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Abstract

Cheese fraud, which include mislabelling and adulteration, is prevalent, particularly in high-value
cheeses such as PDO and PGI cheeses. Novel imaging techniques such as infrared (IR) spectroscopy
and Raman spectroscopy has emerged as potentially non-destructive, fast, and accurate ways to
authenticate cheeses. These techniques, coupled with chemometric analysis, have been used to gain
detailed insights into the chemical and physical properties of cheese. They have also been improved
to analyse spatial information, with near-infrared hyperspectral imaging (NIR-HSI) and spatial
Raman. Despite their potential, widespread industrial adaption is limited.

This essay explores the application of IR and Raman spectroscopy, coupled with spatial techniques,
in cheese authentication. It evaluates their advantages, like being able to analyse samples through
their packaging, as well as its disadvantages, such as expensive instruments and complicated data
analysis. Necessary steps towards implementing the techniques in industry is integrating advanced
analytic tools, such as effective machine learning algorithms, and creating a large public dataset to
improve the accuracy and applicability of these imaging techniques for industrial usage.

Keywords: Cheese quality, Image analysis, Infrared spectroscopy, Raman spectroscopy,
Hyperspectral imaging
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Abbreviations

ANN
HSI
IR
NIR
MIR
PR
PDO
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Artificial neural network
Hyperspectral imaging

Infrared

Near-infrared

Mid-infrared

Parmigiano Reggiano

Protected Designation of Origin
Protected Geographical Indication



1. Introduction

During the last 30 years, dairy production has increased worldwide by over 59%
and as more cheese is being bought, the rate of cheese food fraud has followed
(FAO n.d.). The need for cheese quality authentication has therefore increased, both
for retailers and regulating agencies, to authenticate that the cheeses comply with
legislation and specifications. Cheese is the most common dairy product in food
fraud, with fraudulent documentation along with adulteration accounting for 94%
of cheese frauds (Montgomery et al. 2020). This can include having a lower protein
or fat content than the labelling says, substitution of milk species, addition of illegal
substances, or higher salt content. The most commonly adulterated cheeses are
mozzarella, ricotta, hard cheese, feta, butter cheese and Parmigiano Reggiano
(Abedini et al. 2023). Many of these are protected by a certification such as PDO
or PGI and are thus subject to additional regulation such as geographical region of
the manufacturer, region of the feed and processing steps, making them more
expensive than regular cheese.

Traditionally, cheese authenticity has been evaluated by physicochemical methods
such as GC, HPLC, PCR etc. The problem with these techniques is that they are
time-consuming, chemical-dependent, they require trained personnel, and they
produce waste through being destructive techniques. Novel imaging techniques
which are non-destructive, fast with no preparation have therefore gained interest
for authenticating cheese quality during the 21% century (Lei & Sun 2019). Imaging
techniques coupled with chemometric analysis utilize different kinds of
wavelengths to analyse physical and chemical properties have been successfully
applied to many different sectors, from pharmaceuticals to agri-food products.
Concerning cheese quality evaluation, the most common wavelength regions are
the infrared (IR) region, the visible region, and the X-ray region. Raman
spectroscopy, not relating to a certain wavelength region, has also been used. All
these techniques only acquire spectral information and therefore they have been
developed to measure spatial information through hyperspectral imaging (HSI) or
other technical additions to the light sources.

The main challenges of all the above mentioned imaging techniques is that they are
expensive, require extensive training and calibration as well as complicated data



analysis (Hebling e Tavares et al. 2022). Therefore, none of the techniques have yet
been fully implemented for industrial use in the food sector, although they have
been in use in other sectors, mainly the medical sector, for a longer period.

This essay will therefore explore industrial application of cheese authentication
through imaging techniques. Since the X-ray region is used mostly for evaluating
physical properties such as cheese eye development or microstructure, IR and
Raman spectroscopy as well as their spatial counterparts are the most common for
cheese authentication and will thus be the focus. Through the literature provided by
peer-reviewed journals available online this essay will start with the description of
the techniques, followed by different applications and finally analysis of future
challenges and possibilities.



2. Spectroscopic imaging methods

Spectroscopic methods are when absorbance of photons is measured to generate an
absorbance spectrum specific to the sample. The photons can be described by their
wavelength, which is usually measured in nanometres (nm), or cm’!, and their
wavelengths are associated to different regions of the electromagnetic spectrum
(Figure 1). The different wavelengths will interact differently with the material as
certain spectral regions are associated with certain types of interaction. Shorter
wavelengths will interact with smaller parts of the material, such as electrons, while
broader wavelengths will interact with larger material, such as chemical bonds

(Dufour 2009).

An image can therefore be described by spatial and spectral resolution where spatial
resolution is the measure of the smallest object distinguishable in the image and
spectral resolution is the selection of wavelengths measured (Khan et al. 2018). The
spatial information is therefore related to the sensors of the instruments while the
spectral information is related to the choice of wavelengths.

In order to properly describe the spectral and spatial information, data
preprocessing followed by data analysis is required. These steps can greatly affect
the result of the prediction or classification accuracy and therefore they are briefly
described at the end of this chapter.

Electromagnetic spectrum

Radiation type Radio waves | Microwaves Infrared Ultraviolet H-rays Gzr‘:;r;a
Wavelength 30 mm 1 mm 10 nm 0.0 nm
(approximate)
Visible light
700 nm 600 nm 500 nm 400 nm
Figure 1. The electromagnetic spectrum. Image acquired from

https://www.khanacademy.org/science/biology/photosynthesis-in-plants/the-light-dependent-
reactions-of-photosynthesis/a/light-and-photosynthetic-pigments



2.1 Spectroscopy techniques

2.1.1 Infrared spectroscopy

The spectral bands from infrared waves are derived from vibrations of chemical
bonds which is why infrared spectroscopy is sometimes referred to as vibrational
spectroscopy (Dufour 2009). The infrared region is divided into three smaller
regions: near-infrared (NIR) (800-2500 nm), mid-infrared (MIR) (2500-25000 nm)
and far IR (25000-100000 nm). NIR is the most extensively researched region for
food quality analysis. It has traditionally been used to measure chemical
composition (Dufour 2009) with different wavelengths being associated with
different chemical composition, as illustrated in figure 2, but it can also be used for
texture and sensory analysis (Woodcock et al. 2008). Its disadvantage is a weak
sensitivity to components present at low concentrations (Woodcock et al. 2008).
MIR has also been employed for various applications and has its main
implementation in identification of organic and organometallic molecules
(Woodcock et al. 2008).

Both NIR and MIR can be improved through Fourier transform-NIR and -MIR
(FTIR and FT-MIR) which has the advantages of being faster and more sensitive,
but is consequently more expensive (Thain 2022).

Absorbance

Wavenumber (cm™") 4000

Figure 2. An example of a NIR spectrum collected from cheese. Image acquired from Ayvaz et al.
(2021)

2.1.2 Raman spectroscopy

Raman spectroscopy is not related to a certain wavelength region, but is a technique
where the sample is exposed to a laser and the information is gathered from
inelastically scattered photons (Jin et al. 2016) (Figure 3). Specific chemical bonds
generate specific “Raman shifts”, and Raman spectroscopy can thus be used to
measure chemical properties. Its advantages include speed and the ability to be used
for water-rich samples, as the information from the water molecules do not overlap
with the information of other molecules (Jin et al. 2016). One of the major
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drawbacks of Raman spectroscopy is a band overlap between fat and protein
components, making quantification of these compounds difficult but certain
wavelengths can be selected to reduce the overlapping information (Smith et al.
2017).

2.2 Spatial imaging

2.2.1 Infrared-hyperspectral imaging

Hyperspectral imaging (HSI) is often described as a major upcoming research area
of interest for various applications, among them food quality analysis. HSI
combines spatial and spectral information by relating several optical bands in broad
spectral range to each pixel (Khan et al. 2018) (Figure 3). The huge advantage of
HSI compared to regular spectroscopy is its ability to acquire spatial information
and thus being able to examine heterogenous samples (Khan et al. 2018). However,
the multidimensionality of HSI images creates the problem of handling large
amounts of data, together with low-speed and high-cost calculations (Siche et al.
2016).

Reflectance

Figure 3. Hyperspectral image data, where the spatial information is represented by the “pixels”
or Scand S,, and the spectral information by S ;. Image adapted from Khan et al. (2018)

2.2.2 Raman spectroscopy and spatially offset Raman
spectroscopy

To capture spatial information through Raman spectroscopy, two techniques called
confocal Raman spectroscopy and spatially offset Raman spectroscopy (SORS) are
used. These are both relatively new techniques and have not been widely used for
food analysis. SORS have the main strength of being able to collect data below the
surface, up to several millimetres, but is a relatively new technique with few
applications (Conti et al. 2016; Parker 2017).

11



2.3 Data preprocessing

In order to improve the ability of the computer to properly analyse the information,
data preprocessing is crucial and can improve the accuracy of cheese product
classification from 40% to 98% (Zhang et al. 2023). For NIR, data preprocessing is
necessary to adhere the signal data to Lambert-Beerz’s law for quantification of the
compounds.

Preprocessing techniques are divided into reference-dependent and reference-
independent, where reference-independent is the most common for cheese quality
analysis since a preexisting reference rarely exists. Common reference-independent
techniques are multiplicative signal correction, baseline correction, standard
normal variate correction and normalization, as well as differentiation by Savitzky-
Golay routine (Rinnan et al. 2009). The choice of technique depends on the type of
spectral information as well as on the later classification algorithm. The techniques
can also be combined, although a combination rarely leads to significant
improvements of accuracy (Rinnan et al. 2009).

2.4 Algorithms and data analysis

After the data preprocessing, the classification or prediction model is created. This
step involves making a calibration set, constructing a model, validating the model
and finally, predicting unknown samples.

Classification is the process of grouping different objects into different classes
based on certain parameters. These classes can be predefined, or created as the
classification algorithm learns the data. Models can be defined as linear or
nonlinear, with linear models assuming that the signals depend exclusively on the
concentration of the desired analyte. Despite this not always being the case, linear
models are by far the most used, with the most common ones being principal
component regression (PCR) and partial least squares regression (PLSR).

One common nonlinear model is artificial neural networks (ANNs) which is a type
of machine learning that uses nodes or “neurons” in hidden layers to learn by
iteration. The amount of neurons in the hidden layers should be optimised in order
to reduce the risk of overfitting as well as saving time, since the model can stabilize
after a certain amount of neurons (Zhang et al. 2023). ANNs can be modelled in
different ways and the interested reader is referred to the review by Zareef et al.
(2020).

When applying the data analysis in an industrial setting, there are several other
aspects, besides receiving the highest accuracy, that must be considered. For
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instance, the resulting analytical information should be easily interpretable, since it
will be used by less data-skilled operators. The models should be useful for longer
time periods and they should be easily updated when deviations emerge, as
normally happens (Blanco Romia & Alcala Bernardez 2009). Recalibration can be
very expensive, and therefore, transfer algorithms has to be coupled with a robust
database to translate data between different machines and techniques (van den Berg
& Rinnan 2009).

13



3. Applications of infrared and Raman
spectroscopy for cheese

Cheese is a heterogenous food product mainly consisting of water, fat, and protein,
with minor quantities of carbohydrates and minerals. The product is the result of a
combination of raw material, processing parameters, and maturation. Therefore,
different kinds of cheeses can vary substantially in their physical and chemical
composition, allowing certain properties to be attributed to certain cheeses and
classifying them accordingly.

This chapter explores the use of IR and Raman spectroscopy to quantify key
chemical components and to classify cheeses based on their imaging fingerprint.

3.1 Measuring chemical composition

Food fraud in cheese often involves mislabelling concerning fat and protein content
(Montgomery et al. 2020). Additionally, moisture content is a critical parameter for
regulatory compliance in certain cheeses. Thus, measuring these three attributes is
key in monitoring compliance. Since the chemical composition changes during
maturation, measuring macromolecular composition can also be used for
monitoring the maturation process (Malegori et al. 2021).

NIR is the most extensively used method for measurement of macromolecular
composition, with root mean standard error of validation (RMSEvar)-values
typically ranging from 1.13 to 1.39 for fat, protein and moisture, although values
can vary between 0.07 and 4.79 (Bittante et al. 2022). Raman spectroscopy has been
far less utilized for cheese, and the results have been similar to NIR (Stocco et al.
2024), although the study by Stocco et al. (2024) had poor NIR-results compared
to other studies.

Since the chemical composition can vary throughout the cheese, spatial information
can enhance predictions by producing chemical maps of cheeses. The accuracy
difference between NIR and NIR-HSI is small with the difference of RMSE being
-0.04 to 0.35 (da Silva Medeiros et al. 2024). Spatially offset Raman spectroscopy
has also successfully predicted fat and protein content with a mean absolute error
of 1.29 and 0.93 g/g cheese, respectively (Arroyo-Cerezo et al. 2023).

14



3.2 Authentication

Cheese authentication involves classifying cheeses based on geographical origin,
milk species, farming practices etc., as well as identifying adulteration. A
prerequisite is that the sampled cheeses vary enough in chemical and/or physical
properties since that is the basis for the spectroscopic analysis. However, the great
potential of spectroscopic analysis is the classification based on multiple
parameters, without the need for specific biomarkers.

3.2.1 Determination of origin

Some cheeses have been granted Protected Designation of Origin (PDO) meaning
that they must be produced, processed, and developed in a specific geographical
area and they are therefore usually premium products. Spectroscopic techniques
have been used to classify several different PDO cheeses, among them Parmigiano
Reggiano (PR), Gruyére and Prato (Li Vigni et al. 2020; Tolentino et al. 2023; Wu
et al. 2023; Stocco et al. 2024).

A comparison between NIR and Raman for PR identification showed that Raman
was slightly better at identifying the cheese type (Stocco et al. 2024). Fusion of NIR
and Raman data improved accuracy in some cases, though inconsistently, likely due
to a small dataset affecting the classification model (Stocco et al. 2024). For Prato
cheese compared with the similar, but shorter matured, mozzarella cheese, MIR
separated the cheeses with 92% accuracy (Tolentino et al. 2023).

It is interesting to note that the study conducted by Tolentino et al. (2023) also had
16 of 20 labelled Prato cheeses from the supermarket classified as mozzarella by
the model, showing that samples from the supermarket may not be the most reliable
choice for building a model. The studies conducted on PR however, used PR
provided specifically by the PR consortium (Li Vigni et al. 2020; Stocco et al.
2024).

3.2.2 ldentification of species origin

Another common food fraud related to cheese production is the substitution of milk
from one species with another species, often due to cheaper milk. Species affect the
chemical composition, particularly the fatty acid profile, and should thus be suitable
for classification (Paszczyk & Luczynska 2020). Few studies have focused on
cheese samples, but Halloumi, a Cypriote goat and sheep milk cheese, has been
successfully classified according to species origin with 97% accuracy using FTIR
(Tarapoulouzi et al. 2020). Later, NIR-HSI was also shown to be able to predict
species origin in grated halloumi, although with a less accurate result of 76%
(Tarapoulouzi et al. 2024). Spatially offset Raman spectroscopy has also been used
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for successful differentiation of cheeses with different animal species origin at an
accuracy of 84-86% (Ostovar pour et al. 2021; Arroyo-Cerezo et al. 2023).

3.2.3 Prediction of feeding and farming system

Certain PDO/PGI cheeses have regulations on feed types, such as silage or grazing.
Feeding system significantly alter the fat and protein profile of cheese, impacting
yield and cheese flavour (Soryal et al. 2004).

NIR spectroscopy has shown over 90% high accuracy in predicting feeding regimes
in milk samples, highly outranking the use of visible light and sensorial description
(Coppa et al. 2012; Andueza et al. 2013; Bergamaschi et al. 2020). MIR has also
been used successfully to authenticate feeding restrictions in PDO specification for
milk with a success rate of 80-90% depending on the specification of the feeding
regime (Coppa et al. 2021). The accuracy is higher for milk samples than for cheese,
suggesting that the techniques may find better use for PDO producers wanting to
monitor their raw milk providers (Bergamaschi et al. 2020). The samples which are
more difficult to predict are those with lower grass quality and/or higher maize
silage quantity (Andueza et al. 2013).

The validation of organic ingredients can also be important for the consumer since
organic cheeses tend to be more expensive. When predicting organic and non-
organic cheeses, NIR has achieved a 84% accuracy, which is quite well but far
below traditional GC methods (Liu et al. 2018). Liu et al. (2018) hypothesized that
this can be due to the nature of the chemical markers of organic milk. The overlap
of different feeding regimes in organic and conventional farming practices makes
it difficult to find specific differential chemical markers (Capuano et al. 2013).
Studies have also found it difficult to differentiate between lowland and upland
farms due to the large effect of feeding regimes (Coppa et al. 2012).

3.2.4 Validation of maturation time

Maturation length impacts flavour and aroma of cheese (Weimer 2007), but is an
expensive process due to storage and monitoring. Therefore, validating maturation
time is important to ensure that consumers are paying more to receive a better
product.

NIR predicted the age of cheddar cheese with an R? of 0.94 (Downey et al. 2005),
while NIR-HSI predicted the age of a traditional Swedish hard cheese with an R?
of 0.76 (Priyashantha et al. 2020). NIR also outperformed Raman in determining
PR cheese maturation (Stocco et al. 2024). NIR-HSI has also been used to monitor

16



Formagetta cheese ripening by visualising the dehydration, proteolysis and
lipolysis occurring during ripening (Malegori et al. 2021).

3.2.5 Adulteration

Common cheese adulterations include adding vegetable oil, curd, starch, other food
additives and not adhering to regulations (Abedini et al. 2023). For example, grated
PR cheese must have a rind content below 18% (w/w), moisture content between
25% - 35%, and less than 25% of particles smaller than 0.5 mm (Parmigiano
Consortium 2018). Although few cheese wheels in total have more than 18% rind,
this limit could be exceeded due to mixing errors or different sedimentation
velocities and spectroscopic analysis can be continuously used to asses when the
rind content surpasses the limit (Alinovi et al. 2019). Using NIR, rind content has
been successfully predicted with a R? of 0.875, where a removal of wavelengths
from 1335-1933 nm improved the accuracy slightly (Alinovi et al. 2019). To obtain
spatial information as well, since grated cheese is a highly heterogenous product,
NIR-HSI has been tested and the technique further improved the accuracy to an R2-
value of 0.98, accurately predicting all unknown samples with a rind content
exceeding 18% (Calvini et al. 2022). However, Calvini et al. (2022) did not include
cheese samples of different maturation age, which may have affected the
robustness.

Another type of adulteration associate to grated cheese is the addition of cellulose
and other anti-caking agents without declaring it on the package. Other starches can
be added as well to increase weight and volume of cheeses (Visconti et al. 2020).
A model based on NIR was able to correctly predict samples containing both
starches and cellulose with a specificity of 100% and a slightly lower sensitivity
(Visconti et al. 2020). Even digital images taken by a digital camera have been able
to differentiate between different adulterations of grated cheese and although the
precision and sensitivity was much lower (70-90%) it is an interesting method since
the cost of equipment is much lower (Visconti et al. 2023).

Adulteration of fat source by substitution with a cheaper alternative than milk fat,
e.g. vegetable oil, can be done to lower the economic cost of producing cheeses.
Raman spectroscopy has been able to detect margarine, corn oil and palm oil in
ultrafiltered white cheese with R2-values of 0.97-0.99 and a limit of detection
around 3.4% (Genis et al. 2021). FTIR has also been successful at predicting
soybean oil in butter cheeses with an R2-value of 0.998 (Leite et al. 2019), whereas
NIR acquired an R? of 0.94 (Medeiros et al. 2023). These values show that all three
techniques can be used to identify fat adulteration in cheese at high accuracy.
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3.3 Prediction through packaging

Developing techniques to analyse cheese samples through packaging would allow
usage to be much quicker, cheaper, and sustainable, minimizing food waste.
Although packaging materials can significantly affect spectroscopy signals,
spectral filtering can be applied for accurate result (Ding et al. 2023). However,
studies on cheese authentication using IR and Raman spectroscopy for packaged
cheese are limited.

NIR has been used on packaged cheese for various applications. It was used to
evaluate the shelf-life of Crescenza cheese (Cattaneo et al. 2005), to measure
chemical components (Pi et al. 2009) and, coupled with HSI, to detect Clostridium
contamination (Reis et al. 2023).

Raman spectroscopy has also demonstrated potential, identifying non-authentic PR
through plastic packaging with 100% accuracy and predicting rind content in grated
cheese samples with a 5% error margin (Li Vigni et al. 2020). Although spatially
offset Raman spectroscopy has been used to a lesser extent in research associated
to cheese, it shows considerable promise (Ostovar pour et al. 2021).

18



4. Analysing future challenges

While the results from many articles highlight the potential of spectroscopic
techniques for authenticating cheese quality, their adaption in industry remains
limited. Reviews on the subject frequently underline certain challenges: lowering
the cost of the instruments, development of robust portable devices, development
of machine learning tools for data analytics, and the development of large datasets
which account for seasonal and regional differences (Woodcock et al. 2008; Lei &
Sun 2019; Lu et al. 2020; Pu et al. 2021; Yakubu et al. 2022).

4.1 Challenges

4.1.1 Cost of instruments

The high cost of spectroscopic instruments, especially those adapted from the
medical sector, remains a significant barrier even though the price has been
decreasing continuously. The total cost can vary depending on the model and
features, typically starting at $10,000 and going up to several hundred thousand
dollars.

Portable NIR and Raman devices could potentially provide cheaper and more user-
friendly alternatives to tabletop versions. As of right now, there are portable
NIR/Raman devices which perform with similar accuracy as tabletop versions and
is thereby a real possibility for the industry (Liu et al. 2018; Miiller-Maatsch & van
Ruth 2021; Medeiros et al. 2023; Wu et al. 2023).

4.1.2 Data calibration and standardization

Calibrating different data across devices is a major bottleneck for the widespread
use of imaging techniques (Miiller-Maatsch & van Ruth 2021). In the
pharmaceutical industry, successful attempts at calibration transfer for Raman
instruments has been done, both local transfer between two instruments and global
transfer, which could potentially pave the way for a similar methodology in the food
sector (Steinbach et al. 2017). Deep learning tools are expected to play a vital role
in facilitating this process (Miiller-Maatsch & van Ruth 2021).
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4.1.3 Handling large data sets

The large data sets generated by techniques like HSI, and spatially offset Raman
spectroscopy pose challenges in data handling and processing time. One solution is
the selection of certain important wavelengths, which has been used for some
studies to improve accuracy (Siche et al. 2016; Alinovi et al. 2019). However, the
wavelength selection differs between studies, showing that choice of data analysis
tools and type of cheese can affect wavelength selection. Therefore, a
standardisation of method together with a comparison of wavelength selection for
various cheeses is necessary (Kamruzzaman et al. 2016).

4.2 Solutions and future directions

4.2.1 Database construction

While deep learning often has been mentioned as the future of data analysis in this
field (Lei & Sun 2019; Abedini et al. 2023), it requires extensive training on high-
quality datasets. Constructing a large and robust database to be used by machine
learning requires the data to encompass a wide range of factors such as cows,
geographical origin, season, age etc. (Hebling e Tavares et al. 2022). Few studies
mentioned in this essay contain more than 100 samples, with only one having
approximately 1000 samples (Bergamaschi et al. 2020). It would be beneficial to
create a public dataset comprising of data from various sources, as has been done
by (Zedda et al. 2024) to be able to develop machine learning tools more effectively.

4.2.2 Use of advanced analytics models

Nonlinear models such as ANNs and probabilistic neural networks (PNNs) have
shown promise in improving accuracy over traditional methods such as PLSR
(Vasquez et al. 2018; Zhang 2020). Often, the classification algorithms are chosen
based on the authors knowledge and preference instead of the goal of the analysis
which limits the improvement pace (Ballabio & Todeschini 2009). Since machine
learning techniques can handle complex data relationships better, researchers in the
field of spectroscopic techniques should collaborate with machine learning experts
in order to improve their prediction capabilities.

4.2.3 Data fusion

Fusion of data from different spectroscopic techniques, such as NIR and Raman,
has been repeatedly examined to improve accuracy. However, fusion of data can
introduce excessive noise (Stocco et al. 2024) which can negatively impact the
accuracy. To properly benefit from the data-fusion the fused data must be

20



complementary, which is the problem for the fusion of NIR and Raman, since they
measure similar molecular interactions.
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5. Conclusion

This essay showcases the broad range of applications for IR and Raman
spectroscopy in cheese quality authentication. The high accuracy of prediction
which has been shown, along with the ability of portable instruments to carry out
equally good results, proves that the technique can be valuable for industrial use.
However, there needs to be a compilation of larger databases, a standardisation of
data preprocessing and classification, as well as more robust calibration algorithms
to fully attain to the industry’s standards.

Further research should focus on techniques which are able to capture spatial data
as well as below-surface-data, such as NIR-HSI and spatially offset Raman
spectroscopy. While these two have been equally good at predicting chemical
composition compared to the normal spectroscopic techniques, the spatial
instruments have been better at authentication. There should also be a focus on
standardising data analysis and incorporating machine learning algorithms. Future
collaboration between chemists and data scientists is therefore necessary to further
improve this field.
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