5);

while size < desired_size loop
splitbend = wm_st_split(bend, st_lineinterpolatepoint(bend, .5));
-- Convert bend to LINESTRINGM, where M is the fraction by how
-- much the point will be prolonged:
-- 1. draw a line between midpoint and the point on the bend.
-- 2. multiply the line length by M. Midpoint stays intact.
-- 3. the new set of lines form a new bend.
-- Uses linear interpolation; can be updated to gaussian or similar;
-- then interpolate manually instead of relying on st_addmeasure.
bendm = st_collect(

st_addmeasure(st_geometryn(splitbend, 1), 1, scale),
st_addmeasure(st_geometryn(splitbend, 2), scale, 1)

);

points = array((
select st_scale(

st_makepoint(st_x(geom), st_y(geom)),
st_makepoint(st_m(geom), st_m(geom)),
midpoint

)
from st_dumppoints(bendm)
order by path[1], path[2]

));

bend = st_setsrid(st_makeline(points), st_srid(bend));
size = wm_adjsize(bend);

end loop;
end $$ language plpgsql;

-- wm_adjsize calculates adjusted size for a polygon. Can return 0.

47



drop function if exists wm_adjsize;
create function wm_adjsize(bend geometry, OUT adjsize float) as $$
declare

polygon geometry;
area float;
cmp float;

begin
adjsize = 0;
polygon = st_makepolygon(st_addpoint(bend, st_startpoint(bend)));
-- Compactness Index (cmp) is defined as "the ratio of the area of the
-- polygon over the circle whose circumference length is the same as the
-- length of the circumference of the polygon". I assume they meant the
-- area of the circle. So here goes:
-- 1. get polygon area P.
-- 2. get polygon perimeter = u. Pretend it's our circle's circumference.
-- 3. get A (area) of the circle from u: A = u^2/(4pi)
-- 4. divide P by A: cmp = P/A = P/(u^2/(4pi)) = 4pi*P/u^2
area = st_area(polygon);
cmp = 4*pi()*area/(st_perimeter(polygon)^2);
if cmp > 0 then

adjsize = (area*(0.75/cmp));
end if;

end $$ language plpgsql;

-- wm_exaggeration is the Exaggeration Operator described in the WM paper.
create function wm_exaggeration(

INOUT bends geometry[],
attrs wm_t_attrs[],
dhalfcircle float,
intersect_patience integer,
dbgname text default null,
dbggen integer default null,
OUT mutated boolean

) as $$
declare

desired_size constant float default pi()*(dhalfcircle^2)/8;
bend geometry;
tmpint geometry;
i integer;
n integer;
last_id integer;

begin
mutated = false;
<<bendloop>>
for i in 1..array_length(attrs, 1) loop

if attrs[i].isolated and attrs[i].adjsize < desired_size then
bend = wm_exaggerate_bend2(bends[i], attrs[i].adjsize, desired_size);
-- Does bend intersect with the previous or next
-- intersect_patience bends? If they do, abort exaggeration for this one.

-- Do close-by bends intersect with this one? Special
-- handling first, because 2 vertices need to be removed before checking.
n = st_npoints(bends[i-1]);
if n > 3 then
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continue when st_intersects(bend,
st_removepoint(st_removepoint(bends[i-1], n-1), n-2));

end if;
if n > 2 then

tmpint = st_intersection(bend, st_removepoint(bends[i-1], n-1));
continue when st_npoints(tmpint) > 1;

end if;

n = st_npoints(bends[i+1]);
if n > 3 then

continue when st_intersects(bend,
st_removepoint(st_removepoint(bends[i+1], 0), 0));

end if;
if n > 2 then

tmpint = st_intersection(bend, st_removepoint(bends[i+1], 0));
continue when st_npoints(tmpint) > 1;

end if;

for n in -intersect_patience+1..intersect_patience-1 loop
continue when n in (-1, 0, 1);
continue when i+n < 1;
continue when i+n > array_length(attrs, 1);

-- More special handling: if the neigbhoring bend has 3 vertices, the
-- neighbor's neighbor may just touch the tmpbendattr.bend; in this
-- case, the nearest vertex should be removed before comparing.
tmpint = bends[i+n];
if st_npoints(tmpint) > 2 then

if n = -2 and st_npoints(bends[i+n+1]) = 3 then
tmpint = st_removepoint(tmpint, st_npoints(tmpint)-1);

elsif n = 2 and st_npoints(bends[i+n-1]) = 3 then
tmpint = st_removepoint(tmpint, 0);

end if;
end if;

continue bendloop when st_intersects(bend, tmpint);
end loop;

-- No intersections within intersect_patience, mutate bend!
mutated = true;
bends[i] = bend;

-- remove last vertex of the previous bend and first vertex of the next
-- bend, because bends always share a line segment together this is
-- duplicated in a few places, because PostGIS does not allow (?)
-- mutating an array when passed to a function.
bends[i-1] = st_addpoint(

st_removepoint(bends[i-1], st_npoints(bends[i-1])-1),
st_pointn(bends[i], 1),
-1

);

bends[i+1] = st_addpoint(
st_removepoint(bends[i+1], 0),
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st_pointn(bends[i], st_npoints(bends[i])-1),
0

);
if dbgname is not null then

insert into wm_debug (stage, name, gen, nbend, way) values(
'gexaggeration', dbgname, dbggen, i, bends[i]);

end if;
end if;

end loop;
end $$ language plpgsql;

create function wm_elimination(
INOUT bends geometry[],
attrs wm_t_attrs[],
dhalfcircle float,
dbgname text default null,
dbggen integer default null,
OUT mutated boolean

) as $$
declare

desired_size constant float default pi()*(dhalfcircle^2)/8;
leftsize float;
rightsize float;
i int4;

begin
mutated = false;

i = 1;
while i < array_length(attrs, 1)-1 loop

i = i + 1;
continue when attrs[i].adjsize = 0;
continue when attrs[i].adjsize > desired_size;

if i = 2 then
leftsize = attrs[i].adjsize + 1;

else
leftsize = attrs[i-1].adjsize;

end if;

if i = array_length(attrs, 1)-1 then
rightsize = attrs[i].adjsize + 1;

else
rightsize = attrs[i+1].adjsize;

end if;

continue when attrs[i].adjsize >= leftsize;
continue when attrs[i].adjsize >= rightsize;

-- Local minimum. Elminate bend!
mutated = true;
bends[i] = st_makeline(st_pointn(bends[i], 1), st_pointn(bends[i], -1));

-- remove last vertex of the previous bend and
-- first vertex of the next bend, because bends always
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-- share a line segment together
bends[i-1] = st_addpoint(

st_removepoint(bends[i-1], st_npoints(bends[i-1])-1),
st_pointn(bends[i], 1),
-1

);

bends[i+1] = st_addpoint(
st_removepoint(bends[i+1], 0),
st_pointn(bends[i], st_npoints(bends[i])-1),
0

);
-- the next bend's adjsize is now messed up; it should not be taken
-- into consideration for other local minimas. Skip over 2.
i = i + 2;

end loop;

if dbgname is not null then
insert into wm_debug(stage, name, gen, nbend, way) values(

'helimination',
dbgname,
dbggen,
generate_subscripts(bends, 1),
unnest(bends)

);
end if;

end $$ language plpgsql;

drop function if exists ST_SimplifyWM_Estimate;
create function ST_SimplifyWM_Estimate(

geom geometry,
OUT npoints bigint,
OUT secs bigint

) as $$
declare

lines geometry[];
l_type text;

begin
l_type = st_geometrytype(geom);
if l_type = 'ST_LineString' then

lines = array[geom];
elseif l_type = 'ST_MultiLineString' then

lines = array((select a.geom from st_dump(geom) a order by path[1] asc));
else

raise 'Unknown geometry type %', l_type;
end if;

npoints = 0;
for i in 1..array_length(lines, 1) loop

npoints = npoints + st_numpoints(lines[i]);
end loop;
secs = npoints / 33;

end $$ language plpgsql;
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-- ST_SimplifyWM simplifies a given geometry using Wang & Müller's
-- "Line Generalization Based on Analysis of Shape Characteristics" algorithm,
-- 1998.
-- Input parameters:
-- - geom: ST_LineString or ST_MultiLineString: the geometry to be simplified
-- - dhalfcircle: the diameter of a half-circle, whose area is an approximate
-- threshold for small bend elimination. If bend's area is larger than that,
-- the bend will be left alone.
drop function if exists ST_SimplifyWM;
create function ST_SimplifyWM(

geom geometry,
dhalfcircle float,
intersect_patience integer default 10,
dbgname text default null

) returns geometry as $$
declare

gen integer;
i integer;
j integer;
line geometry;
lines geometry[];
bends geometry[];
attrs wm_t_attrs[];
mutated boolean;
l_type text;

begin
if intersect_patience is null then

intersect_patience = 10;
end if;
l_type = st_geometrytype(geom);
if l_type = 'ST_LineString' then

lines = array[geom];
elseif l_type = 'ST_MultiLineString' then

lines = array((select a.geom from st_dump(geom) a order by path[1] asc));
else

raise 'Unknown geometry type %', l_type;
end if;

<<lineloop>>
for i in 1..array_length(lines, 1) loop

mutated = true;
gen = 1;

while mutated loop

if dbgname is not null then
insert into wm_debug (stage, name, gen, nbend, way) values(

'afigures', dbgname, gen, i, lines[i]);
end if;

bends = wm_detect_bends(lines[i], dbgname, gen);
bends = wm_fix_gentle_inflections(bends, dbgname, gen);

52



select * from wm_self_crossing(bends, dbgname, gen) into bends, mutated;
if not mutated then

attrs = wm_bend_attrs(bends, dbgname, gen);

select * from wm_exaggeration(bends, attrs,
dhalfcircle, intersect_patience, dbgname, gen) into bends, mutated;

end if;

-- TODO: wm_combination

if not mutated then
select * from wm_elimination(bends, attrs,

dhalfcircle, dbgname, gen) into bends, mutated;
end if;

if mutated then
lines[i] = st_linemerge(st_union(bends));

if st_geometrytype(lines[i]) != 'ST_LineString' then
-- For manual debugging:
--insert into wm_manual(name, way)
--select 'non-linestring-' || a.path[1], a.geom
--from st_dump(lines[i]) a
--order by a.path[1];
raise '[%] Got % (in %) instead of ST_LineString. '
'Does the exaggerated bend intersect with the line? '
'If so, try increasing intersect_patience.',
gen, st_geometrytype(lines[i]), dbgname;
--exit lineloop;

end if;
gen = gen + 1;
continue;

end if;
end loop;

end loop;

if l_type = 'ST_LineString' then
return st_linemerge(st_union(lines));

elseif l_type = 'ST_MultiLineString' then
return st_union(lines);

end if;
end $$ language plpgsql;

Listing 4: wm.sql

A.3 Function aggregate_rivers
/* Aggregates rivers by name and proximity. */
drop function if exists aggregate_rivers;
create function aggregate_rivers() returns table(

id integer,
name text,
way geometry
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) as $$
declare

c record;
cc record;
changed boolean;

begin
while (select count(1) from wm_rivers_tmp) > 0 loop

select * from wm_rivers_tmp limit 1 into c;
delete from wm_rivers_tmp a where a.id = c.id;
changed = true;
while changed loop

changed = false;
for cc in (

select * from wm_rivers_tmp a where
a.name = c.name and
st_dwithin(a.way, c.way, 500)

) loop
c.way = st_linemerge(st_union(c.way, cc.way));
delete from wm_rivers_tmp a where a.id = cc.id;
changed = true;

end loop;
end loop; -- while changed
return query select c.id, c.name, c.way;

end loop; -- count(1) from wm_rivers_tmp > 0
return;

end
$$ language plpgsql;

drop index if exists wm_rivers_tmp_id;
drop index if exists wm_rivers_tmp_gix;
drop table if exists wm_rivers_tmp;
create temporary table wm_rivers_tmp (id serial, name text, way geometry);
create index wm_rivers_tmp_id on wm_rivers_tmp(id);
create index wm_rivers_tmp_gix on wm_rivers_tmp using gist(way) include(name);

insert into wm_rivers_tmp (name, way)
select p.vardas as name, p.shape as way from :srctable p;

drop table if exists :dsttable;
create table :dsttable as (

select * from aggregate_rivers() where st_length(way) >= 50000
);
drop table wm_rivers_tmp;

Listing 5: aggregate-rivers.sql
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FROM debian:bullseye

RUN apt-get update && \
    DEBIAN_FRONTEND=noninteractive apt-get install -y \
    texlive-full poppler-utils \
    osm2pgsql postgresql-client \
    python3-pygments python3-geopandas \
    latexmk make \
    docker.io

COPY layer2img.py /tmp/layer2img.py
RUN python3 /tmp/layer2img.py -o /tmp/foo.pdf && \
        rm /tmp/layer2img.py /tmp/foo.pdf



                    GNU GENERAL PUBLIC LICENSE
                       Version 2, June 1991

 Copyright (C) 1989, 1991 Free Software Foundation, Inc.,
 51 Franklin Street, Fifth Floor, Boston, MA 02110-1301 USA
 Everyone is permitted to copy and distribute verbatim copies
 of this license document, but changing it is not allowed.

                            Preamble

  The licenses for most software are designed to take away your
freedom to share and change it.  By contrast, the GNU General Public
License is intended to guarantee your freedom to share and change free
software--to make sure the software is free for all its users.  This
General Public License applies to most of the Free Software
Foundation's software and to any other program whose authors commit to
using it.  (Some other Free Software Foundation software is covered by
the GNU Lesser General Public License instead.)  You can apply it to
your programs, too.

  When we speak of free software, we are referring to freedom, not
price.  Our General Public Licenses are designed to make sure that you
have the freedom to distribute copies of free software (and charge for
this service if you wish), that you receive source code or can get it
if you want it, that you can change the software or use pieces of it
in new free programs; and that you know you can do these things.

  To protect your rights, we need to make restrictions that forbid
anyone to deny you these rights or to ask you to surrender the rights.
These restrictions translate to certain responsibilities for you if you
distribute copies of the software, or if you modify it.

  For example, if you distribute copies of such a program, whether
gratis or for a fee, you must give the recipients all the rights that
you have.  You must make sure that they, too, receive or can get the
source code.  And you must show them these terms so they know their
rights.

  We protect your rights with two steps: (1) copyright the software, and
(2) offer you this license which gives you legal permission to copy,
distribute and/or modify the software.

  Also, for each author's protection and ours, we want to make certain
that everyone understands that there is no warranty for this free
software.  If the software is modified by someone else and passed on, we
want its recipients to know that what they have is not the original, so
that any problems introduced by others will not reflect on the original
authors' reputations.

  Finally, any free program is threatened constantly by software
patents.  We wish to avoid the danger that redistributors of a free
program will individually obtain patent licenses, in effect making the
program proprietary.  To prevent this, we have made it clear that any
patent must be licensed for everyone's free use or not licensed at all.

  The precise terms and conditions for copying, distribution and
modification follow.

                    GNU GENERAL PUBLIC LICENSE
   TERMS AND CONDITIONS FOR COPYING, DISTRIBUTION AND MODIFICATION

  0. This License applies to any program or other work which contains
a notice placed by the copyright holder saying it may be distributed
under the terms of this General Public License.  The "Program", below,
refers to any such program or work, and a "work based on the Program"
means either the Program or any derivative work under copyright law:
that is to say, a work containing the Program or a portion of it,
either verbatim or with modifications and/or translated into another
language.  (Hereinafter, translation is included without limitation in
the term "modification".)  Each licensee is addressed as "you".

Activities other than copying, distribution and modification are not
covered by this License; they are outside its scope.  The act of
running the Program is not restricted, and the output from the Program
is covered only if its contents constitute a work based on the
Program (independent of having been made by running the Program).
Whether that is true depends on what the Program does.

  1. You may copy and distribute verbatim copies of the Program's
source code as you receive it, in any medium, provided that you
conspicuously and appropriately publish on each copy an appropriate
copyright notice and disclaimer of warranty; keep intact all the
notices that refer to this License and to the absence of any warranty;
and give any other recipients of the Program a copy of this License
along with the Program.

You may charge a fee for the physical act of transferring a copy, and
you may at your option offer warranty protection in exchange for a fee.

  2. You may modify your copy or copies of the Program or any portion
of it, thus forming a work based on the Program, and copy and
distribute such modifications or work under the terms of Section 1
above, provided that you also meet all of these conditions:

    a) You must cause the modified files to carry prominent notices
    stating that you changed the files and the date of any change.

    b) You must cause any work that you distribute or publish, that in
    whole or in part contains or is derived from the Program or any
    part thereof, to be licensed as a whole at no charge to all third
    parties under the terms of this License.

    c) If the modified program normally reads commands interactively
    when run, you must cause it, when started running for such
    interactive use in the most ordinary way, to print or display an
    announcement including an appropriate copyright notice and a
    notice that there is no warranty (or else, saying that you provide
    a warranty) and that users may redistribute the program under
    these conditions, and telling the user how to view a copy of this
    License.  (Exception: if the Program itself is interactive but
    does not normally print such an announcement, your work based on
    the Program is not required to print an announcement.)

These requirements apply to the modified work as a whole.  If
identifiable sections of that work are not derived from the Program,
and can be reasonably considered independent and separate works in
themselves, then this License, and its terms, do not apply to those
sections when you distribute them as separate works.  But when you
distribute the same sections as part of a whole which is a work based
on the Program, the distribution of the whole must be on the terms of
this License, whose permissions for other licensees extend to the
entire whole, and thus to each and every part regardless of who wrote it.

Thus, it is not the intent of this section to claim rights or contest
your rights to work written entirely by you; rather, the intent is to
exercise the right to control the distribution of derivative or
collective works based on the Program.

In addition, mere aggregation of another work not based on the Program
with the Program (or with a work based on the Program) on a volume of
a storage or distribution medium does not bring the other work under
the scope of this License.

  3. You may copy and distribute the Program (or a work based on it,
under Section 2) in object code or executable form under the terms of
Sections 1 and 2 above provided that you also do one of the following:

    a) Accompany it with the complete corresponding machine-readable
    source code, which must be distributed under the terms of Sections
    1 and 2 above on a medium customarily used for software interchange; or,

    b) Accompany it with a written offer, valid for at least three
    years, to give any third party, for a charge no more than your
    cost of physically performing source distribution, a complete
    machine-readable copy of the corresponding source code, to be
    distributed under the terms of Sections 1 and 2 above on a medium
    customarily used for software interchange; or,

    c) Accompany it with the information you received as to the offer
    to distribute corresponding source code.  (This alternative is
    allowed only for noncommercial distribution and only if you
    received the program in object code or executable form with such
    an offer, in accord with Subsection b above.)

The source code for a work means the preferred form of the work for
making modifications to it.  For an executable work, complete source
code means all the source code for all modules it contains, plus any
associated interface definition files, plus the scripts used to
control compilation and installation of the executable.  However, as a
special exception, the source code distributed need not include
anything that is normally distributed (in either source or binary
form) with the major components (compiler, kernel, and so on) of the
operating system on which the executable runs, unless that component
itself accompanies the executable.

If distribution of executable or object code is made by offering
access to copy from a designated place, then offering equivalent
access to copy the source code from the same place counts as
distribution of the source code, even though third parties are not
compelled to copy the source along with the object code.

  4. You may not copy, modify, sublicense, or distribute the Program
except as expressly provided under this License.  Any attempt
otherwise to copy, modify, sublicense or distribute the Program is
void, and will automatically terminate your rights under this License.
However, parties who have received copies, or rights, from you under
this License will not have their licenses terminated so long as such
parties remain in full compliance.

  5. You are not required to accept this License, since you have not
signed it.  However, nothing else grants you permission to modify or
distribute the Program or its derivative works.  These actions are
prohibited by law if you do not accept this License.  Therefore, by
modifying or distributing the Program (or any work based on the
Program), you indicate your acceptance of this License to do so, and
all its terms and conditions for copying, distributing or modifying
the Program or works based on it.

  6. Each time you redistribute the Program (or any work based on the
Program), the recipient automatically receives a license from the
original licensor to copy, distribute or modify the Program subject to
these terms and conditions.  You may not impose any further
restrictions on the recipients' exercise of the rights granted herein.
You are not responsible for enforcing compliance by third parties to
this License.

  7. If, as a consequence of a court judgment or allegation of patent
infringement or for any other reason (not limited to patent issues),
conditions are imposed on you (whether by court order, agreement or
otherwise) that contradict the conditions of this License, they do not
excuse you from the conditions of this License.  If you cannot
distribute so as to satisfy simultaneously your obligations under this
License and any other pertinent obligations, then as a consequence you
may not distribute the Program at all.  For example, if a patent
license would not permit royalty-free redistribution of the Program by
all those who receive copies directly or indirectly through you, then
the only way you could satisfy both it and this License would be to
refrain entirely from distribution of the Program.

If any portion of this section is held invalid or unenforceable under
any particular circumstance, the balance of the section is intended to
apply and the section as a whole is intended to apply in other
circumstances.

It is not the purpose of this section to induce you to infringe any
patents or other property right claims or to contest validity of any
such claims; this section has the sole purpose of protecting the
integrity of the free software distribution system, which is
implemented by public license practices.  Many people have made
generous contributions to the wide range of software distributed
through that system in reliance on consistent application of that
system; it is up to the author/donor to decide if he or she is willing
to distribute software through any other system and a licensee cannot
impose that choice.

This section is intended to make thoroughly clear what is believed to
be a consequence of the rest of this License.

  8. If the distribution and/or use of the Program is restricted in
certain countries either by patents or by copyrighted interfaces, the
original copyright holder who places the Program under this License
may add an explicit geographical distribution limitation excluding
those countries, so that distribution is permitted only in or among
countries not thus excluded.  In such case, this License incorporates
the limitation as if written in the body of this License.

  9. The Free Software Foundation may publish revised and/or new versions
of the General Public License from time to time.  Such new versions will
be similar in spirit to the present version, but may differ in detail to
address new problems or concerns.

Each version is given a distinguishing version number.  If the Program
specifies a version number of this License which applies to it and "any
later version", you have the option of following the terms and conditions
either of that version or of any later version published by the Free
Software Foundation.  If the Program does not specify a version number of
this License, you may choose any version ever published by the Free Software
Foundation.

  10. If you wish to incorporate parts of the Program into other free
programs whose distribution conditions are different, write to the author
to ask for permission.  For software which is copyrighted by the Free
Software Foundation, write to the Free Software Foundation; we sometimes
make exceptions for this.  Our decision will be guided by the two goals
of preserving the free status of all derivatives of our free software and
of promoting the sharing and reuse of software generally.

                            NO WARRANTY

  11. BECAUSE THE PROGRAM IS LICENSED FREE OF CHARGE, THERE IS NO WARRANTY
FOR THE PROGRAM, TO THE EXTENT PERMITTED BY APPLICABLE LAW.  EXCEPT WHEN
OTHERWISE STATED IN WRITING THE COPYRIGHT HOLDERS AND/OR OTHER PARTIES
PROVIDE THE PROGRAM "AS IS" WITHOUT WARRANTY OF ANY KIND, EITHER EXPRESSED
OR IMPLIED, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WARRANTIES OF
MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE.  THE ENTIRE RISK AS
TO THE QUALITY AND PERFORMANCE OF THE PROGRAM IS WITH YOU.  SHOULD THE
PROGRAM PROVE DEFECTIVE, YOU ASSUME THE COST OF ALL NECESSARY SERVICING,
REPAIR OR CORRECTION.

  12. IN NO EVENT UNLESS REQUIRED BY APPLICABLE LAW OR AGREED TO IN WRITING
WILL ANY COPYRIGHT HOLDER, OR ANY OTHER PARTY WHO MAY MODIFY AND/OR
REDISTRIBUTE THE PROGRAM AS PERMITTED ABOVE, BE LIABLE TO YOU FOR DAMAGES,
INCLUDING ANY GENERAL, SPECIAL, INCIDENTAL OR CONSEQUENTIAL DAMAGES ARISING
OUT OF THE USE OR INABILITY TO USE THE PROGRAM (INCLUDING BUT NOT LIMITED
TO LOSS OF DATA OR DATA BEING RENDERED INACCURATE OR LOSSES SUSTAINED BY
YOU OR THIRD PARTIES OR A FAILURE OF THE PROGRAM TO OPERATE WITH ANY OTHER
PROGRAMS), EVEN IF SUCH HOLDER OR OTHER PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

                     END OF TERMS AND CONDITIONS

            How to Apply These Terms to Your New Programs

  If you develop a new program, and you want it to be of the greatest
possible use to the public, the best way to achieve this is to make it
free software which everyone can redistribute and change under these terms.

  To do so, attach the following notices to the program.  It is safest
to attach them to the start of each source file to most effectively
convey the exclusion of warranty; and each file should have at least
the "copyright" line and a pointer to where the full notice is found.

    <one line to give the program's name and a brief idea of what it does.>
    Copyright (C) <year>  <name of author>

    This program is free software; you can redistribute it and/or modify
    it under the terms of the GNU General Public License as published by
    the Free Software Foundation; either version 2 of the License, or
    (at your option) any later version.

    This program is distributed in the hope that it will be useful,
    but WITHOUT ANY WARRANTY; without even the implied warranty of
    MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
    GNU General Public License for more details.

    You should have received a copy of the GNU General Public License along
    with this program; if not, write to the Free Software Foundation, Inc.,
    51 Franklin Street, Fifth Floor, Boston, MA 02110-1301 USA.

Also add information on how to contact you by electronic and paper mail.

If the program is interactive, make it output a short notice like this
when it starts in an interactive mode:

    Gnomovision version 69, Copyright (C) year name of author
    Gnomovision comes with ABSOLUTELY NO WARRANTY; for details type `show w'.
    This is free software, and you are welcome to redistribute it
    under certain conditions; type `show c' for details.

The hypothetical commands `show w' and `show c' should show the appropriate
parts of the General Public License.  Of course, the commands you use may
be called something other than `show w' and `show c'; they could even be
mouse-clicks or menu items--whatever suits your program.

You should also get your employer (if you work as a programmer) or your
school, if any, to sign a "copyright disclaimer" for the program, if
necessary.  Here is a sample; alter the names:

  Yoyodyne, Inc., hereby disclaims all copyright interest in the program
  `Gnomovision' (which makes passes at compilers) written by James Hacker.

  <signature of Ty Coon>, 1 April 1989
  Ty Coon, President of Vice

This General Public License does not permit incorporating your program into
proprietary programs.  If your program is a subroutine library, you may
consider it more useful to permit linking proprietary applications with the
library.  If this is what you want to do, use the GNU Lesser General
Public License instead of this License.



# River selector (GNU Awk syntax) to refresh-rivers target.
RIVERFILTER = Visinčia|Šalčia|Nemunas

# Max figure size (in meters) is when it's width is TEXTWIDTH_CM on scale 1:25k
SCALEDWIDTH = $(shell awk '/^TEXTWIDTH_CM/{print 25000/100*$$3}' layer2img.py)
ARCHIVABLES = $(filter-out slides-2021-03-29.txt,$(shell git ls-files .))
SLIDES = slides-2021-03-29.pdf

LISTINGS = aggregate-rivers.sql wm.sql extract-and-generate

FIGURES = \
		  test-figures \
		  fig8-definition-of-a-bend \
		  fig8-elimination-gen1 \
		  fig8-elimination-gen2 \
		  fig8-elimination-gen3 \
		  fig5-gentle-inflection-before \
		  fig5-gentle-inflection-after \
		  inflection-1-gentle-inflection-before \
		  inflection-1-gentle-inflection-after \
		  fig6-selfcrossing \
		  selfcrossing-1 \
		  isolated-1-exaggerated

RIVERS = \
		 salvis-25k \
		 salvis-2x50k \
		 salvis-250k-10x \
		 salvis-grpk250-2x \
		 salvis-dp64-2x50k \
		 salvis-vw64-2x50k \
		 salvis-dpchaikin64-2x50k \
		 salvis-vwchaikin64-2x50k \
		 salvis-overlaid-dpchaikin64-2x50k \
		 salvis-overlaid-vwchaikin64-2x50k \
		 salvis-wm220-10x \
		 salvis-wm220-2x \
		 salvis-wm-overlaid-250k-zoom \
		 salvis-wm220

################################################################################
# FIGURES
################################################################################
test-figures_1SELECT = wm_figures

fig8-definition-of-a-bend_1SELECT = wm_debug where name='fig8' AND stage='afigures' AND gen=1
fig8-definition-of-a-bend_2SELECT = wm_debug where name='fig8' AND stage='bbends-polygon' AND gen=1
fig8-definition-of-a-bend_3SELECT = wm_debug where name='fig8' AND stage='bbends-polygon' AND gen=1
fig8-definition-of-a-bend_3LINESTYLE = dotted

fig8-elimination-gen1_1SELECT = wm_debug where name='fig8' AND stage='afigures' AND gen=1
fig8-elimination-gen1_2SELECT = wm_debug where name='fig8' AND stage='bbends-polygon' AND gen=1
fig8-elimination-gen1_3SELECT = wm_debug where name='fig8' AND stage='bbends-polygon' AND gen=1
fig8-elimination-gen1_3LINESTYLE = dotted

fig8-elimination-gen2_1SELECT = wm_debug where name='fig8' AND stage='afigures' AND gen=2
fig8-elimination-gen2_2SELECT = wm_debug where name='fig8' AND stage='bbends-polygon' AND gen=2
fig8-elimination-gen2_3SELECT = wm_debug where name='fig8' AND stage='bbends-polygon' AND gen=2
fig8-elimination-gen2_3LINESTYLE = dotted
fig8-elimination-gen3_1SELECT = wm_debug where name='fig8' AND stage='bbends' AND gen=3
fig8-elimination-gen3_2SELECT = wm_debug where name='fig8' AND stage='bbends-polygon' AND gen=3
fig8-elimination-gen3_3SELECT = wm_debug where name='fig8' AND stage='bbends-polygon' AND gen=3
fig8-elimination-gen3_3LINESTYLE = dotted

fig5-gentle-inflection-before_WITHDIV = 2
fig5-gentle-inflection-before_1SELECT = wm_debug where name='fig5' AND stage='afigures' AND gen=1
fig5-gentle-inflection-before_2SELECT = wm_debug where name='fig5' AND stage='bbends-polygon' AND gen=1
fig5-gentle-inflection-before_3SELECT = wm_debug where name='fig5' AND stage='bbends-polygon' AND gen=1
fig5-gentle-inflection-before_3LINESTYLE = dotted
fig5-gentle-inflection-after_WITHDIV = 2
fig5-gentle-inflection-after_1SELECT = wm_debug where name='fig5' AND stage='cinflections' AND gen=1
fig5-gentle-inflection-after_2SELECT = wm_debug where name='fig5' AND stage='cinflections-polygon' AND gen=1
fig5-gentle-inflection-after_3SELECT = wm_debug where name='fig5' AND stage='cinflections-polygon' AND gen=1
fig5-gentle-inflection-after_3LINESTYLE = dotted

inflection-1-gentle-inflection-before_WIDTHDIV = 2
inflection-1-gentle-inflection-before_1SELECT = wm_debug where name='inflection-1' AND stage='afigures' AND gen=1
inflection-1-gentle-inflection-before_2SELECT = wm_debug where name='inflection-1' AND stage='bbends-polygon' AND gen=1
inflection-1-gentle-inflection-before_3SELECT = wm_debug where name='inflection-1' AND stage='bbends-polygon' AND gen=1
inflection-1-gentle-inflection-before_3LINESTYLE = dotted
inflection-1-gentle-inflection-after_WIDTHDIV = 2
inflection-1-gentle-inflection-after_1SELECT = wm_debug where name='inflection-1' AND stage='cinflections' AND gen=1
inflection-1-gentle-inflection-after_2SELECT = wm_debug where name='inflection-1' AND stage='cinflections-polygon' AND gen=1
inflection-1-gentle-inflection-after_3SELECT = wm_debug where name='inflection-1' AND stage='cinflections-polygon' AND gen=1
inflection-1-gentle-inflection-after_3LINESTYLE = dotted

fig6-selfcrossing_WIDTHDIV = 2
fig6-selfcrossing_1SELECT = wm_debug where name='fig6' AND stage='afigures' AND gen=1
fig6-selfcrossing_1LINESTYLE = dotted
fig6-selfcrossing_2SELECT = wm_debug where name='fig6' AND stage='dcrossings' AND gen=1
fig6-selfcrossing_3SELECT = wm_visuals where name='fig6-baseline'
fig6-selfcrossing_3COLOR = orange

selfcrossing-1_WIDTHDIV = 2
selfcrossing-1_1SELECT = wm_debug where name='selfcrossing-1' AND stage='afigures' AND gen=1
selfcrossing-1_1LINESTYLE = dotted
selfcrossing-1_2SELECT = wm_debug where name='selfcrossing-1' AND stage='dcrossings' AND gen=1
selfcrossing-1_3SELECT = wm_visuals where name='selfcrossing-1-baseline'
selfcrossing-1_3COLOR = orange

isolated-1-exaggerated_WIDTHDIV = 2
isolated-1-exaggerated_1SELECT = wm_debug where name='isolated-1' AND stage='afigures' AND gen=2
isolated-1-exaggerated_2SELECT = wm_debug where name='isolated-1' AND stage='afigures' AND gen=1
isolated-1-exaggerated_1COLOR = orange

################################################################################
# 250K
################################################################################

salvis-wm220-250k-2x_1SELECT = wm_visuals where name='salvis-wm220'
salvis-wm220-250k-2x_WIDTHDIV = 2

salvis-wm220-250k-10x_1SELECT = wm_visuals where name='salvis-wm220'
salvis-wm220-250k-10x_WIDTHDIV = 10

salvis-250k-10x_1SELECT = wm_visuals where name='salvis-grpk10'
salvis-250k-10x_WIDTHDIV = 10

salvis-wm-overlaid-250k-zoom_1SELECT = wm_visuals where name='salvis-wm220'
salvis-wm-overlaid-250k-zoom_2SELECT = wm_visuals where name='salvis-grpk10'
salvis-wm-overlaid-250k-zoom_1COLOR = orange

salvis-grpk250-2x_1SELECT = wm_visuals where name='salvis-grpk250'
salvis-grpk250-2x_WIDTHDIV = 2

################################################################################
# 50K
################################################################################

label_wm75 = Wang--Müller 1:\numprint{50000}
label_wm220 = Wang--Müller 1:\numprint{250000}
label_vw64 = Visvalingam--Whyatt
label_dp64 = Douglas \& Peucker
label_grpk10 = GRPK 1:\numprint{10000}
label_grpk50 = GRPK 1:\numprint{50000}
label_vwchaikin64 = $(label_vw64) and Chaikin
label_dpchaikin64 = $(label_dp64) and Chaikin
legend_   = lower left
legend_tr = lower right
legend_tl = lower center

define wm_vwdp50k
RIVERS += salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_1SELECT    = wm_visuals where name='salvis-$(1)'
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_1COLOR     = orange
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_1LABEL     = $(label_$(1))
$(if $(2),
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_2SELECT    = wm_visuals where name='salvis-$(2)'
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_2COLOR     = green
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_2LABEL     = $(label_$(2))
,)
$(if $(3),
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_3SELECT    = wm_visuals where name='salvis-$(3)'
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_3LINESTYLE = $(6)
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_3LABEL     = $(label_$(3))
,)
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_WIDTHDIV   = $(4)
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_QUADRANT   = $(5)
salvis-$(1)-$(2)-$(3)-$(4)x50k$(5)_LEGEND     = $(legend_$(5))
endef

wm_vwdp50kblack = $(call wm_vwdp50k,$(1),$(2),$(3),$(4),$(5))
wm_vwdp50kdotted = $(call wm_vwdp50k,$(1),$(2),$(3),$(4),$(5),dotted)

$(foreach x,vw64 dp64 vwchaikin64 dpchaikin64,\
	$(eval $(call wm_vwdp50kdotted,wm75,$(x),grpk10,1,)) \
)
$(eval $(call wm_vwdp50kblack,wm75,grpk50,grpk10,1))
$(eval $(call wm_vwdp50kblack,wm75,grpk50,grpk10,1,tr))
$(eval $(call wm_vwdp50kblack,wm75,grpk50,grpk10,1,tl))

$(eval $(call wm_vwdp50kblack,wm75,,grpk10,1))
$(eval $(call wm_vwdp50kblack,wm75,,grpk10,1,tr))
$(eval $(call wm_vwdp50kblack,wm75,,grpk10,1,tl))

salvis-25k_1SELECT = wm_visuals where name='salvis-grpk10'
salvis-25k_WIDTHDIV = 1

salvis-2x50k_1SELECT = wm_visuals where name='salvis-grpk10'
salvis-2x50k_WIDTHDIV = 2

salvis-dp64-2x50k_1SELECT = wm_visuals where name='salvis-dp64'
salvis-dp64-2x50k_WIDTHDIV = 2

salvis-vw64-2x50k_1SELECT = wm_visuals where name='salvis-vw64'
salvis-vw64-2x50k_WIDTHDIV = 2

salvis-dpchaikin64-2x50k_2SELECT = wm_visuals where name='salvis-dpchaikin64'
salvis-dpchaikin64-2x50k_WIDTHDIV = 2

salvis-vwchaikin64-2x50k_2SELECT = wm_visuals where name='salvis-vwchaikin64'
salvis-vwchaikin64-2x50k_WIDTHDIV = 2

salvis-overlaid-dpchaikin64-2x50k_1SELECT = wm_visuals where name='salvis-dpchaikin64'
salvis-overlaid-dpchaikin64-2x50k_2SELECT = wm_visuals where name='salvis-grpk10'
salvis-overlaid-dpchaikin64-2x50k_1COLOR = orange
salvis-overlaid-dpchaikin64-2x50k_WIDTHDIV = 2
salvis-overlaid-dpchaikin64-2x50k_QUADRANT = tl

salvis-overlaid-vwchaikin64-2x50k_1SELECT = wm_visuals where name='salvis-vwchaikin64'
salvis-overlaid-vwchaikin64-2x50k_2SELECT = wm_visuals where name='salvis-grpk10'
salvis-overlaid-vwchaikin64-2x50k_1COLOR = orange
salvis-overlaid-vwchaikin64-2x50k_WIDTHDIV = 2
salvis-overlaid-vwchaikin64-2x50k_QUADRANT = tl

salvis-wm220_1SELECT = wm_visuals where name='salvis-wm220'
salvis-wm220_WIDTHDIV = 2

define FIG_template
$(1).pdf: layer2img.py Makefile $(2)
	python3 ./layer2img.py --outfile=$(1).pdf \
		$$(if $$($(1)_LEGEND),--legend="$$($(1)_LEGEND)") \
		$$(if $$($(1)_WIDTHDIV),--widthdiv=$$($(1)_WIDTHDIV)) \
		$$(if $$($(1)_QUADRANT),--quadrant=$$($(1)_QUADRANT)) \
		$$(foreach i,1 2 3, \
			$$(if $$($(1)_$$(i)LABEL),--g$$(i)-label="$$($(1)_$$(i)LABEL)") \
			$$(if $$($(1)_$$(i)COLOR),--g$$(i)-color="$$($(1)_$$(i)COLOR)") \
			$$(if $$($(1)_$$(i)SELECT),--g$$(i)-select="$$($(1)_$$(i)SELECT)") \
			$$(if $$($(1)_$$(i)LINESTYLE),--g$$(i)-linestyle="$$($(1)_$$(i)LINESTYLE)") \
	)
endef

$(foreach fig,$(FIGURES),$(eval $(call FIG_template,$(fig),.faux_test)))
$(foreach fig,$(RIVERS), $(eval $(call FIG_template,$(fig),.faux_visuals)))

#################################
# The thesis, publishable version
#################################

mj-msc-full.pdf: mj-msc.pdf version.inc.tex $(ARCHIVABLES) ## Thesis for publishing
	cp $< .tmp-$@
	for f in $^; do \
		if [ "$$f" = "$<" ]; then continue; fi; \
		pdfattach .tmp-$@ $$f .tmp2-$@; \
		mv .tmp2-$@ .tmp-$@; \
	done
	mv .tmp-$@ $@

###############################
# Auxiliary targets for humans
###############################

.PHONY: test
test: .faux_test ## Unit tests (fast)

.PHONY: visuals
visuals: .faux_visuals  # Generate visuals for paper (fast)

.PHONY: test-rivers
test-rivers: .faux_test-rivers ## Rivers tests (slow)

.PHONY: slides
slides: $(SLIDES)

.PHONY: refresh-rivers
refresh-rivers: refresh-rivers-10.sql refresh-rivers-50.sql refresh-rivers-250.sql ## Refresh river data from national datasets

###########################
# The report, quick version
###########################

mj-msc.pdf: mj-msc.tex version.inc.tex vars.inc.tex bib.bib \
	$(LISTINGS) $(addsuffix .pdf,$(FIGURES)) $(addsuffix .pdf,$(RIVERS))
	latexmk -shell-escape -pdf $<

###################################
# Report's DB and test dependencies
###################################

.faux_db_pre: db init.sql
	bash db start
	bash db -f init.sql
	touch $@

.faux_db: rivers-10.sql rivers-50.sql rivers-250.sql
	bash db $(addprefix -f ,$^)
	touch $@
.faux_db: .EXTRA_PREREQS = .faux_db_pre

.faux_test: test.sql wm.sql .faux_db
	bash db -f $<
	touch $@

.faux_visuals: visuals.sql .faux_test
	bash db -v scaledwidth=$(SCALEDWIDTH) -f $<
	touch $@

.faux_test-rivers: test-rivers.sql wm.sql Makefile .faux_db
	bash db -f $<
	touch $@

################################
# Report's non-test dependencies
################################

REF = $(shell git describe --abbrev=12 --always --dirty)
version.inc.tex: Makefile $(shell git rev-parse --git-dir 2>/dev/null)
	TZ=UTC date '+\gdef\VCDescribe{%F (revision $(REF))}%' > $@

vars.inc.tex: vars.awk wm.sql Makefile
	awk -f $< wm.sql

###############
# Misc commands
###############

slides-2021-03-29.pdf: slides-2021-03-29.txt
	pandoc -t beamer -i $< -o $@

dump-debug_wm.sql.xz:
	docker exec -ti wm-mj pg_dump -Uosm osm -t wm_devug | xz -v > $@

mj-msc-gray.pdf: mj-msc.pdf ## Gray version, to inspect monochrome output
	gs \
		-sOutputFile=$@ \
		-sDEVICE=pdfwrite \
		-sColorConversionStrategy=Gray \
		-dProcessColorModel=/DeviceGray \
		-dCompatibilityLevel=1.4 \
		-dNOPAUSE \
		-dBATCH \
		$<

.PHONY: clean
clean: ## Clean the current working directory
	-bash db stop
	-rm -r .faux_test .faux_aggregate-rivers .faux_test-rivers .faux_visuals \
		.faux_db .faux_db_pre version.inc.tex vars.inc.tex version.aux \
		version.fdb_latexmk _minted-mj-msc .tmp \
		$(shell git ls-files -o mj-msc*) \
		$(addsuffix .pdf,$(FIGURES)) \
		$(addsuffix .pdf,$(RIVERS)) \
		$(SLIDES)

.PHONY: clean-tables
clean-tables: ## Remove tables created during unit or rivers tests
	bash db -c '\dt wm_*' | awk '/_/{print "drop table "$$3";"}' | bash db -f -
	-rm .faux_db

.PHONY: help
help: ## Print this help message
	@awk -F':.*?## ' '/^[a-z0-9.-]*: *.*## */{printf "%-18s %s\n",$$1,$$2}' \
		$(MAKEFILE_LIST) | sort

.PHONY: wc
wc: mj-msc.pdf
	@pdftotext $< - | \
		awk '/\yReferences\y/{exit}; {print}' | \
		tr -d '[:space:]' | wc -c | \
		awk '{printf("Chars: %d, pages: %.1f\n", $$1, $$1/1500)}'

define refresh_rivers_template
.PHONY: refresh-$(1)
refresh-$(1): aggregate-rivers.sql gdr2pgsql .faux_db_pre
	@if [ ! -f "$$($(2))" ]; then \
		echo "ERROR: $(2)-static-*.zip not found. Run env $(2)=<...>"; \
		exit 1; \
	fi
	./gdr2pgsql "$$($(2))" "$(3)" "$(RIVERFILTER)" "$(1)"
endef

$(eval $(call refresh_rivers_template,rivers-10.sql,GDB10LT,wm_rivers))
$(eval $(call refresh_rivers_template,rivers-50.sql,GDR50LT,wm_rivers_50))
$(eval $(call refresh_rivers_template,rivers-250.sql,GDR250LT,wm_rivers_250))



Wang–Müller line generalization algorithm in PostGIS
----------------------------------------------------

This is Wang–Müller line generalization algorithm implementation in PostGIS.
Following "Line generalization based on analysis of shape characteristics" by
the same authors, 1998.

Status
------

Mostly works. Read `mj-msc-full.pdf` for visual examples and possible gotchas.

![line simplification example](https://raw.githubusercontent.com/motiejus/wm/main/salvis.png)

Structure
---------

There are 2 main deliverables:

- `wm.sql`, the implementation.
- paper `mj-msc-full.pdf`, a MSc thesis, explaining it.

It contains a few supporting files, notably:

- `tests.sql` synthetic unit tests.
- `test-rivers.sql` tests with real rivers.
- `Makefile` glues everything together.
- `layer2img.py` converts a PostGIS layer to an embeddable image.
- `aggregate-rivers.sql` combines multiple river objects (linestrings or
  multilinestrings) to a single one.
- `init.sql` initializes PostGIS database for running the tests.
- `rivers-*.sql` are national dataset snapshots of rivers (`Makefile`
  contains code to update them).
- ... and a few more files necessary to build the paper.

Running
-------

`make help` lists the select commands for humans. As of writing:

```
# make help
clean              Clean the current working directory
clean-tables       Remove tables created during unit or rivers tests
help               Print this help message
mj-msc-full.pdf    Thesis for publishing
mj-msc-gray.pdf    Gray version, to inspect monochrome output
refresh-rivers     Refresh river data from national datasets
test-rivers        Rivers tests (slow)
test               Unit tests (fast)
```

To execute the algorithm, run:

- `make test` for tests with synthetic data.
- `make test-rivers` for tests with real rivers. You may adjust the rivers and
  data source (e.g. use a different country instead of Lithuania) by changing
  the `Makefile` and the test files. Left as an exercise for the reader.

N.B. the `make test-rivers` fails (see `test-rivers.sql`), because with higher
`dhalfcircle` values, the unionized river (`salvis`) is going on top of itself,
making the resulting geometry invalid during the process.

Building the paper (pdf)
------------------------

```
# make -j mj-msc-full.pdf
```

`mj-msc.tex` results in `mj-msc-full.pdf`. This step needs quite a few
or a container: see `Dockerfile` for dependencies or `in-container` to run
it all in the container.

Contributing
------------

This repository does not accept contributoins. Please fork it. If a fork has
improved the algorithm substantially, you are welcome to ping me, I will link
to it in this README.

Credit
------

[Nacionalinė Žemės Tarnyba](http://nzt.lt/) for the river data sets.


License
-------

GPLv2 or later.



/* Aggregates rivers by name and proximity. */
drop function if exists aggregate_rivers;
create function aggregate_rivers() returns table(
  id integer,
  name text,
  way geometry
) as $$
declare
  c record;
  cc record;
  changed boolean;
begin
  while (select count(1) from wm_rivers_tmp) > 0 loop
    select * from wm_rivers_tmp limit 1 into c;
    delete from wm_rivers_tmp a where a.id = c.id;
    changed = true;
    while changed loop
      changed = false;
      for cc in (
        select * from wm_rivers_tmp a where
          a.name = c.name and
          st_dwithin(a.way, c.way, 500)
        ) loop
        c.way = st_linemerge(st_union(c.way, cc.way));
        delete from wm_rivers_tmp a where a.id = cc.id;
        changed = true;
      end loop;
    end loop; -- while changed
    return query select c.id, c.name, c.way;
  end loop; -- count(1) from wm_rivers_tmp > 0
  return;
end
$$ language plpgsql;

drop index if exists wm_rivers_tmp_id;
drop index if exists wm_rivers_tmp_gix;
drop table if exists wm_rivers_tmp;
create temporary table wm_rivers_tmp (id serial, name text, way geometry);
create index wm_rivers_tmp_id on wm_rivers_tmp(id);
create index wm_rivers_tmp_gix on wm_rivers_tmp using gist(way) include(name);

insert into wm_rivers_tmp (name, way)
  select p.vardas as name, p.shape as way from :srctable p;

drop table if exists :dsttable;
create table :dsttable as (
  select * from aggregate_rivers() where st_length(way) >= 50000
);
drop table wm_rivers_tmp;
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#!/bin/bash
set -euo pipefail

name=wm-mj

_psql() {
    env \
        PGPASSWORD=osm \
        PGHOST=127.0.0.1 \
        PGUSER=osm \
        PGDATABASE=osm \
        psql "$@"
}

_wait_for_postgres() {
    >&2 echo -n "Waiting for postgres"
    for _ in $(seq 240); do
      if _psql -qc '\q' 2>/dev/null; then
          >&2 echo " up"
          exit 0
      fi
      >&2 echo -n .
      sleep 1
    done
    >&2 echo " down"
    exit 1
}

case ${1:-} in
    start)
        _psql -qc '\q' 2>/dev/null && exit 0
        docker run -d --rm \
            --net=host \
            -e POSTGRES_DBNAME=osm \
            -e POSTGRES_USER=osm \
            -e POSTGRES_PASSWORD=osm \
            --name "$name" \
            postgis/postgis:13-3.1-alpine \
                -c log_statement=all \
                -c listen_addresses=127.0.0.1
        _wait_for_postgres
        ;;
    stop)
        docker stop "$name"
        ;;
    *)
        _psql "$@"
        ;;
esac



#!/bin/bash -eu
s=${1:-mj-msc-full.pdf}
d=$(mktemp -d)
f=mj-msc.pdf
l="$d/make.log"
echo "Extracting $s to workdir $d/"; pdfdetach -saveall -o "$d" "$s"
echo "Logs in $l ..."; make -j "$(nproc)" -C "$d" "$f" &> "$l" || {
    echo "Failed to generate. $l extract:"; tail -20 "$l"; exit 1
}
echo "Opening $d/$f ..."; xdg-open "$d/$f"
echo "$d/$f was closed. Removing $d"; rm -r "$d"



#!/bin/bash
set -euo pipefail

dbzip=$(realpath -s "$1")
tbl=$2
filter=$3
outfile=$4

if [[ "$dbzip" =~ " " ]]; then
    echo "ERROR: $dbzip contains spaces"
    exit 1
fi

set -x

gdbname=$(unzip -Z1 "$dbzip" | awk -Fgdb '/.gdb/{print $1"gdb";exit}')

now=$(TZ=UTC date +"%FT%TZ")
here=$(whoami)@$(hostname -f)

mkdir -p ".tmp"
ogr2ogr -skipfailures -f PGDump /dev/stdout -t_srs epsg:3857 \
    "/vsizip/$dbzip/$gdbname" -nln "src_$tbl" hidro_l | \
        awk "!/^INSERT/{print}; /^INSERT/&&/${filter}/{print;next}" | \
        bash ./db | \
        grep -v '^INSERT 0 1'

bash db -f aggregate-rivers.sql -v "srctable=src_$tbl" -v "dsttable=$tbl"
(
    echo "-- Generated at $now on $here";
    echo "-- Rivers: $filter";
    docker exec wm-mj pg_dump --clean -Uosm osm -t "$tbl" | tr -d '\r'
) > ".tmp/$outfile"
mv ".tmp/$outfile" "$outfile"



#!/bin/bash
set -euo pipefail

# Prefix the 'make <...>' with this script to build the artifact in an isolated
# container. This means host dependencies can only be Docker and a shell (to
# run this script).
#
# Usage:
#   ./in-container make help
#   ./in-container make -j2 mj-msc-full.pdf
#   ...

NAME=wm-mj-build
if [[ -z "$(docker images -q --filter "reference=$NAME")" ]]; then
    docker build -t "$NAME" .
fi

exec docker run -ti --rm \
    --net=host \
    -v /var/run/docker.sock:/var/run/docker.sock \
    -v ${PWD}:/x \
    -w /x \
    "$NAME" "$@"



-- This file initializes tables for unit and river tests.
-- ST_SimplifyWM, when dbgname is non-empty, expects `wm_debug` table to be
-- created.

-- to preview this somewhat conveniently in QGIS:
-- stage || '_' || name || ' gen:' || coalesce(gen, 'Ø') || ' nbend:' || lpad(nbend, 4, '0')
drop table if exists wm_debug;
create table wm_debug(
  id serial,
  stage text not null,
  name text not null,
  gen bigint not null,
  nbend bigint,
  way geometry,
  props jsonb
);

drop table if exists wm_manual;
create table wm_manual (
  id serial,
  name text,
  way geometry,
  props jsonb
);

-- Run ST_SimplifyWM in debug mode, so `wm_debug` is populated. That table
-- is used for geometric assertions later in the file.
drop table if exists wm_demo;
create table wm_demo (name text, i bigint, way geometry);

-- wm_visuals holds visual aids for the paper.
drop table if exists wm_visuals;
create table wm_visuals (name text, way geometry);



#!/usr/bin/python3
"""
Convert PostGIS geometries to an image. To scale.

Accepts a few geometry fine-tuning parameters.
"""

import argparse
import geopandas
import psycopg2
from matplotlib import rc
import matplotlib.pyplot as plt

CMAP = 'tab20c'  # 'Set3'  # is nice too
PSQL_CREDS = "host=127.0.0.1 dbname=osm user=osm password=osm"
COLORS = {
    'black': '#000000',
    'green': '#1b9e77',
    'orange': '#d95f02',
    'purple': '#7570b3',
}
# see `NOTICE` in the LaTeX document; this is the width of the main text block.
TEXTWIDTH_CM = 12.12364

QUADRANTS = {'tr':1, 'tl':2, 'bl':3, 'br':4}

def color(string):
    return COLORS[string if string else 'black']


def inch(cm):
    return cm / 2.54


def parse_args():
    kwcolor = {'type': color, 'default': 'black'}
    parser = argparse.ArgumentParser(description=__doc__)
    parser.add_argument('--g1-select')
    parser.add_argument('--g1-linestyle')
    parser.add_argument('--g1-label')
    parser.add_argument('--g1-color', **kwcolor)
    parser.add_argument('--g2-select')
    parser.add_argument('--g2-linestyle')
    parser.add_argument('--g2-label')
    parser.add_argument('--g2-color', **kwcolor)
    parser.add_argument('--g3-select')
    parser.add_argument('--g3-linestyle')
    parser.add_argument('--g3-label')
    parser.add_argument('--g3-color', **kwcolor)
    parser.add_argument('--legend',
            help="Legend location, following matplotlib rules", default='best')
    parser.add_argument('--widthdiv', default=1, type=float,
            help="Divide the width by this number "
            "(useful when two images are laid horizontally "
            "in the resulting file")
    parser.add_argument('--quadrant', choices=QUADRANTS.keys(),
            help="Image is comprised of 4 quadrants. This variable, "
            "when non-empty, will clip and return the requested quadrant")
    parser.add_argument('--outfile', metavar='<file>',
            help="If unset, displayed on the screen")
    return parser.parse_args()


def read_layer(select, width, maybe_quadrant):
    if not select:
        return
    way = "way"
    if maybe_quadrant:
        way = "wm_quadrant(way, {})".format(QUADRANTS[maybe_quadrant])

    conn = psycopg2.connect(PSQL_CREDS)
    sql = "SELECT {way} as way1 FROM {select}".format(way=way, select=select)

    return geopandas.read_postgis(sql, con=conn, geom_col='way1')


def plot_args(geom, color, maybe_linestyle, maybe_label):
    if geom is None:
        return

    # polygons either have fillings or lines
    if geom.geom_type[0] == 'Polygon':
        if maybe_linestyle:
            return {
                'edgecolor': 'black',
                'linestyle': maybe_linestyle,
                'color': (0, 0, 0, 0),
            }
        else:
            return {'cmap': CMAP, 'alpha': .25}

    r = {'color': color}
    if maybe_linestyle == 'invisible':
        r['color'] = (0, 0, 0, 0)
    elif maybe_linestyle:
        r['linestyle'] = maybe_linestyle

    if maybe_label:
        r['label'] = '\\normalfont %s' % maybe_label

    return r


def main():
    args = parse_args()
    width = TEXTWIDTH_CM / args.widthdiv
    g1 = read_layer(args.g1_select, width, args.quadrant)
    g2 = read_layer(args.g2_select, width, args.quadrant)
    g3 = read_layer(args.g3_select, width, args.quadrant)
    c1 = plot_args(g1, args.g1_color, args.g1_linestyle, args.g1_label)
    c2 = plot_args(g2, args.g2_color, args.g2_linestyle, args.g2_label)
    c3 = plot_args(g3, args.g3_color, args.g3_linestyle, args.g3_label)

    rc('text', usetex=True)
    rc('text.latex', preamble='\\usepackage{numprint}\n')
    fig, ax = plt.subplots(constrained_layout=True)
    fig.set_figwidth(inch(width))

    g1 is not None and g1.plot(ax=ax, linewidth=.75, **c1)
    g2 is not None and g2.plot(ax=ax, linewidth=.75, **c2)
    g3 is not None and g3.plot(ax=ax, linewidth=.75, **c3)

    ax.legend(loc=args.legend, frameon=False)
    ax.axis('off')
    ax.margins(0, 0)
    if args.outfile:
        fig.savefig(args.outfile, bbox_inches='tight', dpi=600)
    else:
        plt.show()


if __name__ == '__main__':
    main()
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\begin{abstract}
\label{sec:abstract}

    Currently available line simplification algorithms are rooted in
    mathematics and geometry, and are unfit for bendy map features like rivers
    and coastlines. {\WnM} observed how cartographers simplify these natural
    features and created an algorithm. We implemented this algorithm and
    documented it in great detail. Our implementation makes {\WM} algorithm
    freely available in PostGIS, and this paper explains it.

    \vfill

    Šiuo metu esami linijų supaprastinimo algoritmai yra kilę iš matematikos ir
    geometrijos, bet nėra tinkami lankstiems geografiniams objektams, tokiems
    kaip upės ir pakrantės, atvaizduoti. {\WirM} ištyrė, kaip kartografai
    atlieka upių generalizaciją, ir sukūrė algoritmą. Mes realizavome šį
    algoritmą ir išsamiai jį dokumentavome. Mūsų {\WM} realizacija ir
    dokumentacija yra nemokamos ir laisvai prieinamos, naudojant PostGIS
    platformą.

\end{abstract}
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\section{Introduction}
\label{sec:introduction}

\iffalse
NOTICE: this value should be copied to layer2img.py:TEXTWIDTH, so dimensions
of inline images are reasonable.

Textwidth in cm: {\printinunitsof{cm}\prntlen{\textwidth}}
\fi

When creating small-scale maps, often the detail of the data source is greater
than desired for the map. While many features can be removed or simplified, it
is more tricky with natural features that have many bends, like coastlines,
rivers, or forest boundaries.

To create a small-scale map from a large-scale data source, features need to be
simplified, i.e., detail should be reduced. While performing the
simplification, it is important to retain the "defining" shape of the original
feature. Otherwise, if the simplified feature looks too different from the
original, the result will look unrealistic. Simplification problem for some
objects can often be solved by non-geometric means:

\begin{itemize}
    \item Towns and cities can be filtered by the number of inhabitants.
    \item Roads can be eliminated by the road length, number of lanes, or
        classification of the road (local, regional, international).
\end{itemize}

However, things are not as simple for natural features like rivers or
coastlines. If a river is nearly straight, it should remain such after
simplification. An overly straightened river will look like a canal, and the
other way around --- too curvy would not reflect the natural shape. Conversely,
if the river originally is highly wiggly, the number of bends should be
reduced, but not removed altogether. Natural line simplification problem can be
viewed as a task of finding a delicate balance between two competing goals:

\begin{itemize}
    \item Reduce detail by removing or simplifying "less important" features.
    \item Retain enough detail, so the original is still recognizable.
\end{itemize}

Given the discussed complexities with natural features, a fine line between
under-simplification (leaving an object as-is) and over-simplification (making a
straight line) needs to be found. Therein lies the complexity of simplification
algorithms: all have different trade-offs.

The purpose of the thesis is to implement a cartographic line generalization
algorithm on the basis of {\WM} algorithm, using open-source software. Tasks:

\begin{itemize}
    \item Evaluate existing line simplification algorithms.
    \item Identify main river generalization problems, using classical line
        simplification algorithms.
    \item Define the method of the {\WM} technical implementation.
    \item Realize {\WM} algorithm technically, explaining the geometric
        transformations in detail.
    \item Apply the created algorithm for different datasets and compare
        the results with national datasets.
\end{itemize}

Scientific relevance of this work --- the simplification processes (steps)
described by the {\WM} algorithm --- are analyzed in detail, practically
implemented, and the implementation is described. That expands the knowledge of
cartographic theory about the generalization of natural objects' boundaries
after their natural defining properties.

In the original {\WM} article introducing the algorithm, the steps are not
detailed in a way that can be put into practice for specific data; the steps are
specified in this work. Practically, this work makes it possible to use open-source software to perform cartographic line generalization. The developed
specialized cartographic line simplification algorithm can be applied by
cartographers to implement automatic data generalization solutions. Given the
open-source nature of this work, the algorithm implementation can be modified
freely.

\section{Literature Review And Problematic}
\label{sec:literature-review-problematic}

\subsection{Available Algorithms}

This section reviews the classical line simplification algorithms, which,
besides being around for a long time, offer easily accessible implementations,
as well as more modern ones, which only theorize, but do not provide an
implementation.

\subsubsection{{\DP}, {\VW} and Chaikin's}
\label{sec:dp-vwchaikin}

{\DP}\cite{douglas1973algorithms} and {\VW}\cite{visvalingam1993line} are
"classical" line simplification computer graphics algorithms. They are
relatively simple to implement and require few runtime resources. Both of them
accept a single parameter based on desired scale of the map, which makes them
straightforward to adjust for different scales.

Both algorithms are available in PostGIS, a free-software GIS suite:
\begin{itemize}
    \item {\DP} via
        \href{https://postgis.net/docs/ST_Simplify.html}{PostGIS \textsc{st\_simplify}}.

    \item {\VW} via
        \href{https://postgis.net/docs/ST_SimplifyVW.html}{PostGIS
        \textsc{st\_simplifyvw}}.
\end{itemize}

It may be worthwhile to post-process those through Chaikin's line smoothing
algorithm\cite{chaikin1974algorithm} via
\href{https://postgis.net/docs/ST_ChaikinSmoothing.html}{PostGIS
\textsc{st\_chaikinsmoothing}}.

In generalization examples, we will use two rivers: Šalčia and Visinčia.
These rivers were chosen because they have both large and small bends, and
thus are convenient to analyze for both small- and large-scale generalization.
Figure~\onpage{fig:salvis-25} illustrates the original two rivers without any
simplification.

\begin{figure}[ht]
    \centering
    \includegraphics[width=\textwidth]{salvis-25k}
    \caption{Example rivers for visual tests (1:{\numprint{25000}}).}
    \label{fig:salvis-25}
\end{figure}

\begin{figure}[ht]
    \centering
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{salvis-2x50k}
        \caption{Example scaled 1:\numprint{50000}.}
        \label{fig:salvis-2x50k}
    \end{subfigure}
    \hfill
    \begin{subfigure}[b]{.49\textwidth}
        \centering
        \includegraphics[width=.2\textwidth]{salvis-250k-10x}
        \caption{Example scaled 1:\numprint{250000}.}
    \end{subfigure}
    \caption{Down-scaled original river.}
    \label{fig:salvis-50-250}
\end{figure}

Same rivers, unprocessed but in higher scales (1:\numprint{50000} and
1:\numprint{250000}), are depicted in Figure~\ref{fig:salvis-50-250}. Some
river features are so compact that a reasonably thin line depicting the river
is touching itself, creating a thicker line. We can assume that some
simplification for scale 1:\numprint{50000} and especially for
1:\numprint{250000} is worthwhile.

\begin{figure}[ht]
    \centering
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{salvis-dp64-2x50k}
        \caption{Using {\DP}.}
    \end{subfigure}
    \hfill
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{salvis-vw64-2x50k}
        \caption{Using {\VW}.}
    \end{subfigure}
    \caption{Simplified using classical algorithms (1:\numprint{50000}).}
    \label{fig:salvis-generalized-1x50k}
\end{figure}

Figure~\ref{fig:salvis-generalized-1x50k} illustrates the same river bend, but
simplified using {\DP} and {\VW} algorithms. The resulting lines are jagged,
and thus the resulting line looks unlike a real river. To smoothen the jaggedness,
traditionally, Chaikin's\cite{chaikin1974algorithm} is applied after
generalization, illustrated in Figure~\ref{fig:salvis-generalized-chaikin-1x50k}.

\begin{figure}[ht!]
    \centering
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{salvis-dpchaikin64-2x50k}
        \caption{{\DP} and Chaikin's.}
        \label{fig:salvis-dpchaikin64-2x50k}
    \end{subfigure}
    \hfill
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{salvis-vwchaikin64-2x50k}
        \caption{{\VW} and Chaikin's.}
        \label{fig:salvis-vwchaikin64-2x50k}
    \end{subfigure}
    \caption{Simplified and smoothened river (1:\numprint{50000}).}
    \label{fig:salvis-generalized-chaikin-1x50k}
\end{figure}

\begin{figure}[ht!]
    \centering
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{salvis-overlaid-dpchaikin64-2x50k}

        \caption{Original (fig.~\ref{fig:salvis-2x50k}) and simplified
        (fig.~\ref{fig:salvis-dpchaikin64-2x50k}).}

    \end{subfigure}
    \hfill
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{salvis-overlaid-vwchaikin64-2x50k}

        \caption{Original (fig.~\ref{fig:salvis-2x50k}) and simplified
            (fig.~\ref{fig:salvis-vwchaikin64-2x50k}.)}

    \end{subfigure}
    \caption{Zoomed-in simplified and smoothened river and original.}
    \label{fig:salvis-overlaid-generalized-chaikin-1x50k}
\end{figure}

\begin{figure}[b]
    \centering
    \includegraphics[width=\textwidth]{amalgamate1}
    \caption{Narrow bends amalgamating into thick unintelligible blobs.}
    \label{fig:pixel-amalgamation}
\end{figure}

The resulting simplified and smoothened example
(Figure~\onpage{fig:salvis-generalized-chaikin-1x50k}) yields a more
aesthetically pleasing result; however, it obscures natural river features.

Given the absence of rocks, the only natural features that influence the river
direction are topographic:

\begin{itemize}
    \item Relatively straight river (completely straight or with small-angled
        bends over a relatively long distance) implies greater slope, more
        water, and/or faster flow.

    \item Bendy river, on the contrary, implies slower flow, slighter slope,
        and/or less water.

\end{itemize}
Both {\VW} and {\DP} have a tendency to remove the small bends altogether,
removing a valuable characterization of the river.

Sometimes low-water rivers in slender slopes have many bends next to each
other. In low resolutions (either in small-DPI screens or paper, or when the
river is sufficiently zoomed out, or both), the small bends will amalgamate to
a unintelligible blob. Figure~\ref{fig:pixel-amalgamation} illustrates a
real-world example where a bendy river, normally 1 or 2 pixels wide, creates a
wide area, of which the shapes of the bend become unintelligible. In this
example, classical algorithms would remove these bends altogether. A
cartographer would retain a few of those distinctive bends, but would increase
the distance between the bends, remove some of the bends, or both.

% TODO: figues shouldn't split the sentence.

For the reasons discussed in this section, the "classical" {\DP} and {\VW} are
not well-suited for natural river generalization, and a more robust line
generalization algorithm is worthwhile to look for.

\clearpage

\subsubsection{Modern Approaches}

Due to their simplicity and ubiquity, {\DP} and {\VW} have been established as
go-to algorithms for line generalization. During recent years, alternatives
have emerged. These modern replacements fall into roughly two categories:

\begin{itemize}

    \item Cartographic knowledge was encoded to an algorithm (bottom-up
        approach). One among these are \titlecite{wang1998line}, also known
        as {\WM}'s algorithm.

    \item Mathematical shape transformation which yields a more cartographic
        result. E.g., \titlecite{jiang2003line},
        \titlecite{dyken2009simultaneous}, \titlecite{mustafa2006dynamic},
        \titlecite{nollenburg2008morphing}, \titlecite{devangleserrorbends}.

\end{itemize}

Authors of most of the aforementioned articles have implemented the
generalization algorithm, at least to generate the illustrations in the
articles. However, code is not available for evaluation with a desired dataset, much less for use as a basis for creating new maps. To the author's knowledge,
{\WM}\cite{wang1998line} is available in a commercial product, but requires a
purchase of the commercial product suite, without a way to license the
standalone algorithm.

{\WM} algorithm was created by encoding professional cartographers' knowledge
into a computer algorithm. It has a few main properties which make it
especially suitable for generalization of natural linear features:

\begin{figure}[h!]
    \centering
    \includegraphics[width=.8\textwidth]{wang125}
    \caption{Figure 12.5 in \cite{wang1998line}: example of cartographic line
    generalization.}
    \label{fig:wang125}
\end{figure}

\begin{itemize}
    \item Small bends are not always removed, but either combined (e.g.,
        3 bends into 2), exaggerated, or removed, depending on the neighboring
        bends.
    \item Long and gentle bends are not straightened, but kept as-is.
\end{itemize}

As a result of these properties, {\WM} algorithm retains the defining
properties of the natural features: high-current rivers keep their appearance
as such, instead of becoming canals; low-stream bendy rivers retain their
frequent small bends.

Figure~\ref{fig:wang125}, sub-figure labeled "proposed method" (from the
original \titlecite{wang1998line}) illustrates the {\WM} algorithm.

\subsection{Problematic with Generalization of Rivers}

This section introduces the reader to simplification and generalization, and
discusses two main problems with current-day automatic cartographic line
generalization:

\begin{itemize}
    \item Currently available line simplification algorithms were created
        to simplify geometries, but do not encode cartographic knowledge.

    \item Existing cartographic line generalization algorithms are not freely
        accessible.
\end{itemize}

\subsubsection{Simplification versus Generalization}

It is important to note the distinction between simplification, line
generalization, and cartographic generalization.

Simplification reduces an object's detail in isolation, not taking the object's
natural properties or surrounding objects into account. For example, if a
river is simplified, it may have an approximate shape of the original river,
but lose some shapes that define it. For example:

\begin{itemize}

  \item Low-water rivers in slender slopes have many small bends next to each
      other. A non-cartographic line simplification may remove all of them,
        thus losing an important river's characteristic feature: after such
        simplification, it will be hard to tell that the original river was
        low-water in a slender slope.

  \item Low-angle river bend river over a long distance differs significantly
      from a completely straight canal. Non-cartographic line simplification
        may replace that bend with a straight line, making the river more
        similar to a canal than a river.

\end{itemize}

In other words, simplification processes the line, ignoring its geographic
features. It works well when the features are human-made (e.g., roads,
administrative boundaries, buildings). There is a number of freely available
non-cartographic line simplification algorithms, which this paper will review.

Contrary to line simplification, cartographic generalization does not focus
into a single feature class (e.g., rivers), but the whole map. For example,
line simplification may change river bends in a way that bridges (and roads to
the bridges) become misplaced. While line simplification is limited to a single
feature class, cartographic generalization is not. Fully automatic cartographic
generalization is not yet a solved problem. % <TODO: Reference needed>.

Cartographic line generalization falls in between the two: it does more than
line simplification, and less than cartographic generalization. Cartographic
line generalization deals with a single feature class, takes into account its
geographic properties, but ignores other features. This paper examines {\WM}'s
\titlecite{wang1998line}, a cartographic line generalization algorithm.

\subsubsection{Availability of Generalization Algorithms}

Lack of robust openly available generalization algorithm implementations poses
a problem for map creation with free software: there is no high-quality
simplification algorithm to create down-scaled maps, so any cartographic work,
which uses line generalization as part of its processing, will be of sub-par
quality. We believe that the availability of high-quality open-source tools is an
important foundation for future cartographic experimentation and development,
thus it benefits the cartographic society as a whole.

{\WM}'s commercial availability signals something about the value of the
algorithm: at least the authors of the commercial software suite deemed it
worthwhile to include it. However, not everyone has access to the commercial
software suite, access to funds to buy the commercial suite, or access to the
operating system required to run the commercial suite. PostGIS, in contrast, is
free itself, and runs on free platforms. Therefore, algorithm
implementations that run on PostGIS or other free platforms are useful to a
wider cartographic society than proprietary ones.

\subsubsection{Unfitness of Line Simplification Algorithms}

Section~\ref{sec:dp-vwchaikin} illustrates the current gaps with line
simplification algorithms for real rivers. To sum up, we highlight the
following cartographic problems from our examples:

\begin{description}

    \item[Long bends] should remain as long bends, instead of becoming fully
        straight lines.

    \item[Many small bends] should not be removed. To retain a river's character,
        the algorithm should retain some small bends, and, when they are too
        small to be visible, they should be combined or exaggerated.

\end{description}

We are limiting the problem to cartographic line generalization. That is, full
cartographic generalization, which takes topology and other feature classes
into account, is out of scope.

Figure~\onpage{fig:wang125} illustrates {\WM} algorithm from their original
paper. Note how the long bends retain curvy, and how some small bends get
exaggerated.

\section{Methodology}
\label{sec:methodology}

The original {\WM}'s algorithm \cite{wang1998line} leaves something to be
desired for a practical implementation: it is not straightforward to implement
the algorithm from the paper alone.

Explanations in this document are meant to expand, rather than substitute, the
original description in {\WM}. Therefore, familiarity with the original paper is
assumed, and, for some sections, having the original close-by is necessary to
meaningfully follow this document.

This paper describes {\WM} in detail that is more useful for anyone who wishes
to follow the algorithm implementation more closely: each section is expanded
with additional commentary, and illustrations added for non-obvious steps. Corner
cases are discussed, too.

\subsection{Main Geometry Elements Used by Algorithm}
\label{sec:vocab}

This section defines and explains the geometry elements that are used
throughout this paper and the implementation. Assume Euclidean geometry
throughout this document, unless noted otherwise.


\begin{description}

    \item[\normalfont\textsc{vertex}] is a point on a plane, can be expressed
        by a pair of $(x,y)$ coordinates.

    \item[\normalfont\textsc{line segment}] or \textsc{segment} joins two
        vertices by a straight line. A segment can be expressed by two
        coordinate pairs: $(x_1, y_1)$ and $(x_2, y_2)$. Line segment and
        segment are used interchangeably.

    \item[\normalfont\textsc{line}] or \textsc{linestring} represents a single
        linear feature. For example, a river or a coastline.

        Geometrically, a line is a series of connected line segments, or,
        equivalently, a series of connected vertices. Each vertex connects to
        two other vertices, with the exception of the vertices at either ends of the line:
        these two connect to a single other vertex.

    \item[\normalfont\textsc{multiline}] or \textsc{multilinestring} is a
        collection of linear features. Throughout this implementation, this is
        used rarely (normally, a river is a single line) but can be valid
        when, for example, a river has an island.

    \item[\normalfont\textsc{bend}] is a subset of a line that humans perceive
        as a curve. The geometric definition is complex and is discussed in
        section~\ref{sec:definition-of-a-bend}.

    \item[\normalfont\textsc{baseline}] is a line between the bend's first and last
        vertices.

    \item[\normalfont\textsc{sum of inner angles}] is a measure of how "curved"
        the bend is. Assume that first and last bend vertices are vectors. Then sum
        of inner angles will be the angular difference of those two vectors.

    \item[\normalfont\textsc{algorithmic complexity}] measured in \textsc{big o
        notation}, is a relative measure that helps explain how
        long\footnote{the upper bound, i.e., the worst case.} the
        algorithm will run depending on its input. It is widely used in computing
        science when discussing the efficiency of a given algorithm.

        For example, given $n$ objects and time complexity of $O(log(n))$, the
        time it takes to execute the algorithm is logarithmic to $n$.
        Conversely, if complexity is $O(n^2)$, then the time it takes to
        execute the algorithm grows quadratically with input. Importantly, if
        the input size doubles, the time it takes to run the algorithm
        quadruples.

        \textsc{big o notation} was first suggested by
        Bachmann\cite{bachmann1894analytische} and Landau\cite{landau1911} in
        late \textsc{xix} century, and clarified and popularized for computing
        science by Donald Knuth\cite{knuth1976big} in the 1970s.

\end{description}

\clearpage

\subsection{Algorithm Implementation Process}
\label{sec:algorithm-implementation-process}

\tikzset{
  startstop/.style={trapezium,text centered,minimum height=2em,
    trapezium left angle=70,trapezium right angle=110,draw=black,fill=red!20},
  proc/.style={rectangle,minimum height=2em,text centered,draw=black,
    fill=orange!20},
  decision/.style={diamond,minimum height=2em,text centered,aspect=3,
    draw=black,fill=green!20},
  arrow/.style={thick,->,>=stealth},
}

\begin{figure}[!ht]
  \centering
  \begin{tikzpicture}[node distance=1.5cm,auto]
    \node (start) [startstop] {Read \textsc{linestring}};
    \node (detect) [proc,below of=start] {Detect bends};
    \node (inflections) [proc,below of=detect] {Fix gentle inflections};
    \node (selfcrossing) [proc,below of=inflections] {Eliminate self-crossing};
    \node (mutated1) [decision,below of=selfcrossing] {Mutated?};
    \node (bendattrs) [proc,below of=mutated1] {Compute bend attributes};
    \node (exaggeration) [proc,below of=bendattrs] {Exaggeration};
    \node (mutated2) [decision,below of=exaggeration] {Mutated?};
    \node (elimination) [proc,below of=mutated2] {Elimination};
    \node (mutated3) [decision,below of=elimination] {Mutated?};
    \node (stop) [startstop,below of=mutated3] {Stop};

    \coordinate [right of=mutated1,node distance=5cm] (mutated1y) {};
    \coordinate [right of=mutated2,node distance=5cm] (mutated2y) {};
    \coordinate [right of=mutated3,node distance=5cm] (mutated3y) {};

    \draw [arrow] (start) -- (detect);
    \draw [arrow] (detect) -- (inflections);
    \draw [arrow] (inflections) -- (selfcrossing);
    \draw [arrow] (selfcrossing) -- (mutated1);
    \draw [arrow] (mutated1) -| node [near start] {Yes} (mutated1y) |- (detect);
    \draw [arrow] (mutated1) -- node[anchor=west] {No} (bendattrs);
    \draw [arrow] (bendattrs) -- (exaggeration);
    \draw [arrow] (exaggeration) -- (mutated2);
    \draw [arrow] (mutated2) -| node [near start] {Yes} (mutated2y) |- (detect);
    \draw [arrow] (mutated2) -- node[anchor=west] {No} (elimination);
    \draw [arrow] (mutated3) -| node [near start] {Yes} (mutated3y) |- (detect);
    \draw [arrow] (mutated3) -- node[anchor=west] {No} (stop);
    \draw [arrow] (elimination) -- (mutated3);
  \end{tikzpicture}
  \caption{Flow chart of the implementation workflow.}
  \label{fig:flow-chart}
\end{figure}

Figure~\ref{fig:flow-chart} visualizes the algorithm steps for each line.
\textsc{multilinestring} features are split to \textsc{linestring} features and
executed in order.

Judging from {\WM} prototype flow chart (depicted in figure 11 of the original
paper), their approach is iterative for the line: it will process the line in
sequence, doing all steps, before moving on to the next step. We will call this
approach "streaming", because it does not require to have the full line to
process it.

We have taken a different approach: process each step fully for the line,
before moving to the next step. This way provides the following advantages:

\begin{itemize}

    \item For \textsc{eliminate self-crossing} stage, when it finds a bend with
        the right sum of inflection angles, it checks the whole line for
        self-crossings. This is impossible with streaming because it requires
        having the full line in memory. It could be optimized by, for example,
        looking for a fixed number of neighboring bends (say, 10), but that
        would complicate the implementation.

    \item \textsc{fix gentle inflections} is iterating the same line twice from
        opposite directions. That could be re-written to streaming fashion, but
        it complicates the implementation, too.

\end{itemize}
On the other hand, comparing to the {\WM} prototype flow chart, our
implementation uses more memory (because it needs to have the full line before
processing), and some steps are unnecessarily repeated, like re-computing the
bend's attributes during repeated iterations.

\subsection{Technical Implementation}
\label{sec:technical-implementation}

Technical algorithm realization was created in \titlecite{postgis311}. PostGIS
is a PostgreSQL extension for working with spatial data.

PostgreSQL is an open-source relational database, widely used in industry and
academia. PostgreSQL can be interfaced from nearly any programming language;
therefore, solutions written in PostgreSQL (and their extensions) are usable in
many environments. On top of that, PostGIS implements a rich set of
functions\cite{postgisref} for working with geometric and geographic objects.

Due to its wide applicability and rich library of spatial functions, PostGIS is
the implementation language of the {\WM} algorithm. The implementation exposes
the entrypoint function \textsc{st\_simplifywm}, in
listing~\ref{lst:st-simplifywm}.

\begin{listing}
\begin{minted}[fontsize=\small]{sql}
create function ST_SimplifyWM(
  geom geometry,
  dhalfcircle float,
  intersect_patience integer default 10,
  dbgname text default null
) returns geometry
    \end{minted}
    \caption{Function \textsc{st\_simplifywm}.}
    \label{lst:st-simplifywm}
\end{listing}

This function accepts the following parameters:
\begin{description}

    \item[\normalfont\textsc{geom}] is the input geometry. Either
        \textsc{linestring} or \textsc{multilinestring}.

    \item[\normalfont\textsc{dhalfcircle}] is the diameter of the half-circle.
        Explained in section~\ref{sec:bend-scaling-and-dimensions}.

    \item[\normalfont\textsc{intersect\_patience}] is an optional parameter to
        exaggeration operator, explained in
        section~\ref{sec:exaggeration-operator}.

    \item[\normalfont\textsc{dbgname}] is an optional human-readable name of
        the figure. Explained in section~\ref{sec:debugging}.

\end{description}

The function \textsc{st\_simplifywm} calls into helper functions, which detect,
transform, or remove bends. These helper functions are also defined in the
implementation and are part of the algorithm technical realization. All
supporting functions use spatial manipulation functions provided by PostGIS.

\subsection{Automated Tests}
\label{sec:automated-tests}

As part of the algorithm realization, an automated test suite has been
developed. Shapes to test each function have been hand-crafted, and expected
results have been manually calculated. The test suite executes parts of the
algorithm against a predefined set of geometries, and asserts that the output
matches the resulting hand-calculated geometries.

The full set of test geometries is visualized in Figure~\ref{fig:test-figures}.

\begin{figure}[ht]
    \centering
    \includegraphics[width=\textwidth]{test-figures}
    \caption{Geometries for automated test cases.}
    \label{fig:test-figures}
\end{figure}

Test suite can be executed with a single command and completes in about a
second. Having an easily accessible test suite boosts confidence that no
unexpected bugs have snug in while modifying the algorithm.

We will explain two instances when automated tests were very useful during
the implementation:
\begin{itemize}

    \item Created a function \textsc{wm\_exaggeration}, which exaggerates bends
        following the rules. It worked well over simple geometries but, due to
        a subtle bug, created a self-crossing bend in Visinčia. The offending
        bend was copied to the automated test suite, which helped fix the bug.
        Now the test suite contains the same bend (a hook-like bend on the
        right-hand side of Figure~\ref{fig:test-figures}) and code to verify
        that it was correctly exaggerated.

    \item During algorithm development, automated tests run about once a
        minute. They quickly find logical and syntax errors. In contrast,
        running the algorithm with real rivers takes a few minutes, which
        increases the feedback loop, and takes longer to fix the "simple"
        errors.

\end{itemize}

Whenever we find and fix a bug, we aim to create an automated test case for it,
so the same bug is not re-introduced by whoever works next on the same piece of
code.

Besides testing for specific cases, an automated test suite ensures future
stability and longevity of the implementation itself: when new contributors
start changing code, they have higher assurance they have not broken
an already-working code.

\subsection{Reproducibility}
\label{sec:reproducing-the-paper}

It is widely believed that the ability to reproduce the results of a published
study is important to the scientific community. In practice, however, it is
often hard or impossible: research methodologies, as well as algorithms
themselves, are explained in prose, which, due to the nature of the non-machine
language, lends itself to inexact interpretations.

This article, besides explaining the algorithm in prose, includes the program
of the algorithm in a way that can be executed on reader's workstation. On top
of it, all the illustrations in this paper are generated using that algorithm
from a predefined list of test geometries (see
section~\ref{sec:automated-tests}).

This article and accompanying code are accessible on GitHub as of 2021-05-19
\cite{wmsql}.

Instructions how to re-generate all the visualizations are in
appendix~\ref{sec:code-regenerate}. The visualization code serves as a good
example reference for anyone willing to start using the algorithm.

\section{Algorithm Implementation}

As alluded in section~\ref{sec:introduction}, {\WM} paper skims over
certain details which are important to implement the algorithm. This section
goes through each algorithm stage, illustrating the intermediate steps and
explaining the author's desiderata for a more detailed description.

Illustrations of the following sections are extracted from the automated test
cases which were written during the algorithm implementation (as discussed in
section~\ref{sec:automated-tests}).

\subsection{Debugging}
\label{sec:debugging}

This implementation includes debugging facilities in a form of a table
\textsc{wm\_debug}. The table's schema is written in
listing~\ref{lst:wm-debug-sql}.

When debug mode is active, implementation steps will store their results, which
can be useful to manually inspect the results of intermediate actions. Besides
manual inspection, most of the figure illustrations in this article are
visualized from the \textsc{wm\_debug} table. Debugging mode can be activated
by passing a non-empty \textsc{dbgname} string to the function
\textsc{st\_simplifywm} (this function was described in
section~\ref{sec:technical-implementation}). By convention, \textsc{dbgname} is
the name of the geometry that is being simplified, e.g., \textsc{šalčia}. The
purpose of each column in \textsc{wm\_debug} is described below:

\begin{description}

    \item[\normalfont\textsc{id}] is a unique identifier for each feature.
        Generated automatically by PostgreSQL. Useful when it is necessary to
        copy one or more features to a separate table for unit tests, as
        described in section~\ref{sec:automated-tests}.

    \item[\normalfont\textsc{stage}] is the stage of the algorithm. As of
        writing, there are a few:
        \begin{description}
            \item[\normalfont\textsc{afigures}] at the beginning of the loop.
            \item[\normalfont\textsc{bbends}] after bends are detected.

            \item[\normalfont\textsc{cinflections}] after gentle inflections
                are fixed.

            \item[\normalfont\textsc{dcrossings}] after self-crossings are
                eliminated.

            \item[\normalfont\textsc{ebendattrs}] after bend attributes are
                calculated.

            \item[\normalfont\textsc{gexaggeration}] after bends have been
                exaggerated.

            \item[\normalfont\textsc{helimination}] after bends have been
                eliminated.

        \end{description}

        Some of these have sub-stages which are encoded by a dash and a
        sub-stage name, e.g., \textsc{bbends-polygon} creates polygon
        geometries after polygons have been detected; this particular example
        is used to generate colored polygons in
        Figure~\ref{fig:fig8-definition-of-a-bend}.

    \item[\normalfont\textsc{name}] is the name of the geometry, which comes from
        parameter~\textsc{dbgname}.

    \item[\normalfont\textsc{gen}] is the top-level iteration number. In other
        words, the number of times the execution flow passes through
        \textsc{detect bends} phase as depicted in
        Figure~\onpage{fig:flow-chart}.

    \item[\normalfont\textsc{nbend}] is the bend's index in its \textsc{line}.

    \item[\normalfont\textsc{way}] is the geometry column.

    \item[\normalfont\textsc{props}] is a free-form JSON object to store
        miscellaneous values. For example, \textsc{ebendattrs} phase stores a
        boolean property \textsc{isolated}, which signifies whether the bend is
        isolated or not (explained in section~\ref{sec:isolated-bend}).

\end{description}

When debug mode is turned off (that is, \textsc{dbgname} is left unspecified),
\textsc{wm\_debug} is empty and the algorithm runs slightly faster.

\begin{listing}[h!]
    \begin{minted}[fontsize=\small]{sql}
drop table if exists wm_debug;
create table wm_debug(
  id serial,
  stage text not null,
  name text not null,
  gen bigint not null,
  nbend bigint,
  way geometry,
  props jsonb
);
    \end{minted}
    \caption{\textsc{wm\_debug} table definition}
    \label{lst:wm-debug-sql}
\end{listing}


\subsection{Merging Pieces of a River into One}

Example river geometries were sourced from OpenStreetMap\cite{openstreetmap}
and NŽT\cite{nzt}. Rivers in both data sources are stored in shorter line
segments, and multiple segments (usually hundreds or thousands for significant
rivers) define one full river. While it is convenient to store and edit, these
segments are not explicitly related to each other. This poses a problem for
simplification algorithms which manipulate on full linear features at a time:
full river geometries, but not their parts.

Since these rivers do not have an explicit relationship to connect them
together, they were connected using heuristics: if two line segments share a
name and are within 500 meters from each other, then they form a single river.
For all line simplification algorithms, all rivers need to be combined and
this way proved to be reasonably effective. Source code for this operation can
be found in listing~\onpage{lst:aggregate-rivers.sql}.

\subsection{Bend Scaling And Dimensions}
\label{sec:bend-scaling-and-dimensions}

{\WM} accepts a single input parameter: the diameter of a half-circle. If the
bend's adjusted size (explained in detail in section~\ref{sec:shape-of-a-bend})
is greater than the area of the half-circle, then the bend will be left
untouched. If the bend's adjusted size is smaller than the area of the provided
half-circle, the bend will be simplified: either exaggerated, combined, or
eliminated.

The extent of line simplification, as well as the half-circle's diameter,
depends on the desired target scale. Simplification should be more aggressive
for smaller target scales and less aggressive for larger scales. This section
goes through the process of finding the correct variable to {\WM} algorithm.
What is the minimal, but still eligible, figure that should be displayed on
the map?

According to \titlecite{cartoucheMinimalDimensions}, the map is typically held
at a distance of 30 cm. Recommended minimum symbol size, given viewing distance
of 45 cm (1.5 feet), is 1.5 mm, as analyzed in \titlecite{mappingunits}.

In our case, our target is line bend, rather than a symbol. Assume 1.5 mm is a
diameter of the bend. A semi-circle of 1.5 mm diameter is depicted in
Figure~\ref{fig:half-circle}. A bend of this size or larger, when adjusted to
scale, will not be simplified.

\begin{figure}[ht]
  \centering
  \begin{tikzpicture}[x=1mm,y=1mm]
      \draw[] (-10, 0) -- (-.75,0) arc (225:-45:.75) -- (10, 0);
  \end{tikzpicture}
  \caption{Smallest feature that will be not simplified (to scale).}
  \label{fig:half-circle}
\end{figure}

\begin{table}[h!]
    \centering
    \begin{tabular}{ c  D{.}{.}{1} }
        Scale               & \multicolumn{1}{c}{$D(m)$}  \\ \hline
        1:\numprint{10000}  &  15                         \\
        1:\numprint{15000}  &  22.5                       \\
        1:\numprint{25000}  &  37.5                       \\
        1:\numprint{50000}  &  75                         \\
        1:\numprint{250000} & 220                         \\
    \end{tabular}
    \caption{{\WM} half-circle diameter $D$ for popular scales.}
    \label{table:scale-halfcirlce-diameter}
\end{table}

{\WM} algorithm does not have a notion of scale, but it does have a notion of
distance: it accepts a single parameter $D$, the half-circle's diameter.
Assuming measurement units in projected coordinate system are meters (for
example, \titlecite{epsg3857}), some popular scales are highlighted in
table~\ref{table:scale-halfcirlce-diameter}.

\subsection{Definition of a Bend}
\label{sec:definition-of-a-bend}

The original article describes a bend as follows:

\begin{displaycquote}{wang1998line}
    A bend can be defined as that part of a line which contains a number of
    subsequent vertices, with the inflection angles on all vertices included in
    the bend being either positive or negative and the inflection of the bend's
    two end vertices being in opposite signs.
\end{displaycquote}

\begin{figure}[h!]
    \centering
    \includegraphics[width=\textwidth]{fig8-definition-of-a-bend}

    \caption{Similar to figure 8 in \cite{wang1998line}: detected bends are
    highlighted.}

    \label{fig:fig8-definition-of-a-bend}
\end{figure}

Here are some non-obvious characteristics that are necessary when writing code
to detect the bends:

\begin{itemize}
    \item End segments of each line should also belong to bends. That way, all
        segments belong to 1 or 2 bends.

    \item First and last segments of each bend (except for the two end-line
        segments) are also the first vertex of the next bend.
\end{itemize}

\subsection{Gentle Inflection at the End of a Bend}

\begin{displaycquote}{wang1998line}
    But if the inflection that marks the end of a bend is quite small, people
    would not recognize this as the bend point of a bend
\end{displaycquote}

Figure~\ref{fig:fig5-gentle-inflection} visualizes the original paper's figure 5,
when a single vertex is moved outwards the end of the bend.

\begin{figure}[ht]
    \centering
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{fig5-gentle-inflection-before}
        \caption{Before applying the inflection rule.}
    \end{subfigure}
    \hfill
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{fig5-gentle-inflection-after}
        \caption{After applying the inflection rule.}
    \end{subfigure}
    \caption{Figure 5 in \cite{wang1998line}: gentle inflections at the ends of
    the bend.}
    \label{fig:fig5-gentle-inflection}
\end{figure}

\begin{figure}[h!]
    \centering
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{inflection-1-gentle-inflection-before}
        \caption{Before applying the inflection rule.}
    \end{subfigure}
    \hfill
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{inflection-1-gentle-inflection-after}
        \caption{After applying the inflection rule.}
    \end{subfigure}
    \caption{Gentle inflection at the end of the bend with multiple vertices.}
    \label{fig:inflection-1-gentle-inflection}
\end{figure}

The illustration for this section was clear but insufficient: it does not
specify how many vertices should be included when calculating the end-of-bend
inflection. The iterative approach was chosen: as long as the angle is
"right" and the baseline is becoming shorter, the algorithm should keep
re-assigning vertices to different bends. There is no upper bound
on the number of iterations.

To prove that the algorithm implementation is correct for multiple vertices,
additional example was created and illustrated in
Figure~\ref{fig:inflection-1-gentle-inflection}: the rule re-assigns two
vertices to the next bend.

Note that to find and fix the gentle bends' inflections, the algorithm should
run twice, both ways. Otherwise, if it is executed only one way, the steps will
fail to match some bends that should be adjusted. Current implementation works
as follows:

\begin{enumerate}
    \item Run the algorithm from the beginning to the end.
    \item \label{rev1} Reverse the line and each bend.
    \item Run the algorithm again.
    \item \label{rev2} Reverse the line and each bend.
    \item Return result.
\end{enumerate}

Reversing the line and its bends is straightforward to implement but costly:
the two reversal steps cost additional time and memory. The algorithm could be
made more optimal with a similar version of the algorithm, but the one which
goes backwards. In this case, steps \ref{rev1} and \ref{rev2} could be spared,
that way saving memory and computation time.

The "quite small angle" was arbitrarily chosen to \smallAngle.

\subsection{Self-Line Crossing When Cutting a Bend}

When a bend's baseline crosses another bend, it is called self-crossing.
Self-crossing is undesirable for the upcoming bend manipulation operators; therefore,
should be removed. There are a few rules on when and how they should be removed
--- this section explains them in higher detail, discusses their time
complexity and applied optimizations. Figure~\ref{fig:fig6-selfcrossing} is
copied from the original article.

\begin{figure}[ht]
    \centering
    \includegraphics[width=.5\textwidth]{fig6-selfcrossing}
    \caption{Originally figure 6: the bend's baseline (orange) is crossing a neighboring bend.}
    \label{fig:fig6-selfcrossing}
\end{figure}

\begin{figure}[ht]
    \centering
    \includegraphics[width=.5\textwidth]{selfcrossing-1}
    \caption{The bend's baseline (orange) is crossing a non-neighboring bend.}
    \label{fig:selfcrossing-1-non-neighbor}
\end{figure}

% TODO: figure should not split the text.

Looking at the {\WM} paper alone, it may seem like self-crossing may happen
only with the neighboring bend. This would mean an efficient $O(n)$
implementation\footnote{where $n$ is the number of bends in a line. See
explanation of \textsc{algorithmic complexity} in section~\ref{sec:vocab}.}.
However, as one can see in Figure~\ref{fig:selfcrossing-1-non-neighbor}, it may
not be the case: any other bend in the line may be crossing it.

If one translates the requirements to code in a straightforward way, it would
be quite computationally expensive: naively implemented, complexity of checking
every bend with every bend is $O(n^2)$. In other words, the time it takes to
run the algorithm grows quadratically with the number of vertices.

It is possible to optimize this step and skip checking a large number of bends.
Only bends, the inner angles' sum of which is larger than $180^\circ$, can ever
self-cross. That way, only a fraction of bends need to be checked. The
worst-case complexity is still $O(n^2)$, when all bends' inner angles are
larger than $180^\circ$. Having this optimization, the algorithmic complexity
(as a result, the time it takes to execute the algorithm) drops by the
fraction of bends, the inner angles' sum of which is smaller than $180^\circ$.

\subsection{Attributes of a Single Bend}

\textsc{compactness index} is "the ratio of the area of the polygon over the
circle whose circumference length is the same as the length of the
circumference of the polygon" \cite{wang1998line}. Given a bend, its
compactness index is calculated as follows:

\begin{enumerate}

  \item Construct a polygon by joining first and last vertices of the bend.

  \item Calculate the area of the polygon $A_{p}$.

  \item Calculate perimeter $P$ of the polygon. The same value is the
      circumference of the circle: $C = P$.

    \item Given the circle's circumference $C$, the circle's area $A_{c}$ is:

    \[
      A_c = \frac{C^2}{4\pi}
    \]

  \item Compactness index $c$ is the area of the polygon $A_p$ divided by the
      area of the circle $A_c$:

    \[
      c = \frac{A_p}{A_c} =
          \frac{A_p}{ \frac{C^2}{4\pi} } =
          \frac{4\pi A_p}{C^2}
    \]

\end{enumerate}

Once this operation is complete, each bend will have a list of properties
which will be used by other modifying operators.

\subsection{Shape of a Bend}
\label{sec:shape-of-a-bend}

This section introduces \textsc{adjusted size} $A_{adj}$ which trivially
derives from \textsc{compactness index} $c$ and "polygonized" bend's area $A_{p}$:

\[
  A_{adj} = \frac{0.75 A_{p}}{c}
\]

Adjusted size is necessary later to compare bends with each other, or to decide if
the bend is within the simplification threshold.

Sometimes, when working with {\WM}, it is useful to convert between
half-circle's diameter $D$ and adjusted size $A_{adj}$. These easily derive
from circle's area formula $A = 2\pi \frac{D}{2}^2$:

\[
  D = 2\sqrt{\frac{2 A_{adj}}{\pi}}
\]

In reverse, adjusted size $A_{adj}$ from half-circle's diameter:

\[
  A_{adj} = \frac{\pi D^2}{8}
\]

\subsection{Isolated Bend}
\label{sec:isolated-bend}

Bend itself and its "isolation" can be described by \textsc{average curvature},
which is \textcquote{wang1998line}{geometrically defined as the ratio of
inflection over the length of a curve.}

Two conditions must be followed to claim that a bend is isolated:

\begin{enumerate}
    \item \textsc{average curvature} of neighboring bends should be larger
        than the "candidate" bend's curvature. The article did not offer a
        value; this implementation arbitrarily chose $\isolationThreshold$.

    \item Bends on both sides of the "candidate" bend should be longer than a
        certain value. This implementation does not (yet) define such a
        constraint and will only follow the average curvature constraint above.

\end{enumerate}

We believe unclear criteria for \textsc{isolated bend} is one of the main
causes for jagged lines in section~\ref{sec:results}, and is a suggested
further area of research in section~\ref{sec:future-suggestions}.

\subsection{The Context of a Bend: Isolated And Similar Bends}

To find out whether two bends are similar, they are compared by 3 components:

\begin{enumerate}
  \item \textsc{adjusted size} $A_{adj}$.
  \item \textsc{compactness index} $c$.
  \item \textsc{baseline length} $l$.
\end{enumerate}

Components 1, 2 and 3 represent a point in a 3-dimensional space, and Euclidean
distance $d(p,q)$ between those is calculated to differentiate bends $p$ and
$q$:

\[
  d(p,q) = \sqrt{(A_{adj(p)}-A_{adj(q)})^2 +
                   (c_p-c_q)^2 +
                   (l_p-l_q)^2}
\]

The smaller the distance $d$, the more similar the bends are.

\clearpage
\subsection{Elimination Operator}

Figure~\ref{fig:elimination-through-iterations} illustrates steps of figure 8
from the original paper. There is not much to add to the original description
beyond repeating the elimination steps in an illustrated example.

\begin{figure}[ht]
    \centering
    \begin{subfigure}[b]{\textwidth}
        \includegraphics[width=\textwidth]{fig8-elimination-gen1}
        \caption{Original}
    \end{subfigure}
    \begin{subfigure}[b]{\textwidth}
        \includegraphics[width=\textwidth]{fig8-elimination-gen2}
        \caption{Iteration 1}
    \end{subfigure}
    \begin{subfigure}[b]{\textwidth}
        \includegraphics[width=\textwidth]{fig8-elimination-gen3}
        \caption{Iteration 2 (result)}
    \end{subfigure}
    \caption{Originally figure 8: the bend elimination through iterations.}
    \label{fig:elimination-through-iterations}
\end{figure}

\subsection{Combination Operator}
\label{sec:combination-operator}

Combination operator was not implemented in this version.

\subsection{Exaggeration Operator}
\label{sec:exaggeration-operator}

Exaggeration operator finds bends, of which \textsc{adjusted size} is smaller
than the \textsc{diameter of the half-circle}. Once a target bend is found, it
will be exaggerated in increments until either becomes true:

\begin{itemize}
    \item \textsc{adjusted size} of the exaggerated bend is larger than the area of
        the half-circle.

    \item The exaggerated bend starts intersecting with a neighboring bend.
        Then exaggeration aborts, and the bend remains as if it were one step
        before the intersection.

\end{itemize}

Exaggeration operator uses a hardcoded parameter \textsc{exaggeration step} $s
\in (1,2]$. It was arbitrarily picked to {\exaggerationEnthusiasm} for this
implementation. A single exaggeration increment is done as follows:

\begin{enumerate}
    \item Find a candidate bend.
    \item Find the bend's baseline.
    \item Find \textsc{midpoint}, the center of the bend's baseline.

    \item Find \textsc{midbend}, the center of the bend. Distance from one
        baseline vertex to \textsc{midbend} should be the same as from
        \textsc{midbend} to the other baseline vertex.

    \item Mark each bend's vertex with a number between $[1,s]$. The number is
        derived with elements linearly between the start vertex and
        \textsc{midbend}, with values somewhat proportional to the azimuth
        between these lines:

        \begin{itemize}
            \item \textsc{midbend} and the point.
            \item \textsc{midpoint} and the point.
        \end{itemize}

        The other half of the bend, from \textsc{midbend} to the final vertex,
        is linearly interpolated between $[s,1]$, using the same rules as for
        the first half.

        The first version of the algorithm used simple linear interpolation
        based on the point's position in the line. The current version applies
        a few coefficients, which were derived empirically, by observing the
        resulting bend.

    \item Each point (except the beginning and end vertices of the bend) will
        be placed farther away from the baseline. The length of misplacement is
        the marked value in the previous step.

\end{enumerate}

\begin{figure}[ht]
    \centering
    \includegraphics[width=.5\textwidth]{isolated-1-exaggerated}
    \caption{Example isolated exaggerated bend.}
    \label{fig:isolated-1-exaggerated}
\end{figure}

The technical implementation of the algorithm contains two implementations of
exaggeration operator: \textsc{wm\_exaggerate\_bend} is the original one. It
uses simple linear interpolation. It is fast, but simple. It tends to leave
jagged bends. \textsc{wm\_exaggerate\_bend2} is a more computationally
expensive function, which leaves better-looking exaggerated bends.

Both functions are interchangeable and can be found in listing~\ref{lst:wm.sql}.
Figure~\ref{fig:isolated-1-exaggerated} illustrates an exaggerated bend using
\textsc{wm\_exaggerate\_bend2}.

\section{Results}
\label{sec:results}

This section visualizes the results, discusses robustness and issues of the
generalization, and suggests specific improvements.

One of our goals is to compare the generalized lines with the official
generalized dataset\cite{nzt}. Therefore, we have selected the target scales
that the official sources offer, too: 1:\numprint{50000} and
1:\numprint{250000}. The \textsc{dhalfcircle} values for the subset are as
follow:

\begin{table}[ht]
    \centering
    \begin{tabular}{ c  D{.}{.}{1} }
        Scale               & \multicolumn{1}{c}{$D(m)$}  \\ \hline
        1:\numprint{50000}  &  75                         \\
        1:\numprint{250000} & 220                         \\
    \end{tabular}
\end{table}

Our generalized results are viewed from the following angles:
\begin{itemize}
    \item Compare to the non-simplified originals.
    \item Compare to the official datasets.
    \item Compare to {\DP} and {\VW}.
\end{itemize}

\subsection{Generalization Results of Analyzed Rivers}
\label{sec:generalization-results-of-analyzed-rivers}

\subsubsection{Medium-Scale (1:\numprint{50000})}
\label{sec:analyzed-medium-scale}

\begin{figure}[h!]
    \centering
    \includegraphics[width=\textwidth]{salvis-wm75--grpk10-1x50k}
    \caption{2x zoomed-in {\WM} for 1:\numprint{50000}.}
    \label{fig:salvis-wm75--grpk10-1x50k}
\end{figure}

\begin{figure}[h!]
    \centering
    \includegraphics[width=\textwidth]{salvis-wm75--grpk10-1x50ktr}
    \caption{Top--right part of Figure~\ref{fig:salvis-wm75--grpk10-1x50k}.}
    \label{fig:salvis-wm75--grpk10-1x50ktr}
\end{figure}

\begin{figure}[h!]
    \centering
    \includegraphics[width=\textwidth]{salvis-wm75--grpk10-1x50ktl}
    \caption{Left part of Figure~\ref{fig:salvis-wm75--grpk10-1x50k}.}
    \label{fig:salvis-wm75--grpk10-1x50ktl}
\end{figure}

As one can see in Figure~\ref{fig:salvis-wm75--grpk10-1x50k}, the illustrations deliver
what was promised by the algorithm, but with a few caveats. Left side of the
figure looks reasonably well simplified: long bends remain slightly curved,
small bends are removed or slightly exaggerated.

Figure's~\ref{fig:salvis-wm75--grpk10-1x50k} left part is clipped to
Figure~\ref{fig:salvis-wm75--grpk10-1x50ktl}. As one can see, some bends were well
exaggerated, and some bends were eliminated.

Top--right side (clipped in Figure~\ref{fig:salvis-wm75--grpk10-1x50ktl}), some jagged
and sharp bends appear. These will become more pronounced in even larger-scale
simplification in the next section.

To sum up, mid-scale simplification works well for some geometries, but creates
sharp edges for others.

\clearpage

\subsubsection{Large-Scale (1:\numprint{250000})}
\label{sec:analyzed-large-scale}

As visible in Figure~\ref{fig:salvis-wm220-10x}, for large-scale map, some of the
resulting bends look significantly exaggerated. Why is that?
Figure~\ref{fig:salvis-wm220-overlaid-zoom} zooms in the large-scale
simplification and overlays the original.

\begin{figure}[ht]
    \centering
    \begin{subfigure}[b]{.49\textwidth}
        \centering
        \includegraphics[width=.2\textwidth]{salvis-250k-10x}
        \caption{Original.}
    \end{subfigure}
    \hfill
    \begin{subfigure}[b]{.49\textwidth}
        \centering
        \includegraphics[width=.2\textwidth]{salvis-wm220-10x}
        \caption{Simplified.}
    \end{subfigure}
    \caption{GRPK10 simplified with {\WM} for 1:\numprint{250000}.}
    \label{fig:salvis-wm220-10x}
\end{figure}

\begin{figure}[ht]
    \centering
    \includegraphics[width=.8\textwidth]{salvis-wm-overlaid-250k-zoom}
    \caption{10x zoomed-in {\WM} for 1:\numprint{250000}.}
    \label{fig:salvis-wm220-overlaid-zoom}
\end{figure}

A conglomeration of bends is visible, especially in top--right side of the
illustration. We assume this was caused by two bends significantly exaggerated,
leaving no space to exaggerate those between the two.

\subsubsection{Discussion}

For mid-size scales of 1:\numprint{50000}, the implemented algorithm works well
for certain geometries, and poorly for others. This test surfaced two areas for
future research and improvement:

\begin{itemize}

    \item Exaggeration is sometimes creating sharp edges, especially when the
        exaggerated bend is quite small. When sharp edges are created,
        exaggeration could interpolate more points in the bend, and exaggerate
        using the interpolated points.

    \item In larger scales, when bends do not have space to exaggerate, they
        should be combined or eliminated instead.

\end{itemize}

\subsection{Comparison with National Spatial Datasets}

There are a few datasets used in this comparison: GRPK10, GRPK50 and
GRPK250. They are vector datasets which include rivers. They can be
downloaded for free from \cite{nzt}. Here are the meanings of the codenames:

\begin{description}

    \item[GRPK10] is a dataset of highest detail. Suited for maps of scale
        1:\numprint{10000}.

    \item[GRPK50] is suited for maps of scale 1:\numprint{50000}.

    \item[GRPK250] offers the least detail, and is suited for maps of
        scale 1:\numprint{250000}.

\end{description}

During the analysis, we ran {\WM} on GRPK10 for 2 destination scales:
1:\numprint{50000} and 1:\numprint{250000}.\footnote{parameter calculation is
detailed in section~\ref{sec:bend-scaling-and-dimensions}.} This section
compares the resulting {\WM}--generalized rivers to GRPK50 and GRPK250.

\subsubsection{Medium-Scale (1:\numprint{50000})}

For our research location, the national dataset GRPK10 is almost equivalent to
GRPK50, with a few nuances. Figure~\ref{fig:salvis-wm75-grpk50-grpk10-1x50k}
illustrates all three shapes: GRPK50, {\WM}--simplified GRPK10, and the
original GRPK10.

\begin{figure}[h!]
    \centering
    \includegraphics[width=\textwidth]{salvis-wm75-grpk50-grpk10-1x50k}

    \caption{GRPK10, GRPK50 and {\WM} for 1:\numprint{50000}.}

    \label{fig:salvis-wm75-grpk50-grpk10-1x50k}
\end{figure}

\begin{figure}[h!]
    \centering
    \includegraphics[width=\textwidth]{salvis-wm75-grpk50-grpk10-1x50ktl}
    \caption{Left side of Figure~\ref{fig:salvis-wm75-grpk50-grpk10-1x50k}.}
    \label{fig:salvis-wm75-grpk50-grpk10-1x50ktl}
\end{figure}

\begin{figure}[h!]
    \centering
    \includegraphics[width=\textwidth]{salvis-wm75-grpk50-grpk10-1x50ktr}
    \caption{Top--right side of Figure~\ref{fig:salvis-wm75-grpk50-grpk10-1x50k}.}
    \label{fig:salvis-wm75-grpk50-grpk10-1x50ktr}
\end{figure}

Although figures are almost identical,
Figure~\ref{fig:salvis-wm75-grpk50-grpk10-1x50ktr} illustrates two small bends
that have been removed in GRPK50, but have been exaggerated by our
implementation.

\clearpage

\subsubsection{Large-Scale (1:\numprint{250000})}
\label{sec:national-large-scale}

Figure~\ref{fig:salvis-wm220} illustrates the original GRPK250 and the
{\WM}--simplified version. As section~\ref{sec:analyzed-large-scale} explains,
the algorithm tries to exaggerate many bends to a great size. However, GRPK250
takes the opposite approach --- only the very basic shapes of the largest bends
are retained. Time and customers will tell, which approach is more appropriate,
after the current {\WM} implementation receives some time and attention, as
desired in section~\ref{sec:future-suggestions}.

\begin{figure}[h!]
    \centering
    \begin{subfigure}[b]{.49\textwidth}
        \includegraphics[width=\textwidth]{salvis-grpk250-2x}
        \caption{GRPK250.}
    \end{subfigure}
    \hfill
    \begin{subfigure}[b]{.49\textwidth}
        \centering
        \includegraphics[width=\textwidth]{salvis-wm220}
        \caption{{\WM}-simplified GRPK10.}
    \end{subfigure}
    \caption{GRPK250 and {\WM}--simplified GRPK10.}
    \label{fig:salvis-wm220}
\end{figure}

\subsection{Comparison with {\DP} and {\VW}}

It is time to visually compare our implementation with the classical
algorithms: {\DP}, {\VW} and Chaikin. Since we have established that more work is
needed for small-scale maps (1:\numprint{250000}), we will limit the comparison
in this section to 1:\numprint{50000}.

\begin{figure}[h!]
    \includegraphics[width=\textwidth]{salvis-wm75-dp64-grpk10-1x50k}
    \caption{}
    \label{fig:salvis-wm75-dp64-grpk10-1x50k}
\end{figure}

\begin{figure}[h!]
    \includegraphics[width=\textwidth]{salvis-wm75-dpchaikin64-grpk10-1x50k}
    \caption{}
    \label{fig:salvis-wm75-dpchaikin64-grpk10-1x50k}
\end{figure}

\clearpage

\begin{figure}[h!]
    \includegraphics[width=\textwidth]{salvis-wm75-vw64-grpk10-1x50k}
    \caption{}
    \label{fig:salvis-wm75-vw64-grpk10-1x50k}
\end{figure}

\begin{figure}[h!]
    \includegraphics[width=\textwidth]{salvis-wm75-vwchaikin64-grpk10-1x50k}
    \caption{}
    \label{fig:salvis-wm75-vwchaikin64-grpk10-1x50k}
\end{figure}

\clearpage

\subsection{Testing Results Online}
\label{sec:testing-results-online}

An on-line tool\cite{openmapwm} has been developed to test incoming parameters
to {\WM} algorithm. A user should select a river of interest, enter the
\textsc{dhalfcircle} parameter and click "Submit". The simplified line feature
will be overlaid on top of the map.

Figure~\ref{fig:openmap-wm-good} illustrates the end result that looks
reasonably well. Figure~\ref{fig:openmap-wm-bad} illustrates that the algorithm
produces poorly simplified results for some geometries.

\begin{figure}[ht]
    \centering
    \includegraphics[width=\textwidth]{openmap-wm-good.png}
    \caption{Example on-line test tool for {\WM} algorithm.}
    \label{fig:openmap-wm-good}
\end{figure}

\begin{figure}[ht]
    \centering
    \includegraphics[width=.5\textwidth]{openmap-wm-bad.png}
    \caption{Another example from the on-line test tool.}
    \label{fig:openmap-wm-bad}
\end{figure}

\section{Conclusions}
\label{sec:conclusions}

Classical and modern line simplification algorithms were evaluated,
main problems with them identified. A method for {\WM} technical
implementation was defined, and the algorithm implemented. Each geometric
transformation was described and visualized. The implemented algorithm was
applied for different shapes and compared to national (Lithuanian) datasets.

About 1,000 lines of Procedural SQL were written for the algorithm and tests,
and a few hundred lines of supporting scripts in Make, Python, Awk, Bash. With
the help of its permissive license and early interest, the algorithm code has
already been used to create a prototype on-line service to evaluate the
algorithm robustness.

\section{Future Suggestions}
\label{sec:future-suggestions}

These are the areas for possible future work with this, published,
implementation:

\begin{itemize}

    \item Implement bend combination operator
        (section~\ref{sec:combination-operator}).

    \item Fine-tune parameters for bend exaggeration.
        Section~\ref{sec:generalization-results-of-analyzed-rivers} contains
        a exaggerated bends that became sharp and includes some future ideas.

    \item What are the exaggeration limits when working with large scales?
        Section~\ref{sec:national-large-scale} discusses examples that some
        limits are necessary.

    \item Research when bends should be marked as \textsc{isolated}. As is
        seen from examples, the current criteria are not robust enough.

    \item Once the points above yield a satisfactory result, the efficiency of the
        algorithm could be improved to work on the lines in "streaming" fashion
        (more details in section~\ref{sec:algorithm-implementation-process}).

\end{itemize}

That sums up what could be improved without changing the algorithm in a
significant way. Other than that, further area of research is working towards
graduating the algorithm from "isolated cartographic generalization" to "full
cartographic generalization".  The current operators of {\WM} algorithm have a
few venues to preserve the surrounding topology. This could be further
researched and extended.
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\begin{appendices}

\section{Code Listings}

This section contains a subset of files for the {\WM} algorithm. As a reminder,
    full listings, including supporting programs, can be found on
    GitHub\cite{wmsql}.

\subsection{Re-Generating This Paper}
\label{sec:code-regenerate}

As explained in section~\ref{sec:reproducing-the-paper}, illustrations in
    this paper are generated from a small list of sample geometries. To observe
    the source geometries or regenerate this paper, run this script (assuming
    the name of this document is \textsc{mj-msc-full.pdf}).

    Listing~\ref{lst:extract-and-generate} will extract the source files from
    the \textsc{mj-msc-full.pdf} to a temporary directory, run the top-level
    \textsc{make} command, and display the generated document. Source code for
    the algorithm, as well as other supporting files, can be found in the
    temporary directory.

\begin{longlisting}
    \inputcode{bash}{extract-and-generate}
    \caption{\textsc{extract-and-generate}}
    \label{lst:extract-and-generate}
\end{longlisting}

\subsection{Function \textsc{st\_simplifywm}}
\begin{longlisting}
    \inputcode{postgresql}{wm.sql}
    \caption{\textsc{wm.sql}}
    \label{lst:wm.sql}
\end{longlisting}

\subsection{Function \textsc{aggregate\_rivers}}
\begin{longlisting}
    \inputcode{postgresql}{aggregate-rivers.sql}
    \caption{\textsc{aggregate-rivers.sql}}
    \label{lst:aggregate-rivers.sql}
\end{longlisting}

\end{appendices}
\end{document}
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-- Generated at 2021-05-16T11:57:10Z on motiejus@mtpad.i.jakstys.lt
-- Rivers: Visinčia|Šalčia|Nemunas
--
-- PostgreSQL database dump
--

-- Dumped from database version 13.2
-- Dumped by pg_dump version 13.2

SET statement_timeout = 0;
SET lock_timeout = 0;
SET idle_in_transaction_session_timeout = 0;
SET client_encoding = 'UTF8';
SET standard_conforming_strings = on;
SELECT pg_catalog.set_config('search_path', '', false);
SET check_function_bodies = false;
SET xmloption = content;
SET client_min_messages = warning;
SET row_security = off;

DROP TABLE public.wm_rivers;
SET default_tablespace = '';

SET default_table_access_method = heap;

--
-- Name: wm_rivers; Type: TABLE; Schema: public; Owner: osm
--

CREATE TABLE public.wm_rivers (
    id integer,
    name text,
    way public.geometry
);


ALTER TABLE public.wm_rivers OWNER TO osm;

--
-- Data for Name: wm_rivers; Type: TABLE DATA; Schema: public; Owner: osm
--

COPY public.wm_rivers (id, name, way) FROM stdin;
3	Nemunas	
107	Šalčia	
108	Visinčia	
547	Nemunas (Rusnė)	
\.


--
-- PostgreSQL database dump complete
--




-- Generated at 2021-05-16T11:55:12Z on motiejus@mtpad.i.jakstys.lt
-- Rivers: Visinčia|Šalčia|Nemunas
--
-- PostgreSQL database dump
--

-- Dumped from database version 13.2
-- Dumped by pg_dump version 13.2

SET statement_timeout = 0;
SET lock_timeout = 0;
SET idle_in_transaction_session_timeout = 0;
SET client_encoding = 'UTF8';
SET standard_conforming_strings = on;
SELECT pg_catalog.set_config('search_path', '', false);
SET check_function_bodies = false;
SET xmloption = content;
SET client_min_messages = warning;
SET row_security = off;

DROP TABLE public.wm_rivers_250;
SET default_tablespace = '';

SET default_table_access_method = heap;

--
-- Name: wm_rivers_250; Type: TABLE; Schema: public; Owner: osm
--

CREATE TABLE public.wm_rivers_250 (
    id integer,
    name text,
    way public.geometry
);


ALTER TABLE public.wm_rivers_250 OWNER TO osm;

--
-- Data for Name: wm_rivers_250; Type: TABLE DATA; Schema: public; Owner: osm
--

COPY public.wm_rivers_250 (id, name, way) FROM stdin;
1	Visinčia	
2	Šalčia	
\.


--
-- PostgreSQL database dump complete
--




-- Generated at 2021-05-16T11:54:48Z on motiejus@mtpad.i.jakstys.lt
-- Rivers: Visinčia|Šalčia|Nemunas
--
-- PostgreSQL database dump
--

-- Dumped from database version 13.2
-- Dumped by pg_dump version 13.2

SET statement_timeout = 0;
SET lock_timeout = 0;
SET idle_in_transaction_session_timeout = 0;
SET client_encoding = 'UTF8';
SET standard_conforming_strings = on;
SELECT pg_catalog.set_config('search_path', '', false);
SET check_function_bodies = false;
SET xmloption = content;
SET client_min_messages = warning;
SET row_security = off;

DROP TABLE public.wm_rivers_50;
SET default_tablespace = '';

SET default_table_access_method = heap;

--
-- Name: wm_rivers_50; Type: TABLE; Schema: public; Owner: osm
--

CREATE TABLE public.wm_rivers_50 (
    id integer,
    name text,
    way public.geometry
);


ALTER TABLE public.wm_rivers_50 OWNER TO osm;

--
-- Data for Name: wm_rivers_50; Type: TABLE DATA; Schema: public; Owner: osm
--

COPY public.wm_rivers_50 (id, name, way) FROM stdin;
1	Nemunas	
29	Visinčia	
415	Nemunas (Rusnė)	
409	Šalčia	
\.


--
-- PostgreSQL database dump complete
--




—  Wang-Miiller 1:50 000
— GRPK 1:10000




\set ON_ERROR_STOP on
SET plpgsql.extra_errors TO 'all';

-- This fails with real rivers since this:
-- commit dcf4c02307baeece51470a961a113a8fad68fad5
-- Merge: 44ee741 3638033
-- Author: Motiejus Jakštys <motiejus@uber.com>
-- Date:   Tue May 11 20:29:41 2021 +0300
-- 
--     Merge branch 'gdb10lt'
--     
--     This breaks "test-rivers" for Nemunas.
--
-- (adding GDB10LT data). The same rivers from OpenStreetMaps work.
-- There seems to be a bug in wm_exaggeration.

do $$
declare
  npoints bigint;
  secs bigint;
begin
  select * from ST_SimplifyWM_Estimate((select st_union(way) from wm_rivers)) into npoints, secs;
  raise notice 'Total points: %', npoints;
  raise notice 'Expected duration: %s (+-%s)', ceil(secs), floor(secs*.5);
end $$ language plpgsql;

delete from wm_debug where name in (select distinct name from wm_rivers);
delete from wm_demo where name in (select distinct name from wm_rivers);
insert into wm_demo (name, way) select name, ST_SimplifyWM(way, 75, null, name) from wm_rivers;



\i wm.sql

-- https://stackoverflow.com/questions/19982373/which-tools-libraries-do-you-use-to-unit-test-your-pl-pgsql
create or replace function assert_equals(expected anyelement, actual anyelement) returns void as $$
begin
  if expected = actual or (expected is null and actual is null) then
    --do nothing
  else
    raise exception 'Assertion Error. Expected <%> but was <%>', expected, actual;
  end if;
end $$ language plpgsql;

drop function if exists dbg_geomsummary;
create function dbg_geomsummary(geoms geometry[]) returns void as $$
  declare i int4;
begin
  raise notice 'len: %', array_length(geoms, 1);
  for i in 1..array_length(geoms, 1) loop
    raise notice '% %: %', st_geometrytype(geoms[i]), lpad(i::text, 2, '0'), st_astext(geoms[i]);
  end loop;
end
$$ language plpgsql;

drop table if exists wm_figures;
create table wm_figures (name text, way geometry);
-- add fig8.gpkg to postgis:
--   ogr2ogr -update -f PostgreSQL PG:"host=127.0.0.1 user=osm password=osm dbname=osm" fig8.gpkg
-- to "normalize" a new line when it's in `f`:
--   select st_astext(st_snaptogrid(st_transscale(geometry, -19.5, .016, 4000, 4000), 1)) from f;
insert into wm_figures (name, way) values
  ('fig3',          'LINESTRING(0 0,12 0,13 4,20 2,20 0,32 0,33 10,38 16,43 15,44 10,44 0,60 0)'::geometry),
  ('fig3-1',        'LINESTRING(0 0,12 0,13 4,20 2,20 0,32 0,33 10,38 16,43 15,44 10,44 0)'::geometry),
  ('fig5',          'LINESTRING(0 39,19 52,27 77,26 104,41 115,49 115,65 103,65 75,53 45,63 15,91 0)'::geometry),
  ('fig6',          'LINESTRING(84 47,91 59,114 64,122 80,116 92,110 93,106 106,117 118,136 107,135 76,120 45,125 39,141 39,147 32)'::geometry),
  ('fig8',          'LINESTRING(173 12,174 10,180 8,186 8,186 13,191 11,189 6,201 5,203 11,216 16,216 6,222 6,229 3,236 2,239 6,243 8,248 6)'::geometry),
  ('inflection-1',  'LINESTRING(110 24,114 20,133 20,145 15,145 0,136 8,123 10,114 10,111 2)'::geometry),
  ('multi-island',  'MULTILINESTRING((-15 10,-10 10,-5 11,0 11,5 11,10 10,11 9,13 10,15 9),(-5 11,-2 15,0 16,2 15,5 11))'::geometry),
  ('selfcrossing-1','LINESTRING(-27 180,-20 166,-21 142,-18 136,55 136,55 136,71 145,44 165,37 146,22 145,14 164,11 164,3 146,-12 146,-13 176,-18 184)'::geometry),
  ('isolated-1',    'LINESTRING(-50 103,-48 102,-30 103,-31 105,-31 107,-27 107,-26 103,-6 103,-4 104)'::geometry),
  ('isolated-2',    'LINESTRING(250 100,246 104,234 105,230 106,225 101,224 93,217 78,206 69)'::geometry);

insert into wm_figures (name, way) values ('fig6-rev',ST_Reverse(
    ST_Translate((select way from wm_figures where name='fig6'), 60, 0)));
insert into wm_figures (name, way) values ('fig6-combi', ST_Union(
      ST_Translate((select way from wm_figures where name='fig6'), 0, 90),
      ST_Translate((select way from wm_figures where name='fig6'), 80, 90)
  ));

insert into wm_figures (name, way) values ('selfcrossing-1-rev',ST_Reverse(
    ST_Translate((select way from wm_figures where name='selfcrossing-1'), 0, 60)));

-- 3395 is now "reserved" for figures.
update wm_figures set way=st_setsrid(way, 3395);

delete from wm_debug where name in (select distinct name from wm_figures);
delete from wm_demo where name in (select distinct name from wm_figures);
insert into wm_demo (name, way) select name, ST_SimplifyWM(way, .1, null, name) from wm_figures where name not in ('fig8', 'isolated-1');
insert into wm_demo (name, way) select name, ST_SimplifyWM(way, 14, null, name) from wm_figures where name in ('fig8', 'isolated-1', 'isolated-2');

drop function if exists wm_debug_get;
create function wm_debug_get( _stage text, _name text, OUT ways geometry[]) as $$
declare
begin
  ways = array((select way from wm_debug where stage=_stage and name=_name order by id));
end $$ language plpgsql;

do $$
declare
  vbends geometry[];
begin
  vbends = wm_debug_get('bbends', 'fig3');
  perform assert_equals(5, array_length(vbends, 1));
  perform assert_equals('LINESTRING(0 0,12 0,13 4)', st_astext(vbends[1]));
  perform assert_equals('LINESTRING(12 0,13 4,20 2,20 0)', st_astext(vbends[2]));
  perform assert_equals('LINESTRING(20 2,20 0,32 0,33 10)', st_astext(vbends[3]));
  perform assert_equals('LINESTRING(32 0,33 10,38 16,43 15,44 10,44 0)', st_astext(vbends[4]));
  perform assert_equals(4, array_length(wm_detect_bends((select way from wm_figures where name='fig3-1')), 1));
  select wm_detect_bends((select way from wm_figures where name='fig5')) into vbends;
  perform assert_equals(3, array_length(vbends, 1));
end $$ language plpgsql;

do $$
declare
  vbends geometry[];
  vinflections geometry[];
begin
  vinflections = wm_debug_get('cinflections', 'fig5');
  perform assert_equals('LINESTRING(0 39,19 52,27 77)', st_astext(vinflections[1]));
  perform assert_equals('LINESTRING(19 52,27 77,26 104,41 115,49 115,65 103,65 75,53 45)', st_astext(vinflections[2]));
  perform assert_equals('LINESTRING(65 75,53 45,63 15,91 0)', st_astext(vinflections[3]));

  -- inflections-1, the example in fix_gentle_inflections docstring
  select array((select way from wm_debug where name='inflection-1' and stage='bbends')) into vbends;
  select array((select way from wm_debug where name='inflection-1' and stage='cinflections')) into vinflections;
  perform assert_equals(vbends[1], vinflections[1]); -- unchanged
  perform assert_equals('LINESTRING(114 20,133 20,145 15,145 0,136 8,123 10,114 10)', st_astext(vinflections[2]));
  perform assert_equals('LINESTRING(123 10,114 10,111 2)', st_astext(vinflections[3]));
end $$ language plpgsql;

do $$
declare
  fig6 constant text default 'LINESTRING(84 47,91 59,114 64,120 45,125 39,141 39,147 32)';
  selfcrossing1 constant text default 'LINESTRING(-27 180,-20 166,-13 176,-18 184)';
  vcrossings geometry[];
  mutated boolean;
begin
  select * from wm_self_crossing(wm_debug_get('cinflections', 'fig6')) into vcrossings, mutated;
  perform assert_equals(true, mutated);
  perform assert_equals(
    fig6,
    (select st_astext(
        st_linemerge(st_union(way))
    ) from (select unnest(vcrossings) way) a)
  );

  select * from wm_self_crossing(wm_debug_get('cinflections', 'fig6-rev')) into vcrossings, mutated;
  perform assert_equals(true, mutated);
  perform assert_equals(
    fig6,
    (select st_astext(
        st_translate(st_reverse(st_linemerge(st_union(way))), -60, 0)
    ) from (select unnest(vcrossings) way) a)
  );

  select * from wm_self_crossing(wm_debug_get('cinflections', 'fig6-combi')) into vcrossings, mutated;
  perform assert_equals(true, mutated);
  perform assert_equals(
    'MULTILINESTRING((84 137,91 149,114 154,120 135,125 129,141 129,147 122),(164 137,171 149,194 154,200 135,205 129,221 129,227 122))',
    (select st_astext(
        st_linemerge(st_union(way))
    ) from (select unnest(vcrossings) way) a)
  );


  select * from wm_self_crossing(wm_debug_get('cinflections', 'selfcrossing-1')) into vcrossings, mutated;
  perform assert_equals(true, mutated);
  perform assert_equals(
    selfcrossing1,
    (select st_astext(
        st_linemerge(st_union(way))
    ) from (select unnest(vcrossings) way) a)
  );

  select * from wm_self_crossing(wm_debug_get('cinflections', 'selfcrossing-1-rev')) into vcrossings, mutated;
  perform assert_equals(true, mutated);
  perform assert_equals(
    selfcrossing1,
    (select st_astext(
        st_translate(st_reverse(st_linemerge(st_union(way))), 0, -60)
    ) from (select unnest(vcrossings) way) a)
  );

end $$ language plpgsql;

-- verifying bends in fig8 are eliminated like explained in the WM paper
do $$
declare
  fig8gen2 constant text default 'LINESTRING(173 12,174 10,180 8,186 8,189 6,201 5,203 11,216 16,216 6,229 3,236 2,239 6,243 8,248 6)';
  fig8gen3 constant text default 'LINESTRING(173 12,174 10,180 8,189 6,201 5,203 11,216 16,216 6,229 3,236 2,239 6,243 8,248 6)';
  eliminations geometry[];
begin
  eliminations = wm_debug_get('afigures', 'fig8');
  perform assert_equals(fig8gen2, st_astext(eliminations[2]));
  perform assert_equals(fig8gen3, st_astext(eliminations[3]));
end $$ language plpgsql;

-- testing wm_exaggerate_bend2 in isolation
do $$
declare
  fig3b2 geometry;
  bend geometry;
  size float;
begin
  select way from wm_debug where name='fig3' and stage='bbends' and gen=1 and nbend=2 into fig3b2;
  size = wm_adjsize(fig3b2);
  bend = wm_exaggerate_bend2(fig3b2, size, 50.);
  perform assert_equals('ST_LineString', st_geometrytype(bend));
  insert into wm_debug(stage, name, gen, nbend, way) values('manual', 'fig3', 1, 1, bend);
end $$ language plpgsql;

-- misc visuals
do $$
  declare fig6b1 geometry;
  declare fig6b2 geometry;
  declare sclong geometry;
  declare scshort geometry;
begin
  select way from wm_debug where name='fig6' and stage='bbends' and gen=1 into fig6b1 limit 1 offset 0;
  select way from wm_debug where name='fig6' and stage='bbends' and gen=1 into fig6b2 limit 1 offset 2;
  insert into wm_visuals (name, way) values('fig6-baseline', st_makeline(st_startpoint(fig6b2), st_endpoint(fig6b2)));
  insert into wm_visuals (name, way) values('fig6-newline', st_makeline(st_endpoint(fig6b1), st_endpoint(fig6b2)));

  select way from wm_debug where name='selfcrossing-1' and stage='bbends' and gen=1 into sclong limit 1 offset 1;
  select way from wm_debug where name='selfcrossing-1' and stage='bbends' and gen=1 into scshort limit 1 offset 4;
  insert into wm_visuals (name, way) values('selfcrossing-1-baseline', st_makeline(st_startpoint(sclong), st_endpoint(sclong)));
  insert into wm_visuals (name, way) values('selfcrossing-1-newline', st_makeline(st_startpoint(sclong), st_endpoint(scshort)));
end $$ language plpgsql;




#!/usr/bin/awk -f

BEGIN { FS="[(); ]" }

/small_angle constant real default radians/ {
  x1 += 1;
  d1 = sprintf("\\newcommand{\\smallAngle}{$%d^\\circ$}",$8);
}
/isolation_threshold constant real default / {
  x2 += 1;
  d2 = sprintf("\\newcommand{\\isolationThreshold}{%.1f}",$7);
}
/scale2 constant float default / {
  x3 += 1;
  d3 = sprintf("\\newcommand{\\exaggerationEnthusiasm}{%.1f}",$7);
}

END{
  if(x1 == 1 && x2 == 1 && x3 == 1) {
    print d1 > "vars.inc.tex"
    print d2 >> "vars.inc.tex"
    print d3 >> "vars.inc.tex"
  } else {
    exit 1
  }
}



\set ON_ERROR_STOP on
SET plpgsql.extra_errors TO 'all';

-- wm_bbox clips a geometry by a bounding box around a given object,
-- matching dimensions of A-class paper (1 by sqrt(2)).
drop function if exists wm_bbox;
create function wm_bbox(
  center geometry,
  scaledwidth float
) returns geometry as $$
declare
  halfX float;
  halfY float;
begin
  halfX = scaledwidth / 2;
  halfY = halfX * sqrt(2);
  return st_envelope(
    st_union(
      st_translate(center, halfX, halfY),
      st_translate(center, -halfX, -halfY)
    )
  );
end $$ language plpgsql;

-- wm_quadrant divides the given geometry to 4 rectangles
-- and returns the requested quadrant following cartesian
-- convention:
--  +----------+
--  | II  | I  |
--- +----------+
--  | III | IV |
--  +-----+----+
-- matching dimensions of A-class paper (1 by sqrt(2).
drop function if exists wm_quadrant;
create function wm_quadrant(
  geom geometry,
  quadrant integer
) returns geometry as $$
declare
  xmin float;
  xmax float;
  ymin float;
  ymax float;
begin
  xmin = st_xmin(geom);
  xmax = st_xmax(geom);
  ymin = st_ymin(geom);
  ymax = st_ymax(geom);

  if quadrant = 1 or quadrant = 2 then
    ymin = (ymin + ymax)/2;
  else
    ymax = (ymin + ymax)/2;
  end if;

  if quadrant = 2 or quadrant = 3 then
    xmax = (xmin + xmax)/2;
  else
    xmin = (xmin + xmax)/2;
  end if;

  return st_intersection(
    geom,
    st_makeenvelope(xmin, ymin, xmax, ymax, st_srid(geom))
  );
end $$ language plpgsql;


drop function if exists wm_salvisbbox;
create function wm_salvisbbox(
  geom geometry,
  scaledwidth float
) returns geometry as $$
declare
  ret geometry;
begin
  with multismall as (
    select st_intersection(
      st_union(geom),
      wm_bbox(
        st_closestpoint(
          (select way from wm_rivers where name='Šalčia'),
          (select way from wm_rivers where name='Visinčia')
        ),
        scaledwidth
      )
    ) ways
  )
  -- protecting against very small bends that were cut
  -- in the corner of the picture
  select st_union(a.geom)
  from st_dump((select ways from multismall)) a
  where st_length(a.geom) >= 100
  into ret;

  return ret;
end $$ language plpgsql;

delete from wm_debug where name like 'salvis%';
delete from wm_visuals where name like 'salvis%';
insert into wm_visuals(name, way) values
  ('salvis-grpk10', (
    wm_salvisbbox(
      (select st_union(way) from wm_rivers where name in ('Šalčia', 'Visinčia')),
      :scaledwidth
    )
  )),
  ('salvis-grpk50', (
    wm_salvisbbox(
      (select st_union(way) from wm_rivers_50 where name in ('Šalčia', 'Visinčia')),
      :scaledwidth
    )
  )),
  ('salvis-grpk250', (
    wm_salvisbbox(
      (select st_union(way) from wm_rivers_250 where name in ('Šalčia', 'Visinčia')),
      :scaledwidth
    )
  ));

do $$
declare
  i integer;
  geom1 geometry;
  geom2 geometry;
  geom3 geometry;
begin
  foreach i in array array[16, 32, 64, 256] loop
    geom1 = st_simplify((select way from wm_visuals where name='salvis-grpk10'), i);
    geom2 = st_simplifyvw((select way from wm_visuals where name='salvis-grpk10'), i*i);
    insert into wm_visuals(name, way) values
      ('salvis-dp'        || i, geom1),
      ('salvis-dpchaikin' || i, st_chaikinsmoothing(geom1, 5)),
      ('salvis-vw'        || i, geom2),
      ('salvis-vwchaikin' || i, st_chaikinsmoothing(geom2, 5));
  end loop;

  -- more than 220 doesn't work, because there is an exaggerated bend near
  -- Šalčia-Visinčia crossing, and it "exaggerates" to the
  -- other river.
  foreach i in array array[75, 220] loop
    geom3 = st_simplifywm((select way from wm_visuals where name='salvis-grpk10'), i, 50, 'salvis-wm' || i);
    insert into wm_visuals(name, way) values
      ('salvis-wm'          || i, geom3);
  end loop;
end $$ language plpgsql;
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\set ON_ERROR_STOP on
SET plpgsql.extra_errors TO 'all';

-- wm_detect_bends detects bends using the inflection angles. No corrections.
drop function if exists wm_detect_bends;
create function wm_detect_bends(
  line geometry,
  dbgname text default null,
  dbggen integer default null,
  OUT bends geometry[]
) as $$
declare
  p geometry;
  p1 geometry;
  p2 geometry;
  p3 geometry;
  bend geometry;
  prev_sign int4;
  cur_sign int4;
  l_type text;
  dbgpolygon geometry;
begin
  l_type = st_geometrytype(line);
  if l_type != 'ST_LineString' then
    raise 'This function works with ST_LineString, got %', l_type;
  end if;

  -- The last vertex is iterated over twice, because the algorithm uses 3
  -- vertices to calculate the angle between them.
  --
  -- Given 3 vertices p1, p2, p3:
  --
  --          p1___ ...
  --           /
  -- ... _____/
  --     p3   p2
  --
  -- When looping over the line, p1 will be head (lead) vertex, p2 will be the
  -- measured angle, and p3 will be trailing. The line that will be added to
  -- the bend will always be [p3,p2].
  -- So once the p1 becomes the last vertex, the loop terminates, and the
  -- [p2,p1] line will not have a chance to be added. So the loop adds the last
  -- vertex twice, so it has a chance to become p2, and be added to the bend.
  for p in
      (select geom from st_dumppoints(line) order by path[1] asc)
      union all
      (select geom from st_dumppoints(line) order by path[1] desc limit 1)
     loop
    p3 = p2;
    p2 = p1;
    p1 = p;
    continue when p3 is null;

    cur_sign = sign(pi() - st_angle(p1, p2, p2, p3));

    if bend is null then
      bend = st_makeline(p3, p2);
    else
      bend = st_linemerge(st_union(bend, st_makeline(p3, p2)));
    end if;

    if prev_sign + cur_sign = 0 then
      if bend is not null then
        bends = bends || bend;
      end if;
      bend = st_makeline(p3, p2);
    end if;
    prev_sign = cur_sign;
  end loop;

  -- the last line may be lost if there is no "final" inflection angle. Add it.
  if (select count(1) >= 2 from st_dumppoints(bend)) then
    bends = bends || bend;
  end if;

  if dbgname is not null then
    for i in 1..array_length(bends, 1) loop
      insert into wm_debug(stage, name, gen, nbend, way) values(
        'bbends', dbgname, dbggen, i, bends[i]);

      dbgpolygon = null;
      if st_npoints(bends[i]) >= 3 then
          dbgpolygon = st_makepolygon(
            st_addpoint(bends[i], st_startpoint(bends[i]))
          );
      end if;
      insert into wm_debug(stage, name, gen, nbend, way) values(
        'bbends-polygon', dbgname, dbggen, i, dbgpolygon);
    end loop;
  end if;
end $$ language plpgsql;

-- wm_fix_gentle_inflections moves bend endpoints following "Gentle Inflection
-- at End of a Bend" section.
--
-- The text does not specify how many vertices can be "adjusted"; it can
-- equally be one or many. This function is adjusting many, as long as the
-- cumulative inflection angle is small (see variable below).
--
-- The implementation could be significantly optimized to avoid `st_reverse`
-- and array reversals, trading for complexity in wm_fix_gentle_inflections1.
drop function if exists wm_fix_gentle_inflections;
create function wm_fix_gentle_inflections(
  INOUT bends geometry[],
  dbgname text default null,
  dbggen integer default null
) as $$
declare
  len int4;
  bends1 geometry[];
  dbgpolygon geometry;
begin
  len = array_length(bends, 1);

  bends = wm_fix_gentle_inflections1(bends);
  for i in 1..len loop
    bends1[i] = st_reverse(bends[len-i+1]);
  end loop;
  bends1 = wm_fix_gentle_inflections1(bends1);

  for i in 1..len loop
    bends[i] = st_reverse(bends1[len-i+1]);
  end loop;

  if dbgname is not null then
    for i in 1..array_length(bends, 1) loop
      insert into wm_debug(stage, name, gen, nbend, way) values(
        'cinflections', dbgname, dbggen, i, bends[i]);

      dbgpolygon = null;
      if st_npoints(bends[i]) >= 3 then
        dbgpolygon = st_makepolygon(
          st_addpoint(bends[i],
            st_startpoint(bends[i]))
        );
      end if;

      insert into wm_debug(stage, name, gen, nbend, way) values(
        'cinflections-polygon', dbgname, dbggen, i, dbgpolygon);
    end loop;
  end if;
end $$ language plpgsql;

-- wm_fix_gentle_inflections1 fixes gentle inflections of an array of lines in
-- one direction. An implementation detail of wm_fix_gentle_inflections.
drop function if exists wm_fix_gentle_inflections1;
create function wm_fix_gentle_inflections1(INOUT bends geometry[]) as $$
declare
  -- the threshold when the angle is still "small", so gentle inflections can
  -- be joined
  small_angle constant real default radians(45);
  ptail geometry; -- tail point of tail bend
  phead geometry[]; -- 3 tail points of head bend
  i int4; -- bends[i] is the current head
begin
  for i in 2..array_length(bends, 1) loop
    -- Predicate: two bends will always share an edge. Assuming (A,B,C,D,E,F)
    -- is a bend:
    --           C________D
    --           /        \
    -- \________/          \_______/
    -- A       B           E       F
    --
    -- Then edges (A,B) and (E,F) are shared with the neighboring bends.
    --
    --
    -- Assume this curve (figure `inflection-1`), going clockwise from A:
    --
    --    \______B
    --    A      `-------. C
    --                   |
    --    G___ F         |
    --    /   `-----.____+ D
    --              E
    --
    -- After processing the curve following the definition of a bend, the bend
    -- [A-E] would be detected. Assuming inflection point E and F are "small",
    -- the bend needs to be extended by two edges to [A,G].
    select geom from st_dumppoints(bends[i-1])
      order by path[1] asc limit 1 into ptail;

    while true loop
      -- copy last 3 points of bends[i-1] (tail) to ptail
      select array(
        select geom from st_dumppoints(bends[i]) order by path[1] asc limit 3
      ) into phead;

      -- if the bend got too short, stop processing it
      exit when array_length(phead, 1) < 3;

      -- inflection angle between ptail[1:3] is "large", stop processing
      exit when abs(st_angle(phead[1], phead[2], phead[3]) - pi()) > small_angle;

      -- distance from head's 1st vertex should be larger than from 2nd vertex
      exit when st_distance(ptail, phead[2]) < st_distance(ptail, phead[3]);

      -- Between two bends, bend with smaller baseline wins when two
      -- neighboring bends can have gentle inflections. This is a heuristic
      -- that can be safely removed, but in practice has shown to avoid
      -- creating some very bendy lines.
      exit when st_distance(st_pointn(bends[i], 1), st_pointn(bends[i], -1)) <
        st_distance(st_pointn(bends[i-1], 1), st_pointn(bends[i-1], -1));

      -- Detected a gentle inflection.
      -- Move head of the tail to the tail of head
      bends[i] = st_removepoint(bends[i], 0);
      bends[i-1] = st_addpoint(bends[i-1], phead[3]);
    end loop;

  end loop;
end $$ language plpgsql;

-- wm_if_selfcross returns whether baseline of bendi crosses bendj.
-- If it doesn't, returns a null geometry.
-- Otherwise, it will return the baseline split into a few parts where it
-- crosses bendj.
drop function if exists wm_if_selfcross;
create function wm_if_selfcross(
  bendi geometry,
  bendj geometry
) returns geometry as $$
declare
  a geometry;
  b geometry;
  multi geometry;
begin
  a = st_pointn(bendi, 1);
  b = st_pointn(bendi, -1);
  multi = st_split(bendj, st_makeline(a, b));

  if st_numgeometries(multi) = 1 then
    return null;
  end if;

  if st_numgeometries(multi) = 2 and
    (st_contains(bendj, a) or st_contains(bendj, b)) then
    return null;
  end if;

  return multi;
end $$ language plpgsql;

-- wm_self_crossing eliminates self-crossing from the bends, following the
-- article's section "Self-line Crossing When Cutting a Bend".
drop function if exists wm_self_crossing;
create function wm_self_crossing(
  INOUT bends geometry[],
  dbgname text default null,
  dbggen integer default null,
  OUT mutated boolean
) as $$
declare
  i int4;
  j int4;
  multi geometry;
begin
  mutated = false;
  <<bendloop>>
  for i in 1..array_length(bends, 1) loop
    continue when abs(wm_inflection_angle(bends[i])) <= pi();
    -- sum of inflection angles for this bend is >180, so it may be
    -- self-crossing. Now try to find another bend in this line that
    -- crosses an imaginary line of end-vertices

    -- Go through each bend in the given line, and see if has a potential to
    -- cross bends[i]. The line-cut process is different when i<j and i>j;
    -- therefore there are two loops, one for each case.
    for j in 1..i-1 loop
      multi = wm_if_selfcross(bends[i], bends[j]);
      continue when multi is null;
      mutated = true;

      -- remove first vertex of the following bend, because the last
      -- segment is always duplicated with the i'th bend.
      bends[i+1] = st_removepoint(bends[i+1], 0);
      bends[j] = st_geometryn(multi, 1);
      bends[j] = st_setpoint(
        bends[j],
        st_npoints(bends[j])-1,
        st_pointn(bends[i], st_npoints(bends[i]))
      );
      bends = bends[1:j] || bends[i+1:];
      continue bendloop;
    end loop;

    for j in reverse array_length(bends, 1)..i+1 loop
      multi = wm_if_selfcross(bends[i], bends[j]);
      continue when multi is null;
      mutated = true;

      -- remove last vertex of the previous bend, because the last
      -- segment is duplicated with the i'th bend.
      bends[i-1] = st_removepoint(bends[i-1], st_npoints(bends[i-1])-1);
      bends[i] = st_makeline(
        st_pointn(bends[i], 1),
        st_removepoint(st_geometryn(multi, st_numgeometries(multi)), 0)
      );
      bends = bends[1:i] || bends[j+1:];
      continue bendloop;
    end loop;
  end loop;

  if dbgname is not null then
    insert into wm_debug(stage, name, gen, nbend, way) values(
      'dcrossings', dbgname, dbggen, generate_subscripts(bends, 1),
      unnest(bends)
    );
  end if;
end $$ language plpgsql;

drop function if exists wm_inflection_angle;
create function wm_inflection_angle (IN bend geometry, OUT angle real) as $$
declare
  p0 geometry;
  p1 geometry;
  p2 geometry;
  p3 geometry;
begin
  angle = 0;
  for p0 in select geom from st_dumppoints(bend) order by path[1] asc loop
    p3 = p2;
    p2 = p1;
    p1 = p0;
    continue when p3 is null;
    angle = angle + abs(pi() - st_angle(p1, p2, p3));
  end loop;
end $$ language plpgsql;

drop function if exists wm_bend_attrs;
drop function if exists wm_elimination;
drop function if exists wm_exaggeration;
drop type if exists wm_t_attrs;
create type wm_t_attrs as (
  adjsize real,
  baselinelength real,
  curvature real,
  isolated boolean
);
create function wm_bend_attrs(
  bends geometry[],
  dbgname text default null,
  dbggen integer default null
) returns wm_t_attrs[] as $$
declare
  isolation_threshold constant real default 0.5;
  attrs wm_t_attrs[];
  attr wm_t_attrs;
  bend geometry;
  i int4;
  needs_curvature real;
  skip_next boolean;
  dbglastid integer;
begin
  for i in 1..array_length(bends, 1) loop
    bend = bends[i];
    attr.adjsize = 0;
    attr.baselinelength = st_distance(st_startpoint(bend), st_endpoint(bend));
    attr.curvature = wm_inflection_angle(bend) / st_length(bend);
    attr.isolated = false;
    if st_numpoints(bend) >= 3 then
      attr.adjsize = wm_adjsize(bend);
    end if;
    attrs[i] = attr;
  end loop;

  for i in 1..array_length(attrs, 1) loop
    if dbgname is not null then
      insert into wm_debug (stage, name, gen, nbend, way, props) values(
        'ebendattrs', dbgname, dbggen, i, bends[i],
        jsonb_build_object(
          'adjsize', attrs[i].adjsize,
          'baselinelength', attrs[i].baselinelength,
          'curvature', attrs[i].curvature,
          'isolated', false
        )
      ) returning id into dbglastid;
    end if;

    -- first and last bends can never be isolated by definition
    if skip_next or i = 1 or i = array_length(attrs, 1) then
      -- invariant: two bends that touch cannot be isolated.
      if st_npoints(bends[i]) > 3 then
        skip_next = false;
      end if;
      continue;
    end if;

    needs_curvature = attrs[i].curvature * isolation_threshold;
    if attrs[i-1].curvature < needs_curvature and
       attrs[i+1].curvature < needs_curvature then
      attr = attrs[i];
      attr.isolated = true;
      attrs[i] = attr;
      skip_next = true;

      if dbgname is not null then
        update wm_debug
        set props=props || jsonb_build_object('isolated', true)
        where id=dbglastid;
      end if;
    end if;
  end loop;

  return attrs;
end $$ language plpgsql;

-- sm_st_split a line by a point in a more robust way than st_split.
-- See https://trac.osgeo.org/postgis/ticket/2192
drop function if exists wm_st_split;
create function wm_st_split(
  input geometry,
  blade geometry
) returns geometry as $$
declare
  type1 text;
  type2 text;
begin
  type1 = st_geometrytype(input);
  type2 = st_geometrytype(blade);
  if not (type1 = 'ST_LineString' and
          type2 = 'ST_Point') then
    raise 'Arguments must be LineString and Point, got: % and %', type1, type2;
  end if;
  return st_split(st_snap(input, blade, 0.00000001), blade);
end $$ language plpgsql;

-- wm_exaggerate_bend2 is the second version of bend exaggeration. Uses
-- non-linear interpolation by point azimuth. Slower, but produces nicer
-- exaggerated geometries.
drop function if exists wm_exaggerate_bend2;
create function wm_exaggerate_bend2(
  INOUT bend geometry,
  size float,
  desired_size float
) as $$
declare
  scale2 constant float default 1.2; -- exaggeration enthusiasm
  midpoint geometry; -- midpoint of the baseline
  points geometry[];
  startazimuth float;
  azimuth float;
  diffazimuth float;
  point geometry;
  sss float;
  protect int = 10;
begin
  if size = 0 then
    raise 'invalid input: zero-area bend';
  end if;
  midpoint = st_lineinterpolatepoint(st_makeline(
      st_pointn(bend, 1),
      st_pointn(bend, -1)
    ), .5);
  startazimuth = st_azimuth(midpoint, st_pointn(bend, 1));

  while (size < desired_size) and (protect > 0) loop
    protect = protect - 1;
    for i in 2..st_npoints(bend)-1 loop
      point = st_pointn(bend, i);
      azimuth = st_azimuth(midpoint, point);
      diffazimuth = degrees(azimuth - startazimuth);
      if diffazimuth > 180 then
        diffazimuth = diffazimuth - 360;
      elseif diffazimuth < -180 then
        diffazimuth = diffazimuth + 360;
      end if;
      diffazimuth = abs(diffazimuth);
      if diffazimuth > 90 then
        diffazimuth = 180 - diffazimuth;
      end if;
      sss = ((scale2-1) * (diffazimuth / 90)^0.5);
      point = st_transform(
        st_project(
          st_transform(point, 4326)::geography,
          st_distance(midpoint, point) * sss, azimuth)::geometry,
        st_srid(midpoint)
      );
      bend = st_setpoint(bend, i-1, point);
    end loop;
    size = wm_adjsize(bend);
  end loop;
end $$ language plpgsql;

-- wm_exaggerate_bend exaggerates a given bend. Uses naive linear
-- interpolation. Faster than wm_exaggerate_bend2, but result visually looks
-- worse.
drop function if exists wm_exaggerate_bend;
create function wm_exaggerate_bend(
  INOUT bend geometry,
  size float,
  desired_size float
) as $$
declare
  scale constant float default 1.2; -- exaggeration enthusiasm
  midpoint geometry; -- midpoint of the baseline
  splitbend geometry; -- bend split across its half
  bendm geometry; -- bend with coefficients to prolong the lines
  points geometry[];
begin
  if size = 0 then
    raise 'invalid input: zero-area bend';
  end if;
  midpoint = st_lineinterpolatepoint(st_makeline(
      st_pointn(bend, 1),
      st_pointn(bend, -1)
    ), .5);

  while size < desired_size loop
    splitbend = wm_st_split(bend, st_lineinterpolatepoint(bend, .5));
    -- Convert bend to LINESTRINGM, where M is the fraction by how
    -- much the point will be prolonged:
    -- 1. draw a line between midpoint and the point on the bend.
    -- 2. multiply the line length by M. Midpoint stays intact.
    -- 3. the new set of lines form a new bend.
    -- Uses linear interpolation; can be updated to gaussian or similar;
    -- then interpolate manually instead of relying on st_addmeasure.
    bendm = st_collect(
      st_addmeasure(st_geometryn(splitbend, 1), 1, scale),
      st_addmeasure(st_geometryn(splitbend, 2), scale, 1)
    );

    points = array((
        select st_scale(
          st_makepoint(st_x(geom), st_y(geom)),
          st_makepoint(st_m(geom), st_m(geom)),
          midpoint
        )
        from st_dumppoints(bendm)
        order by path[1], path[2]
      ));

    bend = st_setsrid(st_makeline(points), st_srid(bend));
    size = wm_adjsize(bend);
  end loop;
end $$ language plpgsql;


-- wm_adjsize calculates adjusted size for a polygon. Can return 0.
drop function if exists wm_adjsize;
create function wm_adjsize(bend geometry, OUT adjsize float) as $$
declare
  polygon geometry;
  area float;
  cmp float;
begin
  adjsize = 0;
  polygon = st_makepolygon(st_addpoint(bend, st_startpoint(bend)));
  -- Compactness Index (cmp) is defined as "the ratio of the area of the
  -- polygon over the circle whose circumference length is the same as the
  -- length of the circumference of the polygon". I assume they meant the
  -- area of the circle. So here goes:
  -- 1. get polygon area P.
  -- 2. get polygon perimeter = u. Pretend it's our circle's circumference.
  -- 3. get A (area) of the circle from u: A = u^2/(4pi)
  -- 4. divide P by A: cmp = P/A = P/(u^2/(4pi)) = 4pi*P/u^2
  area = st_area(polygon);
  cmp = 4*pi()*area/(st_perimeter(polygon)^2);
  if cmp > 0 then
    adjsize = (area*(0.75/cmp));
  end if;
end $$ language plpgsql;

-- wm_exaggeration is the Exaggeration Operator described in the WM paper.
create function wm_exaggeration(
  INOUT bends geometry[],
  attrs wm_t_attrs[],
  dhalfcircle float,
  intersect_patience integer,
  dbgname text default null,
  dbggen integer default null,
  OUT mutated boolean
) as $$
declare
  desired_size constant float default pi()*(dhalfcircle^2)/8;
  bend geometry;
  tmpint geometry;
  i integer;
  n integer;
  last_id integer;
begin
  mutated = false;
  <<bendloop>>
  for i in 1..array_length(attrs, 1) loop
    if attrs[i].isolated and attrs[i].adjsize < desired_size then
      bend = wm_exaggerate_bend2(bends[i], attrs[i].adjsize, desired_size);
      -- Does bend intersect with the previous or next
      -- intersect_patience bends? If they do, abort exaggeration for this one.

      -- Do close-by bends intersect with this one? Special
      -- handling first, because 2 vertices need to be removed before checking.
      n = st_npoints(bends[i-1]);
      if n > 3 then
        continue when st_intersects(bend,
          st_removepoint(st_removepoint(bends[i-1], n-1), n-2));
      end if;
      if n > 2 then
        tmpint = st_intersection(bend, st_removepoint(bends[i-1], n-1));
        continue when st_npoints(tmpint) > 1;
      end if;

      n = st_npoints(bends[i+1]);
      if n > 3 then
        continue when st_intersects(bend,
          st_removepoint(st_removepoint(bends[i+1], 0), 0));
      end if;
      if n > 2 then
        tmpint = st_intersection(bend, st_removepoint(bends[i+1], 0));
        continue when st_npoints(tmpint) > 1;
      end if;

      for n in -intersect_patience+1..intersect_patience-1 loop
        continue when n in (-1, 0, 1);
        continue when i+n < 1;
        continue when i+n > array_length(attrs, 1);

        -- More special handling: if the neigbhoring bend has 3 vertices, the
        -- neighbor's neighbor may just touch the tmpbendattr.bend; in this
        -- case, the nearest vertex should be removed before comparing.
        tmpint = bends[i+n];
        if st_npoints(tmpint) > 2 then
          if n = -2 and st_npoints(bends[i+n+1]) = 3 then
            tmpint = st_removepoint(tmpint, st_npoints(tmpint)-1);
          elsif n = 2 and st_npoints(bends[i+n-1]) = 3 then
            tmpint = st_removepoint(tmpint, 0);
          end if;
        end if;

        continue bendloop when st_intersects(bend, tmpint);
      end loop;

      -- No intersections within intersect_patience, mutate bend!
      mutated = true;
      bends[i] = bend;

      -- remove last vertex of the previous bend and first vertex of the next
      -- bend, because bends always share a line segment together this is
      -- duplicated in a few places, because PostGIS does not allow (?)
      -- mutating an array when passed to a function.
      bends[i-1] = st_addpoint(
        st_removepoint(bends[i-1], st_npoints(bends[i-1])-1),
        st_pointn(bends[i], 1),
        -1
      );

      bends[i+1] = st_addpoint(
        st_removepoint(bends[i+1], 0),
        st_pointn(bends[i], st_npoints(bends[i])-1),
        0
      );
      if dbgname is not null then
        insert into wm_debug (stage, name, gen, nbend, way) values(
          'gexaggeration', dbgname, dbggen, i, bends[i]);
      end if;
    end if;
  end loop;
end $$ language plpgsql;

create function wm_elimination(
  INOUT bends geometry[],
  attrs wm_t_attrs[],
  dhalfcircle float,
  dbgname text default null,
  dbggen integer default null,
  OUT mutated boolean
) as $$
declare
  desired_size constant float default pi()*(dhalfcircle^2)/8;
  leftsize float;
  rightsize float;
  i int4;
begin
  mutated = false;

  i = 1;
  while i < array_length(attrs, 1)-1 loop
    i = i + 1;
    continue when attrs[i].adjsize = 0;
    continue when attrs[i].adjsize > desired_size;

    if i = 2 then
      leftsize = attrs[i].adjsize + 1;
    else
      leftsize = attrs[i-1].adjsize;
    end if;

    if i = array_length(attrs, 1)-1 then
      rightsize = attrs[i].adjsize + 1;
    else
      rightsize = attrs[i+1].adjsize;
    end if;

    continue when attrs[i].adjsize >= leftsize;
    continue when attrs[i].adjsize >= rightsize;

    -- Local minimum. Elminate bend!
    mutated = true;
    bends[i] = st_makeline(st_pointn(bends[i], 1), st_pointn(bends[i], -1));

    -- remove last vertex of the previous bend and
    -- first vertex of the next bend, because bends always
    -- share a line segment together
    bends[i-1] = st_addpoint(
      st_removepoint(bends[i-1], st_npoints(bends[i-1])-1),
      st_pointn(bends[i], 1),
      -1
    );

    bends[i+1] = st_addpoint(
      st_removepoint(bends[i+1], 0),
      st_pointn(bends[i], st_npoints(bends[i])-1),
      0
    );
    -- the next bend's adjsize is now messed up; it should not be taken
    -- into consideration for other local minimas. Skip over 2.
    i = i + 2;
  end loop;

  if dbgname is not null then
    insert into wm_debug(stage, name, gen, nbend, way) values(
      'helimination',
      dbgname,
      dbggen,
      generate_subscripts(bends, 1),
      unnest(bends)
    );
  end if;
end $$ language plpgsql;


drop function if exists ST_SimplifyWM_Estimate;
create function ST_SimplifyWM_Estimate(
  geom geometry,
  OUT npoints bigint,
  OUT secs bigint
) as $$
declare
  lines geometry[];
  l_type text;
begin
  l_type = st_geometrytype(geom);
  if l_type = 'ST_LineString' then
    lines = array[geom];
  elseif l_type = 'ST_MultiLineString' then
    lines = array((select a.geom from st_dump(geom) a order by path[1] asc));
  else
    raise 'Unknown geometry type %', l_type;
  end if;

  npoints = 0;
  for i in 1..array_length(lines, 1) loop
    npoints = npoints + st_numpoints(lines[i]);
  end loop;
  secs = npoints / 33;
end $$ language plpgsql;

-- ST_SimplifyWM simplifies a given geometry using Wang & MÃ¼ller's
-- "Line Generalization Based on Analysis of Shape Characteristics" algorithm,
-- 1998.
-- Input parameters:
-- - geom: ST_LineString or ST_MultiLineString: the geometry to be simplified
-- - dhalfcircle: the diameter of a half-circle, whose area is an approximate
--   threshold for small bend elimination. If bend's area is larger than that,
--   the bend will be left alone.
drop function if exists ST_SimplifyWM;
create function ST_SimplifyWM(
  geom geometry,
  dhalfcircle float,
  intersect_patience integer default 10,
  dbgname text default null
) returns geometry as $$
declare
  gen integer;
  i integer;
  j integer;
  line geometry;
  lines geometry[];
  bends geometry[];
  attrs wm_t_attrs[];
  mutated boolean;
  l_type text;
begin
  if intersect_patience is null then
    intersect_patience = 10;
  end if;
  l_type = st_geometrytype(geom);
  if l_type = 'ST_LineString' then
    lines = array[geom];
  elseif l_type = 'ST_MultiLineString' then
    lines = array((select a.geom from st_dump(geom) a order by path[1] asc));
  else
    raise 'Unknown geometry type %', l_type;
  end if;

  <<lineloop>>
  for i in 1..array_length(lines, 1) loop
    mutated = true;
    gen = 1;

    while mutated loop

      if dbgname is not null then
        insert into wm_debug (stage, name, gen, nbend, way) values(
          'afigures', dbgname, gen, i, lines[i]);
      end if;

      bends = wm_detect_bends(lines[i], dbgname, gen);
      bends = wm_fix_gentle_inflections(bends, dbgname, gen);

      select * from wm_self_crossing(bends, dbgname, gen) into bends, mutated;
      if not mutated then
        attrs = wm_bend_attrs(bends, dbgname, gen);

        select * from wm_exaggeration(bends, attrs,
          dhalfcircle, intersect_patience, dbgname, gen) into bends, mutated;
      end if;

      -- TODO: wm_combination

      if not mutated then
        select * from wm_elimination(bends, attrs,
          dhalfcircle, dbgname, gen) into bends, mutated;
      end if;

      if mutated then
        lines[i] = st_linemerge(st_union(bends));

        if st_geometrytype(lines[i]) != 'ST_LineString' then
          -- For manual debugging:
          --insert into wm_manual(name, way)
          --select 'non-linestring-' || a.path[1], a.geom
          --from st_dump(lines[i]) a
          --order by a.path[1];
          raise '[%] Got % (in %) instead of ST_LineString. '
          'Does the exaggerated bend intersect with the line? '
          'If so, try increasing intersect_patience.',
          gen, st_geometrytype(lines[i]), dbgname;
          --exit lineloop;
        end if;
        gen = gen + 1;
        continue;
      end if;
    end loop;
  end loop;

  if l_type = 'ST_LineString' then
    return st_linemerge(st_union(lines));
  elseif l_type = 'ST_MultiLineString' then
    return st_union(lines);
  end if;
end $$ language plpgsql;


