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Abstract

This thesis presents an information system developed in collaboration with the Rehabili-
tation Center Kladruby. The system’s objective is to digitalize and unify the process of
collecting, evaluating, and visualizing psychological diagnostic data. The system is imple-
mented as a web application with a three-tier architecture using FastAPI and Vue.js. The
application allows psychologists to record testing results, convert between different types of
scores, and create visualizations to compare patients. Additionally, the application incor-
porates a module for exporting data, facilitating further analysis or research projects. The
application has successfully undergone user acceptance testing.

Abstrakt

Tato prace predstavuje informacni systém vyvinuty ve spolupraci s Rehabilita¢nim ts-
tavem Kladruby. Cilem systému je digitalizace a sjednoceni procesu sbéru, vyhodnocovani
a vizualizace psychodiagnostickych dat. Systém je implementovan jako webova aplikace
s ti{vrstvou architekturou pomoci knihoven FastAPI a Vue.js. Aplikace umoznuje psy-
chologiim zaznamendvat vysledky testd, prevadét mezi riznymi druhy skéri a vytvatet
vizualizace pro porovnavani pacientti. Déle obsahuje modul pro export dat, ktery usnadnuje
provadéni dalsi analyzy nebo vyzkumnych projekt. Aplikace ispésné prosla uzivatelskym
akceptacnim testovanim.
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Rozsireny abstrakt

Tato prace se zabyvad ndvrhem a implementaci informacniho systému, ktery umozni
efektivni sbér psychologickych diagnostickych dat a jejich nasledné zpracovani a vyhod-
nocovani. Informacni systém vznikl ve spolupraci s Rehabilita¢nim tstavem Kladruby,
ktery patii mezi predni ceska zdravotni strediska podobného druhu. Primérni motivaci ke
vzniku tohoto informac¢niho systému je zdjem rehabilitacniho tstavu o digitalizaci procesu
zpracovani a vyhodnocovani dat psychologickych vysetfeni. Déale se jedna o ptislib vzniku
databdze mimoradné statisticky robustniho vzorku tidaju o specifikdch drovné kognitivnich
funkei pacientf, ktery je mimofddny nejen v rdmci Ceské republiky, ale i Evropy. Tato
databaze bude slouzit jako zdklad vyzkumnych projektt na univerzitach s psychologickym
a zdravotnickym zameérenim.

Uvodni kapitola prace se zabyva testovanim v psychologii, které hraje kli¢ovou roli
ve stanovovani diagnéz a v procesu vyhodnocovani celkového zdravotniho stavu jedince.
Vysledky psychologickych testi jsou zaznamenavany v podobé hrubych skori, které obvykle
samy o sobé nenesou zadny specificky vyznam. Proto, aby mohly byt hrubé skéry korektné
interpretovany, je nutné je porovnat s referencni skupinou, kterd ma podobné parametry
jako testovany jedinec. Obor psychometrie za timto tcelem definuje tzv. normy. Kvalita
pouzitych norem ma primy vliv na presnost vyhodnoceni provedeného testu. V piipadé, ze
je norma nepresné stanovend nebo definované na vzorku populace, ktery neodpovida testo-
vanému jedinci, mohou byt vysledné interpretace skért zavadéjici. Tento jev neni vyjimecény,
jelikoz mnoho norem vzniklo na malém vzorku populace. V nékterych piipadech mohou
normy pro danou referencni skupinu i zcela chybét. Tato skutecnost zdiraznuje dulezitost
sbéru psychodiagnostickych dat, ktera poskytuji nezbytny zdklad pro vyvoj psychometrick-
ych norem. Kapitola podrobné popisuje proces vyhodnocovani testovych vysledkt pomoci
norem a nezbytny matematicky aparat ktery je nutny k jeho pochopeni.

Druhé kapitola prace poskytuje teoreticky zaklad tvorby informacnich systémt se za-
meéfenim na vizualizaci dat. Kapitola nejprve formélné definuje informacni systém a poté
popisuje znamé architektury, presnéji dvou-vrstvou a tri-vrstvou architekturu. Dale jsou
popsany rozdily mezi daty, informacemi, znalostmi a moudrosti, které umoznuji lépe pocho-
pit roli dat v informacnich systémech. Text se dale zabyva explorativni datovou analyzou a
principy vizualizace dat. Dulezitost vizualizace dat je znazornéna na Anscombeho kvartetu,
tedy ¢tverici graft s totoznymi statistickymi charakteristikami, ale zcela odlisSnymi vizual-
izacemi. Principy spravného névrhu vizualizace jsou popsany dvéma soubory pravidel a to
Gestalt principy vizudlniho vnimani a Tufteho principy grafické integrity. Konec kapitoly
predstavuje nejpouzivanéjsi typy grafii, které je mozné pouzit pro vizualizaci dat.

Nasledujici ¢ast prace jiz popisuje kroky, které vedly k samotnému vzniku systému.
Prvnim krokem bylo objasnéni pozadavki na vysledny systém. Tyto pozadavky vznikly na
zékladé konzultaci s reprezentanty z Rehabilita¢niho tstavu Kladruby. Zakladnim cilem je
usnadnéni procesu vyhodnocovani psychologickych testi, které by navic umoznovalo data
vizualizovat za icelem porovnani pacienti. Diky jiz existujicimu proof of concept prototypu
systému, ktery vznikl v rdmci predmétu Informacni systémy na Fakulté informacnich tech-
nologii Vysokého uceni technické v Brné, bylo mozné i technickou ¢ést pozadavki definovat
velmi presné.

Na zékladé ziskanych pozadavkl byla navrzena aplikace zalozena na tii-vrstvé architek-
ture, kterd umoznuje zcela oddélit klientskou aplikaci od serveru. Serverova ¢ast se sklada
z relacni databaze a REST API, které poskytuje komunikac¢ni rozhrani definované Ope-
nAPI specifikaci. Prace podrobné predstavuje seznam navrzenych koncovych bodi. Na
strané klienta se jednd o webovou aplikaci, ktera nevyzaduje instalaci pridavného softwaru



a umoznuje tak rychlejsi nasazeni celkového reseni. Kapitola dale popisuje navrh vizualizaci
a datovych matic, které slouzi pro export dat.

Dalsi kapitola rozebira technické detaily implementace. Databdze vyuziva systému
tizeni dat PostgreSQL. REST API bylo implementovano pomoci knihovny FastAPI pro
Python a sklada se ze tii vrstev, které jsou podrobnéji popsany v textu prace. Klientska ap-
likace vyuziva frameworku Vue.js a Ul knihovny Vuetify, diky které se uzivatelské rozhrani
ridi principy Material Design.

Finalni cast prace se zabyva procesem testovani. Aplikace prosla akceptacnim uzivatel-
skym testovanim, které ovérilo ze se jedna o pouzitelné reseni. Na zakladé tohoto testovani
bylo navrzeno nékolik zmén, jejichz vétsina byla do aplikace implementovana.

Préce ptrinasi plné funkéni reseni, které je az na par drobnéjsich nedodélki nasaditelné.
Aplikace prinese zefektivnéni procesu sbéru a vyhodnocovani psychodiagnostickych dat
a umozni zvysit droven individudlni péce v Rehabilita¢nim tstavu Kladruby. V pripadé
dlouhodobé spokojenosti s aplikaci a naplnéni vyzkumnych ciltt mtize byt aplikace nasazena
na zdravotnickych tstavech s podobnym zaméfenim.
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Chapter 1

Introduction

Psychological testing plays a critical role in the evaluation process of an individual’s medical
state. The results of tests are collected in raw format, which typically has little intrinsic
meaning. Frequently, questions such as “Does a raw score of 23 points indicate an above-
average performance, is it merely average, or does it suggest underperformance?” arise. To
interpret these scores meaningfully, they must be compared with a reference group. In the
field of psychometrics, introduced in Chapter 2, these comparisons are made through norms.
The quality of norms directly impacts the efficiency of interpretation. However, norms are
often outdated, imprecise, or entirely absent, leading to the necessity of introducing new
ones. For new norms to accurately reflect reality, they require a substantial amount of data.
This underscores the importance of properly collecting psychological diagnostic data, which
provides the necessary information for the development of such norms.

The Rehabilitation Center Kladruby is a medical facility that provides comprehensive
care for patients with neurological and musculoskeletal disorders, post-surgical conditions,
spinal injuries, and other medical conditions [30]. The diverse patient population at the
center provides a robust dataset that is ideal for the creation of new norms. However, the
center’s current data management system is inadequate, leading to an inefficient use of
data. Furthermore, the clinicians’ ability to effectively evaluate and analyze psychological
and neurological test results, a crucial step in delivering personalized care, is limited by the
deficiencies of the existing data management system.

The objective of this thesis is to develop an information system in collaboration with
the Rehabilitation Center Kladruby that will allow to effectively collect diagnostic data and
enhance the manner in which these data are analyzed within the center. The anticipated
outcome is an increase in the usability of test data at the Rehabilitation Center Kladruby
and the potential creation of a robust database of diagnostic data that will be utilized for
research purposes. Chapter 3 provides a theoretical foundation for the concepts of infor-
mation systems and data visualizations. Chapter 4 then covers in detail the requirements
that emerged for this system from discussions with representatives of the center.

The subsequent chapters describe the development process of the information system.
Chapter 5 introduces the design of the application, focusing on the architectural layers,
the data model, and the data visualization techniques employed. Chapter 6 presents the
details of the implementation. Finally, Chapter 7 describes the testing process, which was
conducted in two sessions with representatives from the Rehabilitation Center Kladruby.



Chapter 2

Testing in Psychology

This chapter introduces the fundamental principles of the clinical use of psychological tests.
Testing in psychology is defined as the process of measuring and evaluating various aspects
of human behavior using standardized tools in the form of questions and tasks that are
administered to the tested subject. The aim of clinical testing is to assist an individual who
may have or has some type of problem. Testing helps to identify the nature and severity
of the problem and also helps to monitor the progress [19]. A variety of tests exist for this
purpose, some of which are discussed in Section 2.1.

The field that deals with the issues of testing in psychology is called psychometrics.
It is an inseparable part of psychodiagnostics and plays a crucial role in the process of
creating and evaluating psychological tests [38]. Psychometrics covers both the theoretical
and practical aspects of testing and ultimately defines conceptual frameworks that are
the applied to the process of testing. One of the foundational frameworks, Classical Test
Theory, is discussed in Section 2.2.

The evaluation of psychological tests relies heavily on mathematical and statistical meth-
ods. Clinicians use reference groups to contextualize the results of a patient. It is essential
for them to understand the laws that influence the properties of the results of the reference
groups. Section 2.3 introduces some of the most commonly encountered probability dis-
tributions in the field of psychology. The interpretation of test results is based on norms.
Norms are an essential part of the evaluation process as they dictate how to correctly inter-
pret the results of patients. Section 2.4 describes the usage of norms and introduces some
of the most common types.

2.1 Tests and Their Types

In 1949, Lee Joseph Cronbach, an influential American educational psychologist, defined a
psychological test as follows [14]:

A test may be defined as a systematic procedure for comparing the behavior of
two or more persons.

This definition, which is broad in scope, remains relevant in the field to this day. As [10]
states, the definition includes three important components. First, tests involve behavioral
samples of some kind. Second, the behavioral samples must be collected in a systematic
and and standardized manner. Finally, tests are designed to identify differences between
individuals, including comparisons of performance of a single individual over time.



In clinical practice, psychological tests are used as a means of assessing various psycho-
logical attributes, such as intelligence, depression, aptitude, extroversion, and many more.
Since these attributes are not directly observable, psychologists must identify some type of
observable behavior that they believe represents the particular unobservable psychological
attribute, state, or process. They then use tests to sample the behavior and attempt to
interpret those measurements in terms of the latent psychological characteristics that they
think are reflected in the behavior [16].

Tests can be classified into various categories according to the measured psychological
attributes. However, this classification is not rigid, as tested characteristics often have some
overlap with each other. The following categorization is adapted from [19].

2.1.1 Mental Ability Tests

Mental ability tests are designed to assess a person’s general cognitive ability or potential.
The term mental ability encompasses a wide range of cognitive functions, including memory,
spatial visualization, numerical ability, abstract reasoning, creative thinking, quantitative
reasoning, and more. These tests typically measure traits that are considered to be signs of
general intelligence. Classical examples of individually administered intelligence tests are
the Wechsler Adult Intelligence Scale (WAIS) and the Stanford-Binet Intelligence Scale.
Mental ability tests can also be administered to entire groups, such as school classes. One
example of such a test is the Scholastic Aptitude Test, which is used in the United States
to predict success in college [19].

2.1.2 Achievement Tests

Achievement tests are used to determine a subject’s level of knowledge or skill in a specific
domain. These tests may cover broad topics, such as mathematics, reading, writing, social
studies, or more specific topics, such as Italian, genetics, or calculus. Certification or
licensing examinations are additional subcategories of achievement tests. If we consider
tests that are not professionally assessed, this is arguably the most common type, since
most school tests could fall under this category [19].

2.1.3 Personality Tests

This category comprises various tests designed to yield information about the human per-
sonality. They can be divided into two subcategories: objective personality tests and pro-
jective techniques. Objective personality tests attempt to measure objective personality
traits using extended sets of closed-ended questions. The traits measured may be either
within the normal range, such as extroversion, agreeableness, openness, etc., or within the
pathological range, such as paranoia, hysteria, hypochondria. The responses are then com-
pared to those of other clinical groups, and the final score is commonly expressed as a value
on a scale [19].

Projective techniques use unstructured tasks and ambiguous stimuli to reveal the ex-
aminee’s traits from their solution. These methods aim to evoke responses that may reveal
aspects of the subject’s personality by projecting internal attitudes, traits, and behavior
patterns onto the external stimuli. The most famous example is the Rorschach Inkblot
Test, where the tested subject uses their imagination to interpret the meaning of seemingly
nonsensical blobs. Other examples are sentence completion techniques or human figure
drawings. However, there is considerable controversy regarding the usefulness and relia-



bility of projective tests. Psychologists hold divergent views on their value, as the results
are frequently influenced by the subjective perception of the examiner interpreting the
responses [11].

2.1.4 Neuropsychological Tests

These tests are designed to measure the functioning of the brain and the central nervous
system (CNS) in general. They assist neuropsychologists in identifying the underlying
cause of patients’ problems. Tests in this category frequently overlap with other categories,
particularly mental ability tests, as the health of the CNS directly affects cognitive functions
such as memory, coordination, cognition, etc. From this perspective, this should not be
considered a separate category, as many of the tests used in neuropsychological testing
originate from other categories. However, a separate category is employed to encompass
a set of tests that specifically measure brain functions [19]. The following list enumerates
the subcategories of neuropsychological tests and provides examples of the tasks conducted
within each subcategory [41]:

e Memory tests: Repetition of words, phrases, or numbers.

e Cognition tests: Explanation of relationships between two objects or abstract con-
cepts.

e Verbal communication tests: Naming objects, listing words that begin with a
given letter.

e« Motor tests: Insertion of pegs into a pegboard using only one hand.

2.2 Classical Test Theory

Classical Test Theory (CTT) is a framework of concepts and techniques that has been used
to develop various measurement instruments. Health researchers often deal with phenom-
ena that are not directly observable, such as psychological traits or the extent of brain
damage. To estimate these phenomena, they use indirect methods that rely on observable
data, but these methods inevitably produce measurement error. One of the first theorists to
acknowledge this problem was Charles Spearman, who clarified the relation between the ob-
served data and the unobservable variable of interest. His work established the foundations
of CTT [15].

The core idea of CTT is that an observed score is composed of the true state of the
unobservable variable of interest and of an error caused by all other influences on the
observable variable. The true state of the unobserved variable is it hypothetical and it’s
given by the equation [15]:

X=T+F (2.1)
where:
X is the observed score.
T s the true value of the variable.

E is the observation error.



The observed variable is thus a combination of relevant information and error. Errors
are assumed to be random and independent of true scores and other errors. Errors are also
assumed to have a mean of zero and a normal distribution. Thanks to this assumptions,
CTT provides methods for estimating and correcting for errors in order to improve the
quality and usefulness of test scores and interpretations [15].

It should be noted that CTT is not the only existing conceptual framework, but it
is certainly the most commonly encountered in test manuals, professional journals, and
test score reports. Another popular framework is the Item Reponse Theory (IRT), for
which a detailed coverage is beyond the scope of this work. In very simplified terms, the
main difference between CTT and IRT lies in the assumption of CTT that all test items
contribute equally to the test-taker’s performance, which IRT does not [19]. CTT defines
two key concepts that are used to evaluate the quality and usefulness of test scores and
interpretations: reliability and validity. These concepts are often considered as the two
main criteria for judging the adequacy of a psychological test for a certain purpose. It
is not uncommon for these terms to be confused. However, it is crucial to differentiate
between them. Subsections 2.2.1 and 2.2.2 cover their meaning in greater detail.

2.2.1 Validity

Validity refers to the extent to which a test measures what it claims to measure. More
precisely it is the correctness of making assumptions based on the score obtained in the
test. The crucial aspect is the purpose of the test. If a test is designed to measure depression,
than the result should be a valid and reliable indicator of the patient’s level of depression.
It is important to note that validity is not an all-or-nothing concept, but a matter of degree.
Determining the degree of validity of a test is a challenging task in psychology. Although
counter-intuitive, it is possible for a test to be valid despite the lack of precision in its norms
[19].

2.2.2 Reliability

Reliability refers to the stability and consistency of test scores. It indicates whether the score
would be the same on different days. A reliable test consistently yields the same or similar
score for an individual across repeated administrations. It is important to differentiate
between a real change in the trait being measured and a random change that could depend
on the actual state of the subject and the questions asked. The boundary between short-
term and long-term changes is blurry and it’s up to the examiner to decide the impact of
the change in score on the tested subject’s real traits. A real change in trait does not affect
test reliability.

Reliability deals only with unsystematic errors in measurements and not constant errors.
Constant errors are a type of error that causes the subject to consistently score with a large
deviation. An extreme case would be taking an intelligence test in a foreign language that
the subject does not know well. The score of the subject would be always low and the
result would not reflect the true intelligence. It is also important to note that tests may be
reliable without being valid, meaning that they may measure something consistently but
not what they are supposed to measure [19].



2.3 Underlying Distributions

Understanding the underlying distribution of the results across a population of similar in-
dividuals is a key component in the process of creating and evaluating psychological tests.
One of the most important distributions in statistics is the normal distribution [38], as
many natural phenomena tend to follow this distribution. For example, given a popula-
tion of people with the same sex and age, attributes such as short term memory capacity,
reaction time, analytical thinking and many others tend to be normally distributed. This
tendency toward normality in nature is so ubiquitous that when the underlying distribution
of a variable is unknown, it is reasonable to assume that it is probably normal or at least
close to it. Just like these natural phenomena, psychological tests and surveys also tend to
approximate the normal distribution [19]. However, test scores can deviate from normality.
In such case, it is sometimes possible to investigate and disclose the reason of the devia-
tion. The true underlying distribution may follow one of the common cases introduced and
discussed in this section’.

2.3.1 Normal Distribution

The normal distribution, displayed in Figure 2.1, exhibits a number of important properties.
First, it is characterized by its mean and standard deviation, which are incorporated into
the formula presented in Equation 2.2 [18]. It is bell-shaped and symmetrical, with the left
half being a mirror image of the right half. The mean, median, and mode are equal and are
located at the center of the distribution. The distribution is unimodal, meaning that only
one local mode exists and is equal with the global mode. The percentage of scores between
the mean and a multiple of the standard deviation is equal for all normal curves [21]. This
principle allows for the estimation of the number of individuals in each interval [38] and is

shown in Figure 2.1.
2 L L @—p)?
N(x;p,0%) = 552¢ 207 (2.2)

N (z; p, 02) is the probability distribution function of the normal distribution.

where:

p is the mean of the distribution.

0?2 is the variance of the distribution, defined as the second power of the standard

deviation.

Although several methods are based on the assumption that the distributions they
work with are normal, it is important to note that a perfectly normal distribution is a
theoretical ideal. In reality, true distributions of actual test scores are not perfectly normally
distributed. For example, in the distribution of real IQ) scores, there may be a few more
people who are on either the lower or upper side of the scale. Such distributions are
skewed, but the degree of skewness is often negligible, allowing for the assumption that the
underlying distribution is normal [16]. However, there are instances when the deviation is
significant enough to require a more detailed investigation of its cause.

'This section assumes that the reader is familiar with the following terms from descriptive statistic:
mean, median, mode and standard deviation.
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Figure 2.1: This illustration demonstrates the most significant properties of the normal
distribution. The percentages represent the proportion of data within each interval. Ap-
proximately 68.2% of all values are within one standard deviation of the mean, 95.4% within
two standard deviations, and 99.6% within three standard deviations [38].

2.3.2 Skewed Distribution

In a skewed distribution, scores tend to cluster at one end or the other of the x-axis, with
the tail of the distribution extending in the opposite direction. In a positively skewed
distribution, a few individuals have extremely high scores that pull the distribution in the
positive direction. This results in a substantial inflation of the mean, accompanied by a
decrease in the reliability of this indicator. The median is also pulled toward the positive
end, but significantly less than the mean. A notable difference between these two indicators
is a reliable sign of skewness. Conversely, a negatively skewed distribution is pulled in the
negative direction by a set of individuals who have extremely low scores [21]. The difference
between a negatively and a positively skewed distribution is illustrated in Figure 2.2.
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(a) A negatively skewed distribution. The mean (b) A positively skewed distribution. The mean
is pulled toward the left by a few extremely low is pulled toward the right by a few extremely high
scores [21]. scores [21].

Figure 2.2: Distributions with negative and positive skewness. The scale on the x-axis is
provided for illustrative purposes only.



The simplest explanation for the occurrence of a skewed distribution is that the method
used for testing is either too easy or too difficult. If the questions are inappropriately simple,
most individuals will tend to answer correctly and score a higher result on the scale, thus
shifting the mode toward the right and causing a negative skew. Conversely, if the answers
are too difficult, the opposite will occur. If the population was sampled correctly and the
results are skewed, it is necessary to revise the testing method [38].

2.3.3 Multimodal Distribution

A typical indicator of a multimodal distribution is the presence of more than one local
mode as depicted in Figure 2.3. A special case of the multimodal distribution is the bi-
modal distribution, which is characterized by the presence of specifically two local modes.
The occurrence of a multimodal distribution of results provides strong evidence that the
population is not homogeneous in relation to the psychological attribute being measured or
other attributes that may have an impact on the results. A bimodal distribution suggests
that the population can be divided into two distinct groups. Each of these groups follows
a normal distribution of scores, but they differ in mean and variability [38].

Proportion

5'5 7‘0 8‘5 160 11‘5 11‘30 11'15
Q
Figure 2.3: A bimodal distribution with two local maxima. The parameters of the distri-
butions are u=90, c=9 for the first one, and u=115, 0=6 for the second one. The scale on
the x-axis is provided for illustrative purposes only.

2.3.4 L-shaped Distribution

The final type of distributions that can be frequently encountered in psychological testing,
according to [38], are L-shaped distributions. They typically have a large number of oc-
currences (or data points) at the lower end of the range and very few at the higher end
(resembling the shape of the letter L). An example of such a distribution can be seen in
Figure 2.4. This type of distributions is rarely discussed as it is not exactly mathematically
defined, but should be treated with caution. L-shaped distributions are not uncommon
and are likely to be more prevalent than is generally recognized. They can significantly
affect the performance of normality-assuming statistical tests and strongly resist transfor-
mation to normality. The thinner the tail of the distribution, the less likely it is that its
L-shapedness will be detected by inspecting a sample drawn from it. Given the absence of
a universally applicable rule of thumb to anticipate their occurrence, it is quite probable
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that a significant number of such distributions have gone undetected, with their data being
improperly analyzed by normality-assuming statistics [10].

Proportion

55 70 85 100 115 130 145|Q
Figure 2.4: An example of a distribution that resembles the L shape. If this plot represented
the distribution of the results of an intelligence test, it would be clear that the test is poorly
designed and fails to unveil the real distribution of the attribute in the tested population.
The scale on the x-axis is provided for illustrative purposes only.

One potential explanation for the occurrence of an L-shaped distribution in test results
is a link between the tested attribute and social conformity. The majority of individuals
comply with social norms and will select the same response. The less socially compliant
the response is, the fewer individuals will select it. This phenomenon is also observed in
the majority of medical disorders [38].

2.4 Norms

The interpretation of the scores obtained from a psychological test depends on relevant
reference values. These reference values are called norms and they are based on the score
of a representative sample of the population of interest. Subjects within a norm group
demonstrate similar characteristics, like gender, age and ethnicity, among others [38]. The
scores obtained from a test are called raw scores. They can represent different types of
data such as time taken, number of tasks solved, percentage of questions answered with
yes, etc. However, raw scores are not meaningful by themselves because they depend on
the context. For instance, a score of 15 out of 20 correctly answered algebra questions may
be considered normal for an adult, but extraordinary for an 8-year-old child. In order to
make sense of raw scores, they must be converted into normed scores, which are also known
as derived scores or scale scores. Normed scores are defined by comparing the raw score
with the distribution of the raw scores of the norm group. Normed scores enable inferences
about the level or degree of the attribute measured by the test [19].

The process of creating new norms can be understood as a search for the most suitable
transformation of raw scores to normed. The more well-defined the transformation, the
more accurate the interpretation of the results will be. The process of creating norms raises
two key questions [38]. First, how should the reference population be defined? It is necessary
to identify the factors that most precisely define the reference group. These include age,
sex, socioeconomic status, region, occupation etc. There are two main methods for selecting
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a norm group. First, random sampling involves choosing subjects from a population with
equal probability. The only requirement is defining the population clearly. A variation of
this method is stratified random sampling, which divides the heterogeneous population into
homogeneous subgroups based on relevant characteristics and then randomly samples from
each subgroup. This method ensures that every subgroup is represented in the norm group
and improves the accuracy of the estimates for the entire population [38]. In contrast,
non-probabilistic sampling involves the selection of subjects based on deterministic criteria
such as quotas, professional judgment, or the availability of volunteers. This method may
be more convenient or practical, but it may also introduce biases or errors in the norm
group [38].

The second question is how to compare the results of an individual with the results of
the reference group [38]. This is defined by the type of the associated norm. Most of the
norms commonly used in psychological tests fall into three broad types, each with its own
possible subcategories. For many tests, several types of norms are available. Most of these
types are related and can be converted from one type to another, although this is not a rule.
Norms are typically conceptualized within the context of the normal distribution curve and
experienced psychologists are able to swiftly make rough comparisons between test scores
based on different types of norms [19]. Each of the three categories is discussed in greater
detail in the following subsections.

2.4.1 Standard Scores

This group of derived scores is the most commonly used in psychological testing. Standard
scores are based on z-scores, which express the value of the score as the distance from the
mean in terms of multiples of the standard deviation. Z-scores and subsequently standard
scores allow psychologists to directly compare results between two different tests, given that
the tests gauge the same attribute and that the reference group used to convert the score is
defined by the same parameters [38]. In order to convert the raw score into standard score,
parameters of two normal distributions must be defined. The first distribution represents
the distribution of raw scores of the reference group, and its parameters will be referred
to as p, and o, in the following text. The second distribution, referred to as ps and oy,
represents the distribution of standard scores in the desired resulting scale. The raw score is
first converted into z-score. The subsequent step is to multiply the z-score by the standard
deviation and add the mean of the scale. A graphical illustration of these steps can be
found in Figure 2.5 and the complete formula is presented by the Equation 2.3 [19]. It
is important to note that the amount of possible standard score systems is infinite, as the
values of the mean and standard deviation can be chosen arbitrarily. However, the majority
of applications of standard scores are based on a selection of the most well-known standard
score systems. Some of these are presented in Table 2.1.

Ly — [y
Or
——

zZ—score

this (2.3)

Tg = 0Og

where:
xs is the standard score of the patient.
x, is the raw score of the patient.

s is the mean in the standard score system.
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- is the mean in the raw score system.

o is the standard deviation in the standard score system.

o, is the standard deviation in the raw score system.

Score System

Mean

Std. Dev.

Note

T-score

50

10

T-scores are one of the most widely used.
Thy have an effective range from 20 to 80
and are typically associated with personality
tests [19].

Deviation 1Qs

100

15 (or 16)

Not to be confused with ratio 1Q, devia-
tions IQs are standard scores with an effective
range from 55 to 145. They are typically as-
sociated with intelligence tests and they are
well known to the public [19].

Stanine

Stanines are designed to divide the normal
distribution into 9 units. They yield results
in the range from 1 to 9 [38].

Sten

9.5

Same as stanines but they use 10 units in-
stead of 9 [38].

Wechsler subtests

10

These scores are used in the subtests of the
Wechsler Adult Intelligence Scale. The effec-
tive scale is from 1 to 19 [34].

CEEB

500

100

CEEB scores are used in Scholastic Apti-
tude Test for college admissions in the United
States. The values of u and ¢ are deliberately
selected to be relatively high, allowing for a
broader range of scores without the use of
decimals [34].

Table 2.1: A brief overview of some of the popular standard score systems.

If the raw scores approximate a normal distribution, the conversion to standard scores
is straightforward and the formula 2.3 is sufficient for this purpose. In the opposite case,
however, the conversion becomes problematic. If the underlying distribution is at least
assumed to follow a normal distribution, and the population is representative enough in
terms of size, it is possible to use a method called area transformation. The core idea of
this method is to divide the raw scores into intervals and to compute their percentiles. The
raw scores are then mapped to a normal distribution based on the values of the percentiles

[38].
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Figure 2.5: An illustration of the standardization process, where the the z-score is used as
a intermediary step [19].
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2.4.2 Percentile Ranks and Percentiles

Another method for representing the results in psychometrics are percentiles and percentile
ranks. The two terms are often used interchangeably, but they have a slightly different
meaning. The percentile rank indicates the percentage of cases in the reference group that
fall below a given raw score. This value is calculated based on the raw score and is expressed
in percents. For instance, if a patient scores 15 points on a test and is assigned a percentile
rank of 60, it means that 60% of other patients scored below a raw score of 15. On the
other hand, a percentile represents a point on a scale below which a specified percentage of
cases falls. The percentile is calculated based on the percentage and is expressed as a raw
score value. Returning to the previous example, the 60th percentile of the test would be
the raw score of 15 [19]. Percentiles and standard scores can be converted back and forth.
The conversion is shown in Table 2.2.

Percentile Z-score 1Q T-score CEEBS Stanine
2 -2.0 70 30 300 1

7 -1.5 77.5 35 350 2

16 -1.0 85 40 400 3

31 -0.5 92.5 45 450 4

50 0.0 100 50 500 5

69 0.5 107.5 55 550 6

84 1.0 115 60 600 7

93 1.5 122.5 65 650 8

98 2.0 130 70 700 9

Table 2.2: Percentile equivalents of several standard score systems. The table contains only
a subset of the most significant conversions. The complete table can be found in [19].

One of the most significant advantages of percentile ranks is their ease of comprehension.
The majority of the population is able to interpret these scores correctly, as percentages
are frequently used in western culture. For this reason, percentile ranks are the most
commonly utilized method of communicating a score to patients in the field of psychology.
However, percentile ranks also have a significant disadvantage that makes them vulnerable
to misinterpretation. Since percentile ranks are distributed uniformly and test scores are
typically distributed in a normal manner, the units at various points on the scale are not
equal. Percentile ranks strongly reflect small changes in the raw score in the area close
to the mean and weakly reflect substantial changes in the raw scare in both tails of the
area [38]. This inequality is depicted in Figure 2.6.

15



3 points 3 points 3 points

— — —

Raw score 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Percentile 1 1 2 3 5 7 10 14 19 27 35 44 51 59 67 73 79 84 88 92 95 97 98 99

2 points 24 points 4 points

Figure 2.6: The inequality between the normal distribution of raw scores and the uniform
distribution of percentile ranks [19].

2.4.3 Mental Age

The earliest types of norms used with psychological tests were mental ages. These were
first developed and applied in 1908 (with a revision in 1911) by Alfred Binet and Théodore
Simon in their intelligence test, the Binet—-Simon Scale. The test was intended to measure
the mental age of children and identify possible intellectual disabilities. The test defined
a set of questions for each age group. The underlying assumption was that a child of a
certain age would be able to complete the tasks assigned to their age and below. In the
event that the child had performed poorly on tasks designed for their age, their true mental
age would have been assumed to be lower than their chronological age [20].

Mental age scores are determined by comparing an individual’s test performance to
the average performance of individuals in the same age group. The average performances
are plotted on a distribution curve, as seen in Figure 2.7. In practice, psychologists use
conversion tables to convert a raw score into a mental age. The traditional definition of 1Q
(intelligence quotient), known as ratio IQ), is given by the formula in Equation 2.4 as the
ratio of mental age to chronological age. Ratio 1Qs are used specifically with children, as
they are less applicable for adults due to the non-linear nature of intellectual development.
The concept of ratio I1Q) should not be confused with the previously discussed deviation
1Q). Ratio IQs have become obsolete because it was observed that the standard deviations
across age levels are not consistent, leading to misleading interpretations of the score [19].

Am

Q="

-100 (2.4)
where:

IQ is the ratio IQ score.
A,, is the measured mental age.

A, is the real chronological age.
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Figure 2.7: An example of the relationship between the median of the raw scores and the
age of the tested subject [19]. The mental age linked to the raw score is found by feeding

the raw score into the inversion of the interpolation function.
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Chapter 3

Information Systems and Data
Visualization

The following chapter provides a theoretical framework for understanding information sys-
tems and their capability to manage, process, and visualize data. Section 3.1 outlines the
concept of an information system, its objectives and the activities encompasses. The fol-
lowing section, Section 3.2, introduces two of the most common architectures used to build
information systems: the two-tier and three-tier architectures. Section 3.3, serving as a
conceptual bridge between information systems and data processing, describes the hierar-
chy of the Data, Information, Knowledge, Wisdom pyramid and clarifies the role of data
within information systems.

Section 3.4 examines the data-driven process of extracting information from data, a
method particularly useful in environments with a substantial amount of pre-collected data.
The principles of data visualization methods are discussed in Section 3.5. First, the moti-
vational use case of Anscombe’s Quartet is presented. Then, two different sets of principles
are introduced: The Gestalt principles of visual perception and Tufte’s Principles of Graph-
ical Integrity. These principles form a robust foundation for data visualization. The last
section, Section 3.6, presents specific visualization techniques that are commonly used by
data analysts in their daily practice.

3.1 Defining an Information System

Giving an exact definition of an information system is a challenging task, due to varying
opinions from different sources. However, a widely accepted definition of an information
system can be found in [23]:

An information system can be defined technically as a set of interrelated com-
ponents that collect (or retrieve), process, store, and distribute information to
support decision making and control in an organization.

A similar definition is found in [8]:
An information system is a system for collecting, processing, storing, retrieving,

and distributing information within the enterprise and between the enterprise
and its environment.

18



However, the following definitions offer an alternative perspective on the topic of information
systems.

An information system can be any organized combination of people, hardware,
software, communications networks, data resources, and policies and procedures
that stores, retrieves, transforms, and disseminates information in an organiza-
tion. [24]

Information systems are systems for using signs' in the sense that they act
as a communication medium between different people, sometimes spatially and
temporally distant. [9]

A common pattern that is observable throughout all the definitions above and also coherent
with [8] is that “The primary objective of information systems is to provide and maintain
an integrated flow throughout the organization or enterprise, so that the right information
is available whenever a wherever needed, in the quality and quantity needed.” Information
systems support decision making and coordination. They help workers analyze problems,
visualize complex subjects or create new products [23].

According to [23], an information system can be described as a set of activities, which
produce information required by the company. These activities include input, processing,
and output. Input involves the collection of raw data from the external environment.
Processing involves transformation processes that convert this raw data into a more useful
form, such as information. Output transfers the produced information to end users. [23]
also defines one last required component, feedback, which is the output that is returned to
users in order to help them evaluate and correct the input stage.

That differs from the definition of feedback in [24], which states that feedback is “data
about the performance of a system”.” In addition to activities defined above, [24] also in-
cludes two more elements, control and storage. Control is defined as the monitoring and
evaluation of feedback in order to determine whether a system is moving toward achieving
its goal. In other words, it is the act of responding to feedback from the information sys-
tem in the real world. Storage is an activity in which data are retained in an organized
manner for later use. This organization facilitates their later use in processing or retrieval
as output when need by the end user. The relationships between these activities are shown
in Figure 3.1.

'In this context a sign is anything that is significant. Signs are the core element serving to link issues of
human interactions, meaning, the structure of language, forms of communication transmission, data storage
and collaborative action [9].

2In this context, a system is the real-world environment that information systems aim to model.
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Figure 3.1: A diagram of control activities that process and transform data resources into
information products [24].

3.2 Architectures of Information Systems

[8] defines the architecture of an information system as the gntegral structural design of
a system, its elements and their relationships depending on given system requirements.”
Essentially understanding architecture as an abstract plan that includes the corresponding
designing process of the system’s structure appropriate to the goals of the system. The
following subsections list and describe some of the most common architectures used in real
world information systems. [27] is the primary source for the subsequent subsections on
two-tier and three-tier architectures.

3.2.1 Two-Tier Client/Server

The aim of the two-tier client/server architecture is to enable a number of users to access
the same data from different locations. The application is divided into two layers: the pre-
sentation layer, also known as client, and the data storage layer, also known as server. The
data storage layer is centralized and and allows multiple workstations to have simultaneous
access to data, which is usually stored on a database server. The setup is illustrated in
Figure 3.2. In contrast, the presentation layer provides users with an interface on their
workstations.
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Clients

Figure 3.2: In the two-tier architecture, clients have direct access to the centralized data
storage [27]. The data storage server is the only component responsible for handling client
requests.

A simple application can be developed quickly using the two-tier architecture. Any
database application that handles data retrieval and data presentation elsewhere can be
considered a client/server application. The two-tier architecture is a straightforward solu-
tion for basic applications that require limited data processing and validation.

However, the two-tier architecture has a number of major limitations, particularly when
greater complexity is required. The client communicates directly with the data store and
is responsible for data processing. This results in several disadvantages:

o Two-tier systems are notorious for the inability to adapt to changing environments
and scale with growing user and data volume. The client is loaded with knowledge
completely unrelated to the task of data presentation. A change to the data model
of the server requires all clients to update their pre-processing steps. This involves
the modification, testing and redistribution of the client whose core functionality is
supposed to be the presentation of the data. This leads to a rigid and inflexible
application update process.

e As the application becomes more complex, additional needs may arise without a clear
place to fit them. This can cause significant scope creep, which leads to unnecessarily
heavy and fat clients.

e Since each client has its own copy of the data, if one client makes changes to the
records on the server, other clients may end up with outdated data, resulting in a
problem called “dirty writes”. Dirty writes occurs when a user tries to modify a record
based on an old, out-of-date copy of the database.

To overcome the limitations of the two-tier architecture, a three-tier system was devel-
oped. The properties of this system are discussed in the following subsection.

3.2.2 Three-Tier

The three-tier architecture, sometimes called monolithic [32], introduces an additional layer,
which centralizes data processing, to the two-tier model. This layer contains the business
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rules for processing data and isolates this process in a central location. The mid-tier layer
is sometimes referred to as the application layer or the business layer. In this case naming
conventions are not strict and may vary between sources. A schema of the model is shown
in Figure 3.3.

Application server Data storage

S

Clients

Figure 3.3: In the three-tier architecture, the application server acts as a connector between
the clients and the data storage server, isolating them from each other. The figure is an
adaptation derived from [27].

The application layer is responsible for handling the operations that do not fit into
either of the two tiers of the two-tier architecture. It is usually implemented in the form
of an application server that exposes a public API interface. The connection between the
application layer and the database is isolated, and the presentation layer is unconcerned
with the way data are stored. The client only has access to the entities in the application
tier. The advantages of the three-tier architecture are summarized in the following list:

e It resolves the limitations of the two-tier architecture that were mentioned in the
previous section.

e The client is independent on the data model and its scope is reduced to data presen-
tation.

e The business layer improves the security of the application by controlling the clients’
access to resources.

e The business rules are centralized in one place, making them easier to manage.

The three-tier architecture is a natural evolution from the two-tier model and provides
considerable advantages. However, it is not a universally applicable solution, particularly
in the context of modern cloud systems. Some sources, such as [32], go as far as to claim
that the three-tier application model is “simply outdated”. The applications may become
large and complex, making it difficult to make frequent changes and adding complexity
and ineffectiveness to the maintenance process. The article recommends using the three-
tier architecture primarily for small applications, where it may still be the most suitable
solution. For larger systems with cloud support, other models such as cloud-based or event-
driven serverless architecture should be considered.
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3.3 Data, Information, Knowledge and Wisdom

Information systems store, retrieve and process data about real world entities such as places,
products, people etc. within the organization [23]. Their role is to organize and process
data in order to provide meaningful information to end users and to extend their knowledge
and wisdom in the related domain. The precise meaning of terms may vary slightly from
publication to publication. Following is a widely accepted adaptation from [31]:

« Data represent properties of an object, events, or their environment. They are prod-
ucts of observation and have no intrinsic meaning until they are transformed into a
relevant form.

o Information is derived an inferred from processed data and has the ability to answer
simple questions about real-world entities.

e Knowledge is what makes possible to transform information into instructions. It
explains how information can be used for the benefit of end users or the company.
Knowledge is often referred to by the term know-how.

e Wisdom is the ability to increase effectiveness by answering the question why. It
involves a deeper understanding of the underlying principles.

Other sources, such as [12], merge the definitions of knowledge and wisdom into a single
concept. Additionally, terms are often organized in a pyramid structure to represent their
relationships, as shown in 3.4.

High T[] _/\_High
Meaning Value
Knowledge
Information
Data
Low\ / Low

Figure 3.4: The DIKW pyramid according to [12]. The value and significance for the
company increase with the level of abstraction.

3.4 Exploratory Data Analysis

In general, exploratory data analysis is a data-driven approach which aims to identify
patterns and trends in large datasets. Unlike traditional hypothesis-driven methods, which
use data as a mean to support or reject a pre-existing hypothesis, the data-driven approach
is used to generate hypotheses for future analysis [35].
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According to [25], the goal of exploratory data analysis is to provide organizations with
actionable insights into the domain of interest. This is achieved by transforming raw data
into information that can be used as the basis for making important decisions, which can
improve the performance of the organization or company. [25] describes this process in four
stages:

1. Problem definition: The initial step is to define the problems to be solved and the
means to be used to achieve the business objectives. Technical implementation details
are secondary at this stage. General questions like ,,How to reduce hospitalization
time“ should be broken down into more specific questions such as ,,What are the most
effective drugs to treat depression“ or ,,What is the relationship between the type of
rehabilitation and the length of stay“. Each question should be answerable using the
available data.

2. Data preparation: This phase involves the collection and preprocessing of data
for further analysis. This typically includes gathering data from various sources,
aggregating it, and removing ambiguities, redundancies, and errors. It is a time-
consuming step that greatly affects the confidence with which decisions can be made
later on.

3. Implementation of the analysis: The analysis itself should be performed based on
the information obtained in the previous steps. The performed tasks can be divided
into three categories, which are described in the following list. Figure 3.5 demonstrates
the applicability of different methods depending on the category.

e Summarization: ,Summarization is a process in which the data is reduced
for interpretation without sacrificing any important information [25].“ It allows
general statements about the data and the population to be made. Summariza-
tion is commonly performed using descriptive statistical methods such as mean,
median, variance, quartiles, skewness etc.

e Finding hidden relationships: This category involves the identification of
data characteristics that may not be immediately apparent from a simple sum-
mary and therefore require looking at the data from multiple angles. These
characteristics include important facts, relationships, anomalies or trends in the
data.

e Creating predictive models: Predictive models are utilized to calculate an
estimate for one or more variables based on other variables. They attempt to un-
derstand hiddent relationships between its input and output variables. This can
be helpful in estimating future events and decision-making. Predictive models
are typically divided into two categories: classification and regression models.

4. Deployment of results: The final step is to make use of the results of the analysis
and apply the solution to the business or scientific problem. The results can be
presented as a one-time report or they can be integrated into existing operational
processes. For the report, focus should be put on delivering actionable information to
people in charge of decisions. In the latter case, the prediction model is required to
be able to handle previously unseen data from the system it will be integrated into.
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Figure 3.5: The diagram illustrates methods that can be used for data analysis. There
is an overlap between the various tasks and the methods that can be used to accomplish
them. The position of each method is related to its common usage in addressing specific
tasks [25].

Exploratory analysis is an important predecessor of data visualization. It is crucial
to develop an understanding of the data and its context in order to gain the ability to
effectively communicate the results to the end user.

3.5 Data Visualization Principles

The human brain is capable of processing visual information with great efficiency and the
process of data visualization tries to take advantage of this property. Well-designed plots
almost always communicate the results more effectively than huge tables or series of numbers
and percentages within a body of text. An appropriate figure can help to understand
results more accurately [17]. Such visualizations can present data in a way that helps
analysts to understand the data and the phenomenon that the data reflect, and to promote
analytical reasoning and knowledge building [4]. Psychological studies show that human
vision involves abstraction [6]. Seeing actually means subconsciously constructing patterns
and extracting high-level features, and it is these patterns and features that analysts use
as material for their reasoning [4].

3.5.1 Motivation: The Anscombe’s Quartet

One of the most well-known examples demonstrating the importance of graphical represen-
tation of data in statistics is The Anscombe’s Quartet. It was created and published in 1973
by the English statistician Francis John Anscombe in his paper [5] and has been cited in
several important publications, including [4, 33, 35, 36]. He created four fictitious datasets
consisting of pairs of numeric values. The numerical representation of these datasets is
shown in Table 3.1. The summary statistics characterizing these datasets, such as the
mean, variance, correlation, and the estimated regression equation, are identical and are
shown in Table 3.2. This suggests that the distributions are comparable. However, when
plotted into a scatter plot, as depicted in Figure 3.6, it becomes clear that the distributions
are completely different. This example illustrates that high-level statistical summaries can

be misleading, and that visualization can make the interpretation more precise [4].
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Ofl’z: X1 Y1 X2 Y2 X3 Y3 X4 Y4
I 10|  8.04 10| 914 10|  7.46 S| 658

1T ST 695 S| 814 S| 677 S| 576
T 13| 758 13| 874 13| 12.74 s 771
vV 9 881 91 877 9 711 8| 884
v 11| 833 11| 926 11| 7.81 8| 847
VI 14|  9.96 14| 810 14| 884 8| 7.04
VI 6| 7.24 6| 6.13 6| 608 S| 525
VIII 4] 426 4] 310 4] 539 19 1250
X 12| 10.84 12 913 12 815 S| 556
X 71 482 71 7.26 71 642 S| 791
XTI 51 568 5| 4.74 51 573 S| 6.89

Table 3.1: The Anscombe’s Quartet datasets. Each dataset consists of 11 (x,y) pairs. The
x-values of the first three datasets are identical [5].

Statistic Value
Mean of X 9.0
Mean of Y 7.5
Variance of X 11.0
Variance of Y 4.1
Correlation 0.816
Regression Line | Y =3.04+0.5X

Table 3.2: A summary of the statistical characteristics of the datasets in Anscombe’s Quar-
tet [33]. Given their identical nature, it can be incorrectly assumed that the datasets are
also identical.

3.5.2 Gestalt Principles of Visual Perception

Gestalt theory is a psychological discipline developed in the early 20th century by German
psychologists that deals with visual perception. The name “Gestalt” is derived from the
German word gestalt which means shape or form. One of the key ideas in Gestalt psychology
is that the appearance of any element depends on its place and function within an overall
pattern [7]. The ideas of Gestalt theory continue to influence numerous disciplines to this
day and are particularly useful for creating graphs and visuals that leverage the analyst’s
visual processing network. Following are the six principles proposed by Gestalt theory [33]:

Proximity: The brain processes objects that are in close proximity
as belonging to a group. Different graphical elements can be grouped
together, such as labels with points, bars with each other, or points
into clusters [33].
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Figure 3.7: Demonstration of the brain’s capability to identify the relationship between
points within a cluster.

Similarity: The brain groups together objects that share the same
color, shape, size, or orientation [22].
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Figure 3.8: Demonstration of the brain’s capability to identify the relationship between
points across different clusters based on a shared property, in this case color.

Enclosure: Objects that are physically enclosed together are per-
ceived as belonging into a group. The enclosure can be realized by
drawing a border around the group or by coloring the background of
the area where the points are located [22].
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Figure 3.9: Using boundaries to group objects together.

Closure: The brain exhibits a natural tendency to fill missing infor-
mation with estimates based on already seen constructs. For example,
simply plotting two intersecting perpendicular lines is sufficient for
an analyst to perceive the enclosed space of a coordinate plane, even
though the complete rectangular borders are not explicitly drawn [33].

Figure 3.10: Demonstration of the brain’s capability to fill in the missing pieces of the plot
of a sine function.

Continuity: Similarly to the principle of closure, the human eye tends
to follow the smoothest path when following a sequence of shapes,
therefore creating a sense of continuity. This allows to omit certain
elements in plots, such as leading lines or axes [33].
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Figure 3.11: The brain knows that the bars are aligned along the x-axis, demonstrating
that an explicit x-axis is not necessary for the comprehension of the chart.

Connection: Objects that are physically connected together are per-
ceived as members of the same group. The connective property typi-
cally has a stronger associative value than similar color, size, or shape
[22].

Figure 3.12: The connection of data points helps the brain to see order within the data.
By linking individual elements, the brain is able to process complex information more
efficiently, discerning relationships and trends that might otherwise remain obscured.

3.5.3 Tufte’s Principles of Graphical Integrity

Edward Rolf Tufte is regarded as one of the most influential authorities in the field of data
and statistical visualization [43]. In his book [36], he presents a set of principles of visual
display that are designed to enhance the clarity and effectiveness of graphical displays of
information. These principles are based on the idea that excellence in visual design is largely
achieved through the creation of graphics that correspond with the mental tasks they are
meant to support [43]. Following is an adaptation of Tufte’s principles, as presented by
Steven Skiena in his book [35]:
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Maximize data-ink ratio: The primary objective of the visualiza-
tions is to show the data. This can be achieved by increasing the
data-ink ratio, which is defined by the Equation 3.1. Maximizing the
data-ink ratio lets data talk by eliminating redundant information [35].
[36] demonstrates the difference by contrasting two line charts created
by William Playfair, the pioneer of numerous statistical visualization
techniques. The comparison is presented if Figure 3.13.

Data-Ink
Data-Ink Ratio = 3.1
arartii Ratio Total ink used in graphic (3.1)

Minimize the lie factor: Visualizations are meant to tell a true
story about the data. But improperly designed figures can be mis-
leading and prone to misinterpretations. Potentially harmful practices
include presenting only means or interpolations without the actual
data, distorting or completely omitting scales, or hiding the origin
point [35]. An example of improperly scaled charts is shown in Figure
3.14.

120

118

116

112

110

2010 2011 2012
Year Year

(a) The y-axis of the bar chart incorrectly begins (b) The y-axis of the bar chart correctly begins
at the value of 110, suggesting a dramatic grow at the value of 0, reflecting the negligible grow of
of the y-value over the years 2010 to 2013. the y-value over the years 2010 to 2013.

Figure 3.14: An illustration of how modifying the y-axis can impact the interpretation of
the data presented in a bar chart.

Minimize chartjunk: Unnecessary visual elements distract from the
core message that a visualization is trying to convey. Charts can often
be improved by removing elements instead of adding new ones. Some
of the elements that can be omitted without compromising the effec-
tiveness of the visualization are grids, background colors, shadows, or
the chart border. It is even possible to utilize the missing ink as a sub-
stitute for guiding lines or grids, as demonstrated in Figure 3.15 [35].
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(a) The cluttered version of the bar chart with a (b) The clean version of the bar chart after re-
lot of unnecessary graphical elements. moving distracting visual elements.

Figure 3.15: The difference in readability between a cluttered and a clean bar chart repre-
senting the same data.

Use proper scales and clear labeling: Deficiencies in scaling and
labeling of axes represent the primary source of intentional or acciden-
tal misinformation in graphs. In order to facilitate the correct interpre-
tation of the chart, accurate labels with appropriate increments must
report the proper magnitude and units of numbers [35]. An example
of improper scaling was previously presented as part of the minimize
the lie factor principle in Figure 3.14.

Make effective use of color: Colors are an important part of any
graphical visualization. They play a significant role in charts, serving
two primary functions. First, colors can differentiate between classes
by assigning distinct colors to elements belonging to different classes.
The colors of the classes should be selected to have mnemonic values
to naturally link the assigned class. For instance, a chart comparing
sources of energy should use green for nuclear power, yellow for solar
and black for fossil fuels. Figure 3.8 illustrates the use of colors to
distinguish between classes. Secondly, colors can represent a numerical
scale. In this case, numerical values are associated with different colors.
The scale must be linear, as the reader must be able to distinguish
which color comes after the other. A scale can be either fully linear or
may distinguish between positive and negative values [35]. Different
types of scales are shown in Figure 3.16.
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(a) A perceptually uniform sequential scale. Ideal for colorizing data, whose

values are always positive. Colormap name: viridis.

(b) A diverging scale. Ideal for colorizing data, whose values are both positive

and negative. Colormap name: bwr

(¢) A rainbow scale. This scale is not ideals because it is difficult to compre-
hend the relative position of each color within the spectrum. Colormap name:
rainbow

Figure 3.16: An example of color scales available in Matplotlib.

Exploit the power of repetition: The use of small multiple plots to
interpret multivariate data represents an elegant and efficient method
of dealing with such data. The cluttering of a single plot with several
variables is an inefficient and difficult-to-understand approach. Small
multiple charts can be used to break down a distribution and facilitate
comparison [35]. An example of such use is depicted in Figure 3.17.

3.6 Chart Types

There are various types of charts that can be used to visualize data. The selection of an
appropriate visualization depends on the context. It is the responsibility of analysts to select
the most suitable plot for a given dataset and to understand why certain visualizations are
more suitable than others [35]. Charts can be used to visualize amounts, distributions,
proportions, x-y relationships, geospatial data or uncertainty [42]. Following is a list of
different popular chart types and their intended uses [35].

3.6.1 Tables

The simplest and most straightforward way to visualize data is to put them in a table.
Although tables may appear to lack visual appeal, they have their place in data visualization
and offer various advantages over graphical representations [35].

Advantages

e Precision: The values are presented in a precise manner and without rounding errors.

e Scale: Given that the numbers in a table are right-justified, they effectively commu-
nicate differences in the order-of-magnitude. This property can can be seen in Figure
3.3.
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e Multivariate visualization: Tables are often the only viable way to visualize data
that has a theoretically infinite number of dimensions.

e Heterogeneous data: Tables are ideal for presenting a mix of numerical and cate-
gorical attributes.

e Compactness: Tables are usually the simplest way to visualize a small number of
points.

left  center right
1 1 1
10 10 10
100 100 100
1000 1000 1000

Table 3.3: Right aligning numbers makes comparison easier [35].

There are several ways to improve the design of a table. For example, ordering rows
and columns, right-justifying numbers, highlighting cells, avoiding excessively long column
labels or adding commas to numbers [35].

3.6.2 Line Charts

When the relationship between two variables can be expressed as a function y = f(x) for a
set of (x,y) points, line charts serve as a useful tool for visualizing this relationship. They
are especially used in instances when the = values are strictly increasing or when the x axis
represents time as shown in Figure 3.18.

Data points in line charts can be connected with straight or smoothed lines that are
only intended to guide the eyes, or interpolated with a curve that predicts the values of f(x)
for the full range of possible z. In some cases, it may be preferable to omit the connection
lines between data points. This is particularly the case when there are many outliers in the
data or when the z-axis is discrete [35].

10 —8— Time series 1
—A— Time series 2
—— Time series 3

0 5 10 15 20 25 30 35 40
Time [s]

Figure 3.18: An example of a line chart representing values of three series in the span of
40s. The chart makes use of colors and shapes to distinguish between the series. The data
were generated randomly.
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3.6.3 Scatter Plots

Another chart type used to represent the relationship between variables is scatter plots.
These charts display the values of every (x,y) data point in a given dataset [35]. Scatter
plots are most effective when used with two-dimensional data. When a third dimension is
required, it is often more appropriate to represent it by modifying the color, shape, or size
of data points than by adding a third axis. Figure 3.17 illustrates the relationship between
different attributes of wine based on their class, using scatter plots.

3.6.4 Bar Plots and Pie Charts

Bar plots and pie charts are tools for presenting the relative proportions of categorical
variables [35]. However, visualizing these proportions can be challenging, particularly when
the whole is broken into many different pieces or when it is important to clearly observe
changes in proportions over time or across conditions. There is no single ideal visualization
that always works [42]. Table 3.4 provides a summary of the advantages and disadvantages
of different types of visualization.

’ Property H Pie chart Stacked Side-by-side ‘

Clearly visualizes the data as proportions of a

v v X
whole
Allows easy visual comparison of the relative X X Y
proportions
Visually emphasizes simple fractions, such as
11 1 v X X
20 3 4
Looks visually appealing even for very small

v X 4
datasets
Works well when the whole is broken into many X X v
pieces
Works well for the visualization of many sets X Y X
of proportions or time series of proportions

Table 3.4: The advantages and disadvantages of the most common approaches to visualizing
proportions: pie charts, stacked bars, and side-by-side bars [42].

Pie charts are often the subject of criticism from data analysts due to their tendency to
occupy more space than necessary and to present data in a less readable and comparable
manner [35]. In his book [36], Edward Tufte states, “A table is nearly always preferable to
a simple pie chart; the only worse design than a pie chart is several of them.” A sentiment
echoed by author and analyst Cole Nussbaum Knaflic who, in her book [22], dedicates a
chapter to the reasons to avoid pie charts, entitled “Pie charts are evil.” However, other
sources, such as [35, 42|, admit that there are instances when pie charts can be beneficial in
data visualization. Figure 3.19 demonstrates one such instance and compares various types
of visualizations of proportional data.

3.6.5 Histograms and Density Plots

Histograms and density plots represent an effective approach for visually representing data
distributions. They help to understand how a specific variable is distributed within a
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dataset, answering questions like: Where is the peak of the distribution? Is the distribution
symmetric or skewed? How many local modes exist [35]7 However, both require parameter
choices, which, when made incorrectly, can result in misleading plots [42].

Histograms are generated by binning the data and their exact visual appearance depends
on the choice of the bin width. If the bin width is too large, smaller features in the
distribution of the data may disappear. Alternatively, if the bin width is too small, the
histogram becomes peaky and the main trends in the data may be obscured [42]. An
example of the impact of bin width size is depicted in Figure 3.20.

Bins: 4 Bins: 16 Bins: 32

80 1 20 4

@
o

Frequency

IN
=}

20 1

80 100 120 140 160 80 100 120 140 160
Magnesium [mg/L]

Figure 3.20: An illustration of the effect of the bin width on the properties of the dataset
that are revealed. Dataset: [1].

Density plots, on the other hand, attempt to visualize the data’s underlying probabil-
ity distribution function by rendering a continuous curve as shown in Figure 3.21. The
estimation of the curve is typically performed using a method known as Kernel Density
FEstimation, which relies on two main parameters: the kernel and the bandwidth. The
bandwidth parameter has the same properties and impact as the bin width in histograms.
The choice of the kernel affects the shape of the density curve. For instance, a Gaussian
kernel will have a tendency to produce density estimates that resemble a Gaussian distri-
bution, with smooth features and tails. Regardless on the parameters, the area under the
curve should always equal to one. One potential issue with density plots is their tendency to
suggest the presence of data where none exists, particularly in the tails of the distribution
[42].
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0.035 A —— Gaussian (bw=>5)
= Cosine (bw=5)
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Figure 3.21: An illustration of the estimation of the underlying probability density function
of the data. The estimations are based on a Gaussian and a Cosine kernel with a bandwidth
of 5. The graph shows that both estimated functions predict the presence of data in the
tails, where no real data was recorded. Dataset: [1].
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Figure 3.6: A visual representation of the datasets in Anscombe’s Quartet [5]. The distinct
characteristics of the datasets are clearly evident when presented in a graphical format.
Without such a representation, the differences between them would remain concealed.
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(a) Too much ink is devoted to grid lines and labels, distracting the reader from the
essence of the data [36]. Image source: [20].
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(b) The design is cleaner and focuses the attention on the time-series itself [36]. Image
source: [26].

Figure 3.13: The evolution of Playfair’s line charts, which illustrated the balance between
imports and exports between England and various countries. The improvement in graphical
design underscores the importance of showing the data over all other design elements [36]
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Figure 3.17: An example of the usage of small multiple plots to reveal the distributions of
various attributes of wines and the relationships between them. Dataset: [1].
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(a) The pie chart is the only visualization that
clearly shows that the SPD and FDP together (b) A stacked bar makes it easier
hold a majority. to see the total number of seats.
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(c) Plotting the data using side-by-side bars is the best ap-
proach to allow for direct comparison between groups.

Figure 3.19: A comparison of different approaches to visualizing proportions. The charts
represent the party composition of the German parliament between the years 1976 and
1980. The CDU/CSU held 243 seats, SPD 214, and FDP 39, for a total of 496 seats [42].
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Chapter 4

Analysis of Requirements

This chapter defines the goals and requirements for a new information system intended for
internal use at the Rehabilitation Center Kladruby, hereafter referred to as “RCK”. The
requirements emerged from multiple consultations with representatives from the center,
specifically clinical psychologists PhDr. Petra Filova, Ph.D., and Mgr. Pavel Viktora. The
RCK, described in further detail in Section 4.1, is a leading rehabilitation facility in the
Czech Republic.

The daily volume of administered psychological tests at the center is substantial and
requires a significant amount of work to process. The analysis of the results of examinations
is currently time-consuming and complicated. The center relies on outdated methods and
the way in which data are stored and processed is unfavorable. These practices contribute
to an inefficient workflow and diminish the potential quality of data analysis. The details
of the current workflow and the proposed new workflow are described in Section 4.2.

The population of patients at the RCK represents a statistically significant sample in
the context of both the Czech Republic and Europe. Currently, the data are not efficiently
utilized. The implementation of an information system will enable the creation of a digital
database of results, which will potentially lead to different scientific research projects, as
discussed in Section 4.3.

Section 4.4 describes the format in which tests and norms should be represented within
the system. Following is Section 4.5, which addresses the examination results and the
manner in which the system should store and present them. Both visualizations and exports
are discussed in this section.

The last section, Section 4.6, describes the system’s requirements that emerged after a
proof of concept prototype was tested with representatives of the RCK. The section also
touches on the user interface of the system.

4.1 Rehabilitation Center Kladruby

The Rehabilitation Center Kladruby is a specialized medical institute and one of the leading
state centers in the Czech Republic. It is located in the small village of Kladruby, approxi-
mately 60 km southeast of Prague. The center was established in the late 1930s, originally
serving as a sanatorium. During the war the institute served as a German military hospital
and after the war it became a Soviet repatriation station. In 1946, the Ministry of Health
of the Czech Republic took over the facility [29].
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The center provides complex inpatient rehabilitation care for patients with a wide range
of disabilities of varying degrees, especially neurological and musculoskeletal disorders, post-
surgical conditions, spinal injuries, and other medical conditions. For the most sever cases
it also focuses on their resocialization and smooth reintegration into society. The center
also participates in the education of students of medical and social schools, medical, reha-
bilitation and health and social faculties and in the education of other professionals working
in the health care sector [30].

As of 2022, the center had a capacity of 275 beds, with a new building under construction
to increase the capacity to approximately 300 beds in 2025. The medical team comprised
236 specialists. The yearly average number of patients who underwent treatment at the
center between 2015 and 2022 was approximately 1700. In 2022, the average length of stay
was 56 days [28].

4.2 Workflow

The process of administering and evaluating psychological or neurological tests is complex
and lengthy. Clinical psychologists must first understand the patient’s issues and medi-
cal condition to select the most suitable test, as the choice has a significant impact on
the informative and explanatory value of the examination. Conducting these tests requires
considerable time, concentration, and expertise from clinicians. The results need to be mea-
sured precisely and stored in an organized manner. However, the current data management
and storage practices at the RCK are suboptimal. General information about patients, the
results of their examinations, and the norms used to evaluate the results are spread across
different data storages, which further complicates the clinicians’ workflow.

Once clinicians complete the examination, they need to thoroughly evaluate the results.
Psychologists primarily refer to norms to put the score into the context of the reference
group, which is determined by various factors, such as age, sex, diagnosis etc. However,
norms are not always precise, and they may be created for different reference groups.
Moreover, the center relies on outdated methods, such as manual inspection or spreadsheets,
which are inherently ineffective. In addition to the time inefficiency of this approach, the
manual or semi-automated calculation of normed scores (discussed in Section 2.4) may
introduce an error in the resulting scores due to the potential for human error.

Clinicians may also need to use alternative methods of comparison. Given the consider-
able number of patients at the RCK, it is beneficial to compare the results with historical
data from similar examinations on other patients. Another crucial indicator of a patient’s
performance is their historical evolution of the results. This allows clinicians to clearly
identify whether the patient’s cognitive abilities are improving or declining. In certain
instances, psychologists may also benefit from grouping multiple examinations of a single
patient together, based on the cognitive functions that they test. Currently, clinicians lack
the flexibility to evaluate patients efficiently as some comparisons are difficult or impossible
to perform.

The digitization process is expected to result in several improvements over the current
state. The primary objective is to reduce the time required for the testing process. A
centralized digital storage of exams will simplify the process of sharing results among psy-
chologists and eliminate the error-prone step of manually calculating normed scores. The
new workflow, shown in Figure 4.1, will allow clinicians to focus more on the results and
easily create graphs and summary views.

42



M= > >
b=

Administration of Storage of the results Analysis of the results Selection of proper
the test to the patient in the database using a simple interface treatment and medication

Figure 4.1: The digitalization of the process of administering psychometric tests is expected
to increase its efficacy and to provide psychologists with additional support in their decision-
making. !

4.3 Research Goals

In order to draw useful inferences about patients’ relative performance, clinicians use norms
to place the result into perspective with different comparison groups. The validity of the
interpretation of this results is dependent on the appropriateness of the reference group.
It is important that reference populations be carefully defined and clearly described. The
interpretation of such results is also dependent on the accuracy with which norms summarize
the performance of the reference population. Furthermore, the usefulness of norms based
on a given sample may diminish over time. Consequently, for tests that have been in use
for a substantial number of years, it may be necessary to renorm to ensure the continued
validity of norm-referenced test score interpretations. It is possible for more than one
reference population to be appropriate for the same test. For instance, test performance
might initially be interpreted in relation to local norms based on sampling from a particular
facility, before being compared with the national reference group using national norms. In
other cases, norms might be based on diagnostic or educational classifications [2].

It can be argued that the current state of psychodiagnostics in the Czech Republic is
suboptimal [37]. Some norms lack precision or clinical utility, as in the case of the Cognitive
Estimations Test, whose norms are not considered by the center. The accumulation of data
in digital form will serve as a basis for creating new, standardized neuropsychological norms
for patients who have suffered a spinal cord or brain injury. Furthermore, a digital database
will provide data that can be used for further research, potentially benefiting students of
psychology and medicine fields at Masaryk University in their bachelor’s and master’s
theses (FILOVA, Petra. Apr 18, 2024. Private communication). A diagram of the steps
involved in the process and the possible outcomes is shown in Figure 4.2. The establishment
of a digital database from examinations performed within Rehabilitation center Kladruby
represents a significant promise of gaining access to a statistically robust sample of data
on the specifics of the level of cognitive functions of patients. This sample is exceptional
not only in the context of the Czech Republic but also in Europe and will contribute to
numerous research projects in the field of neuropsychology (FIL’OVA, Petra. Apr 18, 2024.
Private communication).

Hcons source: https://www.flaticon.com/
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Figure 4.2: A digital database of results is expected to serve as fertile ground for a range
of various research projects.”

4.4 Test Management

One of the fundamental capabilities of an information system serving as a database of
examination results is the ability to store and manage information about tests and their
norms. The RCK primarily utilizes intelligence and neuropsychological tests. Appendix C
provides a list of some of the tests that are currently intended to be digitalized. It should
be noted that the list may be subject to future expansion.

Beyond basic information such as the test’s name, abbreviation, and description, a test
is represented by a table with flexible dimensions m X n, each having specific row and
column names. A test can also include a theoretically unlimited number of subtests, which
are similarly structured as tables with variable dimensions. Both tests and subtests include
information about the cognitive functions they are designed to assess. As clinicians will only
upload the results into the database upon completion of the examination, it is unnecessary
to store the entire assessment protocol in the database. Clinicians will continue to primarily
utilize physical guidelines as reference material.

The tests intended to be used within the information system are norm-referenced, mean-
ing that they use norms to interpret and compare the test score of a given examinee with
those of others [2]. More precisely, they use standard scores, which were introduced in
Section 2.4. The possible number of norms associated with each test is unlimited. Norms
define reference values for all the cells of a test. They also include information about the

?Icons source: https://www.flaticon.com/
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age range, premorbid education, and gender of the reference group. Norm values are either
defined as parameters of a Gaussian distribution or as look up tables. In the first case,
as illustrated in Table 4.1, each cell is assigned a mean and standard deviation. These
parameters are employed to calculate the z-score from the raw result using the formula
presented in equation 4.1 [3]. In the latter case, multiple intervals of raw scores are defined
and associated with normed values. This second type of norm definition is utilized as a
lookup table, as depicted in Table 4.2. Both tables 4.1 and 4.2 are structured in a way
that is often seen in psychological literature. The methods of defining norms in psychology
presented here are not exhaustive, but they cover the current needs of the RCK.

WALIS III [Age: 16—25, Sex: Male]
Subtest Mean | Standard Deviation
Picture Completion | 50.5 3.2
Similarities 63.8 4.8
Block Design 14.1 1.1
Digit Span 78.9 3.4
Symbol Search 33.0 1.8

Table 4.1: An example of a norm definition for the Wechsler Adult Intelligence Scale I1T test.
The z-score of a patient for a given subtest is calculated using the associated parameters
of the normal distribution of the reference group, in this case for male patients in the age
range of 16 to 25. All the values in this table are intended for demonstration purposes only
and were generated randomly.

where:

Z is the Z-score of patient.
X is the raw score of the patient.
p is the mean (average) of raw scores in the reference population.

o is the standard deviation of raw scores in the reference population.
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WALIS III - Picture Completion [Sex: Male]
Age

16-25 | 26-35 | 36-45 | 46-55

594-56 | 54-56 | 53-55 | 52-H4
97959 | 5739 | 54-56 | 55-56
60-63 | 6062 | 57-58 | 5757
63-66 | 62-65 | 59-61 | 5861

Weighted score

W N

Table 4.2: An example of a norm definition for the Picture Completion subtest of the
Wechsler Adult Intelligence Scale I1T test. The weighted score is calculated by looking up
the table for the raw value. For example, if a male patient in the age range between 36 and
45 scores 58 points in the subtest, the weighted value of his score is 3 points. All the values
in this table are intended for demonstration purposes only and were generated randomly.

The format in which the norms are available at the RCK poses a challenge to the
process of uploading the norms into the system. The majority of the norms are stored in
physical form or PDF scans that lack a consistent format. Tables have varying dimensions,
captions, and structures. This makes the automation of the process difficult and creates an
opportunity for future projects in this area.

4.5 Test Result Analysis

Clinicians measure the results of conducted tests as raw numerical values. They then need
to convert the raw values to normalized values according to a carefully selected norm. The
conversion is often time-consuming and error-prone for two reasons. First, the test guide-
lines are dense and reading in them requires a substantial amount of attention and precision.
Secondly, clinicians are required to execute numerous manual numerical operations, which
inherently increases the likelihood of mistakes. It is crucial that the system implement a
mechanism that automates the conversion of raw scores into normed scores, and that it
allow for both to be easily displayed. The results should be visible both as numerical values
in tabular format and graphically as markers on probability distribution charts.

4.5.1 Visualizations

An interpretation based solely on numerical values of normalized scores would be incom-
plete, and therefore clinicians rely on additional and more precisely tailored comparisons.
These comparisons are well-suited to be visualized graphically. A set of visualizations was
discussed with the representatives of the RCK, along with their benefits in the context
of analysis. The proposed visualizations will directly improve the workflow discussed in
Section 4.2.

Comparison with Reference Group

First of all, clinicians need compare the results of a single patient with those of other
patients at the clinic. They need to precisely select the comparison group by filtering
based on multiple criteria, such as gender, age, education level prior to condition, type of
injury, and diagnosis. This process enables clinicians to identify factors that have the most
significant impact on patient results.
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Historic Development

Another method that helps clinicians to comprehend more deeply the pathology of the
patient is the visualization of the historical development of the patient’s results. It is
important to include the results of the entire test and all associated subtests in a single
view. The visualization helps assess the effectiveness of the medical treatment used by
providing a direct comparison of the cognitive abilities of a patient in time.

Comparison between Tests

A third visualization was proposed and discussed during meetings with representatives from
the RCK. This visualization presents the results of a single patient across all tests that
assess the same cognitive function. This was thought to provide a more comprehensive
view of the patient’s cognitive abilities. However, comparing results between different tests
is problematic. Due to the doubtful usefulness and the lack of precise specifications, the
discussion of this visualization was postponed. It may be considered for a future upgrade
only if its utility is proven.

4.5.2 Exports

As previously discussed in Section 4.3, one of the objectives is to create a database of
examination results that can be utilized in research. For this reason, the data must be easily
retrievable from the database by predefined exports. The exports should support formats
that are easily shareable and widely understood by a broad community of researchers. In
line with current requirements, two types of data exports have been considered.

Export of Test Results

In the context of research, the raw results are the most valuable aspect of the collected
data. This export will provide researchers with a dataset that will serve as the foundation
for establishing new norms. The data contained in this export should include all the exam-
inations associated with a specific type of test. Each record must contain all information
necessary for the interpretation of the examination, such as raw results, the patient’s age
on the day of the examination, and the patient code. The records should include all the
examinations of all the patients in the database.

Export of Patient Details

The second export will serve to complement the previous one by providing additional
patient-specific information. It should include a list of all patients and their respective
parameters. This includes the patient’s code, date of birth, gender, education level prior to
condition, types of injury, and assigned diagnoses.

4.6 System Requirements

The system is mainly intended to be used by a small group of clinical psychologists and
neuropsychiatrists at the RCK. Access will also be granted to mental health professionals
or trainees in their pre-certification process, provided they submit a certified copy of their
specialized training in health care. This type of access will be restricted and managed by
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the RCK. Users may vary in age and technical skills. The majority will possess educational
backgrounds in non-technical disciplines, such as psychology or medicine. The character-
istics of the user base are closely correlated with the requirements for the system’s user
interface, which is discussed in greater detail in Subsection 4.6.1.

The nature of the target user group complicates the process of precisely specifying the
system’s requirements due to the knowledge gap between developers and psychologists. The
initial requirements were vague and imprecise. For this reason, a proof of concept prototype
was developed. This prototype, detailed in Subsection 4.6.2, improved communication
with the representatives of the RCK and enabled a more detailed definition of system
requirements. The feedback on the prototype led to a list of enhancements that had not
been previously considered, as described in Subsection 4.6.3.

4.6.1 User Interface

There were few specific requirements regarding the user interface provided by representa-
tives of the center. It was expressed that the user interface should be intuitive and easy to
understand. As the primary platform for users to access the system will be desktop com-
puters and laptops, it was recommended that space be utilized efficiently on 16:9 screens.
A column layout that would visualize both the details of a patient and the results of a test
was suggested to avoid the need to constantly switch pages.

Considering the typical user profile, the system’s interface should be intuitive enough
to not require external explanations for users with an education in psychology and related
fields. This objective may be achieved through the implementation of a straightforward
design complemented by help buttons.

4.6.2 Prototype

A prototype that served as a proof of concept solution was developed during the autumn
of 2022 by Bc. Miroslav Safii, Be. Matéj Mudra, and Be. Lukas Foltyn. The application
was part of an assignment within the course Information Systems at Brno University of
Technology. The prototype’s architecture comprised a REST API in .NET 6° for the
backend and a Flutter-based’ web application for the frontend. The user interface of
the prototype is presented in Appendix B. It included the fundamental features that had
been originally requested by the RCK. The prototype implemented user authentication
with roles and management modules for users and patients. The system enabled users
to create tests and define a single norm per test. Norms could be defined exclusively as
parameters of a normal distribution. The results of examinations were only available in raw
form. The prototype also allowed patients to be assigned multiple diagnoses. Although the
prototype served as a solid foundation for early testing, it was recognized as lacking several
supplementary features.

4.6.3 Detailed Requirements

A part of the process of specifying requirements involved testing and discussing the pro-
totype with PhDr. Petra Filova, Ph.D., and Mgr. Pavel Viktora. This allowed the rep-
resentatives to provide more detailed feedback and led to a greater level of detail in the

3https://dotnet.microsoft.com/
4https ://flutter.dev/
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specifications. In addition to the general requirements described in the previous sections of
this chapter, the following requirements were introduced:

e Tests should support multiple norm definitions.

e Norms should include attributes that specify the reference group, including age, sex,
and education.

e Support for normed scores should be implemented, allowing for quick conversion be-
tween raw and normed scores.

e The definition of standard score norms using intervals should be possible.

e The system should incorporate support for categorizing diagnosis groups.

o Rehabilitations should include start and end dates.

e Tests should include attributes that detail the cognitive functions they assess.

o Examinations should include an attribute to automatically track the sequence number
of examinations.

e A feature should be available to track a patient’s diagnosis history.
e Patient attributes should include premorbid education levels.
o Patient attributes should include the date of hospitalization.

o Patient attributes should include a set of keywords that clarify the extent of an illness
or brain damage.
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Chapter 5
Design

This chapter describes the design of an information system that aims to fulfill the objectives
defined in sections 4.2 and 4.3 of the previous chapter. Section 5.1 provides an overview of
the adaptation of the three-layer architecture used as the base of the system. A user role
model, comprising three distinct roles, is employed to manage system access. The exact
actions that each role is allowed to perform are presented in Section 5.2. The data layer of
the solution is represented by a complex data model, which is described in detail in Section
5.3. The interface of the REST API, which powers the application layer, is introduced in
Section 5.4. The presentation layer is completely decoupled from the underlying layers and
is represented by a web application, which is described in Section 5.5. The last part of the
chapter, consisting of Sections 5.6 and 5.7, covers the designed visualizations and exports,
respectively.

5.1 Architecture

The system uses a variation of the three-tier architecture described in Section 3.2. This
architecture is robust enough to meet the requirements for security, connectivity, and scal-
ability of the solution while avoiding the complexity associated with cloud architectures.
Figure 5.1 illustrates the structure of the proposed architecture. The application layer
and data storage layer compose the backend of the system, while the presentation layer

represents the frontend. The following list expands on the properties of each layer:

1. Presentation layer: The presentation consists of a web application, as this allows
the client to be deployed to any computer with a web browser, thus facilitating the
deployment process.

2. Application layer: This layer comprises a REST API that exposes a set of endpoints
for data manipulation within the database.

3. Data storage layer: The data storage layer is represented by a relational database
server. During the design process, both SQL and NoSQL databases were considered
as potential solutions. Ultimately, the SQL database was selected for the following
reasons: the data contain a significant number of relationships that are not well han-
dled by NoSQL databases. Moreover, SQL databases ensure better data consistency,
which is an important property in the context of medical information systems. Fi-
nally, given the relatively small amount of expected data, horizontal scaling is not
necessary.
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Figure 5.1: The architecture of the proposed system is based on an adaptation of the three-
tier architecture. The REST API serves as an interface for clients to manage data in the
database.

5.2 User Management

The users who will interact with the system can be classified into three categories, each
requiring distinct levels of access rights. Therefore, three user roles have been introduced.
Table 5.1 summarizes the permissions associated with each role. The specific actions that
the users are permitted to perform are further illustrated in the use case diagram in Figure
5.2, which serves as a complement to the table of permissions. In order to gain access to
the system, users must first be provided with an account and credentials in the form of a
username and a password. This process is the responsibility of the administrator, who has
complete control over the user base that has access to the system.

Role Permissions
View and manage patients and assigned examinations, di-
Clinici agnoses, rehabilitations, and damage specifications. View
tican tests, norms, cognitive functions, diagnoses, and damage
specifications.
Create tests and manage norms, cognitive functions, di-
Moderator . .
agnoses, and damage specifications.
Admin Manage user accounts.

Table 5.1: Users are allowed to view and manage different database entities based on the
role assigned. The roles form a hierarchy.
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Figure 5.2: The use case diagram of the system. The use cases are not exhaustive, as
operations that directly manipulate database entities were omitted for the sake of simplicity.
These operations are presented in Table 5.1.

5.3 Data Model

The designed data model consists of 21 entities, six of which represent many-to-many re-
lationships. An entity-relationship diagram, presented in Figure 5.3, visually demonstrates
the schema of the model. The model supports general definitions of tests, as each test can
have an unlimited number of rows, columns, and subtests. The relationship between a test
and a subtest is recursive, allowing for an unlimited hierarchy of nested subtests. These
properties exceed the requirements of the Rehabilitation Center Kladruby (RCK) and are
designed for future-proofing the model. Following is a list of the real world concepts that
the system exposes to users and the data model entities underlying these concepts:

e User: The concept is directly mapped to User entity. In addition, each user is as-
signed a role, which defines their permissions. This is represented by the entities Role
and Permission. The Refresh Token entity enables users to extend their sessions
without re-authenticating.

o Patient: This is a representation of a patient in the real world. The concept is simply
represented by the Patient entity.

o Test: Tests are represented by multiple entities. The first entity, Test, contains
general information about the test, such as its name and abbreviation. Entities Test
Row and Test Column store details about each row and column, including their name
and position in the table. Finally, the relationship with Cognitive Function assigns
a list of assessed cognitive functions to the test.
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o Examination: An examination comprises both raw and normed scores for all the cells
of the test assessed. The entities underlying this concept are Medical Examination,
which represent general information about the examination, and CellResult, which
is used to store the results of both raw and normed results for each cell of the test. It
is necessary to store the normed scores in the database because they are needed for
the generation of higher-level visualizations.

e Norm Definition: Norms are represented by two entities. Norm Definition, which
stores general information about the norm, and the relationship Cel1lNorm. In contrast
to examination, where only one value is stored for each cell, norm definitions may
require to store more than one value. For this reason, the entity Cel1lNorm is provided
with its own unique identifier.

« Rehabilitation: Rehabilitations are prescribed to patients for a given amount of
time. They are represented by the entity Rehabilitation.

o Diagnosis: Diagnoses are officially defined and categorized into groups by the In-
ternational Classification of Diseases'. In the data model, they are represented by
the Diagnosis and Diagnosis Group entities. Diagnoses are assigned to patients
through the relationship Patient-Diagnosis.

e Specification of damage: Assigns damage, illness, or handicap classifications to
patients as keywords, represented by the Damage Tag entity.

54 REST API

The application layer of the system is represented by a REST API. The implementation
of a REST API (abbreviated as “API” in the rest of this chapter) allows the clients to be
completely decoupled from the backend, resulting in a cleaner design and codebase. Addi-
tionally, the process of updating or implementing a new client application is significantly
simplified. The API offers an interface that allows clients to interact with the data in the
database through HTTP requests. These requests are handled by endpoints, which can be
classified into the following categories:

CRUD operations: The majority of entities provide five endpoints
for CRUD (create, read, update and delete) operations, which include:
*GET /entity: Retrieves all entity records from the database.
¢GET /entity/{id}: Retrieves a single record by its identifier.
«POST /entity: Creates a new entity record.
*PATCH /entity/{id}: Updates an existing record.
*DELETE /entity/{id}: Deletes a record.

Note: The term “entity” in the endpoint paths serves as a placeholder
for the true name of the entity.

Authentication: Includes three endpoints:

"https://www.who.int/standards/classifications/classification-of-diseases
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Figure 5.3: The ER diagram of the designed solution.

Norm Definition CellNorm
PK Primary key
2| K Foreign key PK |ID int H— PK |ID int
g IX Index FK |TestID int FK  [Norm definition ID int
8] uw Unique NU  [Name str FK  |Testrow ID it
NU Nullable
NU |Age upper bound int FK |Test column ID int >
NU  |Age lower bound it NU  |Mean float
NU  |Education enum NU  |Standard deviation  |float
NU  |Gender enum NU  |Percentile float TestRow
NU |Type enum PK_|ID nt
—< FK |TestID int
Row index int
Test-Cognitive function Test Name str
PK, FK]Test ID int T PK D int ;
PK, FK |Cognitive function ID |int L< FK, NU|Parent ID int
Test Column
Name str
— T PK D int
Abbreviation str
L Lo FK [TestiD int
Cognitive function NU | Description str Column index int
PK 1ID int Assigned norm Name str
Name str
Medical Examination CellResult
PK |ID int H———1—< PK, FK |Medical exam ID int
o FK |PatientID int PK, FK|Test row ID int
FK  |Root Test ID int B PK, FK|Test column ID int
FK |User ID int Raw score float
FK, NU|Norm ID int NU |Weighted score float
Execution date date
Exam sequence
int
number
NU |Description str Rehabilitation
ET‘anjn_ing Patient age at exam |int PK |ID int
ician
physieia Creation time FK  |Patient ID int
Update time Rehabilitation Type  |enum OTE TS GlahTE
Undertaken NU  |Description str
examination NU | Validity start date date PK_|ID n
Under - i - UQ |Code str
rehabilitation NU |Validity end date late UQ [Name str
treatment
User
PK |ID int — Patient-Diagnosis Diagnosis
IX, UQ |Username str Patient PK [ID int PK [ID int
NU  |Email str L PK [ID int + FK  |Patient ID int FK  |Diagnosis group ID |int
NU  |First name str 1D, UQ |Code str FK |Diagnosis ID it UQ |Code str
NU - |Last name str Gender enum NU  |Description str Name str
Role enum Premorbid education |enum NU | Validity start date date Diagnosis Type enum
Is active bool NU |[Birth date date NU  |Validity end date date
Creation time NU |Admission date date
Update time Creation time Patient-Damage tag Damage tag
Hashed Password  |str Update time 4 PK, FK[Patient ID int PK [ID int
Password valid bool PK, FK |Damage tag ID int >_J—F UQ [Name str
Assigned role
Role Role-Permission Permission Refresh Token
PK |Role ID int 4 PK, FK|Role ID int } PK [ID int PK |ID int
UQ |Name str PK, FK|Permission ID int UQ |Name str UQ |Value str
Description str Description str Expiration

¢ GET /auth/me: Provides information about the currently logged-
in user, including their role and permissions.

¢« POST /auth/token: Returns a short-lived access token based on
the provided credentials.

«POST /auth/refresh: Returns a new access token for users who
are already logged in.

Users: The management of users is limited to users with the admin

role. In addition to the standard CRUD operations, the endpoints
provide the following additional functionality:

¢ PUT /users/{id}/force_change_password: Allows an admin
to reset the password of any other user.

¢ PATCH /users/{id}/activation: Allows an admin to activate
or deactivate the account of any user. A user with a deactivated
account is restricted from accessing the application.
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Visualizations: These endpoints provide data required for the gen-
eration of visualizations:

e /analyses/comparison-with-other-patients:
Returns both the raw and normed results of the entire reference
group, as well as the strict and weak percentile ranks of the pa-
tient being compared. The request must specify the compared
patient, the reference group and the test of interest.

e /analyses/result-history: Returns the historical record of a
patient’s results for a specified test.

Exports: These endpoints allow the users to export data both in csv
and x1s formats (see Section 5.7):

e /analyses/data-matrix/1/format: Returns data representing
the Data Matrix No. 1.

e /analyses/data-matrix/2/format: Returns data representing
the Data Matrix No. 2.

Note: The term “format” in the endpoint paths serves as a placeholder
for format requested.

Exceptions: Following is a list of endpoints that do not fall in any of
the previous categories:

¢ /: Returns general information about the application, such as the
version number, contact details of the author, etc.

e /roles: Returns a list of available user roles.

e /diagnoses/assigned: Returns a list of all diagnoses that are
currently assigned to at least one patient.

5.5 Client

The presentation layer of the system is represented by a web application that runs in the web
browser. Users at the RCK will be able to use the application without the need to install
any additional software, which will facilitate the deployment process. Furthermore, the
web-based approach ensures out of the box compatibility across various operating systems.

Access to different views and the corresponding allowed actions is determined by the
user’s role. The user interface is designed to provide psychologists with simple access to
their most frequently performed tasks, such as creating and reviewing examination results.
On the main page, clinicians can quickly locate a patient and display their general details,
past examinations, and assigned rehabilitations and diagnoses. Figure 5.4 illustrates the
links between the application’s views. The shallow hierarchy of the application’s design
increases the efficiency of navigation.

5.6 Data Visualizations

The visualizations incorporated in the system are based on the requirements stated in
Section 4.5.1. The final design of the visualizations and the related views was discussed
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with PhDr. Petra Filova, Ph.D. and Mgr. Pavel Viktora, in accordance with the protocol
presented in Appendix D.

5.6.1 Comparison with Reference Group

The view that allows clinicians to compare a patient’s results with those of an arbitrary
reference group includes the following components:

e Chart: A histogram of the results of the reference group. The histogram also includes
a marker indicating the analyzed patient’s results.

o Filter: Clinicians can filter the patient list by sex, age, premorbid education, damage
specification, and diagnosis.

o Patient selection: A list with check boxes allows clinicians to precisely select specific
patients that should be included in the visualization.

o Statistics table: A table that displays the numerical values of the results of the
patient and the related strict and weak percentile ranks.

e« Switch: Clinicians can switch between raw and normed results.

5.6.2 Historic Development

This view visualizes the historical progression of a patient’s test results and is composed of:

e Chart: A line chart that plots the patient’s historical performance in one or more
selected test cells. The chart provides a visual representation of result changes across
examinations.

e Filter: Allows clinicians to select specific cells of the tests and all their subtests to
be included in the visualization.

e Switch: A switch between raw and normed results.

5.7 Exports

The system allows to export data in accordance with the requirements specified in Section
4.5.2. The data are exported in the form of two data matrices, which are provided in both
csv and x1s formats. The advantage csv format is that it is widely supported and can
be imported by the majority of data science tools. On the other hand, the x1s format is
a commonly used format among psychologists, and will allow them to further investigate
the data in a quick manner. The first data matrix, introduced in Table 5.2, provides users
with information about examinations. The second data matrix, introduced in Table 5.3,
provides information about patients.
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Patient code Date Age at t'he C-lay Subtest 1 | Subtest 2 Subtest N
of examination
P1 2001-05-01 45 15 24 23
P1 2001-06-01 45 17 25 27
P2 2002-12-15 23 14 27 22

Table 5.2: The Data Matrix 1. The data in the matrix are linked to a single specific test.
Each record represents a single examination. If a patient was administered the same test
multiple times, they will appear in multiple records.

Patient Date Premorbid . . Damage Damage
code Sex of birth | education Diag. 1 Diag. N spec. 1 spec. N
P1 M | 2000-01-01 Primary YES NO NO NO
P2 F | 2000-01-01 | Secondary NO YES YES NO

Table 5.3: The Data Matrix 2. Each record represents a single patient within the database.
The record includes general information about the patient, their diagnoses and damage
specifications.
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Figure 5.4: All the views implemented in the system and the manner in which users are
expected to navigate through them. The elements with dashed borders represent views
that are implemented in the form of a dialog.
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Chapter 6

Implementation

The following chapter builds upon the design specified in Chapter 5. Section 6.1 introduces
the implementation details of the application’s backend, with a particular emphasis on
the layered architecture of the REST API. The structure of the frontend is presented
in Section 6.2, which also details the libraries used and their respective roles within the
solution. The chapter concludes with Section 6.3, which discusses the authentication and
authorization mechanisms employed by the REST API, based on JWT tokens.

6.1 Backend

The backend of the system consists of two main components: A database server, based on
the relational database management system PostgreSQL' 14.11, and a REST API server,
implemented in Python” 3.11 with the use of the FastAPI® library. The API implements
76 endpoints, which are described in detail in Section 5.4 and listed in full in Appendix E.
An overview of the integration of the API into the overall system architecture is presented
in Figure 6.1. The structure of the API is divided into three layers:

1. Access layer: Defines the API’s communication interface. The package® AL/routers
contains the definitions of the exposed endpoints, including the HT'TP methods they
use and parameters they require. The AL/schemes package defines the structure of
the data objects that are used for communicating with the API. The schemes of
these objects are implemented using the Pydantic® library. This solution allows for
the automatic validation of input data and to directly map the data to and from
SQLAIlchemy® models.

2. Business layer: This layer acts as the intermediary between the access layer and
the data access layer. It implements the core business logic of the application. The
BL/services/ package contains modules that manage operations on database entities.
In order to communicate with the database, the modules rely on a database session
that gets injected from the data access layer.

"https://www.postgresql.org/

*https://www.python.org/

3https://fastapi.tiangolo.com/

4The terms package and module refer to folders and files, respectively. This is a standard naming
convention in Python.

Shttps://docs.pydantic.dev

Shttps://www.sqlalchemy.org/
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3. Data access layer: The layer builds on the ORM’ library SQLAlchemy, which
abstracts database entities into Python models. The model of the database is defined
in the module DAL/models. py and follows the schema defined in 5.3. The model fully
defines cascading deletions of child entities. The module DAL/database.py defines
the parameters of the database session, which is used by the application to connect
and communicate with the database.
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REST API Interface
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SQLAIchemy

Models
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Figure 6.1: The architecture of the implemented system. The frontend communicates with
the backend through a REST API interface.

6.2 Frontend

In order to achieve a high degree of speed and interactivity, the frontend of the application
is implemented as a single-page web application. The solution is based on the Vue.js® 3
framework and the TypeScript” programming language. The layout adopts a coherent
visual style that adheres to the principles of Material Design'". The core views are presented

"Object-relational mapping
Shttps://vuejs.org/
Shttps://www.typescriptlang.org/
DOhttps://material.io/
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in Appendix A. The code follows the Composition API style, which enables the creation
of clean, efficient logic that can be reused across multiple components. Additionally, the
Composition APT allows to group together code related to the same logical concern [40].
The structure of the code of the solution can be divided into three main concepts, each
represented by a corresponding folder:

e views/: The views are Vue components designed to render entire pages. They serve
as the root nodes in the component hierarchy tree used within the application. Figure
6.2 illustrates an example of the hierarchical structure of these components.

e components/: This folder contains Vue components intended for reuse throughout
the application. The term “components” is used here in alignment with the Vue
framework’s terminology.

e client/: The client is generated using the open-source CLI tool Openapi Typescript
Codegen'' and is based on the API specification introduced in Section 5.4. This
generated client simplifies the process of calling API endpoints from within the Vue
application. It includes three key components essential for API interaction. Firstly,
it contains models that define the data structures utilized for communication with
the API. Secondly, it provides services that define the requests available to the ap-
plication. Lastly, it implements core functionality responsible for managing HTTP
communication with the API.

Legend
App
app.vue Views
l Components
Navigation Bar Patient Page
MainNavbar.vue PatientPage.vue

Patient List Patient Details Medical Assessments
PatientList.vue PatientInfoCard.vue PatientAssessmentCard.vue

Figure 6.2: The hierarchical structure of Vue components on the main page (see Figure A.1)
of the application. The PatientPage.vue file is located in the views/ folder, while the
remaining components highlighted in yellow are located in the folder components/. Note:
Although all elements in this diagram are technically Vue components, the diagram distin-
guishes between views and components in the way they are used within the context of the
application.

The application is powered by multiple libraries that enhance the application’s func-
tionality. Following is a list of integrated libraries and their role in the application:

"https://github.com/ferdikoomen/openapi-typescript-codegen
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« Vue Router'’: The integration of Vue Router allows users to navigate between dif-
ferent views within the application without the need to reload the page from the server
[39]. Routes and their associated URLs are configured in the plugins/router.ts file.
The router takes care of several critical functions. It verifies user permissions and redi-
rects users from restricted or non-existent pages. Moreover, it can automatically log
in users if a valid refresh token is present in the client’s storage.

e Vuetify'?: The user interface of the system is built using the Vuetify library that
offers a wide range of components, such as buttons, lists, tables and other elements,
which follow the material design style. Additionally, the library provides methods for
creating the layout.

« Apache Echarts'': The library provides visualization tools in the form of various
types of charts. The application visualizes psychological data using line and bar charts
provided by this library. The visualizations are implemented in accordance with the
design defined in Section 5.6.

e Pinia'”: The Pinia library is used for the state management of the application.
The application makes use of Pinia storages primarily to share data between com-
ponents and avoid the use of the traditional props and emits pattern. Notably, the
stores/userStore.ts and stores/tokenStore.ts play a crucial role by managing

the information of the currently logged-in user and the JW'T tokens, respectively.

« CASL': The application uses the CASL library to conditionally render UI elements,
ensuring that the visibility and interactivity of these elements align with the permis-
sions of the currently logged-in user.

6.3 Authentication and Authorization

The application implements an authentication and authorization mechanism that utilizes
access and refresh JWT'!7 tokens. The complete authentication flow is illustrated in Fig-
ure 6.3. The REST API provides two endpoints for the purpose of user authentication:

e POST /auth/token: To log in, clients must submit their credentials to this endpoint
using the content type application/x-www—form-urlencoded. If successful, the end-
point returns a short-lived access token that authorizes the user to perform requests
on the API according to their role. The endpoint requires valid credentials to be
sent with the request. The response also includes a long-lived refresh token, which is
utilized in the second endpoint.

e POST /auth/refresh: This endpoint allows clients to obtain a new access token
using a refresh token. This eliminates the necessity for clients to re-authenticate
with credentials each time their access token expires. The endpoint returns a new
pair of access and refresh tokens. Since FastAPI does not provide the refresh token

2https://router.vuejs.org/
Bhttps://vuetifyjs.com
Yhttps://echarts.apache.org
https://pinia.vuejs.org/
Yhttps://casl.js.org

17JSON Web Token: https://jwt.io/
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functionality by default, the API implements a custom solution that stores the active
refresh tokens into the database manually.

Authorization for REST API requests relies on valid access tokens. Endpoints require
that the request includes the Authorization header containing the access token in the
following format:

Authorization: Bearer <token>

This header must be included in the HTTP request sent to the server. If the token is
valid, the server will satisfy the request. In the opposite case, the server will respond with
a 401 Unauthorized HTTP error. When the short-lived access token expires, the client can
obtain a new one using the refresh token.

Client REST API

\J

Authentication

A

Access Token & Refresh Token

Access Token (valid)

A

Protected Resource

\J

Access Token (expired)

Access Denied

y

Refresh Token

New Access Token & Refresh Token

Figure 6.3: A sequence diagram of the JWT authentication and authorization process.
The diagram uses a color scheme to differentiate between the types of requests. Blue
represents authentication, green indicates successful authorization, and red unsuccessful
authorization.'®

8The figure is inspired by the article: https://medium.com/@chauhanshubham19765/jwt-refresh-
token-61823e888bc7
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Chapter 7

Testing

This chapter presents an overview of the application’s testing methodology. Initially, unit
testing was conducted to verify the correct functionality of the REST API, as detailed in
Section 7.1. As development progressed, user acceptance testing was implemented during
the final phases to ensure that the application aligned with the expectations of the Reha-
bilitation Center Kladruby. The outcomes of the user acceptance testing are discussed in
Section 7.2.

7.1 Unit Testing

During the early stages of development of the REST API, a set of unit tests was im-
plemented to verify the functionality of the endpoints. The intention was to test each
individual endpoint in an isolated manner across a variety of test scenarios. The tests were
implemented using the Pytest' library. The testing process utilized a pre-seeded database
whose state was reset before every test run. The test cases for most entities included the
following scenarios:

e Standard CRUD operations.

Retrieval of all records of an entity.

Creation of entities with invalid data.

e Creation of duplicate entities.

o Testing of filters (if supported by the endpoint).

The test cases examined both the returned data and the response code. The request
bodies sent to the REST API were defined as pytest fixtures. Figure 7.1 demonstrates an
example of a single unit test.

https://docs.pytest.org
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O@pytest.fixture
def user1() ->UserPostRequest:
return UserPostRequest (
username="tom",
first_name="Tom",
# ...
)

def test_create_user_duplicate(userl):
"""Test that a user cannot be created twice."""
responsel =client.post("/users/", json=userl.model_dump())
assert responsel.status_code ==201

response2 =client.post("/users/", json=userl.model_dump())
assert response2.status_code ==409

Figure 7.1: An example of a definition of a unit test used in the early process of testing. The
fixture user1 is automatically injected into the test case test_create_user_duplicate
and is utilized as the body of the POST request.

Given the dynamic nature of the development process and the frequent changes to the
data model, unit tests were eventually abandoned and disregarded as overly time-consuming
during the later stages of development.

7.2 User Acceptance Testing

The user acceptance testing phase was conducted in April 2024, when a nearly finalized
version of the system was presented to the representatives of the Rehabilitation Center
Kladruby (RCK). The objective of this stage was to validate the existing application against
the requirements of the RCK. The overall feedback was predominantly positive, resulting
in the following enhancements being introduced into the system:

o Added filters and detailed patient selection to the visualization comparison that com-
pares a patient with a reference group.

e Added the possibility to include multiple subtests in a single chart to the visualization
of historical results.

e Introduced the possibility to automatically load diagnoses and diagnosis groups from
the website of the General Health Insurance Company of the Czech Republic>. The
data are available in the form of a csv file that can be loaded into the database using
the standalone module load_diagnoses.py.

e Made minor modifications to the texts displayed in the user interface.

o Enabled rehabilitations and patient diagnoses to be recorded without specifying their
start or end dates.

¢ Included information about the examining psychologist in the examination record.

e Removed the direct assignment of a psychologist to a patient.

*https://www.vzp.cz/poskytovatele/ciselniky/mezinarodni-klasifikace-nemoci
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In addition to these successfully implemented changes, two additional features were
proposed but have not been incorporated. The representatives proposed to add an alert
in the user interface that notifies a user when an examination result entered is more than
three standard deviations from the norm’s mean. The second suggestion was to integrate
support for medications that would be automatically fetched from a public API. However,
due to the non-trivial nature of these changes and time constraints, the implementation
has been postponed for future updates.

Another subject of discussion was the future of the project, including its deployment,
maintenance process, and future updates. It is expected that the project will be deployed at
the RCK during the summer of 2024. Furthermore, Mgr. Pavel Viktora suggested that the
system might enhance the process of results comparison by adding a possibility to define
thresholds for identifying scores that are above and below average.

In the final communication via email, PhDr. Petra Filova, Ph.D. expressed satisfaction
with the system’s design, noting its aesthetic appeal and user-friendly interface. She re-
ported a smooth experience in navigating the application and specifically highlighted the
importance of the inclusion of data matrices, which she acknowledged as valuable for future
statistical analysis. She confirmed that all previously discussed points were addressed to
her satisfaction.
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Chapter 8

Conclusion

The objective of this thesis was to design and develop an information system in collaboration
with the Rehabilitation Center Kladruby to manage and visualize psychological diagnostic
data. The system aims to achieve two primary improvements: firstly, to assist clinicians
at the rehabilitation center in the evaluation of psychological test results, and secondly,
to establish a database that could serve as a valuable resource for the creation of new
psychometric assessment norms.

In order to design a meaningful solution, it was necessary to gain an understanding
of the principles of testing in psychology, including the underlying methods of descriptive
statistics and the process of test evaluation based on psychometric norms. Moreover, the
theoretical background of the processes involved in the design of information systems with
a focus on data visualizations was studied.

The specifications of the system were discussed with the representatives of the Rehabili-
tation Center Kladruby on multiple occasions. Based on these specifications, an information
system comprising three layers was designed. The system is divided into a database, an
application server, and a client. This design allows for the development of multiple inde-
pendent clients without the necessity of modifying the server, a feature that may prove
advantageous in the future. The application was implemented using a combination of
FastAPI and Vue.js.

The final application meets the majority of the requirements and has successfully passed
user acceptance testing. Clinicians at the Rehabilitation Center Kladruby will have the
possibility to digitalize the process of collecting and evaluating psychological tests, which
is expected to reduce their workload and enhance the efficiency of patient treatment. The
results were presented at the Excel @FIT 2024' student conference, offering a chance for a
wider audience to engage with the application and provide valuable feedback [13].

However, certain features were not implemented due to time constraints and must be
implemented before the final deployment. These include user interface responsiveness and
client scalability, particularly in the phase of loading data from the application server.
Other potential future improvements include support for medications and different types of
norms. From a long-term perspective, if the system proves successful at the Rehabilitation
Center Kladruby, it may be offered to other similar facilities in the future.

"https://excel.fit.vutbr.cz/
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Appendix A

User Interface of the Final
Application

Rehabilitacni Ustav Kladruby A TESTY ~ DATOVE MATICE Admin

SEZNAM PACIENTUO DETAIL PACIENTA SEZNAM VYSETRENI

Pacient P0O1

Narozen 1. 1. 1990

Trail Making Test

Q  Hledat pacienta 20.4.2024

[ Frontotemporaini demence X | [ amnézie x | [ apraxie x

Wechslerova inteligenéni $kala pro dospélé

7 X Pohlavi o s
i Wechslerova inteligenéni &kéla pro dospélé
5 15.3.2024
7 % .
\s/jk Trail Making Test
5 Jra Mok
7 X - RPN
Predchozi vzdélani Trail Making Test
5 Vysokokolské 10.2. 2024
Piijet( na Gstav Trail Making Test
7 x 26. 4. 2024 e

Trail Making Test
16.12. 2023

Trail Making Test
9.9.2023

+ VYTVORIT VYSETRENI

Figure A.1: Main page.
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< zpET # UPRAVIT VYSETRENI
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Figure A.2: Examination result page.
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Figure A.3: Norm specification using intervals.
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Rehabilita¢ni Ustav Kladruby ATICE  OSTATNI Admin
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Figure A.4: Visualization of comparison with reference group.
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Figure A.5: Visualization of historical results.
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Rehabilitacni Ustav Kladruby PACIENTI  TESTY  DATOVE MATICE  OSTATNi Admin

Datova matice 1
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PO02 19.4. 2024 30 105.0 100.0
P004 17.4.2024 a4 101.0 105.0
POO1 20.4.2024 34 1010 150
POOL 9.3.2024 34 97.0 99.0
POOL 16.12. 2023 33 96.0 96.0
POOL 13.1. 2024 34 96.0 103.0
Polozek na stranku: | 10~ 110212 > ol

Figure A.6: Data Matrix 1.

Rehabilitacni tstav Kladruby PACIENT DATOVE MATICE  OSTATNI Admin a2

Datova matice 2

cientdi s parametry.

Datova matice reprezentuje seznam viech

Zahrnout specifikace poskozeni  Zahrnout diagnézy
@ EXPORTOVAT DO XLS [ EXPORTOVAT DO CSV ® ZOBRAZIT NAHLED
Kod pacienta Pohlavi Datum narozeni Vzdélani F20.1 F20.0 Amnézie Apraxie Afantazie F20.2 Frontotemporélni demence Brocova afézie
P003 Zena 1.12. 1986 Vysokoskolské ANO ANO NE NE NE NE NE NE
P00S Muz 1.12.1992 Vysokoskolské ANO ANO ANO ANO ANO ANO NE NE
P002 Zena 1.12.1993 stredoskolské NE NE NE ANO ANO ANO NE NE
P004 Zena 1.12.1979 ZéKladni NE NE ANO NE NE ANO ANO ANO
POOL Muz 1.1.1990 Vysokoskolské ANO ANO ANO ANO NE NE ANO NE

Polozek na stréanku: | 10+ 1525

Figure A.7: Data Matrix 2.
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Appendix B

Prototype

App Pacienti Testy Uzivatelé Diagnézy [->

v Karta pacienta

1d 193
Rok narozeni: 1999
Diagnozy: F03

v Nové vySefeni

||

v 27.11.2022 (#2)

PAMETOVY TEST UCENI
Vysledek
m 8 ~
T2 10 ~;
i 12 ~
4 13 ~
T5 13 ~
8 7 ~
ITITS 59 ~
konfabulace 1-5 0 ~
opakovani 1-5 0 ~
T6 12 ~;

Figure B.1: Patient detail page with examination results.



App

Zadejte néjaky tidaj pacienta: #1D, rok narozeni nebo diagnézu pacienta m

Rok narozeni*

Pohlavi* Muz -

Diagnéza +

1D Pacienta Rok narozeni Diagnozy Akce
#193 1999 F03 7
#194 1989 Fo1 7
#195 1995 FO4. 7
#19 1999 F00 7
#9197 1945 F03 7
#198 1932 F03, FO5 7
#199 1900 F00 7
#200 1966 7
#01 1901 F03, F04, FO5 7
#202 1901 F03, F04,F05 7

Figure B.2: List of patients.

App Pa

Zatee méno b o dnery [ s |

Kod diagnozy*

nti Testy Uivatelé

Jméno diagnzy*

Typ diagnozy* Somaticka -
Kod diagnézy Jméno diagnézy Typ diagnézy
F00 Demence u Alzheimerovy nemoci Psychiatricks
Fo1 Vaskulémi demence Psychiatricka
F03 Neurcens demence Psychiatricka
Fo4 ‘Organicky amnesticky syndrom, ktery nebyl vyvolan alkoholem nebo jinjmi psychoaktivnimi létkami Psychiatricka
F05 Panicka porucha Somatickd

Figure B.3: List of diagnoses.
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Appendix C

Tests Used at the Rehabilitation
Center Kladruby

Some of the tests used at the Rehabilitation Center Kladruby. The list is not exhaustive:

e Auditory Verbal Learning Test

e Wechsler Memory Scale

e Wechsler Adult Intelligence Scale 11
e Rey—Osterrieth Complex Figure

e Trail Making Test

e Stroop Color and Word Test 1-2-3

e Benton Visual Retention Test

e Visual Memory Test

e Boston Naming Test 15

e Verbal Fluency test

e Bells Test
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Appendix D

Visualization Design Protocols
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Figure D.1: The protocol was used to analyze the specifications of the visualization used
to compare the patient’s results with a reference group.

78



H\AstOHQ V‘{éohw v ‘]a,o{horv\ tLSt(A

. Fy keostk
Yo\h anta A SR sybnbol gpon Cﬂ-o\%f

B8 poolobhest:
L4 WA(S 11 -

==X \

1, Vg‘slw(ok vsech  burer v tada

Mz\{c\m\\f loonr vouni

2. Leﬁcmo{m; ,\buikq/bwvo\

-

1M AL A Ay g Dok
Vv imnkon B
Sb‘xu/f\ WAIS V1~ Koskke Gk -
G A Vld‘S[EO(Q,IA Povze Ju(,\ql
- 7 h bu\zkg
1. Ookhpol \(\,\q,a’Lh\‘V\o tmw/\v\
S oroc)  HSE
14, 4.2 aa, A S Dok pormee
bo{:v\%fa-.
T’il’cv-j'-

/. Ktovon vor{anka, Nebo oby 1

: 4 Zéawbv\ahg’l kafelf
9. \'\rubﬂ‘. % urlene gkérel

o) pmc.'au(-
b test
) buiwke?

Figure D.2: The protocol was used to analyze the specifications of the visualization used
to track the patient’s progress over time.
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Appendix E

REST API Endpoints

e GET /auth/me - Retrieve User Info

e POST /auth/token - Login And Get Token

e POST /auth/refresh - Refresh Access Token

e GET /users/ - Get All Users

e POST /users/ - Create User

e GET /users/{id} - Get User By Id

e DELETE /users/{id} - Delete User

e PATCH /users/{id}/details - Update User Details

e PATCH /users/{id}/password - Update Password

e PUT /users/{id}/force_change_password - Force Change Password

e PATCH /users/{id}/activation - Change Activation

e GET /patients/ - Get All Patients

e POST /patients/ - Create Patient

e GET /patients/{id} - Get Patient By Id

o PATCH /patients/{id} - Update Patient Details

o DELETE /patients/{id} - Delete Patient

e GET /patients/{id}/rehabilitations - Get All Rehabilitations For Patient
e POST /patients/{id}/rehabilitations - Create Rehabilitation For Patient

e GET /patients/rehabilitations/{rehab_id} - Get Rehabilitation For Patient By
Id

e PATCH /patients/rehabilitations/{rehab_id} - Update Rehabilitation For Pa-
tient
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DELETE /patients/rehabilitations/{rehab_id} - Delete Rehabilitation For Pa-
tient

GET /patients/{id}/diagnoses - Get All Diagnoses For Patient

POST /patients/{id}/diagnoses - Create Diagnosis For Patient

GET /patients/{id}/diagnosis_groups - Get All Diagnosis Groups For Patient
GET /patients/diagnoses/{patient_diagnosis_id} - Get Diagnosis For Patient
PATCH /patients/{id}/diagnoses/ - Update Diagnosis For Patient

DELETE /patients/{id}/diagnoses/{diagnosis_id} - Delete Diagnosis For Pa-
tient

GET /patients/{id}/damage_tags - Get All Damage Tags For Patient

POST /patients/{id}/damage_tags/{damage_tag_id} - Add Damage Tag For Pa-
tient

DELETE /patients/{id}/damage_tags/{damage_tag_id} - Remove Damage Tag
For Patient

GET /patients/{id}/examinations - Get All Examinations For Patient

POST /patients/{id}/examinations - Create Examination For Patient

GET /patients/examinations/{exam_id} - Get Examination By Id

PATCH /patients/examinations/{exam_id} - Update Examination For Patient
DELETE /patients/examinations/{exam_id} - Delete Examination For Patient

PATCH /patients/examinations/{exam_id}/norm/{norm_id} - Change Examina-
tion Norm

GET /diagnoses/ - Get All Diagnoses

POST /diagnoses/ - Create Diagnosis

GET /diagnoses/assigned - Get All Assigned Diagnoses
GET /diagnoses/{id} - Get Diagnosis By Id

PATCH /diagnoses/{id} - Update Diagnosis

DELETE /diagnoses/{id} - Delete Diagnosis

GET /diagnosis_groups/ - Get All Diagnosis Groups

POST /diagnosis_groups/ - Create Diagnosis Group

GET /diagnosis_groups/{id} - Get Diagnosis Group By Id

PATCH /diagnosis_groups/{id} - Update Diagnosis Group
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DELETE /diagnosis_groups/{id} - Delete Diagnosis Group

GET /cognitive_functions/ - Get All Cognitive Functions

POST /cognitive_functions/ - Create Cognitive Function

GET /cognitive_functions/{id} - Get Cognitive Function By Id
PATCH /cognitive_functions/{id} - Update Cognitive Function
DELETE /cognitive_functions/{id} - Delete Cognitive Function
GET /damage_tags/ - Get All Damage Tags

POST /damage_tags/ - Create Damage Tag

GET /damage_tags/{id} - Get Damage Tag By Id

PATCH /damage_tags/{id} - Update Damage Tag

DELETE /damage_tags/{id} - Delete Damage Tag

GET /tests/ - Get All Root Tests

POST /tests/ - Create Test

GET /tests/{id} - Get Test By Id

PATCH /tests/{id}/details - Update Test Details

DELETE /tests/{id}/root - Delete Test Root

GET /tests/{id}/norms - Get Test Norms

POST /tests/{id}/norms - Create Test Norm

GET /tests/{id}/norms-full - Get Test Norms

GET /tests/norms/{norm_id} - Get Test Norm By Id

PATCH /tests/norms/{norm_id} - Update Test Norm

DELETE /tests/norms/{norm_id} - Delete Test Norm

GET /roles/ - Get All Roles

POST /analyses/comparison-with-other-patients - Get Comparison With Other
Patients

POST /analyses/result-history - Get Result History

POST /analyses/data-matrix/1/csv - Get Data Matrix 1 Csv
POST /analyses/data-matrix/1/x1ls - Get Data Matrix 1 Xls
POST /analyses/data-matrix/2/csv - Get Data Matrix 2 Csv
POST /analyses/data-matrix/2/x1ls - Get Data Matrix 2 Xls

GET / - Root
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