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Abstract. Geocoding systems are essential for the rapid processing of large volumes of spatial data. There are
numerous geocoding systems, each of which divides the space into subspaces with a unique geometric shape
and employs a different approach of creating its unique identifier - the geocode. The article's main goal is to
demonstrate how existing equal angular geocoding system can be modified to become equal areas geocoding
system. The research focuses on the main characteristics of equal angular geocoding systems. Although there
are many geocoding systems available today, the study is limited to Geohash, one of the equal angular
geocoding systems widely used in practice. We propose a novel approach called Hashgeo that has many
practical implications. Many advantages (practical implications) of using cells with equal area have been
identified, including: facilitating data comparison between cells of different latitudes, simplifying the process
of visualizing data on an online map when creating so-called "heat maps", facilitating statistical analysis of
data, preserving the "units per area" indicator when summarizing and aggregating data in a larger scale from
data for smaller cells and others. The areas of the spherical segments and the cells within them are calculated
using a suitable derived formula.
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1. Introduction

Many devices support global or regional navigation satellite systems, like GPS (USA), Galileo (EU),
BeiDou (China), GLONASS (RF), QZSS (Japan), or NavIC (India), and can easily provide geolocation
coordinates. Automatic coordinate acquisition makes it easier to measure a variety of parameters, such as
motion, speed, atmospheric parameters, etc., and it makes it simple to quickly link events to exact locations. The
volume of data related to geographical locations is constantly growing, owing to the widespread use of
smartphones and other mobile devices with built-in GPS receivers, as well as the prevalence of vehicles with
automatic navigation, drones, IoT devices, and other technologies. GPS navigation, geotagging, geomarketing,
and geofencing are becoming increasingly popular. These tools, devices, and services generate massive amounts
of data that must be efficiently and timely processed in order to improve decision support.

Efficient processing of rapidly changing large volumes of geospatial data is a complex scientific
challenge that necessitates solutions that are in line with current information technology. It necessitates a
reconsideration of how data is transformed, stored, and processed in order to effectively meet specific needs.
Geocoding systems are critical in the analysis of large amounts of geospatial data.

Different geocoding systems divide space into subspaces with different geometric shapes (triangles,
quadrilaterals, or hexagons are the most common). Moreover, various systems are employed to generate distinct
identifiers, commonly known as geocodes. The depth of recursive space subdivision, space properties (such as
area and dimensions), the number of subspaces into which a space is directly divided, and other factors are also
different among these systems. These distinctions have implications for the efficiency of geocode storage,
processing, and transmission, as well as the convenience of data aggregation, statistical processing and analysis,
visualization, and modelling.

Geocoding systems are categorized based on distinct characteristics, with recent years witnessing the
establishment of Discrete Global Grid Systems (DGGS) as an abstract concept. DGGS adheres to specific rules
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during recursive tessellation, a process involving the division or filling of space using geometric figures,
typically identical regular polygons. This method, often referred to as tessellation, aims to eliminate overlaps and
empty spaces (Okabe 2017; Hrach 2023).

In DGGS development, a foundational requirement involves using a geometric body with uniform walls
as the basis for projecting geographic maps to generate the grid. Recursive tessellation then structures spaces and
their corresponding subspaces hierarchically. Each space can, in turn, act as a subspace within a higher-level
space. Essential operations within this geocoding approach include establishing relationships between spaces and
subspaces, as well as determining nearest neighbouring spaces.

The "Goodchild Criteria," introduced in 1990, play a pivotal role in DGGS evolution (Kimerling et al.
1999; Goodchild & Kimerling 2002; Gibb 2016; Wang et al. 2021). Currently, the Open Geospatial Consortium
(OGC) and working groups within the International Organization for Standardization are significantly involved
in advancing DGGS (Gibb 2022).

2. Literature review

Geocoding is a fundamental technology for efficiently indexing spatial data. Geocoding, in its broadest
sense, includes three primary components. It begins with the input data on which the encoding process is
performed. Second, it includes the method (algorithm) for performing the encoding. Finally, it refers to the data
structure of the resulting code, which can be numerical values for rapid automated processing or alphanumeric
strings for simple human use in everyday life.

Geographic coordinates, usually latitude and longitude, are used as the input data in most geocoding
systems. Classical address geocoding or geoparsing is frequently required before working with building
addresses. The process of translating geographic names into geographic coordinates is known as geoparsing
(Aldana-Bobadilla et al. 2020; Tateosian et al. 2017; Avvenuti et al. 2018; Fernandes et al. 2021). It is important
to consider that geoparsing works with unstructured data, which is frequently textual, whereas geocoding
primarily works with structured information (Horak et al. 2011). This distinction highlights the possibility of
mistakes that come with using language as humans (Liu et al. 2022).

In a broader sense, a "geocode" is a geographic code, typically alphanumeric, that uniquely and
unambiguously identifies a specific geographic location. The geographical location may or may not have a
predetermined area, dimensions, or shape. Geocodes intended for human use in everyday life should be concise
and simple to understand.

Today, geocodes are widely used in a variety of applications, including vehicle registration numbers that
indicate the city of registration, postal codes, and addresses. Geocoding is the process of working with various
types of geocodes. It can occur in two directions: forward and reverse geocoding. Forward geocoding, for
example, determines that the city of Varna corresponds to postal code 9000, whereas reverse geocoding
associates postal code 9000 with the city of Varna.

Within a more restricted context, certain sources employ the word "geocoding" interchangeably with the
more focused idea of "address geocoding." We believe that this usage is deceptive and may lead to a
misunderstanding of terminology. Geocoding, for example, is described as follows in Google's developer
documentation (Google 2023): "The process of converting addresses (e.g., '1600 Amphitheater Parkway,
Mountain View, CA') into geographic coordinates (e.g., latitude 37,423021 and longitude -122,083739) that can
be used to place markers or positions on a map." The process of translating geographic coordinates into an
address that can be read by humans is known as reverse geocoding." Here, "geocoding" refers only to using
building addresses and Google Maps; it does not refer to the wider definition of "geocoding."

"Geocoding is the process of transforming a description of a location - such as a pair of coordinates, an
address, or a name of a place - to a location on the earth's surface" says Environmental Systems Research
Institute, Inc. (ESRI) documentation for ArcGIS Desktop. The locations that result are represented as geographic
features with attributes that can be used for mapping and spatial analysis" (ArcMap 2023). In a nutshell,
"geocoding" is "the assignment of a code, typically numerical, to a geographic location" (Krieger et al. 2004). In
summary, geocoding is a programming technique that converts two sets of geographical coordinates into a short
character string.

Geographic Information Systems (GIS) specify locations (Vasilev et al. 2022) in a variety of formats. The
most basic format is Degrees, Minutes, Seconds (DMS): Latitude and longitude are expressed as three integers in
degrees, minutes, and seconds, with the latter having a fractional part. One nautical mile (1 NM or 1852 meters)
is equivalent to one minute of terrestrial meridian, and one second from the meridian is approximately 30.87
meters. These can be represented in two ways: latitude followed by longitude (navigation system) and longitude
followed by latitude (Cartesian system).
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Other formats are as follows WKT (Well-Known Text): A proposal by the Open Geospatial Consortium
that has been incorporated into international standards (ISO 2016; ISO 2019); KML/KMZ (Keyhole Markup
Language/Keyhole Markup Zipped): Initially developed for Google Earth and subsequently specified by the
OGC (OGC 2015; Google 2023); GeoJSON: Defined in RFC 7946 by the IETF (IETF 2016); GPX (GPS
Exchange Format): Commonly used in Garmin devices (Topografix 2004); MGRS: Employed in NATO; Plus
Codes: Proposed and used by Google; Geohash: Proposed by G. Niemeyer from Canonical Ltd. (Ubuntu).
Furthermore, data can be specified in universal unstructured formats, such as CSV (defined by IETF) (IETF
2005) or TSV (specified by IANA) (IANA 1993).

A practical and open-source tool for converting between different file formats is ogr2ogr
(https://gdal.org/programs/ogr2ogr.html), developed by the GDAL (Geospatial Data Abstraction Library)
project, with funding from the NumFOCUS organization. Convenience, performance, legacy considerations, and
other factors are important to consider when selecting a format. A qualitative comparison of a few location
specification formats used in GIS is given in Table 1, considering factors like size, footprint, and decoding ease.

Table 1.
Comparison of popular geolocation formats used in GIS

Format Size Footprint Ease of Decoding

Can be relatively large in
terms of characters, when
specifying coordinates with
high precision.

Human-readable and understandable
for people familiar with geographic
coordinates.

Expressed in degrees (°),
DMS minutes ('), and seconds

")

Readable and relatively easy for
Compact for representing humans to understand. Widely
basic geometries supported by GIS software for
parsing.

Variable, but typically
WKT concise for simple
geometries

KML is human-readable and can be
understood visually. KMZ is a
compressed format that can be easily
opened in compatible software.

XML-based, can vary XML is verbose and can
KML/ KMZ |widely depending on the  result in larger file sizes for
complexity of the data complex data

JSON-based, compact for
GeoJSON representing basic
geometries

Human-readable and easy for
software to parse, making it popular
for web mapping

Compact and efficient for
web-based applications

XML-based, variable
depending on the number | XML format can be verbose | Human-readable XML structure,

GPX of waypoints, tracks, and | for large datasets widely used for GPS data interchange

routes

Typically a combination | Larger footprint in terms of | Requires knowledge of MGRS grid
MGRS of UTM coordinates and | characters compared to system and may involve parsing

grid zone designators latitude and longitude algorithms

. . Designed for simplicity and user-

Plus Codes compact alphanumeric compact and c.lesh.gned for friendliness. Specialized decoding

code easy communication . .

tools and services are available.
. . Compact for representing . L .

Geohash Variable length depending locations but can get longer Requires specialized decoding

on desired precision algorithms

with higher precision

Source: Own elaboration

The Geohash geocoding system converts a latitude and longitude pair into a single alphanumeric
character string to encode geographic coordinates. Each character in the Geohash string after that improves the
accuracy of the location. This Geohash string can be used as a unique identifier for spatial indexing and quick
lookups. There is also an online system for converting geographic coordinates into a Geohash code (as shown in
fig. 1).

Geohash encoding is currently implemented in various relational database management systems and
NoSQL type systems, including PostgreSQL (PostGIS 2023), MySQL (MySQL 2023), Redis (Redis 2023-b),
MongoDB (MongoDB 2023), Lucene (Apache Software Foundation 2016), Elasticsearch (Elasticsearch 2023),
Solr (Smiley et al. 2015), Cassandra (Shah & Chaudhary 2018), Memcached (Ni et al. 2020), CouchBase
(Couchbase 2023), HBase (He et al. 2017; Van & Takasu 2018), DynamoDB (Jawarneh et al. 2020), and others.

45




ELECTRONIC JOURNAL “ECONOMICS AND COMPUTER SCIENCE”, ISSUE 2, 2023,
ISSN 2367-7791, VARNA, BULGARIA

Numerical values on the map are divided in half during the division process. For example, averaging (0 +
90) and dividing by 2 yields the latitude of 45° for the first horizontal line. This method of dividing the map into
separate cells is based on simple arithmetic operations and yields cells with different areas and sizes. A single
cell has the capacity to divide multiple times, giving rise to as many as 32 smaller cells (fig. 2). The division
pattern of Geohash coding alternates, which makes it unique. The following division consists of 8 rows and 4
columns if a division of 4 rows and 8 columns is utilized.

@ Geohash - geohash.org/ry7oxdt; X

— G & Not secure geohash.org/ry7cx4tp95 73 @ z

o geohash.org/ry7cx4tp95

Coordinates: [-9.56504 174.3380 1[Go]
(change display_style)

) ‘ [N
B - Google - g - €5 -

GLOCACIHING COM

Figure 1. Geocoding online service geohash.org with a Geohash code in the URL
Source: http://geohash.org/ry7cx4tp95
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Figure 2. The map of the world divided on 32 cells at the Geohash's first level of precision
Source: Petrov et al. 2018

Each cell division into smaller cells adds a new character to the Geohash string. The accuracy of the
location is directly impacted by the string's character count. The effect of removing characters from the end of
the string is the same as removing digits from the end of the latitude and longitude numbers. The use of a
Geohash code allows for the quick retrieval of objects that are nearby. These objects typically share common
Geohash string prefixes, allowing for efficient querying via SQL statements. Consider the following query:
“SELECT * FROM table WHERE geohash LIKE 'sxevg%!';” retrieves objects located in the city of Varna
(without peripheral districts), and the request: “SELECT * FROM table WHERE geohash LIKE 'sxevg3%";”
extracts objects located around the UE-Varna building.

Following the widespread adoption of Geohash coding, information surfaced about the Quadkeys system
(https://learn.microsoft.com/en-us/bingmaps/articles/bing-maps-tile-system), which operates in a similar manner
(fig. 3). However, based on the algorithm description, it appears to be more closely related to the Quadtree
algorithm (Samet 1984; Spann & Wilson 1985; Tobler & Chen 1986; Shaffer & Samet 1987).
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Figure 3. Visual representation of the tessellation process with the Quadkeys system
Source: Schwartz 2022

The primary similarity to Geohash coding is the practical alternation of latitude and longitude bits as well
as z-curve traversal. The key difference between Geohash and Quadkeys geocode is the use of Base-4 for the
geocode, specifically the digits "0123", and this system is primarily intended for specialists to use.

Furthermore, a similar system to Bing Maps' Quadkeys has been developed for Google Maps, known as
Open Location Code/Plus Codes (OLC/PC). OLC/PC is a geocoding system that is based on quadrilateral spaces
(Cantarero et al. 2020; Mai et al. 2022). The grid is divided into 9 rows and 18 columns at the first level, with
each cell measuring 20 by 20 degrees. The following four recursive divisions of each space are 20 by 20
subspaces, i.e. the spaces on the individual levels have dimensions of 20°x20°, 1°x1°, 0,05°x0,05°,
0,0025°x0,0025°, and 0,000125°x0,000125°, with the areas of the spaces from one level located at different
latitudes not being equal. The dimensions of the spaces near the equator are approximately (assuming that 1° =
111,321 km at the equator) 2226x2226 km, 111x111 km, 5,6x5,6 km, 278x278 m, and 13,9x13,9 km,
respectively. The following divisions are 5 by 4 subspaces (dimensions near the equator: 3,5x2,8 m, 87x56 cm,
and so on).

The location is encoded in an alphanumeric string using twenty characters from the set
"23456789CFGHIMPQRVWX". The letters are all capitalized. To avoid confusion or mispronunciation,
numbers and letters that are easily confused with others are excluded, as in other systems. The geocode begins
with four pairs of symbols, the first of which represents latitude and the second of which represents longitude.
Similar to how separators are used when writing telephone numbers, the "+" symbol is placed after the first eight
characters to aid in the visual perception of the separate parts of the geocode. The "+" symbol is followed by
another pair, followed by a series of only one symbol each, corresponding to a grid of 5 by 4 subspaces (Rinckes
& Bunge 2022). This geocode has an interesting feature in that it can be shortened when combined with a
predefined reference location. This makes the code section shorter, more usable, and easier to remember. In the
case of short codes, the first 2 to 6 characters are removed, and the symbol "+" must be included; the following
characters cannot be removed. A country, city, or other location name should also be included.

Since 2018, the organization "Addressing the Unaddressed" (https://www.addressingtheunaddressed.org/)
has used OLC/PC in the placement of signs with building addresses in India, particularly in Calcutta (Wiebe,
2018; Mason, 2020; Mask, 2020). Although OLC/PC is licensed as free software, it can only be used in the
online mapping service Google Maps.

Combining different map projections and grids can be used in a number of ways to translate a three-
dimensional location on a spherical body to a two-dimensional point on a map. For instance, the Mercator
projection is frequently used in navigation along with a roughly square grid. In addition to the obvious benefit of
making course and other angles easy to determine, this projection has the serious drawback of significantly
distorting the figures' sizes as they approach the poles.
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On a regional map covering a country or a water basin, this distortion is usually not visible and therefore
not necessary. When the entire Earth is covered, these distortions are easily noticeable. For this reason, Google
Maps, a well-known online map service, has been displaying a 3D globe at large scale instead of a small-scale
Mercator projection map since 2018. In order to address these issues, data analysis calls for the application of a
set of coefficients connected to particular grid subspaces.

A geocode can be linked to a wide variety of data in the database, and all data associated with a given
geocode that corresponds to a specific geographic space or neighbouring spaces can then be quickly retrieved.
Small objects can be associated with larger spaces where they fit perfectly, just as large objects can be associated
with several smaller spaces where they fit perfectly.

For ease of comparison, it is crucial that the spaces have the same area for multiple applications. For
instance, there is a significant ease of calculation for the "number of objects per unit area" indicator, which forms
the foundation of the so-called "heat maps". Owing to the peculiarities of the reference geometric bodies - the
sphere, ellipsoid, and flattened ellipsoid, that are used to approximate the precise shape of the Earth (the geoid),
it is difficult to obtain spaces in the grid that have the same dimensions and proper shape.

The grid is frequently formed during the rasterization process by spherical arcs spaced at equal angular
distances in latitude and longitude. This causes disproportions as latitude increases - the spaces, which are square
or rectangular at the equator, gradually change to trapezoidal in the middle latitudes and triangular at the poles,
where all the meridians meet.

In contrast to the square, rectangle, or trapezoid, which have four neighbours on the sides and four on the
vertices, the pole triangle has three neighbours on the sides, two neighbours on the vertices facing the equator,
and numerous neighbours on the vertex at the pole. Due to these complications, some systems (such as Redis or
Quadkeys) limit the latitude to about 85 degrees, avoiding the triangular shape of cells near the poles.

3. State of the problem

One major problem with current equiangular tessellation methods is the accuracy of a cell's
predetermined height, measured in centimetres, meters, or kilometres, in relation to its width. If the Earth is a
sphere, for example, the width in meters at the bottom edge of the cell "9" covering 45°x45° from the equator
equals the height, but it is less than the width at the top edge in Geohash coding.

This discrepancy arises because the meridians converge at the poles, causing the latitude in meters at the
top of cell "u" (and all cells on the same row) to approach zero. Assuming the Earth is a sphere with a radius of
6371 km, with satisfactory accuracy, we can state that: 1° at the equator equals 111,2 km for both the height and
width of a cell; 1° along the 22,5° parallel is 102,5 km (2 * @ * [6371 km * co0s(22,5°)] / 360°) for cell width; at
45° - 78,6 km, and at 67.5° — 43,5 km for cell width.

With this data, the bottom and height of the "9" cell are 5003,8 km (45° * 111,2 km). However, the width
of the top side of the "9" cell is 3538,2 km (45° * 78,6 km).

The width of the bottom of the "c¢" cell matches the width of the top side of the "9" cell - also 3538,2 km.
The height is the same as the height of cell "9" - 5003,8 km, nonetheless, the span of the top side of cell "c" is
zero. In contrast to the "9" cell, which is a spherical quadrilateral (with four 90° angles), a "c" cell is a spherical
triangle (with two 90° angles at the base and a third 45° angle at the apex). This may not be visible on maps
using projections such as the Google Web Mercator.

While dividing the map into subspaces by halving numbers involves simple arithmetic operations, each
cell at precision level one has 45° width and 45° height dimensions. However, the lengths of the horizontal sides
of cells in different rows are not equal when measured in meters, kilometres, miles, and so on.

Not only are the sides unequal, but the cells are also different in size. The "9" cell, for example, has a
surface area of approximately 22,5 million square kilometres, whereas the "c" cell has a surface area of only 9,3
million square kilometres. According to the calculation formulas provided by (Donaldson & Siegel 2001), the
area of the "9" cell is approximately 2,4 times that of the "c" cell (fig. 4, fig. 5).
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Figure 4. The surface areas disproportion in cells located on latitudes 0°-45° and 45°-90°
Source: Petrov et al. 2018
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Figure 5. Difference in areas between spherical segments 0°-45° N. and 45°-90° N
Source: Own elaboration
Essentially, different rows of cells have different areas because latitude is represented by mechanically
dividing angles into equal parts. As Figure 4 and 5 illustrates, this disparity is already noticeable in the northern
hemisphere's original division.
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The upper row's area accounts for approximately 29,3% of the total area of the northern hemisphere,
while the lower row's area accounts for approximately 70,7% of the total area. Refer to (Weisstein 2022) for a
detailed mathematical explanation of the formulas used in calculations. It is important to note that when using
the traditional Mercator projection for navigation, this difference in area is visually inverted. While this
projection distorts areas, it effectively maintains object angles.

The cells in the top row are actually spherical triangles, with vertical sides convergent at a single point at
the top of the triangle. Furthermore, latitudes above 83° are not displayed in Figure 4 because doing so would
cause the areas in the top row cells' visual representation to be even more distorted. The division is shown on a
sphere in Figure 5, which makes the variations in areas clearly visible.

4. Study of the differences in the areas of cells of the same accuracy level in
Geohash coding

In the calculations, we use the basic formula for the area of a spherical segment:

A =2 *q* 2 * (] —sin(latitude)),
where r is the radius of the Earth.

At precision level one (the first character of the Geohash code), every single cell in the bottom row is
about 2,4 times bigger than every other cell in the top row. At the second level of accuracy (the first two
characters of the Geohash code) the division is 8 rows by 4 columns, and when dividing each cell into 32
subspaces, this difference in areas between the cells of the second level of accuracy increases (fig. 6 and fig. 7).
In fig. 6 the top eighth row of cells of the second precision level is not shown - i.e. above 84,4°. It is well known
that the Mercator projection, as a result of the distortions, is not ideal for accurately representing geographical
sizes and shapes, particularly in areas far from the equator. The areas surrounding the poles are infinitely
stretched, resulting in exaggerated sizes and shapes. The poles themselves are depicted as lines when they are, in
fact, points. The distortions are easily visible on fig.6.

Figure 6. Subdivision of "9" and "c" cells at the second level of élccu;géy into 32 subcells
Source: Own elaboration, based on the Web Mercator projection from Google Maps
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Figure 7. Area difference between spherical segments 0°-22.5° N, 22.5°-45° N, 45°-67.5° N and 67.5°-90° N
Source: Own elaboration

As a result of calculations for the individual spherical segments, the following is obtained:

Area_share_S11(0°, 22.5%) = 0.38268 = 38.3%

Area_share _S12(22.5°, 45°) = 0.32442 = 32.4%
Area_share _$,,(45°, 67.5°) = 0.21677 = 21.7%
Area_share _$,1(67.5°, 90°) = 0.07612 = 7.61%

The data are presented in fig. 8, from which we can conclude that in the equiangular tessellation, the
closer the spherical segment is to the pole, the more its area decreases compared to the spherical segments that
are located closer to the equator. For example, the area of the second accuracy level cell "9b" (the same area as
"90", "92" and "98"), in the Pacific Ocean, is 2,9 times the area of the cell of the same precision level "ck" (the
same area as "ch", "cs" and "cu") where the part of the Victoria Island, Canada is located.
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Figure 8. Shares of the areas of the four spherical segments 0°-22.5°, 22.5°-45°, 45°-67.5° and 67.5°-90° in the
hemisphere in the equiangular tessellation

We can summarize that all subsequent divisions inherit disproportion in the surface areas of the parent
cells and the tendency is for the disparity to increase. In Table 2 the areas of cells of different rows at the first

Source: Own elaboration

and second level of accuracy in the Geohash code are presented.

Table 2. Bounding boxes around specific Geohash cells at first and second level of precision

Cell West side East side Southside | Northside | . ‘Areaof the cell

(in thousands sq. km)
2 ° o 0° 45° N 22542
- 135° W 90° W N o 2542
9 0° 5.63°N 781
9c 5,63°N 11,25°N 774
of 11,25°N 16,38° N 759
9g 16,88° N 2,5°N 736
9u 22,5°N 28,13°N 707
v 28,13°N 33,75°N 671
9y 33,75°N 39,38° N 628
9z o ° 39,38°N 45° N 580
& 101,25° W 90° W N TN 350
ce 50,63° N 56,25° N 166
of 56,25° N 61,88°N 202
cg 61,88° N 67,5° N 334
cu 67,5°N 73,13°N 263
cv 73,13°N 78,75° N 190
Yy 78,75° N 84,38°N 115
cz 84,38°N 90° N 33

Source: Own elaboration
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In Table 3, the ratio between the areas of cells, of the same level of accuracy, but located at different
latitudes, is calculated. The base (unit) is the area of a cell bordering the equator at its lower end, i.e., latitude 0°.
The next three cells border at their lower end the parallels of latitudes 22.5°, 45° and 67.5°. The last cell is
bounded at its upper end by the parallel, which degenerates from a line or circle into a point, in latitude 90°.
Calculations are made for different levels of accuracy - from 1 to 8.

Table 3. Ratio between the areas of cells located at different latitudes, when changing the level of accuracy

Level | Geohash codes of cells Width in Height in Ratio
degrees degrees
S 1
! u 45 45 0.414214
sO 1
sh 0.90508
2 u0 11.25 5.625 0.672369
uh 0.337296
uz 0.049127
s00 1
sh0 0.919183
3 u00 1.40625 1.40625 0.698429
uh0 0.371345
uzz 0.012272
s000 1
sh00 0.923293
4 u000 0.351563 0.175781 0.706022
uh00 0.381266
UzzzZ 0.001534
s0000 1
sh000 0.923733
5 u0000 0.043945 0.043945 0.706836
uh000 0.382329
UzZZZZ 0.000383
s00000 1
sh0000 0.923861
6 u00000 0.010986 0.005493 0.707073
uh0000 0.382639
UZZZZZ 0.000048
s000000 1
sh00000 0.923875
7 u000000 0.001373 0.001373 0.707098
uh00000 0.382672
UZZZ777Z 0.000012
s0000000 1
sh000000 0.923879
8 u0000000 0.000343 0.000172 0.707106
uh000000 0.382682
UZZZZ77Z 0.000001

Source: Own elaboration

From Table 3 at the same level of accuracy the cells bordering the equator are many times larger than
those bordering the pole. For example, at accuracy level 7, the difference is more than 83 thousand times, i.e.,
cell "s0000000" is about 83443 times larger in area than cell "uzzzzzz". At accuracy level 8, the difference is
over 667 thousand times, at 9 — over 2,6 million times, at 10 — over 21 million times, at 11 — over 105 million
times. For the cells bordering the 22,5°, 45°, and 67,5° parallels, the area differences gradually stabilize with
increasing the accuracy.

As can be seen from the Table 2 and Table 3, the areas of cells of the same level of accuracy in Geohash
coding vary widely, which creates great inconvenience in solving some applied problems.
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Based on the provided data, switching to a grid of cells with equal areas, in our opinion, has the following
main advantages:

1) Cells of equal area make it easier to compare data between cells located at different latitudes. For
example, when studying population density, one can easily compare the density of this indicator in one cell with
another cell, if the areas are of the same and previously known size.

2) Equal cell areas can simplify the process of data visualization on an online map when creating the so-
called "heat map". If the cells are not the same in area, it may be more difficult to accurately represent the data
on the map and may distort the visual representation of the data.

3) Cells with equal areas can facilitate statistical analysis of the data. For example, if the mean or median
of a set of geospatial data is being calculated, cells of equal area help the statistical calculations to be more
accurate.

4) Cells with equal areas can facilitate the implementation of algorithms that rely on equal areas. For
example, some machine learning algorithms would perform better when the geospatial data is arranged in cells
with equal areas.

5) When summarizing and aggregating data in a larger plan from data for smaller sized cells, the
coefficient "indicator per unit area" is preserved - e.g., number of patients per square kilometre, number of
vehicles per unit area, number of traffic accidents per unit area, etc.

5. Modified Geohash system with equal areas cells — Hashgeo system

Varying cell areas is sometimes inconvenient and undesirable, for example when analysing data by the
number of objects per unit area. In these cases, the area of all cells of the same accuracy level must be the same.
This is not achievable with the classical Geohash system, and therefore we propose to change it so that all cells
of one accuracy level have the same area (Petrov et al. 2018). Additionally, in subsequent divisions, each cell of
the next precision level has an area exactly 1/32 of the area of the parent cell.

To distinguish this system from the classical Geohash system, we use the name Hashgeo and the geocode
is prepended with “#” (called hash, sharp, pound, hex, octothorp, etc.). For the conversion from geographic
coordinates to Hashgeo to be as fast as possible, the calculations should be as simple as possible. The working
algorithm is as follows:

1) There is no change in how the longitude of cell boundaries is calculated, i.e. vertical cell borders
remain at the same longitude.

2) Calculation of latitude of cell borders is changed. In order to keep the area equal, a more complicated
formula must be applied instead of splitting into equal angular portions. We obtained the following formula after
transforming the spherical segment formula:

cell latitude boundary = arcsin(2 *n/N)

cell latitude boundary is the latitude of the cell boundary that is closer to the equator, i.e. the northern
boundary in the southern hemisphere, the southern boundary in the northern hemisphere. For the latitude
boundary of the opposite cell’s side (i.e. near to the pole), it is necessary to calculate the latitude boundary of the
next cell towards the pole. We use the fact that both cells have a common border.

N — total number of cells counted vertically. It relates on the level of accuracy i.e., of the string length: 1
character — 4 cells, 2 characters — 4*8 = 32 cells, 3 characters — 32*¥4=128 cells, 4 characters — 128*8=1024, etc.

n — the cell number, which is determined by counting beginning at 0 from the equator. In the northern
hemisphere, the row number is positive. In the southern hemisphere, it is negative.

The spherical segments' areas are the same when employing this method (see fig. 9 and fig. 10), and since
there are the same number of cells in each spherical segment (because the number of columns is fixed), their
areas are also the same.

e 50%
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Figure 9. Areas of the two spherical segments separated by 30° parallel when using Hashgeo instead of 45° as in
the classic Geohash system
Source: Own elaboration

' 90°

S1=8:2

Figure 10. Area difference between spherical segments 0°-30° and 30°-90° in Hashgeo
Source: Own elaboration

To illustrate the operation of the algorithm, we have developed two examples with different levels of

accuracy.
A. The calculation of the boundary latitudes at the first level of accuracy of cell "#6" covering part of the

South America (fig. 11), using the Hashgeo system, is as follows:
1) For the boundary near the equator: N = 4 (since the string length is 1 character), n = 0, therefore:

cell_latitude boundaryl = arcsin( 2 * 0/ 4 ) = arcsin(0) = 0°.

2) For the boundary near the pole (in this case — the South Pole) the latitude of the next cell located
towards the pole — cell “#h” must be calculated: N =4, n = -1 (since it is in the southern hemisphere), therefore:

cell latitude boundary2 = arcsin(2 * -1/ 4) = arcsin(-0,5) =-30° = 30°S.

B. The boundary latitude computation of a cell "#ch" encompassing a part of British Columbia, Canada at
the second accuracy level (fig. 12), using the Hashgeo system is as follows:

1) For the border to the equator: N = 32 (since the string length is 2 characters), n = +12 (since it is in the

northern hemisphere and the row counting starts from 0), therefore:

cell latitude boundaryl = arcsin( 2 * 12 / 32) = arcsin(0,75) = 48,59° = 48,59°N.
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2) For the latitude of the border to the pole (in this case — the North Pole), the latitude of the next cell in
the direction towards the pole — cell “#cj” must be found N = 32, n = +13, therefore:

cell_latitude_boundary2 = arcsin( 2 * 13 / 32) = arcsin(0.8125) = 54.34° = 54.34°N.

o ¥ e 30°N
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i
Figure 11. The map of the world divided on 32 cells at the Hashgeo's first level of precision

Source: Own elaboration
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Figure 12. The Hashgeo system was used to divide the "#9" and "#c

Vi 3.
SCE RN

":cells into 32 subcells.

Source: Own elaboration
In an analogous way, the horizontal borders of the cells can be calculated at other levels of accuracy to
ensure that all cells have the same area.
The subcells coordinates in the last column of Hashgeo cells "#9" and "#c", using the described
computational method, are displayed in the Table 4.

Table 4. Bounding boxes around specific Hashgeo cells at first and second level of precision

Cell West side East side South side North side . Area of the cell
(in thousands sq. km)
#9 o o 0° 30°N 15940
#c 1357 W 00" W 30°N 90° N 15 940
#9b 0°N 3,58°N 498
#9¢ 3,58°N 7,18° N 498
#9f 7,18° N 10,81° N 498
#9¢g 10,81° N 14,48° N 498
#9u 14,48° N 18,21° N 498
#9v 18,21° N 22,02° N 498
#9y 22,02° N 25,94° N 498
#9z . 5 25,94° N 30°N 498
#cb 101,25° W 0" W 30°N 34,23° N 498
fcc 34,23° N 38,68° N 498
#ef 38,68° N 43,43° N 498
tcg 43,43° N 48,59° N 498
#cu 48,59° N 54,34° N 498
#ev 54,34° N 61,05° N 498
#ey 61,05° N 69,64° N 498
fcz 69,64° N 90° N 498

Source: Own elaboration
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The formula derived here uses the arcsine trigonometric function, which is relatively slow to execute,
especially if there is no built-in support in the processor.

In order to speed up the computational operations when processing the so-called "big data" it is possible,
when implementing the algorithm proposed here, to perform only one-time tessellation for equal areas at the
beginning, and then to use equiangular tessellation. In this approach, at the beginning when the 0°-90° interval is
divided into two parts, instead of 45°, the initial division is at 30°, and subsequently the 0°-30° and 30°-90°
intervals are divided in half, i.e. values 15° and 60°.

Unfortunately, while the difference between the areas of the spherical segments locked between 0°-15°
and 15°-30° is not significant — the area of the first segment is only 7.3% greater than the area of the second, the
difference between the areas of the spherical segments locked between 30°-60° and 60°-90° is substantial. The
area of the first segment is over 2.7 times that of the second (fig. 13).

Moreover, it turns out that the area of the spherical segment locked between 30°-60° is the largest and is
41.4% larger than the area of the 0°-15° segment and 51.8% larger than the area of the segment 15°-30°. The
fraction of the areas of the four spherical segments relative to the area of the hemisphere are as follows
(Hemisphere fraction 0°-90° = 100%):

Share of spherical segment 0°-15° ~25.9%

Share of spherical segment 15°-30° =~ 24.1%

Share of spherical segment 30°-60° ~ 36.6%

Share of spherical segment 60°-90° ~ 13.4%

Because of these large differences in areas, we consider it appropriate to apply the equal areas approach
consistently for all levels of accuracy, and not just up to a certain level of accuracy, i.e., in the particular case, the
30°-90° interval needs to be divided into 48.6°, not 60° (fig. 14).

In this situation, since the calculation of arcsine can be a computationally intensive task, it is possible to
apply two approaches in case of the need to speed up data processing processes:

1) Applying a caching approach (with or without precomputation). The already calculated values are
stored in the cache and thus finding the corresponding latitudes is significantly faster.

2) Applying an approach to approximate arcsine calculations.

1 9()°

. 60°

Sa1 = 2.7321 X S22

Figure 13. Area difference between spherical segments 30°-60° and 60°-90°
Source: Own elaboration
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Figure 14. Area difference between spherical segments 30°-48.6° and 48.6°-90°
Source: Own elaboration

About the last option, approximate arcsine formulas could be used, in situation where the computational
expense and complexity associated with calculating exact arcsine values should be small, i.e. in resource-
constrained environments or real-time applications. Approximate arcsine formulas provide a practical solution
by providing sufficiently accurate arcsine estimations while significantly reducing computational overhead.
Approximation using polynomial expansions or rational approximations of the arcsine function within specific
ranges of input values is one of the widely acclaimed approaches (fig. 15).

Function:
arcsin X = % V1 =X¥(X)
Range:
0<X<1
Approximation:

(X)) = ay + 2, X + a,X? + a4, X?
4, = 1.5707,288 4, = .0742,610
a, = —.2121,144 a; = —.0187,293

Figure 15. Formula for approximate arcsine calculations
Source: Hastings et al. 2015

One important advantage of these approximation formulas is that they are effective at increasing
processing speed. Complex algorithms and series expansions are used in traditional methods of calculating
arcsine, which require a significant amount of computational power. On the other hand, approximate formulas
provide more straightforward mathematical operations, which makes them especially useful for applications that
need quick calculations, like high-frequency trading in finance or signal processing in real-time systems.
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Moreover, these approximation formulas considerably lessen the computational load while maintaining accuracy
within predetermined ranges. They achieve a balance between computational cost and accuracy, enabling quick
computations with adequate accuracy. This balance is especially useful for applications like scientific
simulations, game development, and navigation systems that call for iterative calculations or real-time responses.

Another appealing feature of approximate arcsine calculations is their ability to work around hardware
and software limitations. Using complex trigonometric functions may be impractical in situations where
computational power or memory resources are limited. Approximate formulas provide a viable alternative by
enabling efficient computations on devices with limited processing capabilities, thereby broadening the scope of
applications to a variety of platforms. Furthermore, the simplicity and ease with which these approximate arcsine
formulas can be implemented make them accessible to a broader audience, including programmers, engineers,
and researchers. Their simple mathematical expressions and low complexity contribute to their widespread use in
a variety of computational domains, allowing for rapid prototyping and development. However, it is important to
note that the use of approximate arcsine formulas may introduce minor errors, particularly at the function's
domain's extremes. While these errors may be acceptable in many applications, precision-critical scenarios may
require the use of more accurate but computationally expensive methods.

6. Use of equal area division for data visualization

In various systems handling geospatial data analysis and visualization, there's a demand for uniformity in
areas. This requirement results from the ease with which data concerning the distribution of measured values per
unit area can be analysed within specific cells, as shown in fig. 16. Uniform areas allow for relatively simple
data aggregation for computations such as total or average values. Additionally, proportions or percentages
based on aggregated totals can be calculated. This consistency aids in the visualization of "heat maps" at various
scales.

"Heat maps" are a powerful tool in the realm of geospatial data visualization, allowing for the
comprehensive representation of complex information. Colour gradients are used in these visualizations to
convey variations in data density across geographic areas. They facilitate the intuitive comprehension of
information patterns using this technique, making them a cornerstone in fields ranging from urban planning and
environmental studies to business analytics and epidemiology. One of the primary benefits of "heat maps" is
their ability to represent large datasets succinctly. Geospatial data, which is frequently vast and intricate, can be
dense and difficult to interpret conventionally. "Heat maps" provide a simplified yet detailed depiction of this
complexity by transforming numerical data into a colour spectrum. This streamlined representation not only aids
in identifying trends and outliers but also supports quick decision-making processes.
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Colour of
cluster index

Figure 16. Example of cluster representation of European mammal data using equal area cells
Source: Heikinheimo et al. 2007

Because "heat maps" are inherently visual, they are incredibly approachable. The use of colour gradations
in these maps contributes to the enhanced comprehension of visual information that humans are capable of
processing. Regardless of their level of technical proficiency, stakeholders can understand spatial distributions
and trends thanks to the intuitive nature of colour interpretation, which promotes more informed decision-
making. Furthermore, "heat maps" facilitate efficient pattern identification. When data trends are visualized
across geographic boundaries, correlations or spatial clusters that may not be visible in raw datasets are
frequently found. Stakeholders can gain important insights by recognizing these patterns, which can be applied
to anything from market analysis to epidemiology to understand consumer behaviour and identify disease
outbreaks.

Furthermore, the adaptability of "heat maps" makes them a useful tool. These visualizations can support a
wide range of data types and formats, allowing for seamless integration with various analytical methods. "Heat
maps" provide a versatile platform for displaying diverse spatial attributes such as population density, traffic
patterns, environmental changes, and real estate values. "Heat maps" are also a useful communication tool.
Presenting complex spatial data to a variety of audiences, such as policymakers, researchers, or the general
public, necessitates clarity and accessibility. These visualizations effectively communicate insights and findings
through vivid and concise representations, fostering a shared understanding among stakeholders.

Notwithstanding their many advantages, it's critical to be aware of any possible drawbacks, such as the
possibility of oversimplification or incorrect data interpretation. To guarantee that information is accurate and
appropriately represented, caution should be used. To sum up, "heat maps" are an invaluable tool for the analysis
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and visualization of spatial data. Decision-makers in a variety of fields are empowered by their capacity to
condense complex data into understandable and perceptive representations, which promotes a deeper
comprehension of spatial phenomena and motivates wise action.

7. Conclusion

In conclusion, the method for dividing the earth globe into horizontal segments (rows) implemented in the
classical Geohash geocoding is easy and quick, but subsequently, the areas of the individual spherical segments
(the rows in the grid) are totally different. The disparity, for example, gets up to 2,9 times in the variation in area
between cells located close to the Equator and cells located close to the northern parts of Europe or North
America, which are relatively densely populated and therefore of interest in terms of geospatial data processing.
Furthermore, for the regions around 45° latitude, relative to the regions around the equator, the difference is
about 1,3-1,5 times, such that the area of the cells near to the equator is bigger. This is problematic in some
circumstances, and all cells from the same level of accuracy must have the same area.

The proposed approach for dividing the map into separate cells of equal area involves the use of the
arcsine trigonometric function in the calculation of latitude boundaries. We call it Hashgeo because it generates
cells with different locations and sizes than the original Geohash system. The area of every geocoded cell with a
single symbol is the same, and around 15 939 515 sq. km. The cells geocoded with 2 symbols also have the same
area — precisely 1/32 of the area of the parent cell which is geocoded with 1 symbol — 498 110 sq. km, etc. Thus,
the areas of geocoded cells with 3, 4, 5, and more characters (i.e. the length of the geocoded string) can be
readily determined by dividing by 32.

As directions for future work, we suggest that our approach for modifying existing geocoding system
from equal angular to equal area could be applied to many other equal angular geocoding systems. For example,
Quadkeys, Open Location Code/Plus Codes, Natural Area Code (NAC), etc. In this way geocoding systems will
be more useful for data visualization, assuring equal area representation for better spatial analysis. For example,
creating grids for ecological studies, biodiversity mapping, or natural resource management, census purposes,
demographic analyses, climate modelling and analysis, climate change impacts, etc. where accurate area
representation is crucial. For the benefit of urban planners, equal area zoning maps can help with land use
assessments, infrastructure design, and resource distribution in an equitable manner. For disaster management
and emergency response equal area planning can ensure fair resource allocation and coverage. For healthcare
equal area planning can ensure fair access to medical facilities and resources across different regions. These and
other potential prospects have yet to be explored.
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