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Abstract

With the advent of location-based services, the demand for location data has dramatically increased. Geocoded locations have
become necessary in many GIS analysis, cartography, and decision-making workflows. A reliable geocoding system that can
effectively return any location on earth with sufficient accuracy is desired. This study is motivated by a need for a geocoding
system to support university campus applications. Address-based geocoding systems have been used for decades. However, they
present limitations in address resources, address standardization, and address database maintenance. These limitations have
recently sparked an interest in developing alternative geocoding systems that apply alphanumeric codes as a reference to
locations, such as Geohash, Google’s Open Location Code, and what3words to name a few. Comparing to other geocoders,
what3words (w3w) has many advantages. It uses a simple format of code consisting of three words, it is less error-prone, codes
are easier to memorize, and multiple languages are supported. However, its fixed resolution (consisting of 3 m by 3 m square
cells) and lack of consideration of the third dimension may limit its applicability. To better support geographic applications with
special requirements, the w3w geocoding system needs to be extended. This paper proposes extensions of w3w in two aspects:
variable resolution and third dimension support. A geocoding processing tool that implements these extensions is being devel-
oped to support the need of a university campus’ facility management, emergency evacuation and route navigation planning,
student survey data management, and other location-based services.

Keywords Geocoding systems - what3words - Geocoding processing - Location-based services

Introduction

Methods to determine a location on a digital map or find the
optimal paths to get there are becoming increasingly relevant
to everyday life. Location encoding (also known as
geocoding) is an approach that transforms an address, postal
code, place name, or another geographic reference to geo-
graphic coordinates (Goldberg 2011; Lee 2009; Karimi et al.
2011). This allows spatial analysis, mapping, and other
geolocation related processes to be performed in GIS software
packages. As such, a variety of geocoding systems have been
created to support specific applications including, but not lim-
ited to, marking locations on a map, route finding and
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navigation, and local searching. A geocoding system consists
of three components: (i) the input data—address, the name of
a place, or code; (ii) the geocoder—the processing algorithm;
and (iii) the output data—the location coordinates correspond-
ing to the input data. Reverse geocoding functions perform the
opposite task and convert coordinates into the address, name,
or code of the location.

Address-based geocoding, which refers to “address
matching” including a postal code and place’s name, has been
dominant for decades. Numerous efforts have been made to
improve address-based geocoding. However, they were not
able to completely restrain all limitations involved (Lee
2009). Alphanumeric code geocoding systems have emerged
more recently. These systems provide alternative methods to
overcome the problems with address-based geocoding.

An alphanumeric code geocoding uses codes as a reference
to locations. It partitions the earth surface into arrays of cells,
often in layers of variant resolution, and assigns each cell a
unique alphanumeric code. Codes can then be converted into
the centroid coordinates of the cells. Examples of these
geocoding schemes include Geohash, MapCode, c-Squares,
WMO squares, Open Post Code, Google’s Open Location
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Code, and what3words (Barr 2015; Stefanakis 2016). The
latter one is of particular interest to this study.

what3words (w3w) divides the earth’s surface into a grid of
3 m by 3 m squares; each assigned a unique code consisting of
three dictionary words separated by periods, e.g., the entrance
to the CN Tower in Toronto, Canada, is located at
“select.threaten.shelters” (Barr 2015). This method allows
for easier memorization of locations and is supported in mul-
tiple languages. Meanwhile, the three-word code is efficient to
encode and decode. w3w provides a website, apps for i0OS and
Android, and an API that enables bidirectional conversion
between the three dictionary words assigned to the grid cells
and latitude/longitude coordinates (Barr 2015).

w3w has demonstrated some advantages over the traditional
address-based geocoding. It is estimated that over 4 billion
people on Earth are physically disconnected because of lack
of a reliable street address (Barr 2015). But even when street
addresses are available, they are very often unable to describe
the location. For example, locations inside parks or large facil-
ities (e.g., stadiums or hospitals with multiple entrances) may be
hundreds of meters away from the nearest address. The use of
directions (such as “behind the main building find a storehouse;
deliver the package to the right door facing the park”) instead of
address has become a common practice. However, this is usu-
ally ambiguous as it relies on local knowledge, while it cannot
be interpreted automatically (Stefanakis 2016).

Apparently, the w3w grid can meet the fundamental need
of addressing people and places no matter the existence of a
reliable street address. The opportunities, that w3w presents,
have been widely recognized around the globe. Governments
of at least five nations with poor addressing systems have
already adopted w3w for their postal services, while w3w
has been recently used as an addressing mechanism in disaster
relief missions and emergency response (The Ethicalist 2017).

Besides the opportunities, w3w presents limitations that com-
plicate its usefulness to certain geographic applications.
Specifically, w3w has a fixed resolution of 3 m x 3 m and pro-
vides no consideration of elevation. How can the what3words
geocoding system be extended to address these limitations?
How could these extensions be applied to support geographic
applications such as a micro-scale area of a university campus?
To answer these questions, this study has established three main
objectives: (a) to design alternative w3w geocoding extension
models, (b) to implement geocoding algorithms for the extended
models, (c) to apply the extended models and associated algo-
rithms in various applications relevant to a university campus.
This paper focuses on the first objective.

The w3w geocoding system was extended towards two
aspects: variable resolution and elevation. A potential appli-
cation using a finer resolution extension of the w3w
geocoding system is to locate a geographic entity (e.g., a desk)
in a building room, as demonstrated in Fig. 1. The location of
the desk can be represented by an extended model involving a
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Fig. 1 Example application of a w3w extension that considers a finer P>
resolution: a level E of Head Hall building and the w3w grid of 3 m x
3 m squares, b one w3w square within room E5 sub-divided into cells of
33 cm x 33 cm, and ¢ the same cells in larger scale and the encoding of
two cells covering a desk

code consisting of four words with a resolution of 33 cm by
33 cm. On the other hand, a coarser resolution extension
would be required for an evacuation planning application.
As shown in Fig. 2, an open space in a university campus
covered by square cells of a size that exceeds the 3 m x 3 m
could be represented by an extended model involving the
central 3 m x 3 m cells accompanied by a number describing
the size of these cells.

An elevation extension of the w3w geocoding system can
be beneficial for locating entities in three-dimensional space.
In the example of Fig. 1, the desk is located on the fifth floor of
a building. Its relative height (above the ground) is 13 m (i.e.,
each floor is 3 m high, and the desk is 1 m high). Hence, the
location of the desk can be described by three words supple-
mented by a code that provides its relative height, e.g.,
“psychic.rolling.recital.tan.RH7”. A reverse geocoding pro-
cess would turn the above code into the location of the desk
expressed in (x, y, z) coordinates, i.e., (—66.64174,
45.950082, 13).

It is believed that the development of the extensions above
could facilitate various geographic applications in a university
campus such as campus navigation, emergency evacuation,
facility management, and student survey data management.

The paper content is organized into five Sections. In
“Geocoding Systems and what3words” section provides the
state-of-the-art of geocoding systems including a discussion
on the advantages and disadvantages of these systems. In
“Extensions of what3words” section introduces the models
to extend the w3w geocoding system to support variable res-
olution and elevation. In “Applications” section discusses
some potential applications and example scenarios of the ex-
tended w3w geocoding system. In “Forward and Reverse
Geocoding Transformations” section presents the forward
and reverse transformations between extended w3w codes
and the corresponding geographic coordinates. In
“Conclusion” section summarizes the proposed extensions
and presents some future developments.

Geocoding Systems and what3words

Geocoding is one of the basic geospatial operations that con-
vert addresses, postal codes, place names, or other geographic
references to geographic coordinates (Goldberg 2011; Lee
2009; Karimi et al. 2011). It plays a vital role in the spatial
analysis as geocoding technology has been utilized in many
application areas such as epidemiology, environmental
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Fig. 2 An example application of a w3w extension that considers a coarser resolution (cell size, 30 m x 30 m)

science, emergency management, marketing, planning, and
location-based services. These applications involve a broad
range of disciplines including, but not limited to, geography,
geographic information science, computer science, digital 1i-
braries, history, and economics (Goldberg 2011; Karimi et al.
2011). Geocoded data provides a basis for subsequent spatial
analysis and mapping. Errors associated with the geocoded
data are likely to propagate through subsequent processing,
analysis, modeling, and decision-making (Goldberg 2011;
Karimi et al. 2011). Therefore, it is important to obtain accu-
rate locations from geocoding processes.

There are two categories of geocoding schemes adopted by
geocoding systems: address-based and alphanumeric code-
based. The address-based geocoding scheme makes use of
two main models: street network geocoding and rooftop
geocoding (also known as address-point geocoding), which
have been widely used for decades (Lee 2009; Karimi et al.
2011; Zandbergen 2008).

Address-based geocoding systems have many constraints
including coverage, standardization, maintenance, and preci-
sion. The coverage issues occur because these systems are
unable to geocode locations with no official address (Barr
2015). It is estimated that, worldwide, over two billion people
live at locations with no official street name or house number
(Geelen 2015). Standardization is an issue because address-
based systems require properly formatted input, whereas ad-
dress formats vary from location to location (Lee 2009). Also,
these systems require high maintenance as address databases
must be updated regularly to reflect real-world changes for the
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entire coverage area (Lee 2009). Last but not least, precision
can be a major concern. Geocoding in rural areas is often
offset-prone (Kellison 2012). Even in urban areas, where
geocoders are typically more precise, they use as a reference
the centroid of structures or parcels. Entire university build-
ings, business parks, and farms are abstracted to single points
that do not carry sufficient precision for many applications
(Chen et al. 2016; Goldberg et al. 2007; Karimi et al. 2011).

Alphanumeric code geocoding scheme provides an alter-
native way for describing a geographic location. Multiple al-
phanumeric code-based geocoding systems are already avail-
able to convert between alphanumeric codes and geographic
coordinates: Geohash, MapCode, c-Squares, WMO squares,
Open Post Code, Google’s Open Location Code, and
what3words (Barr 2015; Stefanakis 2016). These systems as-
sign systematic alphanumeric labels to locations (polygons)
over the earth, which are converted to geographic coordinates
using mapping formulas, instead of graphs and an address
database (Barr 2015). Alphanumeric code geocoding systems
share several advantages: (i) every cell is assigned a unique
and static code, (ii) codes are simple to encode and decode,
and (iii) codes are efficient for communication (Chen et al.
2016).

w3w, compared to other alphanumeric code geocoding sys-
tems, has three significant advantages. First, it is the cleanness
of the coding scheme as the use of dictionary words is less
error-prone than a code mixing letters and numbers. Secondly,
it is easier to remember (Barr 2015). Finally, it supports mul-
tiple languages. Other alphanumeric code geocoding systems
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Fig. 3 Alternative w3w
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provide a code combining random Latin characters with num-
bers, which can be as long as ten characters for a high resolu-
tion. The codes provided by these systems are hard to remem-
ber, while they are not language- or culture-independent
(Rhind 2015). On the other hand, as opposed to other alpha-
numeric geocoding systems, w3w has a fixed resolution of
3 mx 3 m. This may impede an efficient modeling in appli-
cations, such as in indoor environments where a finer resolu-
tion is required, or in outdoor environments where a coarser
resolution is preferable.

None of those mentioned above geocoding systems con-
siders the third dimension, i.e., elevation (Stefanakis 2016).
3D geocoding and 3D reverse geocoding services are still a
challenge (Verbree and Zlatanova 2007). An address-based
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b

| l | |
l

Combination

3D geocoding system for the indoor environment was pro-
posed by Lee (2009). However, this method inherits the lim-
itations of address-based geocoding systems and does not of-
fer an appropriate solution for 3D location-based services.

Overall, alphanumeric code geocoding systems may dem-
onstrate advantages over address-based geocoding ones in
many aspects. Furthermore, a comparison between the alpha-
numeric code geocoding systems reveals that w3w has many
significant advantages that can be utilized to better support
specific geographic applications (Barr 2015). However, w3w
still has limitations, such as a fixed resolution and no consid-
eration of elevation. This study introduces a series of exten-
sions of the w3w geocoding system to overcome the above
limitations.

. ." o

0.33m X 0.33m

: . : ". o
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Fig. 4 Finer resolution extension models: a Ternary-Tree Extension Model (TTEM) and b Quadtree Extension Model (QTEM)
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Fig. 5 w3w resolution extension

by adding an extra word vordd

word2 word3 new word

Extensions of what3words

This section describes how w3w geocoding system can be
extended to support variable resolutions as well as the integra-
tion of elevation data into the alphanumeric code. In the orig-
inal w3w system, resolution is fixed to 3 m*x3 m. With a
variable resolution extension, w3w grid cells may have a
smaller or larger size to satisfy the needs of a finer or coarser
resolution, respectively. The finer resolution model could be
used to represent any spatial points that fall into the same
square beside the cell’s centroid (Fig. 1). The coarser resolu-
tion model could be used to represent areas with an extent
larger than 3 m % 3 m, using a single code. The elevation could
be described by absolute height values, relative height values
(i.e., above or below the ground), or even floor labels and
relative heights within the floor for indoor application pur-
poses. The above models need to be combined as shown in
Fig. 3 to represent specific areas or locations at variable reso-
lutions in 3D space.

represented by

Resolution

Variable Resolution Extension Models—Finer
Resolution

Two methods to increase the resolution of the grid cells are
considered (Fig. 4): Ternary-Tree Extension Model (TTEM)
and Quadtree Extension Model (QTEM). The w3w square is
divided into nine or four sub-squares, respectively. Each
square is recursively divided into sub-squares, resulting in a
cell size at the finest resolution equal to 11 cm by 11 cm and
9 cm by 9 cm, respectively.

The extended variable resolution model is represented by
attaching a fourth element (a new word) to the w3w code, as
shown in Fig. 5. At each resolution level, all new words start
with the same letter so that the resolution level can implicitly
be determined from the code (Figs. 6 and 7). This way, the
fourth word conveys information about both the sub-cell size
and location in the original w3w’s 3 m %3 m square. The
spatial relations between two cells can also be partially ex-
tracted from their codes.

Resolution Look Up Table

0ol 01l02 [10 [11[12 ] 20] 21] 22 im X 1m 0.33m X 0.33m 0.11m X 0.11m
0 1 2 03] 0405 |13 |14]15| 23] 24|25 o | 00 b 000 |sad
L06] 07|08 |16 |17 18| 26| 27| 28| 1 oat 01 tag 001 sag
30| 31|32 |40|41| 42| 50| 51|52 2 odd 02 tap 002 sat
3 4 5 33| 34(35 | 43 | 44| 45| 53 54|55 3 off 03 tax 003 | saw
36| 37/38 41£4_a1_5§_5_7__5§ 4 oil | 04 tan 004 | say
60| 61(62| 70| 71| 72| 80| 81|82 5 old 05 tail 005 sale
6 it 8 63| 6465 73| 74| 75|83 84[85 6 one 06 take 006 salt
jﬁJ_G_ZQ 761 77| 75]&'_&2_3&‘ 7 out 07 talk 007 save
Tm X 1m 0.33m X 0.33m 8 own 08 tack 008 ‘ same
a b 10 tea 010 sea
1 teach 011 [ seat
12 ten 012 | seal
13 tell 013 seam
14 test 014 | sear
| 015 | sedan
016 | self
017 sense
(o]

Fig.6 Ternary-Tree Extension Model (TTEM): a resolution of 1 m x 1 m, b resolution of 33 cm x 33 cm, and ¢ the fourth word for each sub-cell at three

different resolution levels
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Resolution Look Up Table
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21 1 1
2 2 80 : quite 03 fax 003 caw
2 3
22 ||=23" |"32 |33 10 fee 010 clan
1.5m X 1.5m 0.75m X0.75m " few o011 clap
12 fear 012 claw
a b
13 feat 013 clay
(o

Fig. 7 Quadtree Extension Model (QTEM): a resolution of 1.5 m x 1.5 m, b resolution of 75 cm X 75 cm, and ¢ the fourth word for each sub-cell at three

different resolution levels

According to the nature of English vocabulary, the quantity
of word starting with the letter “t,” “s,” “f,” or “c” is greater
than words starting with “o0” or “q” (Fig. 8). Therefore, these
words were used for the sub-cells at the finer resolutions,
where more words are demanded. Furthermore, when words
starting with a certain letter are inadequate for a specific res-
olution (e.g., if words starting with “s” are not enough for
TTEM at resolution 11 cm % 11 ¢cm), words starting with an-
other letter such as “p” could be utilized.

A fundamental principle of the w3w geocoding system is
that the words assigned to a square give no clue as to the
words of adjacent squares (Barr 2015). In other words, the
w3w geocoding system is non-hierarchical and non-topolog-
ical. In TTEM and QTEM models, though, the fourth word
conveys some locational semantics as it corresponds to a giv-
en sub-square within each 3 m by 3 m square.

TTEM and QTEM models could be used to represent any
point location. The accuracy of the point’s location increases
with an increase in resolution. Given point A in Fig. 9, the
four-word code for the sub-square including point A could be
used to represent point A’s location through the cell’s centroid.
The maximum offset from A’s actual location is 23 cm at

resolution 0.33 m % 0.33 m in the TTEM model. The higher
the resolution level, the smaller the maximum offset is.

An alternative model to represent a point location is the
binary code extension model (BCEM). This model was
inspired by Geohash geocoding system (Geohash 2017),
which recursively bisects the earth’s sphere along latitude
and longitude. A binary code was then created for both
coordinate values, while the location could be encoded by
interleaving the binary representations of these coordinate
values. BCEM recursively divides a w3w square in a
quadtree fashion, with two binary digits (0 or 1) appended
to each division to determine the quadrant. The divisions
could continue until the error tolerance of the point is
reached. Then, the string of appended binary digits is
encoded into letters to form the fourth (new) word.
Notice that the sequence of letters does not necessarily
form a dictionary word. Figure 10 illustrates the process
and results of the extension through the BCEM model.
BCEM can be expanded or truncated in pairs to achieve
higher or lower precision respectively (Table 1). The spa-
tial relation of two points in the same w3w square could
be partially retrieved by detecting the fourth word.

Fig. 8 The number of English 30000
dictionary words starting with
each letter (from http://which- 25000
english-letter-has-maximum-
words.html) 20000
15000 -
10000 -
5000 -
0 -

g h i j k I

m n o p q r s t u v w x vy z
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Fig. 9 Using Ternary-Tree
Extension Model (TTEM) to
represent an arbitrary point A

Location of point A:
word1.word2.word3.new word

0.33m X 0.33m

Variable Resolution Extension Models—Coarser
Resolution

Three methods of coarser resolution extension are consid-
ered in this study. The first two methods use a w3w square
as a reference to decrease the resolution by expanding the
size of the square. The first method, called radial expansion
extension model (REEM), enlarges the square’s size by
applying a radial expansion as shown in Fig. 11a. The
second method, called diagonal expansion extension mod-
el (DEEM), uses a diagonal expansion as shown in
Fig. 11b. Instead of adding another word to w3w code to
represent the lower resolution square, the fourth element
for these models would be a label of a representative letter

and a number that defines the resolution itself (Table 2).
Notice that the diagonal expansion could have four direc-
tions. Thus, the abbreviations for these directions need to
be attached to the label.

The third method of coarser resolution extension, named
rectangle extension model (RECTEM), can map the square
into a rectangle of any size with dimensions denoted as m
and n (Fig. 12). The new code is constructed by taking the
centroid of a w3w square, considering it as the center point of
a rectangle, and using the length and width parameters
delimited by a letter “v” to form the fourth element of the
extended code (Table 2). Hence, the area covered by the rect-
angle could be computed by the fourth element as a product on
mxn.

0011 1000 1011

3m X 3m

word1 word2 word3 djin

Fig. 10 Binary code extension model (BCEM). Modeling location A with three words plus a sequence of Latin characters
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Table 1 The location precision
for a point under BCEM

The 4th element length (number of letters)  Code bit ~ Max_vertical offset (m) ~ Max_horizontal offset (m)
1 0.75 0.75

2 8 0.1875 0.1875

3 12 0.0469 0.0469

4 16 0.0117 0.0117

The Third Dimension Extension Models—Elevation

Like many of the other geocoding systems, w3w does not
consider the third dimension. Therefore, this study proposes
an extended model for w3w that can distinguish between lo-
cations of different elevations. The elevation can be described
in three ways: absolute height, relative height (ground refer-
ence; above or below the ground), and floor (floor label and
relative height within the floor) for indoor applications. To
represent the elevation, a label combining letters and numbers
is attached to the w3w code (Table 3).

The letter(s) H, RH, and F represent the diverse types
of elevation, i.e., absolute, relative, and floor, respective-
ly. The number following the letters H and RH describes
height values in units of meters. Letter F is followed by
the floor label (e.g., 3, 0, -2, or E), a period, and

9m
15m

optionally a number describing the relative height from
the surface of the floor in meters. Various types of floor
description (i.e., Ground Floor, Floor C) need to be con-
sidered and standardized.

Combination of the Extension Models

To describe a precise location in space, the extension models
addressing both variable resolution and elevation need to be
integrated. Therefore, the full description includes five ele-
ments as shown in Fig. 13. A delicate balance exists be-
tween the descriptiveness and complexity of the code.
While this new description loses some of the memory
friendliness of the original w3w model, it retains many of
the original aspects.

15m

9m

3m

12m

15m

S

b

Fig. 11 Coarser resolution extension models: (a) radial expansion extension model (REEM) and (b) diagonal expansion extension model (DEEM)
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Table 2 Alternative coarser resolution representations

Method Resolution Representation
RO
Radial R 15
D NW6 D NW6 D SE6 D SW6
D NE9 D NW9 D SE9 D SW9
Diagonal D NEI12 DNWI12 DSEI2 D SW12
D NEI15 DNWI5 DSEI15 D SWI5
RECT7v5
Rectangle
RECTmvn
Noweore | D, COEEED.

Applications

The proposed extensions were able to accommodate a variable
resolution and elevation, while still utilizing the w3w square
as a basic unit. By adding a word and/or a label to a w3w code,
these extensions retain a simple format and remain compliant
with the advantages of the w3w geocoding system. Not only
could they be used as input data for geocoding processing, but

also as a spatial index. Some potential applications that make
use of the extension models for a university campus are listed
in Table 4.

Provided that a university campus extends in a relatively
small and local area consisting of up to a few hundred thou-
sands of 3 mx 3 m squares, a single word (e.g., wordl in
w3w) may turn out to be sufficient for encoding these squares.
This way the combined code in Fig. 13 may be abbreviated to

Fig. 12 Coarser resolution
extension model using a rectangle
(RECTEM)

@ Springer
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Table 3  Alternative extension models for the third dimension
Elevation Representation Example
Absolute Height H H 34.05
Relative Height RH RH 3.52
Floor Number F F3.1.47

three words: “wordl.resolution.elevation™ for local use.
Obviously, a search must be done to make sure that no two
w3w squares in the campus share the same word1 of the orig-
inal w3w code.

The following two example scenarios demonstrate how
what3words and the extended models may enhance
geocoding. The first scenario involves a mail delivery on a
university campus. Specifically, a package must be dropped
off at the desk of a person in room ES5, which is located on the
fifth floor (floor E) of Head Hall complex. The street address
of Head Hall is “15 Dineen Drive, Fredericton, NB,
E3B5A3”. As shown in Fig. 14, neither the street address
nor the place name (i.e., “Head Hall, UNB Campus”) is very
helpful to the postman, as they both fail to indicate an entrance
to the building complex.

As explained in “Geocoding System and what3words” sec-
tion, address-based geocoding systems may fail to represent
large structures, such as a building complex, as they assign a
single or a limited number of addresses to each structure. To
overcome this limitation, the what3words geocoding system
provides a unique address made up of three dictionary words
to identify each 3 m by 3 m square on the earth’s surface. As
shown in Fig. 15, the main entrance to Head Hall complex
falls into the w3w square cell indexed by the three-word code:
“tram.sullen.registration”. The centroid of this cell is located
at—66.641686 W, 45.949803 N. Obviously, the w3w address
code may help the postman locate the entrance to the building
and reach out the delivery spot more efficiently. The

navigation in the outdoor space will be supported by satellite
positioning systems.

The package must be dropped off at the desk of a person in
room ES5, which is located on the fifth floor (floor E) of Head
Hall complex. Hence, the postman needs additional information
to navigate within the building complex. As shown in Fig. 16,
the horizontal location of room ES is indexed by the three-word
code: “psychic.rolling.recital”. However, the room is located
on the fifth floor (or floor E; according to the flood numbering
scheme of this complex). Hence, the extended code for room
ES is either “psychic.rolling.recital..FE” when using the floor
number or “psychic.rolling.recital.. RH12” when using the rel-
ative height (see Table 3; for a floor height equal to 3 m). The
latitude and longitude of the square cell can be retrieved from
the first three elements (w3w code), while the height value can
be retrieved from the fifth element. The extended code may
better assist the postman to reach out the delivery spot. The
navigation within the building will be supported by indoor po-
sitioning systems.

Notice that there is no fourth element included in the latter two
codes. The postman can only locate the right desk in E5 to drop
off the package at, if the fourth element became available. As
shown in Fig. 17, a finer resolution can be achieved by sub-
dividing the 3 m x 3 m square into 81 33 cm x 33 cm sub-
squares. Those sub-squares will be identified through the fourth
element (see Fig. 6). Two alternative extended (five-word) codes
for the desk surface are “psychic.rolling.recital.tan.RH13” and
“psychic.rolling.recital.tack. RH13”. Notice that the relative

Fig. 13 The combined five-word

code | word1

word2 word3 word4 word5

represented by

Resolution Elevation
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Table 4  Applications of the proposed geocoding extension models to a university campus

Location Application
Indoor €))] Describe a path between rooms and support navigation

?2) Label rooms and important sites, such as exit, entrance, and extinguisher

3) Track equipment, books, and personnel

(€)) Locate facility management points of interest (POI) for maintenance or repair
Outdoor (€)) Define safety area for emergency evacuation

) Describe paths between various locations (buildings) on campus

3) Manage student survey data

height is increased by 1 m compared to the floor height of 12 m
in Fig. 16, to include for the height of the desk itself. Obviously,
the extended five-word code may assist the postman to reach out
the delivery spot accurately.

The second scenario handles the definition of an evacuation
zone within a university campus. The evacuation zone is an
open space that has accessibility to roads and is intended to
accommodate students, staff, faculty, and visitors in case of
emergency. Figure 18 shows an example evacuation zone.
The size of the zone is such that encloses hundreds or thousands

Heal Hall 9

of 3 m by 3 m square cells. Hence, this zone may be encoded
with too many different w3w codes, while none of them convey
the extent of the zone. By introducing a coarser resolution, the
evacuation zone can be encoded more efficiently. The rectan-
gular zone in Fig. 18 can be explicitly described through the
extended code “nurse.marginally.animation.RECT76.5v34.5”
and according to Fig. 12. Notice that the area covered by
the rectangle is embedded in the code and can be extracted
as the product of the two numbers reported in the fourth
element.

9 15 Dineen Drive

Fig. 14 The Head Hall complex. The red markers indicate the geocoding results based on street address and place name. The blue markers represent the
entrances to the building complex, while the black flag indicates the main entrance

@ Springer
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Fig. 15 The original what3words grid over Head Hall complex. The annotated 3 m % 3 m square is used to encode the location of the main entrance

Clearly, both the w3w encoding and the proposed
extensions assume a positioning precision that goes be-
yond the capabilities of common outdoor or indoor po-
sitioning systems mounted to mobile devices, such as
cell phones. There are, however, systems that can reach
the required precisions, such as the relative kinematic
positioning (RKP; Teunissen and Montenbruck 2017)
using satellite systems, or the ultra-wideband technology
for 3D positioning (Pozyx 2017). It is anticipated that
systems like those will be in wide use in the future.

A geocoder software tool is currently being devel-
oped. The tool will implement the two-way transforma-
tion between five-element codes (using the various w3w
extension models introduced in “Extensions of
what3words” section) and local or universal coordinates
in 3D space for individual locations. Also, it will support
the two-way mapping of basic geometric elements, such
as lines, surfaces, and solids (used to model the entities
of interest in various university campus applications) to
extended w3w codes (Table 4).

Forward and Reverse Geocoding
Transformations

The following paragraphs describe the two-way transforma-
tion between an extended code and the corresponding geo-
graphic coordinates. The forward geocoding converts an ex-
tended code into geographic coordinates including elevation.
The reverse geocoding converts geographic coordinates and
elevation into an extended code. Both transformations make
use of the what3words API (Application Programming
Interface; w3w API 2017) as an integral component.

Figure 19 presents the flowchart of the forward transforma-
tion. The input value is a code consisting of three, four, or five
words (or elements). After parsing the code and depending on
its content, one or more of following three procedures will be
performed:

(1) If athree dictionary words code were provided, the geo-

graphic coordinates of the centroid point (Lng, Lat) for
the corresponding 3 m by 3 m square cell could be

@ Springer
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Fig. 16 The plan of floor E in Head Hall complex and the location of room ES5. The red 3 m x 3 m square corresponds to one w3w square cell full

contained in the horizontal extent of room E5

retrieved using the what3words API. These coordinates
will be reported as a result of the transformation.

(2) If an extended code with the fourth element (word4)
were provided, the first three words would feed the
what3words API to retrieve the geographic coordinates
of the centroid point (Lng, Lat) for the corresponding
3 m by 3 m square cell. Then, the fourth word or element
will be used to calculate the offset from the centroid point
(AX, AY). Depending on the extension model in use,
the corresponding calculations will be carried out, and
the geographic coordinates of the location will be re-
trieved and reported.

(3) If an extended code with the fifth element (wordS) were
provided, that element would be processed according to the
adopted model for the third dimension and the height (Z) of
the location will be retrieved to complement the horizontal
coordinates.

Figure 20 presents the flowchart of the reverse trans-
formation. The input values of the reverse transforma-
tion include mandatory and optional items. The manda-
tory items are the geographic coordinates (Lng, Lat) of
the location. The optional items are the resolution level
(r) and the height (Z). By feeding the what3words API
with the mandatory items, a three-dictionary-word code

@ Springer

will be retrieved to identify the 3 m by 3 m square cell
enclosing the geographic location.

The optional item r takes a value that determines the reso-
lution level expressed in centimeters. If the value of r<
300 cm, a finer resolution is needed. A series of calculations
will be applied to compute the bottom left corner of the 3 m by
3 m square enclosing the location (denoted as LngMin and
LatMin, respectively), the offset of the input location from that
corner (denoted as AX and AY, respectively), and ultimately
the sub-square that encloses the location at the requested res-
olution (identified by: row and column). A lookup table (see
Figs. 7 and 9) will be used to retrieve the fourth element
(word4) that corresponds to that cell. If the value of >
300 cm, depending on the actual value of 7, the fourth element
(word4) will be retrieved (see Table 2). If a code representing
an arbitrary point is requested (e.g., for =—1), the quadtree
sub-division algorithm will be used to retrieve the string of
binary code which will next be transformed into a letter code
(Fig. 10). That letter code composes the fourth element of the
code (word 4).

The optional item Z takes a value that determines the height
of the location. According to the adopted model for the third
dimension, the height (Z) of the location will be transformed
into the fifth element (word5) of the extended code.

The computational complexity of the above transformations
is anticipated to be in the magnitude of the algorithm complexity
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Fig. 18 An extended rectangular area aligned to the w3w grid encoded using the coarser resolution extension model

@ Springer



7 Page 16 of 18

J geovis spat anal (2018) 2: 7

Provide a
Geocoding
Code

what3words retrieve
API

(Lng,Lat) —> (Lng,lLat2)

Main Procedures

word1.word2.word3 [—|

what3words | retrieve

API

(Lng,Lat)

ord1.word2.word3.word:
?

Finer Resolution
word4 > Look Up Table
(Fig.6(c),Fig.7(c))

Main Procedures

Coarser

calculate offset
from centroid point

Resolution calculate offset

(LngtAXF LattAYF) —> (LngF,LatF) —~ — — > (LngF LatF,Z) f— —

(AXF , AYF)

(LngtAxc,Lat+AYc) = (Lnge,Latc) [— — — - (Lngec,Latc,Z) —

T N Look Up Table |from

(Table.2)

No

centroid poin G, A6)

Main Procedures

word4 Label
(letters)?

Boundry of w3w
cell

Quadtree

Division calculate offset

BinzsyEéAode String of Binary locrithm from centroid pomt
RO Table 1 Code
(Fig. 10)
(LngtAxs,LattAYB)—> (Lngg,Lats) — — > (Lngs,Lats.Z)
word1.word2.word3.word4 x
|
ord1.word2.word3.word4.word! |
? |
|
Model for The i .
derive
word5 Third RIS . ‘
Dimension @

Fig. 19 Flowchart of the forward geocoding transformation. The what3words API is adopted for the transformation between the three dictionary words
and geographic coordinates (denoted as “Main Procedures”). The chart is not extensive as regards to the calculation of the third dimension

combination with a database that stores the triplets of dictionary
words for all 3 m x 3 m square cells. The w3w core technology
is contained with a file around 10 MB in size that can be run
even when an internet connection is not available (Barr 2015).
To support some of the extended models introduced in this
study, some additional space is also required to store the corre-
sponding look up tables (e.g., Figs. 6 and 7). Obviously, this
space is minimal compared to the one needed for the w3w core
database.

Conclusion

The address-based geocoding systems have been used for de-
cades. However, these are not universally applicable in large-
scale GIS applications. Alternative geocoding systems have
been developed to overcome some of the constraints of
address-based systems. Alphanumeric code geocoding sys-
tems divide earth surface into cells and assign each cell unique
alphanumeric codes to represent the location. Each implemen-
tation of alphanumeric code geocoding utilizes its geocoding

@ Springer

algorithms to transform between alphanumeric codes and the
corresponding coordinates.

The w3w geocoding system has several advantages over
other geocoding systems. However, due to its limitations, it
needs to be extended, so that it can better support geographic
applications. To support indoor applications, a finer resolution
of squares is required, and elevations must be supported. For
outdoor applications, a coarser resolution may also be needed.
Therefore, this study proposes a series of extension models to
the w3w geocoding system focusing on two main aspects,
variable resolution, and elevation.

The variable resolution and elevation extension models are
represented by the addition of elements to the standard three
elements (words) used by the w3w model. The first three
elements of the extended code are still the three words provid-
ed by the w3w geocoder. The fourth element is a word
representing a variant resolution or an offset from the centroid
of the standard w3w square. The fifth and final element is a
label to representing elevation. These extensions comply with
and retain the advantages of the w3w geocoding system.

The extension models proposed in this study may further
enhance the w3w geocoding system to better support
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Fig. 20 Flowchart of the reverse
geocoding transformation. The
what3words API is adopted for
the transformation between the
three dictionary words and
geographic coordinates (denoted
as “Main Procedures™). The chart
is not extensive as regards to the
calculation of the third dimension

geographic applications ranging from business and marketing
to social and economic development of countries. The level of
extension required in each application is variable and subject
to the application needs as well as the decisions taken by both

developers and end users.
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Notice that, the first four elements (words) in the combined

code refer to locations on the earth’s surface and their values

are considered static. However, the fifth element refers to el-
evation, and its value (except the absolute height) depends on
changes in infrastructure (e.g., building or road construction).
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For this reason, a sixth element could be added to provide a
temporal reference. The extension of the combined five-word
code with a sixth word representing time may also serve in
modeling spatiotemporal applications. This is another direc-
tion for future research.
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