1 THE JOURNEY
STARTS WITHR

LEARNING OBJECTIVES

1.1 Understand the fundamental structure and functionality of the R software

environment.

1.2 Gain knowledge about the basics of data structures in R, such asvector,
matrix, data frame, and list.

1.3 Appreciate the role and benefits of R packages in statistical computation

and data analysis.

1.4  Understand the utility of CRAN as the primary source for R packages and

the processes involved in their publishing and maintenance.

1.5  Grasp the concept of CRAN task views; especially the Spatial task view,

and their role in organizing and identifying relevant R packages.

1.6 Recognize the significance and functions of various data types and data

structures in R.

1.7 Appreciate the importance of the “learning by doing” approach in
mastering R and its packages.

1.1 WHAT IS R, AND WHY SHOULD WE USE R?

Right about twenty-two years (2002) ago when I was still a very green PhD student at the
University of Wisconsin—Milwaukee, I was facing a rather serious problem. I had my
eyes on performing spatial analysis with my regional development dataset. In particular, I
wanted to calculate the spatial autocorrelation index (the Moran’s 7, as many of you might
have already guessed) with my county-level per capital GDP data. I tried everything that
my then skill set could muster, including manually inputting the spatial weight matrix on
an Excel sheet and performing matrix operation within Excel. It did get the work done,
but I was very unhappy about it. Not the result, which turned out to be what I wanted,
but the procedure. I was not happy that to calculate one statistical index, I had to spend
an entire day just inputting data. Frankly speaking, I was quite desperate when I did the
manual input but also quite depressed after I got the result. As you can imagine, what if
the definition of the spatial weight matrix changed? Do I have to take another day to input

the matrix again?
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2  Spatial Data Analysis With R

I did not believe that this was the only plausible way to perform such a task. Mind you,
I did not think it was a simple task—far from it. I thought it a wonderful task that could
explain whether data collected over geographical units are self-correlated. The excitement
for a trained geographer was purely thrilling. However, the way to get results seemed too
unintuitive. The next natural thing to do was a Google search (not as advanced as it is
today but more focused). I learned I could do similar functions in SPSS, or I could pur-
chase a software package that costed $450, or—on the first or second page of the search—
use a package called spdep in a platform called R to do the calculations.

I had never heard of R until that moment. As a graduate student, I could hardly afford
to purchase a package, so I decided to give the package spdep and platform R a try—it was
free, after all, and if I was not successful, I was not losing much (this from a guy who spent
aday inputting 1s and Os into an Excel sheet).

This was when an entirely new world, and a wonderful one, opened its door to me.
For about the next week and half, T indulged in the world of R, testing everything that
was written on the freely available and incredibly detailed manual An Introduction to
R, until my mind was full of R symbols and matrix operations and could not take it
anymore. As much as I might doubt it, I started to be able to comprehend the simple
and elegant way R executes its command and routines. More importantly, with the help
from the author of the package spdep, Dr. Roger Bivand (huge thanks to Dr. Bivand
here), I was able to generate weight matrix, calculate Moran’s index, test the significance
of Moran’s index under different distribution assumptions, calculate local Moran’s
index, generate Moran’s scatterplot, produce the LISA maps, and finally, start to com-
prehend and utilize spatial regression models for my own research and dissertation with
the spdep package.

This was truly a dream come true for a desperate doctoral student who had pretty
much all the data available and all the methods laid out, but who was only waiting for a
way to implement them. R and the package spdep made everything possible, and a doc-
toral dissertation that utilized spatial analysis with regional development datasets was the
result. This was only the start of my journey, though.

Following that initial enlightenment, I started to engage more and more into the work-
ing mechanisms of R and how to best use R and its ever-increasing package repository to
solve my problems. I will never claim to be an R expert but remain an avid R-user. And
henceforth, I have learned how to delve into Rs amazingly simple and elegant language
structure to decipher the math, mechanism, and algorithm of a particular function that I
mighebe interested in. Under the guidance and teaching of Dr. Roger Bivand, I finished a
few functions for the later R package “spgwr.” Through the effective communications in
R-sig-geo discussion forums, I learned how to debug and customize functions in R to suit
my needs. As a trained urban geographer interested in computer programming but never
trained for it, I find it amazingly effective (though not necessarily efficient) to use R and cus-
tomize R to work the way I want. R is a perfect place for social scientists who are interested
in computer programing—but not necessarily trained for it—to satisfy their needs for data
analysis, including simple tasks of correlation analysis to more sophisticated ones, such as
generalized additive models, spatially varying coefficient process models, and the like.

This book is written for social scientists like me, who are not afraid of exploring the
wonderland of R and commanding R to work the way that they want. So, back to the ques-
tion: What is R, and why should you use R? My take from my experience over almost two
decades follows:
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Chapter 1 ® The Journey Starts With R 3
1. Risaprogramminglanguage.

Without going all the way back to how R was born and how it is related to the statisti-
cal computing language S/S+, suffice it to say that R is a fully functional programing lan-
guage. It follows set rules when implementing your computing and analyzing algorithms.
It works well with commonly defined data structure and data types. Since I am not a pro-
grammer myself, I will not delve too much into the field that I am not most familiar with.
Tutorials and learning materials for programing in R are abundant—either for free or for
a fee. From a user’s perspective, I often feel compelled to code in R when I have a statistical
computing idea in my mind that I know the mathematics behind and which I can lay out
the algorithm for in a clear step-by-step way. I am not, however, claiming to be a trained
programmer and actively seeking to code in R. R is very accommodating for self-trained
half-cooked programmers like me so we can accomplish our projects. This feature of Ris
especially useful to the majority of social scientists who need a convenient tool to accom-

plish their needs without deviating too much into the ocean of programming.

2. Risalsoa COMPLETE bundle of statistical analysis software.

During my teaching and researching career, when data analysis has come into play for
any of my projects, I have experienced using quite a series of statistical analysis software pack-
ages, ranging from SPSS®, SAS®, MATLAB®, S+°, STATA®, and quite a few other packages.
These are wonderful packages for common statistical analyses and satisfy most of the needs
for data analyses. The problem with these packages, however, is that they satisfy “most” of
the needs. If there is a function that is not embedded into the original distribution of the soft-
ware, a researcher has either to write an extension‘or wait for the vendor to release an update.

Writing in a specific software package requires the researcher to not only know how
to use the software (most social scientists are trained to use the software) but also how to
code in the software environment (which is often a daunting task for quite a few scholars).
Moreover, even when a scholars has invested time and money (we will come back to this
point later) to learn how to code in one software package, it often takes an enormous
amount of effort (if not impossible) for other scholars who are not familiar with the soft-
ware package touseit. This prevents effective communication among scholars and could
lead to repetitive implementations of certain algorithms in different packages.

R, on the other hand, provides a unifying platform for any scholars who are interested in
implementing their algorithms to do so with ease. As of when this chapter was written, there
are 19,391 packages (April 20, 2023) available to address almost all aspects of data analy-
ses. However, the readers are cautioned not to take this number for its face value because
it changes pretty much every few weeks, if not more frequently. By the time you read this
book, you will see a much larger number and be amazed at how it grows. It might just be
me or the cohort of scholars I work with, but every time I have a data analysis task in mind,
my first action is to search the repository of R packages to see if there are packages that have
already implemented the specific analytical approach or that provide similar functions so I
can potentially modify it to suit my own needs. In the past 20 years, I have yet to find a time
that R failed me. That is why I call Ra “COMPLETE” statistical analysis software.

3. Risacode interpreter.

One of the things that interests me and encourages me to continue to learn and explore

more about R is that you can usually get what you intended to do immediately from the
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4 Spatial Data Analysis With R

R interface. I feel this is critical for a first-time data analysts who has excellent domain
knowledge and ideas but rather limited data analysis experiences. For instance, if you
“_»

input in the R interface (the “>” symbol is the R interface prompt) 5 + 7, you immediately
get the result 12 as in the following example:

5+ 7
While this is a simple example, this applies to more sophisticated operations, such

as matrix manipulation, which is critical for statistical analysis. For instance, now I'am
defining two matrices, Aand B, in R:

A <- matrix (seq (1,9), nrow = 3, ncol = 3)

B <- matrix (seq (1, 27, by = 3), nrow = 3, ncol = 3)

Both matrices are defined using the keyword “matrix” (R is case-sensitive, so please be
mindful when writing in R) with several parameters. The first parameters “seq (1, 9)” and
“seq (1, 27, by = 3)” provide data to be filled in the matrices. The parameters “nrow =” and
“ncol =” are intuitive, indicating the “number of rows” and “number of columns” for the
matrices. Here I defined two square matrices with the dimension of 3 by 3. If I want to see
what A and B are, I can simply type the names in Rand get the results instantly:

A

(11 [,2]1 [,3]
[1,] 1 4 7
(2,1 2 5 8
[3,] 3 6 9
B

[,11°.0,2] [,83]
[1,] 1 10 19
[2,] 4 13 22
[3,] 7 16 25

With these two matrices, we can perform all sorts of matrix manipulations in R
directly. A few examples include the following:

Matrix multiplication:

A%*%B

L1l [,21 [,3]
[1,1] 66 174 282
[2,] 78 213 348
[3,1] 90 252 414
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Chapter 1 ® The Journey Starts With R 5

Element-wise multiplication:

A*B

[ 11 [,2] [,3]
[1,] 1 40 133
[2,] 8 65 176
(3,1 21 96 225

Matrix inversion (or not able to be inverted):

solve (A)
Error in solve.default (A)
Lapack routine dgesv: system is exactly singular: U[3,3] = 0
solve (B)
Error in solve.default (B)

system is computationally singular: regiprocal condition
number = 3.36431le-18

Both matrices here cannot be inverted by using the matrix inversion operator “solve(),”
because as the error messages report (as any seasoned programmer will tell you, the output
error messages often contain nearly all the answers to your questions about “what goes
wrong here?” Please read the error.message carefully), these matrices are singular (mean-
ing their determinants are exactly or computationally zero) and can be easily verified with
the “det()” operator in R:

det (A)
[1]1 0
det (B)

[1] 4.796163e-14 # this is basically the computationally
recognized 0.

As you can see so far, R as a code interpreter is intuitive, responsive, and as friendly
as a machine language could be to let you know what you want to know or let you know
why what you want to know cannot be produced. I spent much time during my first few
months working with R simply enjoying the elegance of the program and how I could
transform an idea into the results that I sought. To social scientists who might be shy from

seemingly intimidating computer programs and “coding,” R provides a fairly smooth start.
4. Ris (most importantly) an open-source software platform.

Many might argue from a narrow perspective that there is no such thing as free lunch
(from a broader perspective, that might still be true), since “being free” might suggests an

externality” that is not effective in any interactive system. Fortunately, this is not the case
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6  Spatial Data Analysis With R

for R. I will not spend too much time engaging in the debate between what is better, the
open-source software that does not have a traditional team of “tech support” behind it or
the private, proprietary software that provides shining “tech support” 24/7. The lessons 1
learned from learning and applying and developing and teaching R, is that “being free” is
not only more accessible to young minds that usually lack the necessary resources to afford
for-fee software, but more importantly, way more productive since the user base and creative
minds behind the software are many times that of any private, proprietary software pack-
ages. Now, let us journey to the point of getting R and really familiarize yourselves with R.

1.2 GETTING AND FAMILIARIZING YOURSELVES WITHR

Without giving you too much redundant information (I am quite sure you will be able to
obtain the following information from any R-related book or a simple internet search),
you can obtain the source code, the binary installation file, the packages, the manuals,
and much useful information about R from this website: cran.r-project.org.

Depending on the operating system you are using, you will download the appropri-
ate copy of R, and the installation to your computer shall be rather straightforward. I
am a Windows user (probably the least tech savvy user of the thtee systems listed on the
website), and installing R is as simple as downloading the installation file and clicking my
way through. Because l am notan R expert, I will not discuss how to install R step by step.
There are many free resources available online withieasy access that provide instructions.

Once you've downloaded R, I recommend you get to know the command “install.

packages:.’7

?install.packages

And then immediately install the helper package “instaiir.”

install.packages ("installr", dependencies = T)

The “dependencies = T” argument is a useful one so that the related packages
(dependencies) will get installed as well. When I am installing any package from the
repository, I always indicate “dependencies = T.” This helper package is useful when
you need to update R from within the R interface instead of going to cran.r-project.org to
download it again. This is convenient because R updates every two to three months. Such
frequent updating will need some automatic manager so that you can focus your precious
time on more brainpower-demanding tasks, such as exploring and analyzing your data.

Once you have downloaded and installed R, you can then run the interface; the image
shown in Figure 1.1 is likely what you will see on your screen:

The screen is simple enough but contains essential information describing what R is,
what license R is under, how to cite R propetly in your own academic endeavors, and the
help () and help.start () routines that can get you started. I recommend anyone (espe-
cially R new-comers but also veteran R users) try help.start () to get the core manuals,
references, and other miscellaneous material. The help () function or similarly the “?”

operator are probably the most important facilitators when using R.

Copyright ©2026 by Sage Publications, Inc.
This work may not be reproduced or distributed in any form or by any means without express written permission of the publisher.



Chapter 1 ® The Journey Starts With R 7

FIGURE1.1 M The GenericR Interface

RRGuI
File Edit View Misc Packages Windows Help

=R @ E

R version 4.4.1 (2024-06-14 ucrt) -- "Race for Your Life"
Copyright (C) 2024 The R Foundation for Statistical Computing
Platform: x86_64-wé4-mingw32/x64

R is free software and comes with ABSOLUTELY NO WARRANTY.

You are welcome to redistribute it under certain conditions.

Type 'license()' or 'licence()' for distribution details.
Natural language support but running in an English locale

R is a collaborative project with many contributors.

Type 'contributors()' for more information and

'‘citation()' on how to cite R or R packages in publications.

Type 'demo()' for some demos, 'help()' for on-line help, or

'help.start()' for an HTML browser interface to help.

Type 'q()' to quit R.

[Previously saved workspace restored]

>

The universe of R is vast, the functions are abundant, and the updates are frequent. Even

if one is very familiar with using R, it ishelpful to use the he1p () function and/or “2” opera-
tor to gain more detailed information on a particular package or function. The use of these
two is fairly straightforward; you either include what you intended to find help with within
the parentheses of help () or immediately after the “?” (one of the reasons that I tend to use
“2” operator more than help ()). For instance (and more often than not), if one attempts to
use an analytical function to analyze the data but is not 100% sure which arguments are best
for such or simply would like to try a variety of options, one can use help (function name)
or “?function name” to gain the necessary information. The help () and “?” operator can
also be used for getting more information about packages. One thing I need to caution you
about is that if the author of the package did not write a help document or vignette about the
package under the package’s name, these two facilitators will not yield useful information.
To obtain more information about packages, Google the packages’ name or go directly to
cran.r-project.org to find the packages (https://cran.r-project.org/web/packages/index.html).

Before I move on to introducing two useful companions of R, I would like to introduce
two functions that will get any newcomers up to speed with R. The first is the 1ibrary ()
function. This function is used to load installed packages. The power of R lies on its
ever-growing pool of analytical packages that deal with practically all fields of statistical
computation and analyses (if there are new methods that are not implemented in R, those
methods might very well be implemented shortly, much faster than in any commercially
licensed software packages). Apparently, it is not practical to load all the packages into R’s
working memory when R starts, nor is it efficient and needed. After all, one analytical task
often will only involve a limited number of packages. Loading too many packages at the
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8  Spatial Data Analysis With R

same time will likely clutter R’s operation. Hence when R starts, it will only automatically
load basic packages (the “base,” “stats,” “graphics,” “grDevices,” “utlis,” “datas-
ets,” and “methods” that can be used for basic analysis and computation). If you attempt
to analyze spatial data, the powerful spdep package and its relevant packages will need to

be loaded into R’s working memory using the 1ibrary () function:

library (spdep)

This will automatically load spdep and any other packages that are related to spdep
(the “sp,” “spbata,” and “s£” packages) into R’s working memory.

If a package is no longer needed, one can use the detach (“package:packagename”)
to unload it from the memory. Any related packages, however, will not be automatically
unloaded; you will have to do this manually.

The second function is the setwd () function. This function sets up the working direc-
tory where all the input data and output results will be stored. For Windows users, other
than using quotation marks to include the working directory, the separation marks between
folders and subfolder must also be changed from “\” to either “/” or “\.” I have observed quite
a few times in my career that data analysts are often eager to jump directly to analyzing their
data and producing the results on screen, and when happy about them, saving the outputs
into the default location of R (depending on which operating system one is using, the default
location varies from simply the local document folder to-some rather mysterious locations
that are often non-intuitive). Even when the default working locations of R are easy to locate,
it is not advisable to clutter outputs, saved R images (that include all the intermediate results
from one R session), and other relevant graphs, in one place. Instead, for each project, create
a working space designed for that projectonly. Then, each time R starts, use the setwd () to
guide the analysis to that location on the computer:

setwd (“C:\\mainfolder\\subfolderl\\subfolder2”)

1.3 THE TWO COMPANIONS OF R

1.3.1 RStudio

By now, I believe you have found out that R is primarily a command-line based analytical
platform. Although at first glance, it might seem the command-line driving analysis is
somewhat tedious and last-century technology. For data analysts, however, the feeling of
using command line for data analysis is actually very important. This is because it gives
the analyst both a strong sense of control and actual control over the data analysis. This is
vastly different from using commercial software packages when most of the time, the user
provides inputs and the black box commercial software produces outputs. The process
seems convenient and efficient at first, yet the black box-like commercial software takes
away the actual control over data analysis. As a true data analyst, one is supposed to under-
stand how the analysis is conducted and detect any potential deviation during the process
of data analysis or, if needed, add extra steps to provide potential alternatives. With the

commercial software packages, since the process is hidden from the analyst, the analyst
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Chapter 1 ® The Journey Starts With R 9

eventually becomes a “slave” instead of “master” of the data analysis software package—
one can only do what the software allows to do. With open-source software packages
such as R, the analyst regains control over data analysis, becomes the true master of the
data analysis process, and will be able to produce the most accurate and robust analytical
results that fit the analyst’s needs. Still, the generic R interface is a tad on the basic side of
conducting data analysis. Some semi-graphic user interface might prove to facilitate the
process of data analysis without taking away the control over data analysis.

There were efforts in R’s vast package repository that actempt to provide a more user-
friendly graphic interface to facilitate Rs learning and data analyzing. Third-party soft-
ware shells are also developed to integrate R into a better graphic user interface. Among
the many efforts, I highly recommend the RStudio software that implements a convenient
semi-graphic user interface but retains the actual feel of using a command-line analytical
flowchart to conduct data analysis using R.

The RStudio software is also a free-of-charge software package (for personal use) that can
be acquired from https://rstudio.com/. If you intend to use RStudio forcommercial purposes
or other advanced functionalities, there is a premium charge for it. As ascholarand educator,
I never find the chance to wade into those waters, so no advice there. Again, for Windows
users, installing the software package is pretty much a series of clicks away. As shown in
Figure 1.2, the interface of RStudio looks like the interface of the generic R interface (which
retains the feeling of using R as primarily a command line driving data analysis tool):

FIGURE 1.2 M The RStudio Interface

Orstudio - o x
Fle Edit Code View Plots Sess id Profile Tools Help
° -l®l@- 3

3 - Addins ~ £ projec: (None) *
Console Terminal - Background Jobs
R Ra41 -/

History  Connections  Tutorisl

Import Dataset ~ | 83MiB

R = Global Environment ~
R version 4.4.1 (2024-06-14 ucrt) -- "Race for Your Life

Copyright (C) 2024 The R Foundation for statistical Computing
Platform: x86_64-w64-mingw32/x64
Environment is empty

R is free software and comes with ABSOLUTELY NO WARRANTY.
You are welcone to redistribute it under certain conditions.
Type "license()' or 'licence()' for distribution details.

Natural language support but running in an English locale
R is a collaborative project with many contributors.
Type ‘contributors()’ for more information and
“citation()’ on how to cite R or R packages in publications,
Type *demo()’ for some demos, ‘help()* for on-line help, or e Ploe |{pacayec oo i Viens: fferesaveation =
*help.start()' for an HTML browser interface to help. B expont -
Type a0 to quit R.
(workspace Toaded from ~/.Roata)

Your screen might be slightly different from mine, but the general structure is similar.
On the left side panel, it shows a similar analytical window as in the generic R inter-
face, with three tabs: Console, Terminal, and Background Jobs. The Console tab is where
most of the analytical activities will be conducted. The Terminal tab is like a mini com-
mand line window that one can navigate through different folders as when one is using
Windows” own terminal shell (that can be brought up by using the “cmd” command). The
Background Jobs tab allows one to run local jobs using R scripts stored on the local drive.
On the top right side of the interface, there are three tabs. The Environment tab shows all
the currently generated variables, user-defined functions, and other relevant intermediate
results that one can easily review. The History tab stores all the recent commands inputted

in the console. The Connection tab allows connections to outside database management
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10 Spatial Data Analysis With R

systems. The lower-right panel contains all the utilities that are useful for viewing of con-
tents of the default workspace (Files), data visualization (Plots), navigating (and loading)
installed packages (Packages), and providing help documents (Help).

Using RStudio has a few distinctive advantages over using the generic R interface.
First, RStudio allows text wrap within the console even when the Enter key is keyed in
while the generic R interface would not allow such operation. In the generic R console, a
long line of commands will be inputted as a single line, and if the width of the console is
not enough, the line will automatically roll to the right (up to the Version 3.6.2), which
makes the early part of the line invisible and increases the potential risk of missing paren-
theses or other critical operators (which happens quite a lot, especially if the line is long). In
RStudio, inputs in the console will automatically be wrapped once the line reaches theend
of the console border. If parentheses and other critical operators are missing, keying in the
Enter key will not do anything, which might make you think something is wrong. So you
may correct the mistake before the keyed-in command finishes and reports an‘error mes-
sage. In addition, in RStudio, parentheses, brackets, quotation marks, and other operators
that require beginning and ending pairs are usually automatically added when the begin-
ning part is input, which reduces the risks of mistakes due to missing essential elements.

Second, the elements that are stored in R’s working memory are directly viewable from
the upper-right panel under the Environment tab. This is important because it helps the data
analyst to examine the intermediate analytical results and check to see whether the analysis
goes the way they intended. In the generic R console, I have to use the 1s () command quite
alot to view what I have produced. This could become rather tedious and error-prone after a
relatively sophisticated project that involves multiple steps and crosses many days.

Third, RStudio provides a straightforward helping panel on the lower-right side of the
interface. In the generic R interface, if you type help (something that needs help) or
?something_that needs_help, you will be brought out of R’s interface and a browser
window will open presenting the help information (or letting you know no such informa-
tion is available). Switching back and forth between the R console and the helping page
could quickly become distracting, especially when one explores new packages and new
functionalities. In RStudio, the help information displays on the lower-right panel, and
checking back and forth between the new packages and functionalities becomes much
easier.

1.3.2 'Notepad++

Prior to 2009, most of my R work was limited to running a little bit of analysis here and
there. Even though I sometimes did have to write a few lines of scripts to streamline the
process, it never occurred to me (as it was not entirely necessary) that I could save those R
scripts and reuse them later. When I helped Dr. Bivand write some of the functions in the
package spgwr, I used a simple text editor along with Windows (the generic Notepad). In
2009, I started to play around with the idea of developing a geographically weighted panel
regression analysis, and I quickly realized that the generic Notepad was not much help
when I had to write over 100 lines of scripts and codes at a time.

A quick Google search and communication among veteran R users led me to
Notepad++. Again, this is another open source (freely available) software package from
the What is Notepad++ website, https://notepad-plus-plus.org/. Without repeating what is
available on Notepad++’s website, my main take and reasons for recommending this text
editor follow.
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First, it has all the functionalities that I (as a data analyst, not a programmer) need.
The color coding of different elements of the script is especially useful. Automatic inden-
tation and using collapsible lines on the left-hand side next to the line numbers to indicate
code blocks have saved me quite a lot of troubles.

Second, the most appealing feature of Notepad++ is that this little text editor can
automatically save unnamed scripts even after one closes the editor. Although I am not
recommending leaving your hard-worked scripts unnamed and unsaved, accidents do
happen. This feature of Notepad++ has saved me from losing my work more than once and

is especially useful for new data analysts.

1.4 BASIC OPERATIONS INR

1.4.1 R the Calculator

I always recommend when one finished downloading and installing R'to use the calcu-
lator function of R. It is fun and straightforward and shows the fundamental ideal of
“computation” in its most generic meaning. R can perform all the arithmetic operations,
like when working with a calculator. This is also a great way to get familiarize with the

computation operators in R: addition, subtraction, multiplication, and division:

w
|
w [N w @ w

[1] 15
57/ 3
[1] 1.666667

Square root and power operation:

sgrt (5)

[1] 2.236068
573

[1] 125

Integer division and the remainder of a division (the typical “mod” operation):

o — o
-
g o
o° ~
= oe
w
w
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12 Spatial Data Analysis With R

Logarithm (natural base and 10 base) transformation:

log (5)

[1] 1.609438
10910 (5)

[1] 0.69897

Exponential operation:

exp (5)
[1] 148.4132

Trigonometric operation (based on the predefined constant “pi”):

pi

[1] 3.141593
sin(pi/2)

[1] 1

cos (pi/2)

[1] 6.123032e-17
tan (pi/2)

[1] 1.633124e+16

Matrix operation (reiteration). First, to make sure that one can reproduce the numbers in
the example, set a random number generator seed (set . seed (123) ). Second, for demonstra-
tion purposes, one can define two 5 by 5 square matrices with random elements drawn from
two standard normal distributions (with zero mean and 1 standard deviation). To reproduce

the example in the lines, one must follow the order of the three lines that follow:

set.seed(123) # set the seed to ensure reproducibility of the

script
A<-matrix (rnorm(25), nrow = 5, ncol = 5)
B<-matrix (rnorm(25), nrow = 5, ncol = 5)
A

[,1] [,2] [,3] [,4] [,5]
[1,] -0.56047565 1.7150650 .2240818 1.7869131 -1.0678237
[2,] -0.23017749 0.4609162
[3,] 1.55870831 -1.2650612
[4,] 0.07050839 -0.6868529

.3598138 0.4978505 -0.2179749
.4007715 -1.9666172 -1.0260044
.1106827 0.7013559 -0.7288912

o o o o B

[5,] 0.12928774 -0.4456620 -0.5558411 -0.4727914 -0.6250393
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[,1] [,2] [,3] [,4] [,5]
[1,] -1.6866933 0.4264642 0.68864025 -0.6947070 -1.12310858
[2,] 0.8377870 -0.2950715 0.55391765 -0.2079173 -0.40288484
[3,] 0.1533731 0.8951257 -0.06191171 -1.2653964 -0.46665535
[4,] -1.1381369 0.8781335 -0.30596266 2.1689560 0.77996512
[5,] 1.2538149 0.8215811 -0.38047100 1.2079620 -0.08336907

[,1] [,2] [,3] [»4] [,5]
[1,] -0.80265415 1.0424620 0.347800935 1.0696715 0.85003039
[2,] -0.01034799 0.3460080 0.005132924 0.4252767.0.31138749
[3,] -2.67558729 -1.1731406 1.339913456 -6.8318326 -2.87630259
[4,] -2.38952046 0.3488558 -0.276024304 0.5945056 0.75368346
[5,] -0.92227187 -1.2396033 0.259051616 =1.0742844 -0.02291934

Matrix inversion:

[,1] [»2] [,3] [,4] [,5]
[1,] 3.116058817-12.469418 0.01086633 0.15308383 -1.1713049
[2,] 1.35021038. -4.081299 -0.09416523 -0.72691374 0.1188552
[3,] -1.48604525 6.396487 0.45271425 0.12418361 -0.5798717
[4,] 1.28003477 -5.218414 -0.28611889 0.63586338 -0.6388145
[5,]1-20.03511204 -1.410267 -0.11677971 -0.04144929 -0.9280410

Element-wise matrix multiplication and division (both matrices must have the same
dimension):

[,1] [,2] [,31] [,4] [,5]
[1,] 0.9453505 0.7314139 0.84295200 -1.2413810 1.19928197
[2,] -0.1928397 -0.1360032 0.19930723 -0.1035117 0.08781879
[3,] 0.2390640 -1.1323888 -0.02481245 2.4885502 0.47879047
[4,] -0.0802482 -0.6031485 -0.03386478 1.5212101 -0.56850973
[5,] 0.1621029 -0.3661474 0.21148143 -0.5711141 0.05210894
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[,1] [,2] [,3] [,4] [,5]
[1,] 0.33229256 4.0215917 1.7775345 -2.5721825 0.9507751
[2,] -0.27474463 -1.5620493 0.6495800 -2.3944642 0.5410353
[3,] 10.16285211 -1.4132778 -6.4732737 1.5541511 2.1986343
[4,] -0.06195071 -0.7821736 -0.3617524 0.3233611 -0.9345177
[5,] 0.10311549 -0.5424443 1.4609290 -0.3913959 7.4972564

[,1] [,2] [,3] [,4] [,5]
.5604756 -0.2301775 1.5587083 0.07050839 0.1292877
.7150650 0.4609162 -1.2650612 -0.68685285 —0.4456620

0
1

[3,] 1.2240818 0.3598138 0.4007715 0.11068272 -0.5558411
1.7869131 0.4978505 -1.9666172 0.70135590 -0.4727914
1

.0678237 -0.2179749 -1.0260044 -0.72889123 -0.6250393

The determinants of the matrices:

det (A)

[1] -0.3867446
det (B)

[1] -3.808855

I would encourage you to explore the calculator side of R to get a strong feeling of R’s
computation capability and limits (using large numbers or large matrices). It is also a good
start to familiarize yourself with potential error messages that you are bound to encounter
in later R scripting/coding/programming. Familiarity with those error messages will serve
youwell in the long run.

1.4.2 R the Script Interpreter

After experimenting with the calculator capability of R, I hope you also gained the distinctive
feeling that R is an immediate script interpreter. In other words, when you input a line or mul-
tiple lines of scripts, R will interpret these scripts and produce corresponding responses. One
distinctive advantage is that you can see immediately what your scripts are doing. Is it correct?
Does it do what you want? If there are errors, what might cause those errors? Such an immedi-
ate response is important, especially for data analysts who are not trained as programmers.
Apparently, as a script/code interpreter, one drawback is that R may take excruciat-
ingly long if the scripts are long or the objects involved in analyses (such as matrices) con-

tain large numbers or multiple loops that requires many repeated computations. Still, as
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computers are becoming more powerful and parallel computing is a very real thing in the
current computational technology arsenal, computational bottlenecks will become less
of a concern because R is a code interpreter. In any scenarios, the advantage of immediate

responses of a script interpreter gives data analysts more confidence to move forward.

1.4.3 Rthe Debugger

R is a complete kit for serving as the calculator, interpreting the scripts, performing statis-
tical analysis, and providing an environment and platform for coding. Again, not assum-
ing from a programmer’s perspective, most of the time I am simply using packages to
finish my tasks. There are occasions (and more such occasions when one uses R for long)
when I have to modify the contents of a specific function to suit my own needs (fortu-
nately that’s entirely legal for most R packages). This is what I will be doing and what I
always recommend even newcomers do.

Read the help page of the function carefully. Understand the meanings and usages of
each parameter as much as possible. Then simply type the function’s name in R (without
the parentheses) and copy the output to Notepad++.

Modify the codes and assign the modified function to a new name (so it doesn’t con-
flict with the original copy). If, however, something was not cotrectly modified or edited
or if functions/parameters are not appropriately assigned (a “bug” was created) during
your customization, a useful function traceback () can be used to pinpoint where exactly

the problem is. For instance, considering the following script:

my function <- function (x)/ {
y <- x + 1
z <= log(y)

return (z)

# Intentionally causing an error

Print (my function("a"))

You will get an error message:

Error in h(simpleError (msg, call))

error in evaluating the argument 'x' in selecting a method
for function 'print': object 'a' not found

While the error message is simple enough, using traceback () could provide a more

organized way to find where the error is from:

traceback ()
4: h(simpleError (msg, call))

3: .handleSimpleError (function (cond)
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.Internal (C_tryCatchHelper (addr, 1L, cond)), "object 'a'
not found",

base::quote (NULL)) at #2
2: my function(a)

1: print (my function(a))

The output list traces all the way to where the error message was produced: The
function print () (1:) calls the function my function (), (2:) within the print() func-
tion, the internal error that “object ‘a’ not found” produces the error, (3:) and then
the internal function h (simpleError (msg, call)) produces the error message thatwe
saw (4:).

When we need more detailed investigation and want to test out a few possible solu-
tions to the bugs, we can then use debug () function to enter debugging mode of the newly
created function. As a script interpreter, once you enter the debugging mode, each and
every line within the function will be executed one by one. The intermediate results that
usually are not visible to the user will now be viewable.

In computer programming, debugging is most used to find out whether or not there
are software design issues or “bugs” that might prevent the software from doing what it is
programmed to do. Debugging in the data analysis field can also be used to track errors
and mistakes that are not immediately obvious (like typos) per the error message reported
by the R console.

Long story short, I have been using the debugging function in R almost constantly
to find out where something might go wrong. The usual steps I take following a reported

error message in R follow:

e First, [ will read the error message immediately to understand what exactly is
going on. If the errormessage is clear enough (a typo, an exact or computational
singular matrix for inversion operation, non-conformable matrix operation, etc.),

I will correct the inputs to make the analysis proceed.

e Second,if the error message is too simple to decipher what exactly is going on, I will
read the error message again to decide how many possible functions/routines are

involved in producing the error message in addition to the one that generates the error.

e 'Third, I will then call the debug () function to include all possible functions/
routines (one by one) that might produce the error message. With this step, the
advantage of RStudio is obvious. Unlike the generic R console, which shows the
codes of the function/routine immediately after the debugging process starts and
then only show the lines where the current debugging process is, the RStudio will
replace the upper left panel of the window with the entire code block of the function/
routine that is being debugged and highlight the lines where the debugging process
is at. This contextual viewing mechanism makes the debugging process more

connected and meaningful than just showing the entire block of code once.

e Fourth, once the debugging process is ongoing, for each step, I will carefully

examine the newly produced intermediate results and variables to see if anything
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is out of the ordinary. This is especially important when debugging reaches the
place where the error might be produced (it might take a few patient tries to get
to the exact place where the error is being produced). Immediately before the
step where the error is being produced, I will examine all the intermediate results
and try to change a few things to see if I can bypass the error message. If I can,
then I've found the problem, and a corresponding solution is on the horizon. If
I cannot, then different analytical strategies might be needed—changing the
inputs or finding an alternative analytical function are potential solutions. Still,
as a data analyst, performing trial and error is a must and is a fairly easy process
in R. It might come to the point where all easy alternatives (changing inputs,
finding alternative functions) are not enough. R then provides the opportunity
to change the code of the function/routine if that change is theoretically and

methodologically justified.

e Fifth, once the debugging process is finished, the undebug () function'must be
called to tell R the debugging ends there. If the undebug () function isnot called,
R will automatically enter another round of debugging if the same function/

routine is called again.

1.4.4 R the Graph/Map Maker

Figure 1.3 is a graph produced in R with some relatively simple generic plot functions.
First, two normally distributed random variables are‘generated. These two variables are
put in a scatterplot, and a smooth line is added to show the relationship (or lack of relation-
ship) of the two variables (the smooth line shall be close to a horizontal line since these are
two randomly generated variables that have no inherent relationships at all). The scatter
points are added as blue triangles. Then‘a trend line between these two variables is added

as a red dash line in the graph.

FIGURE 1.3 H ASimple Scatterplot ProducedinR
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These are the scripts used to reproduce the preceding scatterplot between two nor-
mally distributed variables:

jpeg ("figurel-3.jpg", units = "in", width = 7, height = 5,
res=600)

set.seed (123)
x<-rnorm(100)

y<-rnorm(100)

scatter.smooth(x, y, xlab = "One Random Variable", ylab =
"Another Random Variable", main = "Correlation between two
normally distributed variables", col = "grey", pch = 17) # You
can set the col parameter to different colors to suit your own
needs

abline(x, y, col = "black", lty = 2)

dev.off ()

The jpeg() and dev.off () functions open and close the graphic device that will
receive the graph. The line set.seed (123) sets a reproducible “seed” (The number 123
could be any number of your choice; as long as it remains the same, the results, especially
from the native computer’s random number generator, will remain the same.). The lines
x < rnorm(100) and y <- rnorm(100) generate two normally distributed random
variables, and the scatter.smooth () function produce the scatterplots with the smooth
solid line, while the abline () function generates the straight dashed line in the graph.

The graph might not look like much compared to other commercially available soft-
ware packages. It is produced by the generic plotting functions in R. What I have shown
here, however, contains only very limited operations on the graphs that can be produced
by R. Currently, the most popular graphic-producing package in R is the ggplot2 package
by H. Wickham. The graphs produced by ggplot2 are more highly enhanced than the
ones that can be produced by the generic plotting functions. Figure 1.4 is an example of a
graph produced by ggplot2.

We produced the preceding graph using the example dataset that comes with ggplot2,
the micars that contains the fuel efficiency data. The actual scripts used to produce the

graph follow:

windowsFonts (FontStyle=windowsFont ("Times New Roman")) # this
sets the graph fonts to be “Times New Roman”

jpeg ("figurel-4.jpg", units = "in", width = 5, height = 5,
res=600)

ggplot (mtcars, aes(x=wt, y=mpg)) + geom point()+
ggtitle ("Fuel Efficiency of Cars") +
xlab ("Weight (x1000 1b)") + ylab("Miles per Gallon") +
theme bw () +

theme (text=element text (family="FontStyle", size=12)) +
stat smooth (method = "1m") +

theme (plot.title = element text (hjust = 0.5))
dev.off ()
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FIGURE 1.4 B Illustration of a ggplot2 Produced Graph
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Again, the jepg() and dev.off() functions open and close the graphic device.
However, in addition to using the generic plot functions, by using windowsFonts () to
assign the font style, we are able to further fine-tune the graphs to our own needs (we can
do this with generic plot functions as well, but this involves more steps than using ggplot2
package). Alternatively, when using ggplot2 package to produce a graph, you can save the
graph to a graph object and use the ggsave() function to store the graph:

p.out <- ggplot(mtcars, aes(x=wt, y=mpg)) + geom point ()+
ggtitle ("Fuel Efficiency of Cars") +
xlab ("Weight (x1000 1lb)") + ylab("Miles per Gallon") +

theme bw()+
theme (text=element text (family="FontStyle", size=12)) +

stat smooth (method = "1m", col = "black", lty = 2) +

theme (plot.title = element text (hjust = 0.5))

ggsave ("Figurel-4.jpeg", p.out, width = 5, height = 5,
dpi=600)

There are quite a few intuitive tutorials and manuals online that can guide you
through even the most daunting graphic tasks using ggplot2. I won’t go into further detail
in this book, but I strongly encourage you to explore ggplot2 package on your own.

Creating maps follows similar graphic strategies and uses the same graphic devices.
The package ggplot2 is just one of many packages you can use to create maps. Among
these packages, I found the “cartography” package works very well with the spatial data
that social scientists often encounter. The package is also quite intuitive for one who is
familiar with standard GIS map-making software, such as ArcGIS and QGIS. Figure 1.5
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20  Spatial Data Analysis With R

FIGURE 1.5 H An Illustrative Map of County Level Log Transformed GDP Per
Capita in 2008, Mainland China
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is a simple example of an illustrative. map produced by R showing the log transformed
GDP per capita at countylevel in 2008 of mainland China.

The scripts used to create the'map are simple and self-explanatory for anyone who is
familiar with mapmaking in standard GIS software packages:

#First, load the package “rgdal” that we used to read a
standard shapefile that contains both geography and attributes,
and the “cartography” package that we will use to create the map
(note that the “rgdal” is retired for better and more intuitive
spatial object):

library(rgdal)

library (cartography)

#The workspace must be set to where the shapefile is stored
using the setwd() function as mentioned earlier, then read the
shapefile (“county prj.shp”) using the readOGR() function:

cnct<- readOGR ("county prj.shp")

#Setting up the graphic device using the jpeg() function and
close it off using the dev.off() function as before:

jpeg ("figurel-6.Jpg", units = "in", width = 7.25, height = 7,
quality = 100, res = 600)
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#Using the chorolayer () function to generate the map

chorolayer (spdf = cnct, var = "1nGDP", nclass = 5, col =
carto.pal (pall = "grey.pal", nl = 5), method = "fisher-jenks",
legend.title.txt = "Log transformed GDP per capita", legend.
frame = FALSE, legend.pos = "bottomleft", legend.values.rnd = 2)

#Using the layoutlLayer () function to overlay the title, map
scale, north arrow onto the map.

layoutLayer (title = "Distribution of County GDP per capita
(log transformed) in mainland China, 2008", posscale =
"bottomright", north = TRUE, postitle = "center")

dev.off ()

The preceding script block gives users satisfactory control over how a choropleth map
is made using the choroLayer () function. Once the shapefile is read into an R object
(cnct), the choroLayer () function will take that as its first parameter (spdf = cnct).
The variable that needs mapping is one of the attributes stored in the shapefile (1nGDp, the
log transformed GDP per capita at county level in 2008, China). The “col” parameter
controls what type of color scheme (palette) will be used. The “grey.pal” is an internally
defined color palette that produces a grey-scale color scheme that is usually preferred for
academic publications. The “method” parameter controls the classification method used
to put the continuous values into different categories. The “fisher-jenks” method is one
of the most commonly use methods in mapmaking. The other control parameters control
the text, position, number formart, and frame of the legend.

The auxiliary function layoutLayer () adds essential map elements, the title of the
map, the scale bar, and the north arrows to the map. The values of both choroLayer ()
and layoutLayer () are usually self-explanatory enough so that the map maker can create
a nice map without too much trouble. The document and function descriptions for the
cartography package are also excellent guides for any map makers, and we encourage the
potential map maker to read those documents and descriptions carefully to fully appreci-
ate the power R brings to data analysis and graphic making.

Alternatively, the map can also be produced by ggplot2 package:

# Installing packages (if not installed)

if (!require(classInt)) install.packages("classInt")
if (!require(ggplot2)) install.packages ("ggplot2")
if (!'require(sf)) install.packages("sf")

if (!require(ggspatial)) install.packages ("ggspatial")

# Loading packages
library(sf)
library(ggplot2)
library(classInt)

library (ggspatial)
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# Read the "county prj.shp" as an sf object (instead of a
rgdal object for simplicity purposes):

cnct <- st read("county prj.shp")

# Then, use the classIntervals function from classInt package
to classify your "1nGDP" attribute into 5 classes using the
"fisher-jenks" method:

# Calculating breaks using Fisher-Jenks

breaks <- classInt::classIntervals (cnct$lnGDP, n=5,
style="fisher") $brks

# Creating labels for these classes
labels <- c()
for (i in 1:(length(breaks) - 1)) {

labels <- c(labels, pasteO(round(breaks[i], 2), "-"
round (breaks[i+1], 2)))

} # The labels object is for nicely looking labels for the
legend items.

# You can then add this information as a new factor variable
in your sf object:

cnct$1lnGDP_class <- cut(cnct$lnGDP, breaks = breaks, labels =
labels, include.lowest = TRUE)

# Create a palette of colors corresponding to each class and
reverse the vector

colors <- RColorBrewer::brewer.pal (5, "Greys")
# Create the plot
map plot <- ggplot(data = cnct) +

geom_sf (aes(fill = 1nGDP_class), color = NA) +

scale fill manual (values = colors,
name = "Log transformed\nGDP per capita",
breaks = levels(cnct$lnGDP_class)) +
labs(title = "Distribution of County GDP per capita (log
transformed) in mainland China, 2008"™) +

theme (plot.title = element text (hjust = 0.5), # centering
title

legend.position = ¢ (0.1, 0.1)) + # move legend to
bottom left
annotation _scale(location = "br") + # scale bar at the

bottom right

annotation north arrow(location = "tr") # north arrow at the
top right

The resultant map (Figure 1.6) looks somewhat different from the one produced
from the cartography package (less control over the map elements, the north arrow can
only be placed at “tr” top right or “br” bottom right) but is otherwise more appealing.
However, since the longitudinal and latitudinal lines are added, the north arrow might not
be needed, so the last line can be removed.
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FIGURE 1.6 B An lllustrative Map of County-Level Log Transformed GDP Per

Capitain 2008, Mainland China
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The preceding script makes the transition from using the sp object that was produced
by the “rgaa1” package to the s £ (simple feature) object that is a more recent development
that follows the Simple Features standard by the Open Geospatial Consortium (OGC).
This standard provides a consistent way to describe geometries and their relationships.
The st objects are based on data frames, making them more intuitive for users familiar
with the data frame concept in R. On the other hand, the sp package in R has been a
fundamental tool for handling spatial data. It introduced classes like spatialPoints,
SpatialLines, SpatialPolygons, and SpatialGrid to represent Spatial data. These
classes allowed for basic spatial operations, reading/writing spatial data, and interfacing
with other spatial data formats. However, sp objects use slot-based S4 classes, which can
be complex and less intuitive for new users.

On the contrary, st objects use data frames with a special column for geometries,
making them more consistent with typical R data manipulation workflows. For instance,
we can simply use the following script to produce a simple feature (s£) object and actu-
ally “map” it (using the generic plot function). It will even show default choropleth color
scheme based on the only available data — the “id.”

library(sf)

# Create a simple feature (sf) object of 10 points, and
randomly generate their coordinates

sf obj <- st as sf(data.frame(
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x = rnorm(10),

y = rnorm(10),

id = 1:10),

coords = c("x", "y")) # set up the coordinates
print (sf obj) # print the data frame view

plot(sf _obj) # map the points with default id value to create
the color ramps

The st package has extensive documentation and is actively maintained while the sp
packages are retiring, ensuring users have access to the latest features and best practices
in spatial data analysis. The transition from sp to s£ objects in R represents a significant
advancement in spatial data analysis. The s £ objects provide a more intuitive, efficient, and
consistent framework for handling spatial data, integrating seamlessly with- modern data
analysis workflows in R. The enhanced performance, improved visualization capabilities,

and better support make sf the preferred choice for contemporary spatial data analysis.

1.5 THE R PACKAGES

As previously mentioned, one of the most appealing aspects of using R for statistical com-
putation is the availability of various R packages: In general, each R package deals with
one or one group of similar issues. For instance, the spdep and spatialreg packages (the
spatialreg package was originally included in the spdep package but later separated
to deal with spatial regression analysis) that this book will use intensively, by Dr. Roger
Bivand and colleagues, state in the descriptions that spdep deals specifically with spatial
data analysis, with detailed functions that deal with corresponding aspects of spatial data
analysis, and sptialreqg deals with spatial regression models. Since R packages published
on the cran.r-project.org website will go through rigorous scrutiny by the CRAN modera-
tors and a description of the package is an essential part of the built package, reading the
description of the published R package usually will give readers sufficient information to
decide whether the package meets the research needs.

Although it might be exaggerating to state that R covers neatly every aspect of sta-
tistical computation, the statement is probably not too far off. Wide coverage aside, the
open-source feature of R determines that if new algorithms are proposed in the frontier
of academic endeavors, the authors of such algorithms often will provide detailed instruc-
tions on how to implement such algorithms. Chances are that either the authors have
already implemented those algorithms in R or the instructions are clear enough, and oth-
ers can follow the instructions and implement those algorithms in R.

When I started to incorporate geographically weighted regression (GWR) analysis
into my doctoral dissertation back in 2003, I gained help from two great sources: the
Geographically Weighted Regression book published in 2002 (Fotheringham et al., 2003)
and the prototype of GWR scripts written in R by one of the authors, Dr. Chris Brunsdon.
The book was clearly written with all the proposed methods outlined in an easy-to-follow
way. Dr. Chris Brunsdon’s R scripts were also clear enough so I could follow through and

make modifications based on the book’s description. When I started to incorporate the R
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scripts to analyze my own data in late 2003 and early 2004, I was only less than halfa year
into learning R but already a 100% converted R user.

The benefit of making available and being able to utilize the most advanced statisti-
cal compurtational technologies relatively readily is twofold. On one hand, the algorithm
proposers will be able to disseminate their research results to a wider audience and receive
feedback and rigorous scrutiny quickly. Unlike commercial software packages, which
often will only incorporate more mature and proven methods into the official releases and
hence take years for a particular method to be incorporated (if incorporated at all), the
open-source software packages can do so in a matter of weeks and receive feedback and
scrutiny in an even shorter time. For the algorithm proposers, this is an excellent chance to
spot any potential flaws in the proposed algorithm and make the algorithms even‘better.
On the other hand, for the algorithm users, being able to apply the most advanced (newly
available) algorithms in their research will produce potentially unprecedented research
products and hence advance the scientific study of relevant disciplines quickly. These two
benefits are apparently mutually supplementary. Better algorithms will attract more users,
while more users will likely push the algorithms to become better: My own participa-
tion in contributing to the spdep and spgwr packages during the past decade is one such
example, and I strongly encourage the readers of this book to explore the possibilities pro-

vided by R and R packages.

1.6 THE R TASK VIEWS AND SPATIAL TASK VIEW

As with any other software packages (commercial and open source alike), the packages are
usually interrelated with one another to provide the most efficient computation and data
analysis capability. For commercial software packages, such interrelationship will eventu-
ally lead to the packaging of relevant functions together to produce a software product.
Common ones for statistical data analysis such as SPSS, EViews, SAS, ArcGIS and the
like are good examples.

In R, to facilitate scholars finding relevant packages for a particular type of analysis,
CRAN task views are created. The following CRAN task views description can be found
at hetps://cran.r-project.org/web/views/:

CRAN task views aim to provide some guidance which packages on CRAN
are relevant for tasks related to a certain topic. They give a brief overview of the
included packages and can be automatically installed using the ctv package. The
views are intended to have a sharp focus so that it is sufficiently clear which pack-
ages should be included (or excluded) - and they are 7or meant to endorse the
“best” packages for a given task. (CRAN Task Views, 2024)

Organizing the enormous and ever-increasing number of individually developed
but centrally managed packages into task views is one excellent idea, especially for new
data analysts since navigating the sheer number of packages can be a daunting task if
one has only his or her own data and idea but little clue about what to use to execute
the idea. Currently there are 40 task views listed on the CRAN website, ranging from
Bayesian Inference to gRaphical Models in R (https://cran.r-project.org/web/views/)
. All the task views are maintained by volunteers, and users are the most active groups

who can suggest new packages to be added to specific task views. Not surprisingly,
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many packages will appear in different task views due to their versatility in dealing with
different topics.

During the past 10 plus years, packages that handle spatial data (or geographic data)
have increased rapidly, thanks mainly to the development of the sp package by a group
of R developers (Bivand, Pebesma, Gomez-Rubio, & Pebesma, 2008). The sp package
extends R with fundamental classes and methods that are specifically designed to handle
spatial data (Pebesma & Bivand, 2005). The spatial classes specify a structure of spatial
data and define how such data are organized and stored. These include spatial points,
lines and polygon classes that are commonly used in vector GIS and are familiar to social
science researchers, and grid/raster classes that are more often used in natural science but
see increasing application in social science as well. The fundamental methods define func-
tions specialized for a particular data class. This increasing number of packages are now
included in R’s Spatial task view (https://cran.r-project.org/view=Spatial) maintained
by Dr. Roger Bivand, professor in the Department of Economics, Norwegian School of
Economics. The R-sig-geo mailing list (https://stat.ethz.ch/mailman/listinfo/R-SIG-Ge
o/) is also an excellent place to subscribe to for the best solutions, answers, and develop-
ments in spatial data analysis.

The Spatial task view includes packages that define classes for spatial data and meta-
data, packages that read and write spatial data, packages that handle spatial data, packages
that visualize spatial data (mapping), and packages that analyze spatial data. In this book,
I am trying to focus on spatial data reading/writing, handling, analyzing, and visualizing.
Although when I first got into contact with the Spatial task view, I immediately installed
the ctv package and then installed the entire task view (which took quite some time to
do), I would not recommend that newcomers followssuit. As my working experiences with
R grows, I realize that R’s scalability and flexibility allows me to not include the entire task
view in my daily data analysis. Though storing those packages on the computer seems like
a safe bet, installing them when they are needed might prove to be more efficient. Still,
the options are there, and the final decision is yours. Either way, I hope you will find the
beauty of R for analyzing yourspatial data as I did over a decade ago.

CONCLUSION

This first Chapter introduces you to the most basic side of the open-source computa-
tional statistic software/platform R and its ever-increasing number of packages that make
it so'versatile and ideal for many analytical tasks. This chapter is by no means a com-
plete introduction to R and its functionalities. It rather serves as a door-opener for the
data analysts to the wonderland of R. To enjoy what R can bring to you, you must be
willing to sit down and work on it. Write a few scripts and see what R’s responses are.
Exploration is 90% of the journey. When I was asked the question, should I learn R? I
always answered with my own question: Do you have a data analysis project at hand? If
yes, then yes, you should learn R. The idea here is that R is best learned by doing. Not to
diminish the importance of systematic training in using R, for the average social science
data analyst, however, my experience suggests that “learning by doing” will often yield
the most cost-effective learning experience. In addition to getting the analytical results,
the (most likely) added benefits are that one will have the curiosity to pursue more of R’s

functionality and work more to know R.
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REVIEW QUESTIONS

1. Discuss the primary functions and features of the R software environment.

2. Write an R script that creates a vector, matrix, data frame, and list. Provide

examples for each, and explain the operations you perform on them.

3. Explain what R packages are. Demonstrate how to install and load an R
package. Explain how you would use the package to perform a specific statistical

computation or data analysis task.
4. Discuss the purpose and importance of CRAN as a source for R packages.
5. Explain the concept of CRAN task views and their significance in data analysis.

6. How does the Spatial task view aid in spatial data handling, visualization, and
analysis? Please check the CRAN spatial task view for a detailed explanation.

7. Create a script that handles different data types in R (e.g., numeric, character,
logical). Demonstrate how R manages these data types within vectors, matrices,

data frames, and lists.

8. How does the wide coverage and open-source feature of R facilitate the

development and application of new statistical algorithms?

9. Discuss the process by which R packages are made available on CRAN. How does

this process ensure the quality of these packages?

10. Describe the impact of R’s scalability and flexibility on its efficiency in data

analysis.

11. How do algorithm proposers and users benefit from utilizing advanced statistical

computational technologies that R offers?

12. How do R and its packages facilitate interdisciplinary research and advance

scientific study?

13. Compare the incorporation of new packages in R with their incorporation in

commercial software packages.
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2 VERY BASIC CONCEPTS OF
STATISTICAL DATA ANALYSIS

LEARNING OBJECTIVES

2.1  Understand the fundamental concepts of descriptive statistics and their
application in analyzing and summarizing data.

2.2 Learn the principles and steps of hypothesis testing, including formulating
null and alternative hypotheses, selecting significance levels, and

interpreting p values.

2.3 Gain proficiency in conducting hypothesis tests using different statistical

tests, such as 7 tests and chi-square tests in R.

2.4 Develop skills in interpreting the results of hypothesis tests and making
informed decisions based on statistical evidence.

2.5  Understand the concepts of Type Land Type IT errors and their implications
in hypothesis testing.

2.6 Learn how to perform basic statistical analyses and hypothesis tests using R

programming language:

2.7  Gainan understanding of foundational statistical concepts essential for
further study, especially.in spatial data science.

In this chapter, we aim to provide a gentle introduction to fundamental statistical
terms and concepts for those who may need a refresher. Our goal is to make this
content accessible and understandable to students with no prior knowledge of the
subject. While this chapter is not a comprehensive guide to statistical analysis and
probability theory, it will cover key concepts that will be used throughout the book.
Fora deeper understanding, we recommend pursuing formal training in statistics
and probability.

The chapter begins with an overview of variables, variable distributions, and degrees
of freedom. We will then delve into hypothesis testing, with an emphasis on understand-
ing and interpreting p values, a concept frequently encountered in data analysis. Next,
we will introduce essential tools for conducting exploratory data analysis, which will
help you “listen” to your data and uncover meaningful insights. Finally, we will present
an example of regression analysis, a topic that will be explored in greater detail in later
chapters.

29
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To ensure a practical, hands-on learning experience, all concepts and techniques will
be demonstrated using the R programming language. We encourage you to practice along
with the examples provided to gain valuable experience and develop your skills in spatial

data analysis with R.

2.1 THE CONCEPTS OF VARIABLE, RANDOM VARIABLE AND
VARIABLE DISTRIBUTION, AND DEGREES OF FREEDOM

2.1.1 Variable

In this section, we will introduce the concept of a variable and how to work with vari-
ables in R, providing hands-on examples for students with limited statistical training.
Remember that hands-on experience is essential for learning,

A variable represents a specific characteristic of an object or an individual that can be
measured or quantified. Examples of variables include age, gender, income, and temperature.
In data analysis, variables are used to describe the data collected from observations or'experi-
ments. For example, the length of a river, the annual per capita GDP of a county, and the
number of disease incidents are all variables. The term “variable” is used because the values
it represents vary across different observed objects. In this sense, a variable can be thought of
as a container that holds the varying values associated with specific objects in certain places.

For effective analysis, a variable must have an identifier to-distinguish it from other
variables. This identifier is called the variable’s name (variable name). In R, a basic variable

can be expressed as a vector using the concatenation function c():

# Numeric variable

A <- c(l1, 2, 3, 4, 5)

# Text variable:

B <- ¢ ("This", "is", "an!'", "introduction", "to", "spatial",
"analysis", "using", "R", "book")

Once a variable has been assigned a name, you can access its elements using valid sub-

scripts. First, determine the length of the variable vector:

# Length of the vector:
length (B)

Then, use any number from 1 to the length of the vector to extract the desired ele-
ment. Note thatin R, indexing starts at 1, unlike some other programming languages that
use 0 as the starting index.

Variables are the building blocks for data analysis. Data analysis starts with under-
standing the data (through exploratory analysis) by using graphs, tables, and correlation
analysis to examine relationships or co-variation among different variables. Analyzing data
involves examining collections of variables that describe the various features of objects in
a particular place. The process starts by forming a hypothesis about the characteristics

and relationships among different aspects of these objects. Next, we observe the objects,
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identify variables of interest (i.e., the object’s characteristics), and collect data using appro-
priate methods, such as surveys, field work, census statistics compilation, remote sensing
image analysis, among many others. The collected variables are then organized into a suit-
able format, and appropriate methods are applied to test the hypothesis.

2.1.2 Random Variables

To use variables for data analysis and modeling, however, we also need to introduce the
concept of random variables. A random variable is a type of variable whose possible values
are numerical outcomes of a random phenomenon. Unlike regular variables that are fixed
once observed, random variables are used to model and analyze data that are subject to

randomness and uncertainty. There are two main types of random variables:

e Discrete random variables: These can take on a finite or countably infinite set
of values. For example, the number of heads when flipping a coin three times is a

discrete random variable, which can take the values 0, 1, 2, or 3.

e Continuous random variables: These can take on any value within a given
range. For example, the exact height of students in a class is a continuous random

variable, which can take any value within a certain interval.

Random variables are fundamental in statistical analysis because they allow us to make
probabilistic statements about data. For example, we can calculate the probability that a ran-
dom variable falls within a certain range or determine the likelihood of different outcomes.

In R, random variables can be simulated using functions from various probability
distributions. For example:

# Simulating a discrete random variable: Number of heads in
10 coin flips

set.seed(123)
num_heads <- rbinom(10, size = 1, prob = 0.5)

print (num_heads)

# Simulating a continuous random variable: Heights of
students

set.seed (123)
heights <- rnorm (100, mean = 170, sd = 10)
hist (heights)

While regular variables hold observed data, when we analyze these data, especially for
making predictions or inferences about a larger population, we treat these regular vari-

ables as random variables. This is because we want to do the following:
e Model uncertainty: By treating a regular variable as a random variable, we
acknowledge that the observed data are just one possible outcome of a random process.

e Make statistical inference: By treating variables as random, we can

estimate population parameters, test hypotheses, and calculate confidence
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intervals—Dbasically, answer this question: How /likely is (or what is the /ikelihood
of) the observed value if it is one of the results of a random experiment, which

assumes all the possible outcomes are known.

Understand probability distributions: This is because random variables are
associated with probability distributions, which provide a framework for making
probabilistic statements about the data. This is essential for predictive modeling

and hypothesis testing.

Estimate sampling variability: Treating regular variables as random variables
helps us understand and quantify sampling variability. This is important because
any given sample is just one of many possible samples that could be drawn from
the population.

2.1.3 Variable Distribution

The concept of variable distribution is essential for data analysis. In simple terms, a dis-

tribution describes the range of possible values a variable can take and thelikelihood (or

probability) of each value occurring. All probabilities must add up to one. For discrete

variables, the probability of a particular value occurring is often described by the fre-

quency with which that value appears in the dataset for the variable. For continuous vari-

ables, the probability of a particular value occurring is described by the probability density

function (PDF) rather than the raw frequency. A PDF assigns a probability density to

each value within the continuous variable’s range. A PDF is usually graphed asa curve ina

coordinate system. Figure 2.1 plots a typical PDF of a standard normal distribution (mean

zero and standard deviation 1). Since a continuous variable can take infinitely many values

within its range, the probability of observing an exact value is technically zero. Instead, we

consider the probability of the variable falling within a specific interval.

FIGURE 2.1 M A Probability Density Function (PDF) of the Standard Normal

Distribution
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To find the probability of a continuous variable falling within a given range, we cal-
culate the area under the curve of the PDF within that interval and divide it over all the
areas under the PDF. In practice, this often involves integrating the PDF over the specified
range.

For example, consider a continuous variable following a normal distribution with a
mean of 0 and a standard deviation of 1. To find the probability of the variable falling
between -1 and 1, we would calculate the area under the curve of the normal distribution’s
PDF within this interval and divide it over all the areas under the normal distribution’s
PDF (Figure 2.1).

In R, we can compute the probability of a continuous variable falling within a speci-
fied range using the relevant cumulative distribution function (CDF). For a normal distri-

bution, we would use the pnorm() function:

# Calculate the probability of a normally distributed
variable with mean 0 and standard deviation 1 falling between -1
and 1

lower bound <- -1

upper bound <- 1

mean <- 0

sd <=1

probability <- pnorm(upper bound; mean; sd) - pnorm(lower
bound, mean, sd)

probability

Understanding the concept of probability density functions and cumulative distri-
bution functions for continuous variables is essential for selecting appropriate statistical
tests, estimating parameters, and interpreting results in data analysis.

There are several types of variable distributions commonly encountered in data analy-
sis, including continuous and discrete distributions. Continuous distributions describe
variables that can take any value within a specified range (e.g., height, weight), while dis-
crete distributions apply to variables with a limited number of distinct values (e.g., the
number of children in a family).

Some common distributions include the following:

e Normal distribution (Gaussian distribution): A continuous distribution often
found in nature, characterized by a symmetrical bell shape (Figure 2.1). Most
values cluster around the mean, with fewer values appearing as we move further

away from the mean in either direction.

e Uniform distribution: A continuous distribution where all values within the

specified range have an equal probability of occurring.

e Binomial distribution: A discrete distribution representing the number of
successes in a fixed number of Bernoulli trials (each with the same probability of

success).

e DPoisson distribution: A discrete distribution often used to model the number of

events occurring within a fixed interval of time or space.
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Now, let’s consider some R examples to illustrate these distributions (all four distribu-

tions are illustrated in Figure 2.2).

FIGURE 2.2 M Illustrations for the Four Commonly Encountered

Distributions
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Normal distribution in R: In R, we can generate random samples from a normal
distribution using the rnorm() function:

# Generate 100 random samples from a normal distribution with
mean 0 and standard.deviation 1

samples <- rnorm(100, mean = 0, sd = 1)
# Plot a histogram of the samples

hist (samples, main = "Histogram of Random Samples from
Normal Distribution", xlab = "Value", ylab = "Frequency", col =
"lightblue", ‘border = "black")

Uniform distribution in R: To generate random samples from a uniform distribu-

tion in R, we can use the runif() function:

# Generate 100 random samples from a uniform distribution
between 0 and 1

samples <- runif (100, min = 0, max = 1)

# Plot a histogram of the samples

hist (samples, main = "Histogram of Random Samples from
Uniform Distribution", xlab = "Value", ylab = "Frequency", col =
"lightgreen", border = "black")
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Binomial distribution in R: We can generate random samples from a binomial dis-

tribution using the rbinom() function in R:

# Generate 100 random samples from a binomial distribution
with 10 trials and a probability of success of 0.5

samples <- rbinom (100, size = 10, prob = 0.5)

# Plot a histogram of the samples

hist (samples, main = "Histogram of Random Samples from
Binomial Distribution", xlab = "Value", ylab = "Frequency", col
= "lightcoral", border = "black")

Poisson distribution in R: Finally, we can generate random samples from a Poisson

distribution using the rpois() function in R:

# Generate 100 random samples from a Poisson distribution
with a mean (lambda) of 5

samples <- rpois (100, lambda = 5)

# Plot a histogram of the samples

hist (samples, main = "Histogram of Random Samples from
Poisson Distribution", xlab = "Value", ylab = "Frequency", col =
"lightsalmon", border = "black")

Understanding variable distributions is crucial for selecting appropriate statistical

tests and models, estimating parameters; and interpreting results.

2.1.4 Degrees of Freedom

Degrees of freedomiis a key concept in statistical analysis and hypothesis testing that refers
to the number of values in the final calculation of a statistic that are free to vary. It is
crucial for determining the test statistic’s distribution, calculating p values, and making
inferences about a population based on a sample. In this discussion, we will explore the
concept of degrees of freedom in different statistical scenarios, with R scripts and graphs
toillustrate the concepts where necessary.

To better understand degrees of freedom, let’s consider a simple example. Suppose you
have a sample of five numbers, and you know that their mean is 10. If you were given the
first four numbers (e.g., 8, 9, 12, and 11), you could easily calculate the fifth number (10)
because the mean is fixed. In this case, there are four degrees of freedom because only four
numbers are free to vary, while the fifth number is restricted by the known mean. Degrees
of freedom can be thought of as the number of independent pieces of information that are
used to estimate a parameter or compute a statistic. We will provide more examples to help
deepen the understanding of degrees of freedom.

Mean and variance: Let’s consider a sample of 7 data points (xl, Xys oo xn), where we

want to compute the mean and the variance. The mean is calculated as the following:

mean = (x1 +x, + ...+xn)/n
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When calculating the mean, no degrees of freedom are involved because the values
of the data points are not restricted in any way. However, when we calculate the variance,

there is a constraint: the mean value. The variance is calculated as follows:

. X(x-x)
variance = W .
In this case, there are (7 - 1) degrees of freedom. The “-1” is due to the fact that the
mean has already been calculated, and therefore, one degree of freedom is “used up.”
Linear regression: In the context of linear regression, degrees of freedom play a sig-
nificant role in the estimation of parameters and the assessment of model fit. Consider a

simple linear regression model with one predictor variable:

y=p+p*x+e

In this model, we are trying to estimate the values of the intercept (f,)-and the slope
(B) that minimize the sum of squared residuals. For a dataset with 7 observations, we have
n pieces of information (the observed y values) to estimate two parameters (f, and f3).
Therefore, the degrees of freedom for the model are (% - 2).

The degrees of freedom are an essential concept in statistics that help us understand
the constraints involved in estimating parameters and computing test statistics. As a gen-
eral rule of thumb, we prefer there are more degrees of freedom when estimating param-
eters or computing test statistics because it helps us understand how much independent
information is available for these tasksand adjust our calculations accordingly. As the
degrees of freedom increase, the precision of our estimates improves. With more indepen-
dent information, we can make more accurate estimates of the parameters in question.
This is because the sample size is generally larger, which provides us with more data points
to base our estimates on. As a result, our estimates will be less susceptible to random varia-
tion, and the overall uncertainty will be reduced. In addition, in some cases (especially
regression analysis), having too few degrees of freedom can lead to overfitting, where a
model capturesrandom noise in the data rather than the underlying pattern. Overfitting
occurs when the model is too complex relative to the available data, and it can lead to poor
performance on new, unseen data. By ensuring an adequate number of degrees of freedom,

we can minimize the risk of overfitting and improve the generalizability of our models.

2.2 THE CONCEPT OF HYPOTHESIS TESTING

Hypothesis testing is a fundamental aspect of scientific research and statistical analysis. It
isa method used by researchers to make decisions and draw conclusions about populations
based on sample data. The process involves formulating a hypothesis, collecting data, ana-
lyzing the data, and then interpreting the results to either accept or reject the hypothesis.
Hypothesis testing helps researchers determine if their observations are due to random
chance or if there is a genuine effect or relationship in the population.

In hypothesis testing, we start with two competing hypotheses: the null hypothesis and
the alternative hypothesis. These hypotheses represent different possible explanations for

the observed data, and our goal is to determine which hypothesis is more likely to be true.
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2.2.1 The Null and Alternative Hypotheses

Null hypothesis (H,): The null hypothesis, denoted as /, represents the “status quo” or
the assumption that there is no effect or relationship between the variables being studied.
It is a baseline hypothesis that we assume to be true unless there is sufficient evidence to
suggest otherwise (in practice, the null hypothesis is often the one we aim to find evidence
to reject). The null hypothesis typically states that there is no difference between groups
or that the correlation between two variables is zero. For example, if we are studying the
effect of urbanization on regional per capita GDP, the null hypothesis might state that the
level of urbanization has no effect on regional per capita GDP.

Alternative hypothesis (H,): The alternative hypothesis, denoted as H, or H, is the
opposite of the null hypothesis. It represents the claim that there is an effect or relationship
between the variables being studied. The alternative hypothesis may suggest that the difference
between groups is not zero or the correlation between two variables is not zero. Continuing
with the urbanization and regional per capital GDP example, the alternative hypothesis might
state that the level of urbanization does have an effect on regional per capita GDP.

Once we have a clear understanding of the null and alternative hypothesis, we are
ready to perform hypothesis testing. Hypothesis testing is the ultimate goal for statistical
analysis so that we use our data, analyze the data with various estimating procedures, and
judge from the results to inform whether we have sufficient evidence to reject or fail to
reject the null hypothesis. But prior to introducing hypothesis testing, we need to under-
stand the Type I and Type Il errors and the very important concept of p value in statistical
analysis and hypothesis testing.

2.2.2 The Type l and Type Il Errors

When conducting hypothesis tests in statistics, we are often faced with the challenge of
making decisions based on incomplete information. As a result, there is always a possibil-
ity of making incorrect conclusions (errors). Two common types of errors that can occur in
this process are Type I'and Type II errors. Understanding these errors is crucial for inter-
preting the results of hypothesis tests and making informed decisions.

Type I error: A Type I error occurs when we reject the null hypothesis (H,) when
it is actually true. In other words, we conclude that there is an effect or relationship
between the variables being studied when, in reality, there isn’t one. This is also known as
a “false positive” or “false alarm.”

To better understand Type I errors, let’s consider an example. Imagine that a scholar is
testing whether a certain environmental protection action (such as increasing the amount
of environmental protection investment) is effective in increasing the regional economic
performance in an area (often measured by per capita GDP or median household income).
The null hypothesis (/) states that the action has no effect on the regional economic per-
formance, while the alternative hypothesis (/7)) states that the action does have an effect.
After collecting environmental protection and regional economic performance data over
the study area, including multiple regional units, and performing a hypothesis test, the
researchers find a statistically significant result and reject the null hypothesis. However, if
the environmental protection action is actually ineffective and the observed effect was just
due to random chance, the researchers have committed a Type [ error.

The probability of making a Type I error is denoted by the Greek letter alpha (o) and

is also known as the “significance level” of a hypothesis test. Researchers often choose
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a significance level, such as 0.05 or 0.01, to control the risk of making a Type I error. A
smaller significance level means a lower probability of making a Type I error, but it also
means that it will be more challenging to reject the null hypothesis when it is false.

Type Il error: A Type II error occurs when we fail to reject the null hypothesis (/)
when it is actually false. In other words, we conclude that there is no effect or relationship
between the variables being studied when, in reality, there is one. This is also known as
a “false negative” or “missed opportunity.” Continuing with the environmental pro-
tection and regional economic performance example, suppose the environmental protec-
tion action is effective in affecting regional economic performance, but our data analysis
results do not show a statistically significant effect. In this case, the researchers would
fail to reject the null hypothesis, wrongly concluding that the environmental protection
action is ineffective. This would be a Type II error.

The probability of making a Type II error is denoted by the Greek letter beta (f), and
the “power” of a hypothesis test is defined as 1 - 5. The power represents the probability of
correctly rejecting the null hypothesis when it is false (so you have the power to make the
right decision). A higher power means a lower probability of making a Type II error. To
increase the power of a hypothesis test, researchers can increase the sample size, use more
sensitive measurement instruments, or choose a higher significance level (a ). However,
increasing the significance level will also increase the risk of makinga Type I error.

Balancing Type I and Type II errors: In practice, researchers need to balance the
risks of Type I and Type II errors. Reducing the risk of one type of error often increases
the risk of the other. The appropriate balance depends on the specific context of the study
and the potential consequences of each type of error. For example, in medical research,
the consequences of a Type I error (falsely concluding that an ineffective treatment works)
might be more severe than the consequences of a Type II error (failing to detect the effec-
tiveness of a truly beneficial treatment). In such cases, lowering the Type I error will have
higher priority than lowering the Type IT error. On the other hand, let’s consider a study
examining the relationship between air pollution levels and the prevalence of respiratory
illnesses in different regions of a city. The goal of the study is to determine whether areas
with higher air pollution levels have a higher prevalence of respiratory illnesses among
the population. In this context, a Type I error would occur if the researchers reject the
null hypothesis when it is actually true, concluding that there is a relationship between
air pollution levels'and respiratory illnesses when there isn’t one. As a result, resources
may be allocated to address a nonexistent issue, and other factors contributing to respira-
tory illnesses may be overlooked. On the other hand, a Type II error would occur if the
researchers fail to reject the null hypothesis when it is false, meaning that they do not find
a significant relationship between air pollution levels and respiratory illnesses when there
actually is one. In this case, the consequences of the Type II error can be more severe than
a Type I error. This is because if a Type II error is made, the true relationship between air
pollution levels and respiratory illnesses is not identified. Consequently, no action will be
taken to address the air pollution problem in the affected regions, and the public health
policies will not target the root cause of the increased prevalence of respiratory illnesses.
This can lead to a continuous increase in respiratory illnesses and the associated health-
care costs, as well as a decline in the overall quality of life for the residents of the affected
regions.

Type I and Type Il errors are inherent risks in hypothesis testing. Understanding these

errors is essential for interpreting the results of hypothesis tests and making informed
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decisions. Researchers must carefully consider the potential consequences of each type of
error in the context of their study and weigh the risks accordingly.
When designing a study, researchers can take steps to minimize the risks of Type I and

Type Il errors. Some of these steps include the following:

e Choosingan appropriate significance level (o ): Selecting a lower significance
level will reduce the risk of making a Type I error but may increase the risk
of a Type Il error. The chosen significance level should reflect the potential

consequences of each type of error in the context of the study.

e Increasing sample size: A larger sample size generally reduces the risk of both
Type L and Type II errors by providing more data points and increasing the
power of the hypothesis test. However, increasing sample size may also require

additional time, effort, and resources.

e Employing more sensitive measurement instruments: Using more precise and
accurate measurement tools can help to reduce measurementerrors and improve
the reliability of the data. This can, in turn, reduce the risks of both Type I and
Type Il errors.

e Conducting additional studies: If the results of a single study are inconclusive
or the risks of Type I and Type Il errors are high, researchers may consider
conducting additional studies to gather more evidence and increase the

confidence in their conclusions.

Ultimately, researchers need to balance the risks of Type I and Type II errors in the
context of their specific study and the potential consequences of each type of error. By
carefully considering these risks and taking steps to minimize them, researchers can
improve the reliability and validity of their findings and make more informed decisions

based on the results of their hypothesis tests.

2.2.3 The Probability Value: p Value

The p value, or probability value, is a fundamental concept in statistical hypothesis test-
ing. It is the probability of observing a test statistic as extreme as or more extreme than
the one obtained from the sample data, assuming that the null hypothesis is true. In other
words, the p value measures the compatibility of the observed data with the null hypothe-
sis. A smaller p value indicates stronger evidence against the null hypothesis, while a larger
pvalue suggests that the observed data is consistent with the null hypothesis. We have
heard students or even practitioners talking about the p value being the “probability that
the null hypothesis is true”; this is an inappropriate indication. A hypothesis is a statement
and is hypothesized to be always true. In the sense of the p value that measures the compat-
ibility of the observed data with the null hypothesis, it might be more appropriate to call
the p value the “probability of making a Type I error.”

Interpreting the p value: To interpret the p value, it is compared to a predetermined
significance level, commonly denoted by alpha (a). The significance level is a threshold
chosen (quite arbitrarily) by the researcher, usually set at 0.05 or 0.01, which represents the
probability of making a Type I error (i.e., rejecting the null hypothesis when it is actually
true). If the p value is less than or equal to the significance level (p < @), the null hypothesis
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is rejected, and the researcher concludes that there is evidence supporting the alternative
hypothesis. If the p value is greater than the significance level (p > @), the null hypothesis
is not rejected and the researcher concludes that there is insufficient evidence to support
the alternative hypothesis.

Let’s consider a spatial study that examines whether there is a significant difference in
average annual rainfall between two regions, A and B. The null hypothesis (/) states that
there is no difference in average annual rainfall between the two regions, while the alter-
native hypothesis (7)) states that there is a difference. Suppose we have collected rainfall
data from both regions over the past ten years. We can use R to perform a two-sample 7 test
to compare the average annual rainfall in both regions and calculate the p value.

First, let’s create some sample data for the two regions:

# Sample data for regions A and B

rainfall region A <- c(1200, 1300, 1100, 1250, 1350, 1275,
1150, 1325, 1230, 1290)

rainfall region B <- c(1450, 1400, 1500, 1550, 1375, 1425,
1380, 1530, 1460, 1390)

Next, we can perform the two-sample t-test and calculate the
p-value:

# Perform two-sample t-test
t_test result <- t.test(rainfall region A, rainfall region_B)
# Extract p-value

p_value <- t test result$p.value

Now, let’s say we choose a significancelevel of 0.05. We can compare the p value to the
significance level to make a decision:

# Compare p-value to significance level (alpha)
alpha <- 0.05
if (p_walue <= alpha) {
cat ("Reject the null hypothesis. There is evidence of a
significant difference in average annual rainfall between the
two regions.")
} else {
cat ("Do not reject the null hypothesis. There is

insufficient evidence to support a significant difference in
average annual rainfall between the two regions.")

}

In this example, the p value helps us determine whether the observed difference in
average annual rainfall between the two regions is statistically significant or whether
it could have occurred by chance alone. By comparing the p value to the chosen sig-
nificance level, we can make an informed decision about the null and alternative
hypotheses, guiding our conclusions and recommendations based on the results of
the study.
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2.2.4 Hypothesis Testing

Now we have a good understanding of the Type I and Type II errors and the meaning of the p
value, we are now able to comprehend statistical hypothesis testing. Hypothesis testing is a fun-
damental concept in statistics used to determine whether there is enough evidence in a sample of
data to infer that a certain condition holds true for an entire population. It involves making an
initial assumption, the null hypothesis (7)), and then determining whether the observed data
provides enough evidence to reject this assumption in favor of an alternative hypothesis (7).

In statistical analysis, hypothesis testing often takes these following steps:

e Formulate the null hypothesis (H,): The null hypothesis often represents the
absence of an effect (relationship) or no difference between groups. For example,
if we are studying whether property’s distance to parks will have an impact on
property values, the null hypothesis might be that there is no effect between the
distance to the park and the values.

e Formulate the alternative hypothesis (H): The alternative hypothesis is
the opposite of the null hypothesis, representing the presence of an effect or a
difference between groups. In the distance to parks and property values example,
the alternative hypothesis would be that there is an'effect between property’s
distance to the park and the property values.

e Choose asignificance level (x ): The significance level is a threshold, usually set
at 0.05 or 0.01, which represents the probability of making a Type I error (i.e.,
rejecting the null hypothesis when it is'actually true). The significance level helps

control the risk of drawing false conclusions.

e Collect sample data and calculate a test statistic: The test statistic measures
the extent to which the observed data deviates from what would be expected
under the null hypothesis. Different hypothesis tests use different test statistics,
depending on the'data and the research question.

e Calculate the p value: The p value is the probability of observing a test statistic
as extreme as or more extreme than the one obtained from the sample data,
assuming that the null hypothesis is true. A smaller p value indicates stronger
evidence against the null hypothesis, while a larger p value suggests that the
observed data is consistent with the null hypothesis.

e Make a decision: Compare the p value to the significance level (a ). If the p value
is less than or equal to o (p < ®), reject the null hypothesis and conclude that there
is evidence supporting the alternative hypothesis. If the p value is greater than a
(p > @), do not reject the null hypothesis and conclude that there is insuflicient
evidence to support the alternative hypothesis.

Consider this example: Suppose a researcher wants to investigate whether there
is a relationship between the distance to the nearest park and property prices in a city.
Common sense is that properties closer to parks will have higher prices due to the increased
desirability of living near green spaces. The null hypothesis will then be that there is no
effect of properties’ distance to parks on property values.

First, the researcher collects data on the distance from a random sample of 100 proper-

ties to the nearest park (in meters) and their corresponding property prices. Then, we can
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use a simple linear regression analysis in R to examine the relationship between the dis-
tance to the nearest park (independent variable) and property prices (dependent variable).

Let’s create some sample data:

# Set seed for reproducibility

set.seed (123)

# Sample data for distance to the nearest park (in meters)
distance to park <- runif (100, min = 50, max = 5000)

# Generate property prices based on a simple linear
relationship with added noise

property prices <- 600000 - 0.1 * distance to park +
rnorm (100, mean = 0, sd = 50000)

Next, we can perform the simple linear regression analysis:
# Perform linear regression analysis

model <- lm(property prices ~ distance to park)

Now, we can extract the model summary and p value associated with the independent

variable (distance_to_park):

# Extract model summary
model summary <- summary (model)
# Extract p-value for the independent variable

p_value <- model summary$coefficients[2, 4]

Let’s say we choose a significance level of 0.05. We can compare the p value to the sig-

nificance level to make a'decision:

# Compare p-value to significance level (alpha)
alpha <= 0.05
if (p value <= alpha) {
cat ("Reject the null hypothesis. There 1is evidence of a
significant relationship between distance to the nearest park
and property prices.")
} else {

cat ("Do not reject the null hypothesis. There is
insufficient evidence to support a significant relationship
between distance to the nearest park and property prices.")

}

In this example, the hypothesis test helps the researcher determine whether the
observed relationship between distance to the nearest park and property values is statisti-
cally significant or whether it could have occurred by chance alone. By comparing the

2 value to the chosen significance level, the researcher can make an informed decision

Copyright ©2026 by Sage Publications, Inc.
This work may not be reproduced or distributed in any form or by any means without express written permission of the publisher.



Chapter 2 ® Very Basic Concepts of Statistical Data Analysis 43

about the null and alternative hypotheses, guiding their conclusions and recommenda-

tions based on the results of the analysis.

2.3 EXPLORATORY DATA ANALYSIS

Exploratory data analysis (EDA) is a critical step in the data analysis process that involves
the initial examination and visualization of data to gain insights, identify patterns, and
reveal potential relationships or anomalies. It helps researchers understand the structure of

the data and formulate hypotheses for further analysis. Here are some key aspects of EDA:

e Descriptive statistics: In EDA, researchers often start by calculating basic
descriptive statistics for each variable. These include measures of central tendency
(mean, median, mode), dispersion (range, variance, standard deviation), and
shape (skewness, kurtosis). Descriptive statistics provide a summary of the data

and help researchers identify trends, outliers, or possible data entry errors.

e Datavisualization: Visualizing the data through various graphs and charts is
an essential component of EDA. Common visualizations include histograms,
boxplots, scatterplots, and bar charts. These visualizations can help researchers
identify patterns, relationships between variables, and areas of interest for further
investigation. For example, a researcher studying the relationship between
customer satisfaction and product quality might create a scatterplot to see if there
is a discernable pattern between the two variables. A histogram could be used
to visualize the distribution of customer satisfaction scores, revealing potential

issues or areas for improvement.

e Data exploration: EDA often involves examining the distribution and
relationships among variables in the dataset. This can include investigating
subgroups of the data, calculating summary statistics for different categories, or
creating visualizations to compare different groups. For instance, a researcher
investigating the impact of an educational intervention on student performance
might compare the test scores of students who received the intervention to
thosewho did not. This information can help identify the effectiveness of the

intervention and inform future educational policies or practices.

¢ Data transformation and normalization: During EDA, researchers might
discover that some variables have skewed distributions or extreme values that
could impact subsequent analyses. In such cases, data transformation (e.g.,
logarithmic, square root) or normalization (e.g., min-max scaling, z score
standardization) techniques can be applied to adjust the data and create a more
suitable input for further analysis.

e Correlation analysis: EDA often involves examining the relationships between
pairs of variables using correlation coefficients, such as Pearson’s correlation or
Spearman’s rank correlation. These coefficients provide a measure of the strength
and direction of the relationship between two variables, helping researchers
identify potential predictors or confounding factors in their study.

EDA is a crucial and informative step in the data analysis process across various disci-

plines. It allows researchers to gain a deep understanding of the data, identify patterns and
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relationships, and formulate hypotheses for further investigation. By using a combination
of descriptive statistics, data visualization, and data exploration techniques, researchers
can effectively explore their data and make informed decisions about subsequent analyses

and research questions.

2.3.1 Plotting Your Data: Histogram, Boxplot, Scatterplot, Trend Line

Visualizing your data using various types of plots is an essential part of exploratory data
analysis. In many studies, different types of plots can help researchers identify patterns,
relationships, and anomalies in the data. In this section, we will discuss the following
types of plots with examples and provide R scripts to generate them.

Histogram: A histogram is a graphical representation of the distribution of a dataset.
It is an estimate of the probability distribution of a continuous variable. A histogram can
be used to visualize the distribution of variables such as temperature, precipitation, or pol-
lution levels. Consider this example R script that generates a histogram for visualizing the

distribution of annual rainfall in a region:

# Sample data representing annual rainfall in mm

rainfall <- c¢(800, 1200, 950, 1100, 900, 850, 1300, 1150,
1050, 1000)

# Create a histogram

hist(rainfall, main="Histogram of Annual Rainfall",
xlab="Rainfall (mm)", ylab="Frequency", col="lightblue",
border="black")

Boxplot: A boxplot is a standardized way of displaying the distribution of data based on
a five-number summary (“minimum,” first quartile (Q1), median, third quartile (Q3), and
“maximum”). It can be used to detect outliers and understand the spread of the data. For
example boxplots can be useful for comparing the distribution of variables such as air qual-

ity index (AQI) acrossmultiple locations, as the following R script does for different cities:

# Sample data representing AQI for three cities
cityl <- c¢(35, 50, 65, 55, 40, 70, 80, 45, 60, 75)
city2 <- c(55, 60, 75, 80, 90, 85, 95, 100, 110, 105)
c¢ity3 <- c¢(30, 45, 60, 50, 55, 65, 75, 80, 70, 90)

# Create a boxplot

boxplot (cityl, city2, city3, names=c("City 1", "City 2",
"City 3"), main="AQI Comparison", xlab="Cities", ylab="AQI",
col="1lightblue")

Scatterplot: A scatterplot is a graph that displays the relationship between two vari-
ables using Cartesian coordinates. Scatterplots are commonly used to investigate the rela-
tionship between variables such as temperature and CO, emissions or population density

and air pollution, as in the scatterplot generated by the R script that follows:
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# Sample data representing population density (people per sqg.
km) and air pollution levels (PM2.5)

population density <- c¢(500, 700, 600, 800, 900, 400, 1000,
750, 850, 950)

air pollution <- c(35, 50, 40, 55, 65, 30, 70, 45, 60, 75)

# Create a scatterplot

plot (population density, air pollution, main="Population
Density vs. Air Pollution", xlab="Population Density (people/sq.
km)", ylab="Air Pollution (PM2.5)", pch=19, col="blue")

Trend lines: Trend lines are used to identify the general direction of the dataand can
be added to scatterplots to show the relationship between two variables more clearly. In
many studies, trend lines can help in understanding the correlation between variables, such
as the impact of urbanization on water pollution levels. Consider this R scriptthat exam-

ines the relationship between population density and air pollution levels with a trend line:

# Sample data representing population density (people per sqg.
km) and air pollution levels (PM2.5)

population density <- c¢(500, 700, 600, 800, 900, 400, 1000,
750, 850, 950)

air pollution <- c(35, 50, 40, 55, 65, 30, 70, 45, 60, 75)

# Create a scatterplot

plot (population density, air pollution, main="Population
Density vs. Air Pollution", xlab="Population Density (people/sq.
km) ", ylab="Air Pollution (PM2.5)", pch=19, col="blue")

# Add a trend line
trend line <- Im(air pollution ~ population density)

abline(trend line, col="red", lwd=2)

All four graphs are produced in Figure 2.3.

2.3.2 Listen to the Data

In today’s world, we are experiencing an explosion of data availability. With advancements
in technology, data collection, and storage capabilities, researchers and analysts have
access to vast amounts of data from various domains. This abundance of data has created
new opportunities for scientific inquiry, but it also poses challenges, particularly in situ-
ations where existing theories may not adequately explain the observed phenomena. In
such instances, the concept of “listening to the data” becomes a crucial scientific practice.
“Listening to the data” is practically what EDA is for. It emphasizes the importance of
being receptive to the insights and patterns that the data reveals rather than relying solely

on established theories or preconceived expectations. This approach is especially valuable
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FIGURE 2.3 H The Four Commonly Used EDA Graphs
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when existing theories are insufficient to explain complex patterns or when new hypoth-
eses need to be generated.
To effectively listen to the data, researchers must adopt a flexible, open-minded atti-

tude, allowing the data to guide their inquiry. Here are some key practices for embracing
this approach:

e Stay curious: Researchers should be willing to explore the data without

preconceived notions, allowing unexpected patterns or relationships to emerge.

e Develop domain knowledge: Having a strong understanding of the subject
matter can help researchers identify relevant variables, ask pertinent questions,
and interpret the patterns they observe in the data.

® [Iterate and refine: The process of listening to the data often involves iterating
through multiple rounds of analysis, visualization, and hypothesis generation.
Researchers should be prepared to refine their questions and hypotheses as new
insights emerge from the data.

e Collaborate with diverse teams: Working with interdisciplinary teams can
facilitate a more comprehensive understanding of the data, as team members
bring different perspectives and expertise to the table.

e Leverage advanced analytics and machine learning: Modern analytical tools and
techniques, such as machine learning algorithms and artificial intelligence, can
help researchers uncover hidden patterns and structures within the data, enabling
them to gain deeper insights.
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By listening to the data, researchers reap numerous benefits, including the following:

e Discover new phenomena: Data-driven exploration can lead to the identification
of previously unknown relationships, structures, or patterns, paving the way for

groundbreaking discoveries.

e Enhance predictive capabilities: By uncovering complex relationships within
the data, researchers can improve their ability to predict future events or trends,

enabling more informed decision-making.

e Uncover hidden biases: Listening to the data can help researchers identify and
address potential biases in their datasets, leading to more accurate and reliable

results.

e Increase collaboration: Data-driven research encourages collaboration across
disciplines, as researchers from diverse backgrounds work together to explore and

interpret the data.

e Empower the scientific community: Listening to the data can democratize the
scientific process, as researchers with varying levels of expertise can contribute to

the analysis and interpretation of large datasets.

2.4 HAVE A TASTE OF REGRESSION ANALYSIS

In this chapter, we have discussed variousaspects of basic statistics, laying the foundation
for further exploration of more advanced techniques. One such technique, which holds
great importance in the realm of data analysis, is regression analysis. This section aims to
provide an accessible and intuitive understanding of regression analysis, placing it in the
broader context of data analysis. We do not, however, intend to provide a comprehensive
discussion of regression analysis but merely a fundamental conceptual build-up to prepare
you for studies with spatial data in later chapters.

Regression analysis is a fundamental statistical method that allows us to examine
the relationships between variables and make predictions based on these relationships.
It plays a crucial role in various scientific disciplines, such as geography, environmen-
tal studies, and social sciences. By exploring regression analysis, we can build upon the
foundational concepts introduced in this chapter and delve deeper into the world of data
analysis.

The core concept of regression analysis is to model the relationship between a depen-
dent variable (also referred to as the response or outcome variable) and one or more inde-
pendent variables (also called predictors or explanatory variables). The dependent variable
is the one we aim to predict or explain, while the independent variables are the factors that
influence it. The primary goal is to establish a mathematical model that accurately rep-
resents the relationship between the dependent and independent variables, allowing for
meaningful insights and accurate predictions.

One of the most basic forms of regression analysis is simple linear regression, which
models the relationship between one dependent variable and one independent variable.
The relationship is represented by a straight line, which is fitted to the data in such a way
that the differences between the observed and predicted values of the dependent variable
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are minimized. Simple linear regression serves as an essential building block for under-
standing more complex types of regression analysis, such as multivariate linear regres-
sion. Multivariate linear regression extends simple linear regression to include multiple
independent variables. This type of regression enables us to examine the combined effects
of several predictors on the dependent variable and assess the relative importance of each
predictor. In doing so, we can gain a more comprehensive understanding of the factors
influencing the dependent variable.

As we move from basic statistics to more advanced analytical techniques like regres-
sion analysis, it is crucial to keep in mind the foundational concepts and principles we
have learned thus far. These core ideas, such as understanding variables, distributions,
hypothesis testing, and exploratory data analysis, serve as the groundwork upon which
more sophisticated techniques are built.

When conducting regression analysis, it is essential to ensure that the data is accurate,
reliable, and representative. The quality of the data has a significant impact on the validity
of the analysis, and as we have discussed in this chapter, it is crucial to practice good data

management and cleaning techniques.

2.4.1 The Most Basic Concepts of Regression Analysis

In this subsection, we will introduce some of the most fundamental concepts of regression
analysis. The goal of regression analysis is to establish a mathematical model based on
available data that can represent as accurately as possible the relationship between these
variables, enabling us to make predictions and gain insights from observed information.
To illustrate the regression analysis, we use simple regression as an illustration. Extension
to multivariate regression is straightforward.

The intercept and slope: In a simple linear regression model, we aim to fit a straight

line to the data points. The equation fora straight line is given by the following equation:

y=p +pFx+e

Here, y is the dependentvariable, x is the independent variable, f, is the intercept, /3, is
the slope, and eis the residual (error term).

The intercept () represents the value of the dependent variable when the indepen-
dent variable is equal to zero. For instance, if we were modeling the relationship between
altitude (x) and temperature (y), the intercept would represent the estimated temperature
avsea level (i.e., when altitude is zero). The slope (B,) represents the change in the depen-
dent variable corresponding to a one-unit change in the independent variable. In our
altitude—temperature example, the slope indicates the change in temperature for every
one-unit increase in altitude (e.g., for every 100 meters of ascent). A positive slope suggests
that as the independent variable increases, so does the dependent variable, while a negative
slope indicates an inverse relationship between the two variables.

Residuals: The residual (¢) in the regression equation represents the difference
between the observed value of the dependent variable and the predicted value based on
the fitted line. In other words, it measures the vertical distance between the actual data
point and the corresponding point on the regression line. Residuals can be both positive

and negative, depending on whether the observed value is above or below the regression
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line. Residuals play an important role in regression analysis, as they provide information
about the variation in the dependent variable that is not explained by the independent
variable(s).

In regression analysis, we often assume that the relationship between the dependent
and independent variables can be modeled as a deterministic function plus a stochastic
(random) component. The deterministic function represents the systematic relationship
between the variables, while the stochastic component accounts for random variation that
cannot be explained by the deterministic function alone. The residuals can be thought
of as realizations of this stochastic component. They represent the part of the dependent
variable’s variation that remains unexplained after accounting for the effects of the inde-
pendent variable(s). By examining the residuals, we can gain insights into the structure of
the stochastic process and assess the adequacy of our regression model.

As the representation of the stochastic process, the residuals often are assumed to have
some very important properties.

Independence: The residuals should be independent of each other:This means that
the value of one residual should not depend on the value of another residual. If the residu-
als are not independent, it may indicate that some important information has not been
captured by the independent variable(s) or that the underlying assumptions of the model
are not met.

Normality: In many regression models, it is assumed that the residuals follow a nor-
mal distribution with a mean of zero and constant variance. This assumption allows us to
perform hypothesis tests and construct confidence intervals. If the residuals do not appear
to be normally distributed, it may be necessary to consider alternative regression models or
transformations of the data.

Homoscedasticity: The residuals should exhibit constant variance across different
observations of the independent variable(s). This property, known as homoscedasticity, is
important for ensuring the validity of the model’s statistical inference. If the residuals
display non-constant variance (beteroscedasticity), it may indicate that the model does not
adequately capture the relationship between the dependent and independent variables or
that the data require transformation.

These important properties are the foundations for using data to estimate the
unknown intercept and slope(s). By carefully examining the residuals and their properties,
we can assess the quality of our regression model and identify any potential issues or areas
for improvement. This, in turn, helps to ensure that our model provides an accurate repre-
sentation of the relationship between the dependent and independent variables, allowing

us to make reliable predictions and draw meaningful conclusions.

2.4.2 The Ordinary Least Squares Estimator

The ordinary least squares (OLS) estimator is a widely used method for fitting a linear
regression model to data. The aim of linear regression is to find the bestfitting line that
describes the relationship between the dependent variable (¥) and one or more indepen-
dent variables (X). Yis a vector of dependent variables, with elements being y. Xis a matrix
of independent variables, with elements being X, i=1, ..., n nis the number of observa-
tions, and j = 1, ..., m, m is the number of independent variables. The OLS estimator
achieves this by minimizing the sum of the squared differences between the observed

values of the dependent variable and the predicted values based on the fitted line.
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The equation for a simple linear regression model, with one independent variable (j =
1), can be represented as

V=Pt B X+ e

where

,is the ith dependent variable,

x,is the 7th independent variable,

B, is the intercept (the value of y, when x, = 0),

B, is the slope (the change in y, for a unit change in x),

g is the residual (the difference between the observed value of y, and the predicted

value based on the model).

To estimate the coefficients (8, and ) using OLS, we minimize the sum of the squared
residuals:

minz(% - (ﬂo +ﬂ1*x1) )2

To achieve this, we compute the partial derivatives of the sum of squared residuals

with respect to # and 3, and set them equal to zero. Solving these equations, we get the
OLS estimators for # and f,:

X and Y are the mean values of Xand Y. This process is easily implemented in R with
simulated data:

# Generate some sample data

set.seed(42) # So that you can repeat the script and obtain
the same results.

X <- seq(0, 10, by = 0.1)

Y <- 2 + 3 * X + rnorm(length(X), mean = 0, sd = 2)
# Fit the OLS model

model <- Im(Y ~ X)

# Display the model coefficients

summary (model) Scoefficients

The estimated f3, and B will be very similar to the known values (2 and 3). You can
also create a scatterplot of the data and add the fitted regression line:
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library(ggplot2)
# Create a scatterplot of the data
ggplot (data = data.frame(X, Y), aes(x = X, y = Y)) +

geom_point () +

geom_smooth (method = "1Im", se = FALSE, linetype = "solid",
color = "blue", size = 1) +

labs(x = "X", y = "Y") +

theme (text = element text(size = 12, family = "Times New
Roman"))

2.4.3 The Maximum Likelihood Estimator

Maximum likelihood estimation (MLE) is an alternative method to OLS for estimating
the parameters of a statistical model. While OLS is mainly used for linear regression,
MLE offers a more flexible approach that can be applied to a wide range of models, includ-
ing those with non-normal error distributions, non-independent residuals, or non-linear
relationships between variables.

The idea behind MLE is to find the parameter values that make the observed data
as probable as possible. In other words, we want to maximize the likelihood or the prob-
ability of obtaining the data given the model’s parameters. To achieve this, we first define
a likelihood function, which represents the probability of the observed data given certain
parameter values. We then seck the values of the parameters that maximize this function.

In a simple linear regression context, let’s say our model is the following:

Y=p4+p*X+e

For better presentation, we use the matrix forms for both Y'and X. Yis the vector
of dependent variable, Xis the matrix of independent variable, f, is the intercept, f, is
the slope, and ¢ represents the error term. In OLS, we minimize the sum of squared
residuals to estimate the parameters ﬂo and p,. However, in MLE, we estimate these
parameters by maximizing the likelihood function. The likelihood function is given
by assuming that the error term (¢) is normally distributed with a mean of 0 and a
constant variance (¢%). Under this assumption (normality assumption), the probability
density function (PDF) of a normally distributed error term is given by the following

equation:

) = (1o @) e

Since e = Y— (ﬁo + 5, *X), we can rewrite the PDF in terms of ¥, X, f, and f, as

follows:
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Now, to construct the likelihood function L(f,, ), we multiply the probability densi-
ties for each data point (¥, X)) in our sample, which is the joint likelihood of the observed
data:

L(pp) =TIAY)

The likelihood function, L( $,,,), represents the joint probability of all the observed
data points given the model’s parameters (#, and ). The goal of MLE is to find the values
of #,and f, that maximize this likelihood function. In practice, it's more common to work
with the log-likelihood function, as it simplifies the calculations and avoids numerical
issues by taking a logarithmic transformation of the multiplication, which transforms the
multiplication to addition.

It is essential to note that for linear regression, when the errors are normally and
independently distributed, MLE and OLS will provide the same estimatesfor the model
parameters. However, MLE becomes particularly useful when the assumptions of OLS,
such as normality of errors, independence of the error, are not met or when dealing with
non-linear models like logistic regression.

MLE is a versatile and powerful method for estimating the parameters of a statistical
model. While OLS is specifically designed for linear regression and assumes normally and
independently distributed errors, MLE can be applied to various models, including those
with non-normal error distributions or non-linear relationships. The choice between OLS
and MLE depends on the specific assumptions of the problem and the nature of the data
being analyzed.

2.4.4 Read and Interpret the Regression Outputs

Interpreting regression outputs is an essential skill when conducting data analysis. In this
section, we will discuss how to interpret the results of a simple linear regression using R,
including coefficients, ¢ statistics, p values, R squared, and residual diagnostics.

Let’s use an example to illustrate. We will generate a synthetic dataset with a linear

relationship between two variables: the distance to the city center (X) and the price of a

house (Y).

# Generate synthetic data

set.seed (123)

n <- 100

X <- seq(l, n, 1)

Y <- 300000 - 5000 * X + rnorm(n, mean = 0, sd = 10000)
# Fit a simple linear regression model

model <- Im(Y ~ X)

# Display the summary of the model

summary (model)

Now let’s interpret the regression output.
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Coefficients: The coefficients are the estimated values for the intercept () and slope

. . . i N . .
(B) in the linear equation Y =  + 8, * X. In our example, the intercept represents the esti-
mated price of a house at zero distance from the city center (you can interpret this as the
houses are right next to the city center), while the slope indicates the change in house price
per unit increase in distance. These values are essential for interpreting regression outputs

and using the outputs for decision-making.

# Extract the coefficients

coef (model)

Standard error (std. error), # statistics, and p values: The 7 statistic is used to deter-
mine whether a given coefficient is significantly different from zero. The #statistic is the quo-
tient of the estimate divided by the standard error. We usually want the standard error to be
small compared to the estimates so that we have more confidence in the estimates (a smaller
standard error means narrower estimating range that the estimated coefficient will fall in,
hence more confidence). So a large # statistic (which will always be related to a small p value)
suggests that the variable has a significant effect on the dependent variable. The p value is the
probability of obtaining a #statistic at least as extreme as the observed one, given that the null
hypothesis (no effect) is true (recall the p value is the probability of making a Type I error).
If the p value is less than a predetermined significance level (e.g., 0.05), we will have a higher

confidence to reject the null hypothesis and conclude that the variable is significant.

# Extract the t-statistics and p-values
summary (model) $coefficients[, "t value"]

summary (model) $coefficients[, "Pr(>|t|)"]

R squared: The R squared (or coefficient of determination) measures the proportion
of the total variation in the dependent variable that is explained by the regression model.
A higher R squared indicates a better fit, but it does not guarantee a meaningful relation-
ship or an appropriate model. It is important to consider other diagnostic measures and
the context of the research question when interpreting R-squared values. In addition, the
R-squared value can no longer be calculated if the residuals are not independently distrib-
uted, which is usually the case when data are collected over geographic spaces (geographic

datasets). We will discuss this situation in more detail in later chapters.

# Extract the R-squared

summary (model) $r.squared

Residual diagnostics: Checking the residuals (observed values minus predicted val-
ues) can help assess the model’s assumptions and detect potential problems. Common

residual diagnostics include examining the distribution of residuals and plotting the
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residuals against the predicted values or independent variables. In R, you can use the fol-

lowing commands:

# Histogram of residuals

hist (residuals (model), main = "Histogram of Residuals", xlab
= "Residuals")

# Scatterplot of residuals vs. predicted values

plot (predict (model), residuals(model), main = "Residuals
vs. Predicted Values", xlab = "Predicted Values", ylab =
"Residuals")

abline(h = 0, col = "red")

These graphs can help us evaluate whether the residuals are normally-distributed and
whether there is any pattern in the residuals, which might indicate problems with the model.
Interpreting regression analysis results is critical for many applications and will be cru-
cial for later chapters when we introduce spatial regression analysis, eigenfunction-based

spatial filtering regression analysis, and geographically weighted regression analysis.

2.5 PRACTICESINR

In this section, we will summarize the concepts introduced so far and provide hands-on
practices in R to facilitate your understanding of the fundamental statistical concepts and

techniques used in data analysis. We will cover the following topics:

e Creating and manipulating variables
e Understanding variable distributions
e Exploratory data analysis

e Basic concepts of regression analysis
e Interpreting regression outputs

e Hypothesis testing

e Confidence intervals

Practice 1: Creating and Manipulating Variables

Purpose: Create a vector population representing the population of five cities in thou-
sands: 120, 500, 300, 200, 800. Then, create a second vector area representing the area
of each city in square kilometers: 50, 200, 120, 80, 400. Finally, calculate the population

density for each city and store it in a vector called pop_density.

population <- c¢(120, 500, 300, 200, 800)
area <- c(50, 200, 120, 80, 400)
pop density <- population / area

pop_density
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In this practice, we create two vectors representing the population and area of five
cities. By calculating the population density using element-wise division, we obtain a new
vector representing the density of each city. This hands-on exercise provides a concrete
example of how to manipulate and analyze data in R while also demonstrating the impor-
tance of understanding relationships between variables. Through this practice, you are
expected to learn to create and manipulate vectors in R, perform mathematical operations
on the data, and interpret the results. This foundational skill can be applied to various
data analysis tasks in the future, as you will often need to perform calculations or transfor-
mations on your own data in order to answer research questions or reveal patterns.

Furthermore, this exercise highlights the importance of properly interpreting the
results of data manipulation. By understanding the relationship between population,
area, and population density, we can draw meaningful insights from the data and use
it to inform decision-making in real-world contexts. As we progress in our data analysis
journey, we can build upon this practice by exploring more advanced techniques, such as
visualizing the data using plots or maps, performing statistical teststo determine the sig-
nificance of observed relationships, or incorporating additional variables to gain a deeper
understanding of the data. By mastering these skills, we will be better equipped to tackle

complex data analysis tasks and draw meaningful conclusions from our findings.

Practice 2: Understanding Variable Distributions

Purpose: Create a vector random_numbers containing 100 random numbers from a
normal distribution with a mean of 10 and a'standard deviation of 2. Then, plot a histo-

gram of the generated numbers.

set.seed (42)

random numbers <= rnorm(100, mean = 10, sd = 2)

hist (random numbers, main = "Histogram of Random Numbers",
xlab = "Value", ylab = "Frequency", col = "lightblue", border =
"black")

In this practice, we generate a sample of 100 random numbers from a normal dis-
tribution using the rnorm() function. Our goal is to understand how random sampling
works and to gain experience in visualizing the underlying distribution of our data. To
accomplish this, we create a histogram that allows us to observe the distribution of these
numbers and explore the characteristics of the normal distribution.

By working with a sample of random numbers, we develop an intuitive understand-
ing of the concept of random sampling, which is a fundamental aspect of many statistical
analyses. We have learned how to use R functions to generate random samples from vari-
ous probability distributions, which can be useful in simulating data or testing the perfor-
mance of different statistical methods.

The histogram we create in this practice serves as a visual representation of our data,
enabling us to identify the shape, center, and spread of the distribution. This hands-on
experience in data visualization helps us develop the skills necessary to create meaningful
and informative plots that can be used to communicate our findings and support data-
driven decision-making. By engaging in this practice, we not only gain valuable experi-

ence working with R but also enhance our understanding of key statistical concepts. As we
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progress in our data analysis journey, we can extend this practice by exploring other proba-

bility distributions, generating samples of different sizes, or incorporating more advanced
y g g g

visualization techniques. This foundational knowledge will be crucial in helping us tackle

more complex data analysis tasks and draw accurate conclusions from our data.

Practice 3: Exploratory Data Analysis

Purpose: Using the population and area vectors created in Practice 1, create a scatterplot

with population on the x axis and area on the y axis. Add a title and axis labels to the plot.

plot (population, area, main = "Population vs. Area", xlab =
"Population (thousands)", ylab = "Area (sg. km)", pch = 19, col
= "blue")

In addition, we can apply the scatter.smooth() function to the same data, which will
fita smoothed curve to the data points in addition to the generated scatterplots, helping us
detect any underlying trends or patterns more effectively.

Let’s modify the previous practice by using the scatter.smooth() function:

# Create a scatterplot with population on the x-axis and area
on the y-axis.

# Add a smoothed line using the scatter.smooth() function.

library ("graphics")

scatter.smooth (population, area, main = "Population vs.
Area", xlab = "Population (thousands)", ylab = "Area (sg. km)",
pch = 19, col = "blue")

By applying scatter.smooth() to our scatterplot, we can more easily identify potential
relationships between population and area. The smoothed curve provides a visual repre-
sentation of the possible trend in the data, which can help us make inferences about the
overall association between the two variables. In this case, the curve may suggest that
there is a certain relationship between population size and area, although it is crucial to
note that this visualization is not a definitive measure of association.

In this practice, we showcase the significance of employing typical and important
EDA techniques, including scatterplots and smoothed curves, to derive valuable insights
from our data. By utilizing these visualization methods, we can delve deeper into the
data to reveal underlying patterns and trends that might have been otherwise overlooked.
These insights can help us make more informed decisions and develop better strategies in
our analysis. As we explore our data with these visualization techniques, we gain a more
comprehensive understanding of the relationships between variables, the presence of out-
liers, and the overall distribution of our data. This understanding is crucial in guiding our
choice of statistical methods, identifying potential areas for further research, and generat-
ing hypotheses. Furthermore, these visualization techniques can help us communicate
our findings more effectively to others, be it our colleagues, supervisors, or a broader audi-

ence. By presenting our data in a visually appealing and easily understandable manner,
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we can convey complex information and insights with clarity. This practice highlights
the importance of leveraging EDA techniques like scatterplots and smoothed curves to
enhance our data analysis capabilities. As we become more proficient in utilizing these
visualization methods, we can better understand the intricacies of our data, ultimately

leading to more robust and insightful research outcomes.

Practice 4: Basic Concepts of Regression Analysis and Interpreting Regression
Outputs

Purpose: Perform a simple linear regression using the population and area vectors cre-
ated in Practice 1. Store the results in a variable called regression_model and print.a sum-

mary of the model.

regression model <- lm(area ~ population)

summary (regression model)

In this practice, we delve into the process of conducting a simple linear regression
using the 1m () function, a powerful tool in R that fits a linear model to our dataset. This is
an essential step in understanding the relationship between variables and making predic-
tions based on the fitted model. As we explore the output of the linear regression, we gain
valuable insights into various aspects of the model, allowing us to evaluate its performance
and make informed decisions regarding its suitability for our analysis.

The summary output generated by the 1m () function provides a wealth of informa-
tion about our linear model, such as the coefficients, residuals, and goodness-of-fit sta-
tistics. The coefficients indicate the estimated intercept and slope of the regression line,
helping us understand the direction and magnitude of the relationship between our
independent and dependent variables. By examining these coefficients, we can make
inferences about the nature of the relationship and its potential implications for our
research questions. Residuals; another key component of the summary output, repre-
sent the difference between the observed values and the values predicted by the model.
Analyzing the residuals can help us identify any patterns or deviations that might sug-
gest the presence of unexplained variation in our data or inadequacies in our model. A
thorough examination of residuals can lead to a better understanding of the underlying
structure of the data and inform potential improvements to our model. Goodness-of-fit
statistics, such as R squared and adjusted R squared, are essential for evaluating the per-
formance of our linear model. These statistics provide a measure of how well the model
explains the variation in the data, allowing us to compare different models and select
the most suitable one for our analysis.

This practice emphasizes the importance of conducting a simple linear regression
using the Im() function in R and interpreting the resulting summary output. By carefully
examining the coefficients, residuals, and goodness-of-fit statistics, we can gain a deeper
understanding of our linear model and its implications for our research. This foundational
knowledge equips us with the necessary skills to tackle more complex regression analyses and
develop robust models that accurately capture the relationships in our data. Understanding
linear regression and being able to interpret the outputs of the 1m () function are crucial for

later understanding of spatial data analysis that also utilizes regression techniques.
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Practice 5: Hypothesis Testing

Purpose: Perform a ¢ test to determine if there is a significant difference in population
density between two groups of cities: Group A with populations of 100, 150, and 200 and
Group B with populations of 700, 750, and 800. Use a significance level of 0.05.

group_a <- c(100, 150, 200)
group b <- c (700, 750, 800)
t test result <- t.test(group a, group b)

t test resultS$p.value

In this practice, we engage in the process of performing a # test to compare the means of
population in two distinct groups of cities using the t . test () function in R.The #test is
a fundamental statistical tool that allows us to assess whether the means of two groups are
significantly different from each other, providing valuable insights into potential patterns
and relationships within our data. This practice highlights the importance of hypothesis
testing and understanding the underlying assumptions in our statistical analyses.

By employing the t.test () function, we are able to carry out the comparison of the
means and obtain the test results, which include essential information about the ¢ statis-
tic, degrees of freedom, and p value. The p value is a crucial element in hypothesis testing,
as it helps us determine whether there is a statistically significant difference between the
two groups at a specified significance level, typically set at 0.05 or 0.01 (recall this means
the chances of making a Type I error—when the null hypothesis is right, but we reject it).
Interpreting the p value is an essential skill in statistical analysis. A small p value (less than
the chosen significance level) indicates that the observed difference between the means is
unlikely to have occurred by chance alone, and we reject the null hypothesis in favor of the
alternative hypothesis. Conversely, a large p value (greater than the significance level) sug-
gests that there is insufficient evidence to reject the null hypothesis (because the chance of
makinga Type I error is not acceptable), and we cannot conclude that a significant difference
between the means exists. Understanding the implications of the p value and its relationship
to the significance level is vital in making informed decisions based on the 7 test results. This
practice demonstrates the importance of conducting hypothesis tests, such as the # test, to
uncover meaningful insights into our data and inform the direction of our research.

While this practice specifically emphasizes the value of using # tests to compare the
meansof two groups and highlights the crucial role of interpreting the p value in hypoth-
esis testing, the logic applies to all hypothesis testing and the interpreting of p values. By
developing a solid foundation in performing hypothesis testing in R and understanding
the interpretation of the results, we are better equipped to carry out robust statistical anal-

yses and draw meaningful conclusions from our data in various research contexts.

Practice 6: Confidence Intervals

Purpose: Aside from the conventional approach of using p values (which involves accept-
ing or rejecting a null hypothesis based on a predetermined level of acceptable risk for com-
mitting a Type I error), there is an alternative and more flexible method for conducting
hypothesis testing known as the calculation of confidence intervals. While both p values and
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confidence intervals serve a similar purpose in a numeric context, the presentation of a confi-
dence interval offers greater clarity and adaptability. It explicitly communicates to the audi-
ence that there is a certain percentage of confidence that the estimated values or statistics will
fall within the specified interval. A p value, on the other hand, conveys the level of confidence
in avoiding a Type I error. However, this information is often implicit and can be challenging
for students to grasp fully. The confidence interval approach provides a more intuitive and
understandable representation of the uncertainty surrounding an estimate, making it easier
for students and other audiences to interpret the results of hypothesis testing,.

In this sense, calculating confidence intervals offers a more flexible and transparent
alternative to using p values for hypothesis testing. By presenting confidence intervals,
we can more effectively communicate the level of certainty associated with our estimates,
making it easier for our audiences to understand and engage with the findings of a statisti-
cal analysis. This practice will calculate the 95% confidence interval for the mean popula-

tion of the population vector created in Practice 1.

mean population <- mean (population)

pop_sd <- sd(population)

n <- length (population)

error margin <- gnorm(0.975) * (pop sd / sqrt(n))
lower bound <- mean population -} error margin
upper bound <- mean population + error margin

c(lower bound, upper_ bound)

In this practice, we calculate the 95% confidence interval for the mean population of
the population vector. We first calculate the mean and standard deviation of the population
and then use the qnorm () function to find the error margin. Finally, we calculate the lower
and upper bounds of the confidence interval by using the error margin. The upper bound is
the error margin above the mean, and the lower bound is the error margin below the mean.

Confidence interval also serves an explicit purpose in regression analysis when we
are trying to gauge whether there is a statistical relationship between the dependent vari-
able and the independent variable(s). When we obtain the estimates of the independent
variables, the standard errors of the independent variables along with a specific level of
confidence can be used to calculate the error margins, and we can calculate the confidence
interval in this way as well. If the value zero is not included in the confidence interval
under a certain percentage, then we can be certain percentage confident that there is a
statistically significant relationship between the dependent variable and the independent
variable. If, on the other hand, zero is included in the confidence interval, then we cannot
exclude the likelihood within our set confidence that there is a chance that the dependent
variable is not statistically related with the independent variable.

These practices cover various concepts and techniques in statistics and R program-
ming. As you progress through your studies, continue to practice and explore these con-
cepts using different datasets (especially your own datasets) and real-world examples to
deepen your understanding and improve your skills.

This chapter only serves as a very rudimentary, gentle refreshing reminder of some of

the most fundamental statistical concepts that we will be encountering frequently in later

Copyright ©2026 by Sage Publications, Inc.
This work may not be reproduced or distributed in any form or by any means without express written permission of the publisher.



60  Spatial Data Analysis With R

chapters. This chapter will by no means replace a good introductory statistical course that
could build a foundation for further statistical analysis and exploring the wonderful world

of data science, especially spatial data science.

REVIEW QUESTIONS

What is descriptive statistics, and why is it important in data analysis?

o

Explain the concept of a probability distribution and provide an example.
What is the purpose of a boxplot, and how is it useful in descriptive statistics?
Describe how to generate a histogram in R using a data vector.

What is regression analysis, and why is it important in data analysis?

Explain the significance of coeflicients and residuals in a regression analysis output.

N S Wk W»w N

Conduct a simple linear regression in R using the following simulated data:
population <- ¢(100, 200, 300, 400, 500); area <- ¢(50, 60, 80, 120,200). Provide a

summary of the regression model.
What is a # test, and when would you use it in data analysis?

9. Conducta ztestin R to determine if there is asignificant difference between the
following two groups of data: groupl <- c(100, 150, 200); group2 <- c(200, 250,
300). Interpret the result.

10. Explain the concept of a confidence interval and its significance in statistical

analysis.

11. Calculate the 95% confidence interval for the mean of the following dataset in R:
data <- ¢(100, 150, 200, 250, 300). Provide the result.

12. How does hypothesis testing relate to regression analysis and confidence intervals?

13. What are some fundamental statistical concepts that will be encountered frequently

in later chapters of spatial data science study?
14. How do pvalues and confidence intervals differ in their approach to hypothesis testing?

15. Whyis it important to understand these fundamental statistical concepts before
delving deeper into spatial data science?

16.  What is the significance level, and how does it affect the results of a # test?
17. What are the assumptions made when performing a # test?
18. What does it mean if zero is included in a confidence interval?

19. What s the importance of understanding and interpreting the output of the Im()
function in R?

20. What insights can be gained from a thorough examination of residuals in a

regression model?

Copyright ©2026 by Sage Publications, Inc.
This work may not be reproduced or distributed in any form or by any means without express written permission of the publisher.





