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ValChront, Software Tool for Validation of Chromatographic Analysis
Method

Abstract

Quality assurance is an important aspect in all industries. Most products and services are legally
obligated to undergo some quality checks before they are sold to consumers. This concept also applies
to the field of analytical chemistry. The results oégtical analysis can only be accepted if the analysis
follows a method that has been proven to produce correct results. Analytical methods are the blueprints
that determine how the analysis should be performed, therefore they need to be carefully validated
before use. Analytical method validation has received attention from regulatory bodies and expert
groups who have developed guidelines by which methods should be validated. Now, analytical chemists
can validate their methods using these guidelines to ptitnag they are fit for their intended purpose.

Analytical method validation is no easy process and it involves a lot of tasks that are currently being
done manually. This creates room for error and can make the process slower and so, more expensive.
Conseaqgently, the Institute of Chemistry at the University of Tartu initiated the development of a
software-asa-service (SaaS) solution calidlChromthat will solve the prominent problems faced in
analytical method validation. This thesis presents the dgsekent of the clientside application of
ValChrom The author discusses the rationale for the project, the development lifecycle of the
application and how the requirements where elicited and specified. The author presents the system
design and implement#&in and discusses future works and possible improvements to the delivered
product.

Keywords analytical method validation software, chemical analysis, chromatography, method
validation clientside application development
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ValChront kromatograafiliste analtiisimeetodite valideerimise tarkvara

Luhikokkuvote

Kvaliteedikontroll on kdikides téostusharudes oluline osa tboprotsessist. Enamik tooteid vdi teenuseid
peavad enne Uleandmist kliendile labima kvaliteedikontrolli. Kvaliteedikontroll on oluline ka analudtilises
keemias. Keemilise analllsidmuse usaldusvaarsus on tagatud ainult siis kui analttiline meetod on
valideeritud ehk, on tdestatud, et saadavad tulemused vastavad analtisi eesmaérkidele.

Ametlikud jarelvalvet teostavad asutused kontrollivad pidevalt, et keemilised anallisid oleks
usabusvaarselt kontrollitud ja teostatud. Selleks on mitmed ekspertgrupid (ICH, EMA, ISO, Eurachem jt)
arendanud juhendmaterjalid, mis satestavad analtitilise meetodi valideerimise juhised ja kriteeriumid.
Valideerimise etapis on analidtilistel keemikutel tipeale kohustuslik jargida konkreetset
juhendmaterijali, et tdendada meetodi sobilikkust konkreetses valdkonnas (nt bioanaltitiside valdkonnas).

Valideerimine on kullaltki keerukas ja spetsiifilist kompetentsi ndudev t66, mille lihntsustamiseks voiks
kasutadaT-vahendeid. Siiani viiakse valideerimisel vajalikud arvutused tihti labi tabelarvutustarkvaras ja
tulemused vormistatakse tekstiredaktori abil. Sel juhul on inimlike vigade arv suur ning kogu valideerimise
protsess aegandudvam. Seet6ttu algatati TU liidise keemia dppetoolis poolt teenusena pakutava
(SaaS) tarkvara ValChrom arendamist. Eesmargiks on pakkuda kasutajatele tddriista, mis abistaks
kasutajat kogu valideerimise protsessi valtel.

Antud t66s kirjeldatakse ValChromi kliendipoolse osa areristamrutletakse projekti phimdtete ja
tarkvara elutsukli Gle ning protsessi kasutaja vajaduste véljaselgitamisest kuni tarkvaralise lahenduseni.
Samuti pakutakse vBimalikke arendussuundi edasiseks

Marksdnad keemiline anallitis, kromatograafia, metoodikaideerimine
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1. Introduction

Before companies sell their products to people, the products must undergo tests and analyses to ensure
compliance with regulations. The same principle applies to chemically engineered products. Chemical
analyses are performed on them to know their quadityd understand their chemical composition.

Often those analyses usmalyticalmethods to obtain the composition of the product. It may be an
analysis to determine the content of active pharmaceutical ingredient of a tablet, pesticide residue in
tomatoes2 NJ 'y 'yl feaira G2 RSGSOG R2LAYy3 adomail yoSa
analyses to produce accurate and consistent results all the time. For example, contents of active
ingredient and impurities should always be accurately deteadi In order to correctly perform

chemical analysis, there needs to be a blueprint that specifies the steps to follow and tools to utilize.

This blueprint is called an analytical method.

Often the use of analytical methods yields significant results¢hataffect several aspects of life. In the
medical field, an inaccurate result could imply an incorrect diagnosis of a patient. In food production, an
inaccurate result could imply that people will consume harmful food. That is why before an analytical
method is used to perform chemical analysis, it must be validated to determine whether it produces
results that comply with regulations and to ensure that it fits the intended purpose.

Even though today, sophisticated lab equipment is available to help skepgrform chemical

analyses, therarestill a lot of manual and timeonsuming activities involved in the method validation
process. These activities include reading lengthy method validation guidelines to decide which
techniques to utilize to assessafifferent criteria and parameters of the analytical method, preparing
samples for laboratory analyses, collecting and compiling the results of the analyses, performing
mathematical and statistical computations on the analyses results and finally prgdaciacument to
NELER2NI GKS FylFrfedAaortf YSGK2RQa OKIFI NI OGSNRaGAOA
create room for errors. In some cases, chemists may use several software tools at different stages of the
validation processwhichmeans that they need to transfer data between different tools. This can easily
lead to the isolation of information in several files or databases, the loss or inconsistency of data, and
the difficulty to share data and collaborate with each other.

An intutive solution to this problem is to create a software for analytical method validation. The
software will automate the process and basically eliminate the problems faced by the current analytical
method validation process. This is the rationale behfiadiBirom, a software project initiated by the
Institute of Chemistry at the University of TartalChromis envisioned as a softwages-a-service
(Saaysolution to help analytical chemistry laboratories plan, assess and report the validation of
analytical méhods in accordance with validation guidelines.

In this thesis, the authgoresentsthe developmenbf the frontend application o¥/alChromwhich is
built usingthe Vue.js Framework and how it interaatéth the backend applicatioto provide the
completeValChronSaaSolution The backend system and the freemid system communicate through
a Representational State Transfer (REST) Application Programming Interface (ARintd@he is
developed to be an interactive and dynamic single page applicatA).(Bprovidesthe userinterfaces
that mirror the analytical method validation process and provides the desired user experience.

This thesis is divided intgght (8)chapters. This introductory chapter is followed by chapter 2, which
provides some comixt and background about the domaihintroducesanalytical method, specifically
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chromatographyanddiscusesbout chromatograplic analytical method validatiorChapter 3 discusses
the problem statement andeviews existing solutions for analytical medt validation on the market

and then introduce&/alChrommas a solutionin chapter 4, the scope of the thesis and the approach
taken are discussedl'he requirementare discussednd illustrated irchapter Swhile chapter six

presents the system designs and chapter 7 discusses the implementation. The thesis is concluded in
chapter 8whichprovide some possible improvements than be made to the delivered system.

This software project was a joint work wikodjovi Hppolyte-Fayol Toulassalso a student in the
Software Engineering curriculum and Karl Kruuse, a software developer. Karl Kruuse handled the
implementation of the computation modules needed to compute the characteristics of the analytical
procedures while HippolyteFayolandthe author of this thesisvere respectively in charge of the
baclend application and th&ontend application. This thesis focuses on tleeelopmentof the

frontend applicationwhile Hippolyte Fayof2 thesis[14] focuses on the implaentation of thebaclend
application.

Only Section 1 of this thesis was written jointly whtlppolyteFayol All the other sections are
individual workof the author of this thesis



2. Literature Review

An analytical method is a way of conducting an analysis, detailing théogtsiep procedure necessary
to carry out the analysis [3]. It is useddoantitativelyand qualitativelydetermine the chemical
composition of a compound.

2.1Chromatography

Chromatagraphy is a type of analytical method for separating the analytes (or components) of a sample
to discover what they are and their concentration level [1]. This process of separation involves two
phases, the mobile phase and the stationary phase. The statigphase is usually a porous solid that
stays motionless inside a column (or tube) and acts like a resistance to the substances flowing through
the column. The mobile phase is the substance that moves throughout the process, transporting the
sample to beseparated over the stationary phase. The individual analytes in a sample interact
differently with the stationary phase due to differences in size, partitioning or adsorption etc.
phenomena. These differences between the components of a sample enabldaHsgrseparated from
each other [2]. Chromatography has an elaborate historical background, it began with simple column
chromatography, where mobile phase moved through the stationary phase under the influence of
gravity. Chromatography has since evohasdi produced many modern techniques such as tHig-
performanceliquid chromatography (UHPLC), fast protein liquid chromatography (FPLC), supercritical
fluid chromatography (SFC) and gas chromatography. (GC)

2.1.1 Liquid Chromatography

Liguidchromatography is a type of chromatography where the mobile phase is a liquid. The separation
process takes place in a column (special tube). In a liquid chromatography system, the stationary phase
is held in place inside the column. The column is wheeentixture of the sample and the mobile phase
passes over the stationary phase and then the sample components get separated from each other.
These analytes are eluted from the other end of the column in the order of their separation.

2.1.2 Highperformance liqud chromatography (HPLC)

Highperformance liquid chromatography (HPLC) is a type of liquid chromatography that makesause of
high-pressurepumpto pass the mobile phase and sample mixture as a pressurized liquid solvent
through a column containing the gtanary phasd8]. Thediagram inFigurel shows thecomponents

that make up a Higiperformance liquid chromatography systefrhis system is designed to suppart
standard HPLC process described below.

HPLC Process

The system has a Rasoir that contains the mobile phase (a solvent which will be transported
throughout the system). The Pump is used to supply and regulate the flow of the mobile phase into the
system. The sample is introduced into the system using the Injector whiclsitiiecsample into the

flow of the mobile phase. The mobile phase acts as a transporter, flowing into the column where the
stationary phase is attached to the hardware of the column. As the mixture of the sample and mobile
phase flows through the columnhé¢ analytes in the sample get separated. After which they flow out
from the column and into the detector [8]. The Detector registers the individual analytes that pass
through it. Then they can either be stored for further analysis or discarded dependithg garpose of

the separation. The detector is connected to a Computer data station which identifies and quantifies the
concentration of the analytes that are being eluted from the column after separation. It collects and

8



stores the electrical signals atlien generates a Chromatogranchange of detector signal over the
time of chromatographic analysis. One HPLC system can have multiple detectors depending on the

sample or analytes characteristics
Computer Data Station

HPLC Column
Packing material

Injector

L

Sample

ja————

Solvent
(Mobile Phase)
Reservoir Pump
Solvent Manager
Solvent Delivery System

Detector

Waste

Figurel High-Performance Ligid Chromatography [HPLC] System

The column

Figure2 provides a clearer illustration on how the analytes of a sample are separated in a column. The
sample used in this example is a mixture of blue, yellow and red dyes which now appears as a dark
substance. The first image is a snapshot of the column at time zero, when the sample is injected into the
column and it appears at that point as one single dark band. The arrows indicate the direction of flow of
the mobile phase.

Injected Sample Band (Appears “Black”) (Blue, Red, Yellow)

Time Zero
Mobile Phase e >
‘i——-———-—-—-——-H
Anatyte Bands

Time +10 Minutes ‘ l—

Mobile Phase — -

i i

Figure2 [8] How a Chromatographic Column Works




The second image of the column shows the situation ten minutes after the sample was injected. During
this time the mobile phase continued to flow through the column over the stationary pivhde

moving the analytes in the sample further along the flow direction. This has caused the individual dyes
to separate into three different band moving at different speed. The yellow band moved the fastest and
is at the point of exiting the column. Bhis because the yellow analyte is more attracted to the mobile
phase and so it moves faster compared to red and blue dye. The blue analyte on the other hand is more
attracted to the stationary phase and so has a slower speed and it is the most retaimlgteaof the

sample. The red band is moderately attracted to the mobile phase and so it moves at a moderate speed.

This difference in speed of analytes is what enables them to be chromatographically separated

Detector
HPLC Column Flow Cell

B .

Injection
Stant

-------

Base-line

)

Figure3 [8] HowPeaks Are Created

The Detector

The exit point of a column is connected to a deteckigure3 shows howdifferent analytesleave the
columnandenterthe detector.Thedetector has a flow cell that detects every analyte that enters into it
and then sends an associating electrical aigo a computer data statioabout the analyte it detected.

The Chromatogram

The chromatogram is a visual representation of the result of the separation. The computer data station
plots the chromatogram based on the electrical signals it receives frerflatv cell of the detecto(see
Figured4). The computer data station starts plotting the chromatogram from time zero, when the

sample is first injected [8]. That iwrit starts off as a straight line, because the detector has not

detected anything other than the pure mobile phase (called the baseline). As an analyte enters the
detector, it sends a stronger signal to the computer data station. The stronger signatd¢hasplot to

create an upward curve to the proportion of the concentration of the analyte, it goes high and as the
aA3yltf NBRdzOSa GKSY AG NBRdzOS&a GAff AG NBGdzNY &
are called peaks. Peaks are registl for every analyte that the detector encounters

10



1 DAD1 B, Sig=27

=

.20 Ref=500,100 (CACHEM22 OLODVT'\DATA\DEMO\DEMODADN.D)

12.835

40 -

20+

3.901
4.747
B.363
16.368
19.061
22570

2.2AnalyticalMethod Validation

The objective oainalyticalmethod validation is ta@eterminewhetherananalyticalmethod used for an
analysiditsits intendedpurpose[1]. Analyticalmethod validation is a vital aspect afjood analytical
practiceand sometimesdt is obligatory by lawThe results from validation are used to ascertain the
reliability, quality, and consistency of method$he \alidation ofanalyticaimethodsmustbe done
before they arantroduced into routine useAlso, evalidation ofananalyticalmethod needsto be
carried out whenever the state for which tlamalyticalmethod was alidatedchanges.

Substantial attention is given to validation from regulatory bodies and industrial committees because of
its importance in the field of analytical chemistry. This has resulted in various international bodies
(organization and conferencgsreating guidelines abowainalyticalmethod validation Some of the

most important bodies and validation guidelines are:

o Eurachem (European network of analytical chemistry) analytical method validation.

o0 ICH (International Conference étarmonization) validation of analytical procedures.

o EMEA (European Medicines Agency) bioanalytical method validation
2.2.1 Validation Parameteyr
All guidelines specify a set of parameters that must be assessed to determine whetnaalgtical
method is validbr not. Each parameter evaluatesldferent aspect of a method. Below are some of the
most common parameters currently being used in validation.

Linearity

The linearity of amnalyticalmethod is demonstrated by its ability to derive results from thelgsia

that are directly proportional to the level of concentration of analytes in a sample within a specified
range. Linearity is sometimes evaluated visually by examining a graph of signals plotted as a function of
analyte concentration. This graph isledlthe calibration graph. It shows the concentration level of an
analyte and can be used to predict the concentration level in an unknown sample. Linearity is evaluated
by inspecting the calibration graph that contains signal heights (peak areas) agiarfwof the

concentration level of the analyte

11



Limit of detection

The limit of detection ofnanalyticalmethod is the minimum amount of an analytes in a santipég

can be detected but cannot be exactly quantitated as a precise Vialisan acceptable level to say that
an analyte is present in a sample, but it does say how muclof it is present.

Limit of quantitation
The limit of quantitation of amnalyticaimethod is the minimum amount of analyte in sample that can
be quantitatively determined with appropriate accuracy and precision

Precision

The precision of aanalyticalmethod is measured by how close the individual results of analysis are to
each other or how well they agree when the method is applied several times to samples of the same
type. The acceptability of precision depends on the type of analysis being danebjEctive of

validating an analytical method with respect precision is to make sure that the analytical method will
output homogeneous results. For example, a sample is taken and analysed five times and then the
individual results are compared to asséssv close they are to each other

Trueness

The trueness ofinanalyticalmethod checks how close the results are to the true value (concentration).

If the results are close to the true value, the average is on the true value when plotted, then the
analyicalmethod is precise with high trueness. Otherwise, if the results are only close to each other but
not to the true value then the precision is good, but the trueness is low

Accuracy

The combination of precision and trueness forms the accuracgnAlgtical method is accurate when it

is true and precise. It is measured by how close the results generated from an analysis are to the true or
acceptable value and how close the individual results of analysis are to each other. The guideline by ICH
suggestshat accuracy should be determined using a minimum of nine analyses. Every guideline has
established a criteriog the maximum deviation of results from true value for it to be considered

accurate. The trueness and precision ofaaalyticalmethod is somdtnes regulated by laws for

example, the quality of drinking water

Selectivity/Specificity

The specificity of aanalyticalmethod is measured when it is possible to undoubtedly establish that a
signal is only due to a specific analyte, in the presenc¢har analytes. This test of identification must
be able to map each peak with its corresponding analyte

Range
The range of aanalyticalmethod is the interval between the highest and lowest concentration level of
analytes in a sample, where the method is considered applicable

RuggednedfRkobustness

Theruggedness or robustness af analyticalmethod is measured by how muébmall butintentional)
variations ofthe experimental conditiongthat are likely to occur durinthe routine usagen the process
of performing arexperiment)affectthe result If the method is unaffectety these variationghen it is
robust.

12



2.2.2 ValidationProcess

The validation of analytical method begins after it has been developed. Then one or multiple guidelines
will be chosen by an analytical chemist(s). The selected guideline(s) will determine the parameters and
experiments that should be used to valié the method. The next task for the analytical chemist(s) is to
create a weldocumented experimental plan. This experimental plan is created using the information in
the analytical method and in the selected guideline(s). The experimental plan isitakehe

laboratory where the necessary experiments will be conducted in accordance to the plan.

After the experiments have been successfully performed, the analytical chemist(s) will have the results.
These results are often in the form of tabular dagess with each column in the dataset represents some
aspect of the experiment, and the rows contain the values that were recorded. Each test in an
experiment produces its own result dataset. The volume of the experimental dataset produced from
running expeiments greatly depend on the experiment themselvEle product owners dfalChrom

who are themselves expert analytical chemist, states that each assessment method produces its own
result dataset containing the results for each analyte in the analytiedhod. Figure5 is an example of

'y SELSNAYSyGlEt REFEGFHASG F2NI Ly aasSaavySyid YSiGiKz2R
standard deviationof f Y i SNOS WY 4 yA2 Wb a dzf Ga F2NJ g2 oO6HO FylFfedh:
attributes in an experimental dataset vary depending on assessment methods.

name tr area expected concentration series level parallel marker  analyte

1.0 mg/ml acetamiprid  18.979 38489473 1.019024673 08.05.2019 1 1 Calibation ACE

0.8 mg/ml acetamiprid ~ 18.95 31285035 0.813941697 08.05.2019 2 1 Calibation ACE

0.6 mg/ml acetamiprid ~ 18.965 23799618 0.612960681 08.05.2019 3 1 Calibation ACE

0.4 mg/ml acetamiprid ~ 18.923 15866617 0.406306764 08.05.2019 4 1 Calibation ACE

0.2 mg/ml acetamiprid ~ 18.894 8000115 0.204248167 08.05.2019 5 1 Calibation ACE

0.1 mg/ml acetamiprid ~ 18.82 3932841 0.100684207 08.05.2019 6 1 Calibation ACE

0.08 mg/ml acetamiprid 18.868 3142822 0.078779525 08.05.2019 7 1 Calibation ACE

0.06 mg/ml acetamiprid 18.872 2351487 0.060463607 08.05.2019 8 1 Calibation ACE

1.0 mg/ml thiacloprid 13.4 3848947 1.02 08.05.2019 1 1 Calibation THC

0.8 mg/ml thiacloprid 13.95 3128503 0.8 08.05.2019 2 1 Calibation THC

0.6 mg/ml thiacloprid ~ 13.965 2379968 0.61 08.05.2019 3 1 Calibation THC

0.4 mg/ml thiacloprid ~ 13.923 1586617 0.4 08.05.2019 4 1 Calibation THC

0.2 mg/ml thiacloprid ~ 13.394 800115 0.2 08.05.2019 5 1 Calibation THC

0.1 mg/ml thiacloprid 13.32 393241 0.108.05.2019 6 1 Calibation THC

0.08 mg/ml thiacloprid  13.363 314222 0.078 08.05.2019 7 1 Calibation THC

0.06 mg/ml thiacloprid ~ 13.372 235187 0.06 08.05.2019 8 1 Calibation THC

The datasets need to be mathematically analysed and validated against the validation criteria which are
specified for assessment methods in the guideline(s). This involves the analytical chemist(s) performing
statistical and mathematical evaluations on tth@tasets. The results of the evaluations will tell if the
analyticalmethod is valid or not based on the criteria specified by the guideline(s). Once the datasets
have been analysed, the analytical chemist(s) creates a detailed report of the entiregsocks. The

report is a cumulative document from all the stages starting from the method description, guideline

13



selection, experimental plan, experimental dataset generation and validation analysis. All these phases
are explained in a report

3. Background

3.1Problem Statement

The frequency, how often a laboratory has to validate an analytical method depends on the field and
type of laboratory. For example, laboratories, which often develop analytical methods for new analytes
and operate in regulated field K pharmaceutical industry), perform different validations virtually

daily. In addition to validating newly developed methods, every method needs revalidation if substantial
changes are introduced: new sample type, new analyte or different instrumeneds Adso, methods

have to be revalidated at least once in five years.

Due to frequency and high significance of method validation, there is a need for the validation process
to be fast and accurate. However, most analytical chemistry laboratories daametthe luxury of
RSAONAOAY3I GKSANI LINRPOS&a dzaiy3a (KS g2NRa a¥fl ai
of ValChromwho are also domain experts, it could take a laboratory up to two weeks to conduct an
analytical method validation procefr®m start to finish if they have never done it before and up to one
week if they have done it before and have a system or process to follow. A significant portion of this
time is spent on mundane but essential task in the validation process e.g. infomtegnsfer,

calculations, result checking, report writing etc. This is an inefficient use of personnel time and
resources.

Another problem with this process of method validation is that there is a lot of tasks requiring human
interaction. This leaves atlof room for errors and mistakes. An analytical chemist is required to utilize
several tools to complete a method validation, e.g. Word Processing for reporting, Statistical tools for
calculations and Excel to view datasets. All these tools add extralerity to an already complex

process. There is a need for a solution that can automate and simplify the process for chemists to enable
them focus on the actual analytical chemistry tasks

3.2EXxisting 8lutions

Severabkoftware solutions have been createddaatomate the process of analytical methwdlidation.
Unlike oter fields, analytical chemistrgndmethod validationdo not have a variety of software
solutions to automatéts processes. Beloare someexisting solutios for analytical method validatian

Analyseit is asoftware solutionthat helps to atomate aspects of method validatiod]. It is developed
by a company callednalyseit as an extensionfdMlicrosoft Excel and all input data and results are
stored in Exel workbookslt is compliant toa fewvalidation guidelinesThe softwareanalysesan
experimental dataseusing guidelinecompliant statistical computations and then generateesult
about the validatiorconducted[4].

Fusion is an analytical method validatigrosted)software developed by a company calle&trix to
work with chromatography data station softwafg]. Fusionis compliant tawo validation guidelines,
ICH and Food and Drug Administration (Fi4yovides experiments needed to support method
validationandautomated calculations, graphing and reportiag.
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3.3ValChrom

ValChromis a SaasS platform that fully automates the procesanaflytical method validatioand
eliminates problem faced inraditional analytical method validatiorAnalytical chemists no longer need
to spend hours reading long documents of guidelines to create experimental plsers simply need to
enter the information of their method and select the guideline they wantse- ValChromwill
automaticallygeneratean experimental plarivalChroncurrently supports three distinct guidelines and
offersa combination of allhree as a fourth optionEurachem|CH (International Conference on
Harmonizationand EMAEuropean Meitines Agency)

With ValChromanalytical chemigtno longemeedto perform the satistical computations on their
experimental datasetby themselvesValChrontakes the datasets and perfosthe necessary
computations required by the selected guideligeénd presentthe resultsin a clear and detailed

report with all theinput data and graphgenerated With ValChromall theanalytical chemist needs to

do is make higtievel decisions while the software takes care of the tedious but necetssky.
ValChrontan be accessed from anywhere with a stable internet connection and these are the benefits
that have been achieved by implementisglChrom

o users will always have the latest version of the software.

0 Paperless analytical method validatioropesses to eliminate unnecessary costs and data
inconsistencies and errors.

0 Realtime analytical method validation results.

There are potential disadvantages associated wétielopingvalChromas aSaaSolution There is the

issue ofa customer's data at being stored on their premises. This could raise concerns about data
confidentiality and some customers (e.g. large pharmaceutical companies) might be resistant to the idea

that their highly confidential business datall be stored outsideheir premigsandthat it can be

accessed bg SaaS provider. Another issue is that the software cannot be accessed if the SaaSsservice
temporarily unavailable. This could result in disruptions to the customer's business. There are also
security risks involved im N Y A FSNNAY 3 RFGF 0S06SSy (KS thadzid G2 YSND
could raise concern from potential clients

Consideringhe advantages and disadvantages of the SaaS approach, the major reason for the product
owners to choos&aaSs the factthat ValChronis still at an early stage of development. It is very
important at this stagefor the solution to be tested and validated by potential users and clients. Using
the SaaS approach provides the ability to ship out new versions easityuandiyto get valuable

feedback from a wide range of users.

Target User characteristics
ValChroms aimed at one type of usat this stage of developmerand this is described belaow

A chemist who is familiar with the field of Chromatographic Method Validation.
Has a computer.

Possess basic knowledge of computers and English language.

Accustomed to using the Internet.

Have access to higdpeed internet connection.

Have an updated veion of one of the modern browsers on their computer.
Knowledge of MicrosofExcel or similar programs, to work with .csv files.

O O 0O O O oo
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Operating Environment
ValChrontan be accessed through any modern web browser on a computer that is connected te a high
speed internet connection. It does not require any installation.

Browser Support
ValChromworks on recent versions of Firefox, Chrome, Edge, Opera and, Saflacookies and
JavaScript enabled.

4. Scope and\pproach

4.1Scopeof Thesis

This thesidocuseson the devebpment of the Frontend applicatioof ValChrom The application
communicate with the Backend API oW/alChromwhich was developed alongside the Frontend
application The scope of work includes:

0 Requirementlicitation and specification
o Designand Valiétion

0 Implementation

0 Testing

Each of these stages will be further explained in tiesis

4.2Approach

Team Structure

The team was comprised of two product owners, one data scientist and two develtmerend and
backend. The two product owne(also thethesissupervisoriare Associaterofessor Koit Herodes and
Asko LaanistePhD They possess a wealth of knowledge about the domain of Analytical method
validation Theydeveloped the initiative o¥/alChromas a poduct. The product owners defined the
requirements for the systenburing the development proceshey tested and validatethe designs
and deliverablesgainst their requirements.

The mathematical modules of the application were developed$ko Laante and Karl Kruusélhese
modules performed analgs on theexperimental datasetsThe backend dofalChronwas developed by
Hippolyte Faygla Software Engineering studemtdthe author of this thesisleveloped the frontend
application.

Development Procss

The entireproject wasdesignedusing the agile software development procgshich is an iterative
development process. The requirements evolved and pivoted throughout the prajeetefore, itwas
important to keep an active collaboratidretween allthe stakeholders of the projecthescrum
methodologywas used for the developmemthichfollows the principldhat a projectshouldprogress
through a series of fixetbngth iterations called sprints.

Estimation and Planning

Theproject was structuredad divided into sprints of one week. Easprint started by defininga goal

and thenall the features of the produdhat neededto be implemented during that sprint to achieve

the goal. These featurasere then discussed and refined before adding them to a collection called the
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sprint backlogFor each sprint, a backlegsdefined which descritathe amount of work thashould
be completed during that sprint. At the eraf the sprint the team producd a potentially shippable
product increment whichvastested and validated by the product owners beforgadt accepted as
completed. The backlogasthen updated according to the amat of work completed.

5. Requirements Elicitation and Specification

The goal of this section is to present the requirement specification. This section provides a view of
ValChronfrom a user centric perspectiythe goals and requirements. Thisftware requrements
specification will show the different use casesd/alChromand the steps necessary to accomplish
certain tasks.

5.1Requirements Elicitation

Discussiorsessions

The first method used to elicit requiremenwasdiscussion sessionét the first meeting, the product
owners introduced/alChromthe goals and expectations. They introdudee existing softwarewhich
was not in use as it had not mali their requirementsDiscussion sessiongere held topresentthe
domain and the requirements of the softwarEhediscussionsvere donewith the aid ofscreenmock
upsto visualize the user interfaces and user expericthed was expected.

Prototyping

The second method used for gathering requirements was prototypifterthe discussion sessionthe
author of this thesisvould follow up and create user interface prototypes of the featutiegathad been
discussed. These prototypes will then be tested and validated by the product owners. If they met their
requirements thenthey would be implemented, if not the prototypes will baevisedto implement

whatever changes where specifiebhiswas an essential method to make suime is notspen
implemeningfeatures thatwere not what the product owners waed. The discussion sessions and
prototype presentations happened weekly during the sprint meetings.

5.2Functional Requirements

ValChronProcesPescription

Here is a description of the process as described by the product owners during the requirements
elicitation phaseThe softwardasaccessibl@nline through a modern browser on a computer that is
connected to the internet. On enteringalChrom a visitor or user will see the home page. The home

page will contain textual and visual contents that desckitadCinom to them. A visitowill be able to

navigate to the About page and Contact pagel will have the option tacreatean account on
ValChromExisting users simply login to thaiccount.After a visitor hasreatedanaccount,they

become a system user.userwill be able toaccess the six (B)odulesof the system namelyAnalytical
Methods, Validation Plan Templates, Experimental Plans, Experimental Datasets, Report Templates and
Reports.
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Figureé6 illustrates the process flow tha usergoes througho perform an analytical method validation
They start fromeither the 6GAnalytical Method$2 NJ (i K Sii Ad2tyF f tATRH ymotufewftide | G S & ¢
system. The user will create an Analytical Method by piogidll the required information and saving
it. In the Analytical Methodsection of the systera user will be able to seglist of all the methods they
have created. This list will be groupedioitwo collectionsnamely, Activeand Archived The analytical
methods that are actively in use will appear in thetivelist and the methods thatvere archivedby the
userwill appea in the Archivedist. In the active list the user caearchyiew, modify, duplicate and
archive analytical method#n the archived list, a user can omlgarch andluplicate an analytical
method. Once all the information has been added to the anafjtinethod, the user can change the
status fromIN PROGRE®SCOMPLETERatus helps inform userof the progress of each method in
the active list. Completedanalytical method can beaccesed from othermodules of the system.

The next stage is in thd/alidation Plan Templatésection of the system. The user will create a
validation plan template using ora# the fourguidelinessupported by the applicatiarThe user will
create a validation plan template by seligtall the optiorsrelevant to their validation and set the
expected values of validity and savelikethe & halyticalMethod< section, the user will also be able
to view all their validation plan templates in two BsActivelist andArchivedist. Smilarly, inthe active
list the user carsearchyiew, modify, duplicate and archive validation plan templatashe archived
list, a user can onlgearch andluplicate validation plan templatesdVhen all the information has been
provided for a templatethe user can mark it as complete, which will change the status fikom
PROGRES&SCOMPLETEDIs status will allow the validation plan templatelt® accesseffom other
sections of the system.

When auser has created an analytical method and a vaiihaplan template, the next step in the
process is the experimental plan. The user will navigate t@fx@erimental Pla@ énoduleof the

system and create a new experimental plan usingdb@pletedanalytical method and validation plan
template that wascreated previously. After saving the experimental plan the system generates an
experimental plan document from the analytical method and validation plan template. This document
will be used by the user in the laboratory to perform the specified experientest the validity of the
analytical method. The experimental Plaodulealso has an Active list and Archived list with the same
functionalities to search, view, modify, duplicate and archiece all the information is satisfactory to
the user, the status can be changed fri(fhPROGRE®SCOMPLETED

When the results from tlh experinents are ready, the user will proceed to thExperimental Datasets
moduleof the application. Experimental plaand Experimental datasets have a eoeone
relationship. This is because one laboratory experinoamnotproduce more than ongesult. At this
stage of the process the user will create an experimental dataset usingpthpletedexperimental plan
created earlier. In the experimental dataset entity, there are subsecfionthe variousexperimens
performed. The user will be able tpload thelaboratory result datasets to thie relevant subsection.
Once the user has uploaded all the result data from the experiment, thewilidre able to see an
overview or a detailed view of the validation resultfied gperimental Datasétmodulealso has an
Active list and Archived list. In the active list the user can search aridvarchiveexperimental
datasets In the archived list, a user can only seamalexperimental datasetOnce all the information
has been added to thexperimental déaset entity, the user can change the status frokh PROGRE®S
COMPLETEDhis status change will alldive experimental datasdb accessible from othenodules of
the system.
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At this stage of the process, the user has completed the analytical method validation. The next step is to
create a report of the process so far. The user will navigate téReporss moduleof the systemand

create a new report using the completed exjpeental dataset entity. The report is structured according

to a report template which can be viewed in thi@eport Templatesmoduleof the applicationThe user

will provide all the necessary information for the report and save it. After creating a repader will

be able to see a list of all the reports they have crdata the active list the user can search, view,
download,duplicate and archive reports. In the archived list, a user can only search and duplicate a
report. Once all the informationds been added to the report, the user can change the status fkom
PROGRE&SCOMPLETEDhis status change helps inform the user of the progress of each report in the
active list.

Use cases

This sectiorurther illustratesthe functional requirements fathe frontend application o¥alChromas
use casesAs described abovehere are two actors that interact with the applicationsitors and users.
Below their functional requirementareillustrated in individual diagrama Figure7 andFigure8
respectively Thesixmodulesin the application have a sitar structure of presenting theentitiesas
data collectionsThese data collectiorigve similar requirements that are reflected in the use case
diagramin Figure8. AppendixB contains comprehensiveutline of the usercasesmplementd inthe
frontend application oalChrom

Create Account

Visitor

Figure7 Visitor- Use Case
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User Stories

User stories are agile project management tools that help to deéfirgequirementsof a system and
revealthe benefits or value of that requirement. These user stories present aléigth and simple
description of the froS Yy R | LILI A Ol { ’ from@n@ pelsfeltideroNtie ¥ABs¢rd of the
system. Thg were usedluringdevelopment todescribethe functional requiremers. Since the
requirements where being set by nd@echnical product owners it was relevant to use a tool that would
enable them conmunicate domain needs into implementable feature descriptieigure9 gives a
glimpse of how the user stories westructures andAppendixA contains a comprehensive list of the
user stories used to implement the frontend applicatiorMalChrom

US45 - As a user, | want to view an
overview of the validation results for
my method. So that | can have a
summary of the validation results.

¢

US46 - A a user, | want to view the
details of my method validation
results. So that | can have all the
details of the validation analysis.

. 0

Figure9 Sample User Stories

5.3Nonfunctional Requirements

This section contains theon-functional requirement®f the Frontend applicatioof ValChromThese
are the nonbehaviourakequirements omuality attributesof the systemderived from the requirements
elicitation with the product ownersThesequality attributes have been categories according to those
defined in ISO/IEC 9126 [Fhey were used to establish the standatded to judge the operation of
the system.
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FUNCTIONALITY

Security

o In order to control access to tHfanctionalitiesof the application,usersaccount validation must
be strictly enforcedA usermust be authenticated from the Backend API prior to gaining access
to any Ul featuregexcept the home page, about, contact, Signup and Dogin

0 Usersmust belogged out of their session after a period of inactivity in the sysaechtheir
authentication tokermust bedeleted from memory

0 The systenmustnot saveany cache orcookieg®2 y i Ay Ay 3 | dzaSNRa f 23Ay (
passwordg Y (i KS dzdef MR deas@nForthillis to prevent the uSeaccounfrom
beingD2 YLINE YAASR AT GKS dzASNRAa O2YLziSNI 2NJ f 2Ol ¢

USABILITY

Learnability
0 80% of novice useishould be able to learn and operate the major features wagkistancef a
tutorial.
0 Themajor featureof the systenmust be accessible from theavigation bar of the system.
0 The Ul elements must be intuitive to the system users.

Attractiveness
o0 All Ul elementsnust have a consistent formgplacement and style
0 Gonceptual integriy in the Ul of the system
0 Professor Koit Herodes muse satisfiedwith the user interfacalesignof the system

MAINTAINABILITY
0 A software developer that is new to the project and has up to 6 months experience in coding,
should be able to filssues in the codand add new featurei less than 2 persocdays.
o Frontend architecture design must be done with modularity in mind sorantainability can
be done efficiently.
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6. System Design

This section of the thesis specifies @rehitecture and software design decisiarsedfor the
implementation of thefrontend application oW alChronmsystem.The different diagrams in this seatio
are used to show distinct properties of the applicatiorptoperly communicate all the essential
requirements of the system.

6.1ContextLevel Datdlow Diagram

Data flow diagram (DFD) is a graphical representation of the flow of information through tbesges

in a systemThe goal of using DFD is to make system requirements clear and identify major data
transformations that will be implemented in the systéi®]. The Context diagram helps to establish the
boundaries and the scope of the systdamgurel0 shows the context of the applicatiqreferred to as
ValChrontClien). ValChromclient interacts with the usery collecting and presenting informatiofihe
client is adThick Clierg, that is it performs processirand structuring of the data retrieved from the
backend database before it is presented wser

User Detail: User Detail:

Ananlytical Method. Ananlytical Method-

Validation Plan Template }{ [ { Guideline

/// : ‘\— Validation Plan Template——|
y: N

«———————Experimental Plan——  Valchrom Client |e—— Experimental Plan Vaichrom AP!
J lr//
Experimental Dataset-
Experimental Dataseté
Validation Result-
Computation Result-
Validation Report- Validation Report-

Figurel0 Context Diagram

0 FigurelOpresentsvalChronClient and shows its interaction with external entities, namely the user and
the backend API. The user inputs data andMbEChronClientvalidatesit and the sends it to bstored
in the database through the ARhe user saves information for their analytical method, validation plan
template, experimental plan and experimental dataset. Once alltifi@mationis save, the user will
then be able to view the validation rel for the analytical metbd. TheAPIperforms mathematical
analysis on the experimental dataset based onEueachem (European network of analytical
chemistry) analytical method validation.

o0 ICH (International Conference étarmonization) validation of analytical procedures.

o EMEA (European Medicines Agency) bioanalytical method validation
Validation Parameterselected by the user in the validati plan template. The computation results
derivedfrom performing themathematical analysesre sent to theClientwhen the usemakes a
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request to view the validation resugltThe computation resultseceivedfrom the APIdo not say
whether the analyticaiethod is valid or notThe validityof the analytical methogbased on each
validation parameteyis computed in theClient applicatiorusing a service

Due to the API and database design of the backend, the frontend needs to pehismealttime

processing ofhe computation resulto deduce the validity of an analytical methobheClient

structures the data and computes the validity results before presenting it to the user. The user can
simply view in their browser or decide to prinitoa PDF report. When a report is generated by the

Client, it also sends the PDF version to be stimehe database through the ARlhereason for storing

the PDF versions dfie report is to have an audit trail is a way of taking a snapshot of theocess so

that it could be traced whenrad with what dataa report was generatedAlso, he product owners

would like to add a signature functionality to the system in later versions, so when a report is generated
and signed it will be saved as a PDF file

6.2Sequence Diagram

Sequence diagram is a visual representation of the interactions in a syis&mws how operations
occur, what messages are sent and received and vithepnhappen in the lifeline. Everything is ordered
in a sequential manner accordimg the time of occurrence.

Thesequence diagrarhelow will further illustrate the process oétrievinga Validation result of an
analytical methodPrior to this the user has saved the information for their analytical method, validation
plan template, eperimental plan and experimental dataset.

View Validation Result Sequence
:ValidationService :ExperimentalDataset :ValidationPlanTemplate

1 ]

| |

| |

I I

—Get validation result—s | |
' \
|

I
|
|
|
|
I
getValidationResult()—,. |
|

——getValidationPlanTemplate()—s-

getValidationParameters()——s 5

A validationParameters- - - - - -

<= - == = validationPlanTemplate - - - - - -

getAnanlyticalMethod()}———»

- -analyticalMethod- - - - - - - -

<- - - -validationResult- - - - -
<-Validation Result Page- -

Figurell Sequence Diagram

25



Figurell showsthe user making a request through the application Ul to get the validation request. The
Ul forwards this request to a service.id$ervice is a script that gathers all the necessanadatd

performs the analysis transformthe data received into the information the user requires. This service
will be discussedin detail in theValidation Result Computatissubsection of thémplementation

section Finally, he resultinginformation is sent back to the @hd it isdisplay in a specified structure

for the user.

6.3Doman Model Diagram

A domain model is a visual representation of the #@atld entities of the domain being modelled [11].

In the case o¥alChromthe domain modelling is used to translate the requirements of the domain into
a conceptual solutiorzigurel2 shows the conceptual model dalChronthat incorporates the
conceptual classes, associations between conceptual classes, and the multiplicity of theatiassoci

Validation
Parameter

Ananlyte 1.% Analytical Method

3 Validation Plan Assesment Method i Criterion

Template

Experimental

1.
Dataset Report Template

Figurel2 Domain Model

Figurel2 shows that an analytical method is composed of one or many analytes. A validation plan
templateisderived from one guideline. A guideline is composed of multiple validation paranseidrs
eac validation parameter is composed of multiple assessment methasisessment methodsre the
waysa validation parameter can be assessedchassessment methois composed of one or more
criteria that needto be satisfiedo prove that a method is valid\n experimental plan is madem
combiningan analytical methoénda validation plan template. This experimental plan can only
produce (link to) one experimental datassttity. An experimental dataset object can be used to
produce multiple reports and report is structured according to one report template.
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6.4State Chart Diagram

A state chart (or sometimes referred to astomata,state diagranor state machingis a graphical
representation of the different states of an entity. The five main entitiegalChromnamely Analytical
Methods, Validation Plan Templates, Experimental Plans, Experimental Datasets and Reports, respond
to various event during their 8Cycle and change from one state to anothéigurel3is used to model

the dynamic nature of these entities.
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modified, completed and archived. In tidelProgress state an entity can be marked as complete so

that it can be accessed from other modules of the system. Wdmeactive entity is used (connected) in

another module, it becomed_ocked and when it is no longer used (disconnectedjyatomes

a hlocked, and an unlocked entity can be archived/hen an entity is archived, it can no longer change

to another state and sis lifecycle ends.
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7. Implementation

This section dthe thesis explains the process involved in implementing the frontend application of
ValChromlt discusses théechnolog stackused to develop the application along with the reasons for
choosing themlt then presents thearchitecture of the application and thienplementation of the major
features of he application

7.1Technologystack
The development of thepplication was done using Vue.js FramewasingJavaScript, HTML, and CSS
Bulma CSS framework and Buefy Ul component library were used to create the User Interface (Ul)
designs. Visual Studio Code was used as the editler and Bitbucket as the version control repository
for the application code.

Frontend Framework

The applications aSPAthat isa web application that runs inside a browser and interacts with a user by
dynamically modifying elements on the currentgearather than loading a new page from the server. A
SPA performs all the page rendering in the frontend and only requests the server when new data is
required or needs to be stored or refreshekhgular Reactand Vueare the most popularrbntend
framewarks (accordinghe number of star®n their GitHub repositorigsand they areused for building

user interfaces and SPAach framework has its advantages and disadvantages and they were
considered when deciding which framework to useVatChronclient. The factors considered for each
framework are discussed below:

Learning Curve:

The product owners had a strict deadline to present the softwath@Eurachem conference in May
2019andso they needed the development to progress at a fast pace. Tropyined aframeworkthat

will have dow learning curve for the developer and thus translateatguickerimplementation of
features.The author of this thesis had more experience working with Vue.js than Angular and React.
Angular and React are considertedhave a higher learning curve than Vue [16] so Vue had an
advantage

Popularity:

The product owners also required the technology stack to be popular enough in Estonia so that they
could easily find and recruit developers to work on the applicafRopuarity was also a priority for the
author of this thesis because popukgameworks have communities were developers can ask for help
when they are stuck. They also have design pattern or solution for commonly faced problems which can
help save time duringevelopment.React is the most popular framewaskcording taa survey

conducted byState of JEL7] followed byVueand thenAngular

Core Features

Angular is intended for large applications and it comes with modules that handle tasérkéating,

state management, formalidationand processingHTTP communication and routietc. out of the box
which makes it a relatively heavyweight framewor&aBt and Vue on the other hand are considered
lightweight frameworks. At their core, thenly represent the view layer @ application Therefore,
features likestate management, formalidationand processingHTTP communication and routiage

left to be customized. Developers can choose what features they would like to add to the framework
and customize is as required by their project. React and Vue have support from their ecosystem of
libraries that provide solutions fanost common problemsThe liditweight nature of React and Vue

28



was an advantage when considering the framework to us&&Chrombearing in mindhe time
constraint set for the projectthere was no need tadd features not needed at that time

Final Decisian

After comparing Angular, React and Vue against the constraints and requiremafatCirom Vue was
chosen as the framework to implement the frontend application. Vue has a strong advantage with
learning curve and it is popular enoutgheasily find new evelopers to continue the project. Vue also
supported the features required to implemelalChromand it offered the flexibility to customize what
featureswe use(to maintain a lightweight projegt

VuelLibraries
This subsection will introduce the libras that were added to the core Vue.js to customise the
framework to suit the requirements need.

Vue Router

TheVue Router library is the official router for Vue.js applicatignhsouter is a part of $PAhat

synchronizes the address in the browser es$ bar with the currently displayed vieWhe router is

what makes the URL change when navigation is triggered and helps to display the correct view matching
the URL.

Vuex
Vuex is the official state management pattern and library for Vudlgmaging tate in aSPAhat has
multiple components can be challenginguex library is used to manage the state in the application

AXios
It is apromisebased HTTElient for JavaScript that provides a frontend application with a single
interface forhandling asynchronous HTTP requests to REARIs

Buefy

It is a lightweight library based on Bulma framework that offers responsive Ul components for Vue.js
applicationsBulma is a CSS framework based on Flexbox that offers the elements to create web
interfaces. It offers prebuilt Ul components that comply with web standards and best practices.

Integrated Development Environment (IDE)

Several factors were consideradhenselecting the tool to use for the development of the application,
they are discussed belowhree popular JavaScript IBBUrce code editorarere compared before
selecting one, they ar&/isual Studio Cod@/SCodg Atom and Sublim&ext. VSCodgAtomand

Sublime Text areankedhighin a survey conducted e State of J8boutthe mostused JavaScript
tools[18].

Similarities:

All three toolsare ightweightwhencompared toother IDE like Eclipse and IntelliJ [19]. Theyve the
advantage of beingross platformand supporing syntaxauto-completion. VSCode providesyntax
auto-completeby IntelliSense based dmported modules, function definitions, andriable types.
Atom provides autocomplete through theutocompleteplus package

29



Cost:

VSCodéas the advantage of being tlomly one among the three that is free of charge to usim and
Sublime Text come with some chargksvas important not to incur any unnecessary cost in
developmentin areas wherehere are free solutions available.

Features

When comparing the features that each tool offers out of the box, VSCode offers more features than
Atom and Sublime tex¥/SCodeupportsbuilding and debuggingf applicationsout of the boxwhile

Atom providednstallable packagesnd Sublime text does not support building and debugging.

Atom and VSCode botiave Git integrationwhile Sublime offers git integration through plng.

Final Choice:

OverallVSCode offers morectionality than Atormand Sublime Texiut it is worth mentioning that
VSCodédeaturesare relatively limited in comparison to oth#dEs like Eclipse and IntelliJ, but these IDEs
are not considered for thigroject because they are heavyweight and have more functionalities than
wasrequired for this projectVSCodevaschosenasthe IDE ér implementingthe frontend application

of ValChronmbecause it was the closefit based on the factorsonsidered

Version Control
Three of the most userkpository management servicegere considered andomparel for this project,
they areGitHub, Bitbuckeand GitLab Here are the factors that determined which service to use:

Cost:

All three services offefree unlimited public gitepositories, but we needed a private repository for
ValChronto keep the source code securdaditHubcharges for private repositories whiBitbucket
offers free private Git repositorieand each repository can hawp to 5 uses. The most cost efficient is
GitLab which letan unlimited number of users on an unlimited number of privaieprojectsfor free.

Usability:

It was important for the product owners to be able to follow up on the implementation and see the daily
progress made in development. Therefore, it became important to choospasitory management
serviceghat the product owners felt comfortable working iBitbuckethad the advantage in this area

as the product owners found it more usable than GitLab andubitH

Final Choice:
Overall Bitbucket was a better fit for this project than the others and it ugesl as the repository for
the entire ValChronproject

7.2Architecture

Asmentioned earlier the Vuecore library is focused on the view lay#ran applicatiorwhich allows it
to be a lightweight framework, but this implies that it does natece anyform of application
architecture Application architecture can vary differently across several progEgiending on their
requirements and congints.

Thearchitecture used for the development ofithapplicationisthe Componenbased architecturelt is
a hybrid between the layered architecture and the featinased architecture.
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Examples of the layered architecturarethe ModelView-Contrdler (MVCandModelcviewcviewmodel
(MVVM) With this architecture, lte applications separated intgresentation layerprocessing layer
and data layerTheapproach satisfies the concept eéparation of concernanddecouplingbut in a SPA
this architecture can become complex and difficult to maintamthe application growshis isbecause
the SPA itself is not separated in layers but in features and components that are reactive to user
interactions.

In afeature-based architecturethe applicationis separated by featureJ his helps to mirror the domain
because the code is grouped by the domain entities and their functionalitipsssible area of
complexity formavhen we have services that need to communicaith each otheror we have
elements that are used across several features couldbe reused

TheComponentbased architecturéakes the benefi of the layered architecture and the featuigased
architectureandcombines them ira new architectural design. In this architectutiee application is

first separatednto modules like the featurdased architecture and the within each feature the code is
separated into the layers of tHdVVM. Common features and services that are used in several parts of
the applicationcan bereused.

R vaicrrom Sections ¥  Menu v Valid Validator v
Dashboeard Experimental Datasets Overview

Overview

Dataset name:  Acetamiptid And Thiacloprid In Honey By LC-MS

Dataset status:  LOCKED

Select an analyte to view its results

ACETAMIPRID (ACE) v
ACETAMIPRID (ACE)
Validation Parameters

Selectivity ¥
LoD and LoQ ¥

Linear Range ~

Toexplain the componenbased architecture further, let us examine the web pagEigurel4. To a
user, this pageontains horizontal bargextsand dropdownmenusbut from an architectural
perspectivethere are only componentgepresenting features)rhey are placed together tmake upa
Ulview. These components are organised in a tree structure which begins with a root{ooaain
componen). This tree structure is the foundation of compondraised architecturefFigurel5 shows
the page inFigurel4from an architecturaperspective @mponentbased architecture is a method for
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separation individual elements of a large usderface (or components) intmdependent, and self

sustaining micresystems.

Main Component

i \
|

FooterComponent

ContentComponent

NavBarComponant

A
A

AccordionComponent SearchBoxComponent

Figurel5 ArchitecturalPerspective o¥alidationResultOverview Page

Project Structure
Theinitial setup of theproject wasdone using the Vue command line interface (Cile CLI is

developed by the Vue team to provide the ability to quickly scaffold a new prajehproducea
structurelike the one irFigurel®.

b node_modules
> public
4 src
b assets
» components
b views
V App.vue
JS main.js
JS router.js
JS store.js
.gitignore
Js babel.config.js
{} package-lock.json

{} package.json

Figurel6 Project Structure
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Figurel6 shows thedirectorystructure of theproject after the initial setupThis is thestandard project
structure that is provided by VUELlon creatinga new project. The purpose of each item in the
directoryis explained below:

0 Thenode_moduledirectoryis whereall the libraries needed to buildVue applicatiorare
stored.

o Thepublicdirectory holds any static assets that do not need to run through Webpack (JavaScript
module bundler) when the project is being thglg.the index.htmilfile.

0 Theassetdirectoryholds files like imagegonts anddocuments that will be importedhto a
component.

0o Thecomponentsdirectory holds all the components of the application that will be used as
odzAf RAy3 o0ft201a Ay (KS @ASga 2F GKS LI AOFGAZ2
to as presentational. They handle the look and fe®d can be reused across diffetefews
They are grouped by the domain entity e.g. method, template, plan and dataset etc.

0 Theviewsdirectoryholds the components that are routed. They represent pages that the users
willseep ¢ KS& | NB GKS a{YINIé¢ O2YLRyYySyiGa Ifaz2 NBTS
things work and state changeBhey are grouped bihe domain entity e.g. method, template,
plan and dataset etc.

0 TheApp.vuefile is the root component where all othebpmponents are nested into.

Themain.jsfile is the entry point of the application that renders the App.vue component and

mounts it to the Document Object Model (DOM).

Therouter.jsfile contains the routes used in the application by Vue Router.

Thestore.jsfile holds the Vuex elements amopertiesof the application.

The.gitignore file specifies to git what files and directories to ignore

Thebabel.config.jsand package.jsorfiles specify to node package manageprf) how to

handledependences and identify the project.

o

O O O O

7.3Application

Entry Point

Themain.jsfile is the entry point ofa Vueproject(seeFigurel?). In this file an instanceof Vue is
created and all the libraries needed in the project en@orted. Themain.jsfile is responsible for
rendering the root componentApp.vug into the HTMLDocument Object ModgDOM) in the
index.htmlfile. TheApp.vuefile is the root component where all other components will be nested
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router,

store,

render: h h(App)
1) . $mount( #app”)

Figurel7 main.js file

ComponentStructure

The componentdn this projectare structured asingle file componentsThismeansthat for each
component,the structure (HTML) behaviour(JavaScrip@nd styling[CSSare encapsulate¢hto one
file. The reason for this approach iskeep related information together for better separation of
concern.This is how theomponentbased architecturés applied, each component is a feature and
then each component is an encapsulatiortlod layeredarchitecture The resulting structure of single
file componentis shown irFigurel8, consisting ofhree parts template (HTML)script(JavaScript) and

style(CSS)

scoped

Figurel8 SingleFle Component

Navigation

Now zooming in on one component in the applicatidre NavBarComponentThis component
represents the featuréor navigathgthe application It is displayed as the navigation bar at the top of
the application The componenis directly nestedin the App.vuecomponent. ltdisplayshe hypetdinks
for the different pagesand featuresn the application. The navigation featurmeorks with theVue
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Routerthroughthe router.jsfile. The Vue router is configuredith the routesfor each view(or pagejn

the systemFigurel9a K2 ¢ K2 g NRBdziSa I NB O2yFAIdzNBR Ay GKS | L)
GASS YR GKS a02YLRYSyileé Aa GKS @GASE 62N O2YLRYySY
The Vue Rater monitors the URL of the browser for change. Once the URL changes, it seheches

router.jsfile for the path that matches the new URL and then it displays the corresponding view.

path:

name: 'About’,

component: About,

meta: {
breadcrumb: [

{ name: 'Home', link:
{ name: ‘About’ },

Breadcrumbs

The breadcrumb feature works witihe navigation featur¢o providea dynamimavigation trail forthe
use, to help them tobe aware ofwhere they are irthe system.To implement thigeature, an extra
property is added tdhe route configuration®© I f 6 SR | & O NHEGoré19). d ke $dhitent of this
property is an array containing the navigation trail of the us&nenever a user navigates in the
application the breadcrumb feature fetches treontent of the breadcrumb property and then it
generates and displays the navigation trail to the user. The breadcrumb component is place in the
App.vuefile below theNavBarComponenthis pattern of implemetation is ideal because the
breadcrumb and routes are all in a central locatiorthe router.jsfile and if there are any changes in
future, only one file needs to be changed.

Security

Security was achieved in the application by combiningftinetiondities of the Vue Routeryuex store
and Axios. Visitorsanaccess the login pagthe signup page and theome page, the about page and
the contact page. All other vieveserestricted to only authenticated users. User authentication is
handled bythe Lagin feature. When a user provid#seir login credentialsthe login feature makes a
HTTP requegb the backend API to authenticate the user. If the logperationsucceeds, the APl sends
back arauthenticationJSON Web Token (JVHT2 NJ (0 K I (i n¢2d]. EXeLY Zubskdhimer KAF2
requestmadeto the APRdzNA y 3 | dza ShdEeat wiih&JaVatdkenys a Yhdaagiof
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identification Theefore, when the login feature receives tligVTioken from the APl responset saves
it in the Vuex store. That waydan be retrievedaterA y G KS dza SNRa asSaaizy

The backend has a specified length for each session, therefore if the user wants to use the application

for a prolonged time, the frontendeeds torequest atokenrefreshfrom the backendThis is simply to

ensurethat the user continues interaction witthe secured resources of the systeniteknatively, if the

user wants tcendtheir session oif the user has beemactive for a long tim¢10 minutes) the Logout

feature is invokedThe logout feature sendsHTTP requedb the backend APl tendthe useQ & & Saaizy
and then it removeshe JWTtokenthat wasstored in the Vuex store.

The navigation guardgrovided byVue routerwere used o protect the secured mges from being
accessed by unauthenticated usdrsthe application routefthe router.jsfile) a navigation guard is
added to althe secure routers that require a user to be authenticategfore they carview them. The
guard used isalledthed 6 STF2 NB 9 y (i SNE  tdgla ptdderty Fdded wrs rodd P dzi S NJ
configuration and its value israethod which will determine whether to redirect to the desired route or
to cancelit. This methods implementedo interacts with the Vuex storandcheck if the current user
has an active sessidiefore it allows the user to access the requested route.

REST API Calls

The API calls are the interactions between the frontend and the backend applicatigatGifromThe
frontend application uses Axios to seaslynchronousiTTP calls (GET, PGSATCH?UTand DELEJ o
the API.TheAPI callare made in the smart components (viewdjhenan API call is made, there is an
implicit promise to return its result. Two thgs can happen either the resudtreturned, or an error is
returned. Axios provides a way to handle baotises In this application the Vuex store is used as a
repository to store the data returned from API calls. If an error is return, the appropriessage is
displayed to the user that requested a resource.

State Management

Vuex provides state management that offereay to make state changés the application The need

for state management became evident &&tapplication grew, eactomponent had a version of state

that it utilisedand there needed to be a way to communicate changes in state between components.
One instance of this is the case of the Validation Result {delked Overviewwhich nests multiple child
components and ezh of them needs to interact and modify the same states. Using Vuex store provided
the ability to consolidate all the states into a single location that can be amtbgsvery component

To utilise Vuex in this applicatiorstore.jsfile was created tdold the implementation of state
management. Inside this file there are four (4) main propersiase, gettes, mutations and actionsee
Figure20). Thestate property serves as the "single source of trutlt'is implemented as a single object
that comprises of all the applicatidevel state Simply put, it is an object that contains variables of the
different state in the applicationThegettersproperty isa colection of functions thatise thestate in

the state property andhenreturns a value based on the manipulations in the function. The return value
of a getter function is cached based on its dependenci@silytgets reevaluated when a dependency

has changed its valu@ne example of a getter function in the applicatiomaighenticated, this function
checks to see if there is a JTW token for the user in the stor¢hemdt checks if the token is still active.
The return value is of type Boolean,itwlicatewhetherauser is authenticated or not.
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Vue.use(Vuex)

xport default Vuex.Store({
state: {

1
I
mutations: {

1
I

==
getters: {

1
J>»

actions: {

1
i

Figure20 Anatomy of Vuex Store

Themutations property is the only way stagin the storecan be modifiedAn example of its ueis

when an active session of a user is about to expire and the user would like to continue using the
application,as mentioned earliethe frontend sends a request to the backend to refresh the token. The
backendthen sends a new token and this token needs todaved to make future request to the

backend Since sssion tokens are stored in the Vuex staifee new tokemeeds to be updatedThere is

a mutation function calleREFRESH_TOKHERNismutation is committed by calling the REFRESH_TOKEN
function and pasing in the new token value. The functiaill then modify the state for the JWT token

in the store. This is how state management is handled in the application.

Validation Result Computation

This isacore functionality oValChromt is responsible foproviding users with the validation result of
their chromatographic analytical method@he implementation of this feature involved niradsan API

call to the backendb fetchthe computation results for the experimental datasets wgled by the user.
The responseomes back asa json object that contains all the input experimental datasets and the
computation resultsThe response datietchedis in a structure that represents how the data is stored
in the database. This structurg very different from how it needs to be presented to the users on the
UL.
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vi{.}
»8: Array(8) p vB: Array(8)
»1: Array(2) v

»2: Array(2) analyte: 1

» 31 Array(2) assessment_method: 18
»4: Array(2) » experiment_data: Object
» 5 Array(2) experiment_dataset: 16
» 6 Array(2) id: 274e5

»7: Array(2) level: null

» 8 Array(2) marker: null

9: (...) parallel: null
»18: Array(2) rounded_value: "/media/a79c4b7c-3f1.png”
» 18~1~14.85.20819: Array(l) row: @
» 18~2~14.85.2812: Array(l) series: "14.85.2819"
»11: Array(2) status: "invalid”
b 11~1~85.85.20819: Array(7) value: "/media/a79c4b7c-3fl.png”

» 11~2~85.85.2819: Array(7)
»-1: Array(2)

Figure21 Anatomy of Computation Results

Figure21 shows & exampleof the response data received from the backend after requesting the
computation results. The data comes as a JSON object containing keys andNadwafues of the
experimental datasets uploaded by the usghe input datd) are the items whose keys are positive
integers while the regative integers represeminy additional input data that the user entered into the
system through a form field and nby uploading alataset.The computation result values are the items
whose keysontainintegerscombined with the symbol ~. The format of the computation result item
key is

<assessment method ID>~<analyte |IBseries>

Aservice was created t@structure the datanto a format thatcan be displayed to users through tbié
components This servicalsoseparatesthe data based on their type (input amdmputationresut).
The restructured data is then pass toaher servicedo compute the validation results.

Several ARlallsare made at the stage @bmputing thevalidation result All the data about the current
experimental dataset is needed to compute validity. Amalytical method and all the associating
analytes ardetched the validation plan template data comprising of all the validaparametersand
their assessment method arnbe criteria arefetched Thecomputationservicecontains functions that
compute the validity of an analytical methobhe result of the validity computation is then displayed on
the Ul for the user to sees theddecisiod U Kalidior ihvélidseeFigure2?.
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Repeatability |9 injections at 3 levels with 3 parallels per level

Criteria Limit Found Decision

Maximum RSD 0.02 0.00178 @

Minimum number of injections 9 5 ®

Detailed View v

User experience (UAhdUser Interface (Ul)

The overall experience that a person has as they interact with a software is a crucial deterofiinant
whether the person will continue using the software or nbhis concept is referred to as the User
Experience (UX). Th&X of an application is formd by every aspect of the application like functionality,
processes and the user interface. The Ulro&pplication is thepart of an application that the users
interact with directly and has a high impact on the overall Heteare some fundamental principles
that were followed to implement the Ul afalChromn a way that would satisfthe USABILITof the
product owners and provide the desired (b¢eFigure24).

UseQ rgeed

This was a majogoal belind every Ulin the applicatiorand itwas achieved through design validation
with the product ownergwho areexperts inthe domain andunderstand theneeds of analytical
chemiss). The designs were also validateglother analytical chemists that were tpart of the project
to getdifferent perspectives on how potential users will interact with the application.

Simplicity and Clarity

The Ul was designed in a way that the content of epaige is presented in a simple and clear way
Whitespaces are essential in making dddk simple and not over cluttered. Detailed informatien
heldin dropdown components to keep the pages lighie application has a simple colour theme of
green and white, and light shades of grey are useddblight some areas in the pag&he breadcrumb
Ul componenhave asimpledesign and they maki¢ possible fothe userto alwaysknowwherethey
arein the application. The navigation menus are pthitethe order that makes sense to an analytical
chemig andit mirrorsthe progression of thealidation procesg¢seeFigure24).

Consistency

The Ul desigiis consistentthroughout the application. This is achievieglrewsing the same Ul

component across the entire application. This provided a consistent layout, colours, font, buttons etc.

The consistency across the application helps users recognise similar elements even when they are on a
different page. The Ul elementsal follonsY 2 RSNy | L adl yRFNRa | ONeraa (KS
need to get used to strange icons of events in the applicaBerFigure24).
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Confirmation and Feedbac

The application communicates with the users to help them understand what is going on. This is done by
providing informative popups when an action succeedsfails, asking user to confirm their action

before proceeding with an actiofseeFigure23).

Overwriting data

Are you sure you want to overwrite the existing
data? This action cannot be undone.

Cancel Overwrite Data

Figure23 ValChromJI Designg Confirmation and Feedback
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Figure24 ValChromlJI Designs





























































