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Introduction
High-throughput sequencing is now a routine technology for the analysis of biological phenomena. A multitude
of methods have been developed that obtain genome-wide information on the transcriptome, protein-DNA binding,
chromatin compaction, chromosomal conformation and DNA modifications to name but a few. While these approaches
address different biological questions and employ various sample preparation techniques, the workflow mostly
converges at a stage where adapter flanked short DNA sequences, so called libraries, are subjected to Illumina
sequencing.1 The resulting raw data should pass a number of quality control (QC) steps before analysis is performed.2–4

These can be roughly split into two categories, pre-mapping QC, for example monitoring of base call quality scores, and
post-mapping QC, for example overall enrichment scores in ChIP-seq data. For example, raw sequencing data can be
queried for adapter contamination and GC bias3–5 to gauge the quality of the library preparation, or using multi-species
alignments to confirm the expected species.5–7 Early detection of technical biases or problems during sample preparation
is important for rigorous data analysis and conservation of resources.

FastQ is a file format commonly used for storing unmapped sequencing data. One of the metrics that can be obtained from
such files is the summarised base composition across the sequencing reads. For each position in the read the respective
content of the bases adenine (A), thymine (T), guanosine (G), and cytosine (C) can be determined. For a theoretic random
genomic library the expectation would be four horizontal lines reflecting the overall base composition of the genome.
Since the GC content of DNA varies according to species8 sequencing libraries will show different composition profiles
depending on which organism was sequenced. Less intuitively, libraries produced by different experimental protocols
may show vastly different sequence compositions (Figure 1



biased at the start of the read. Expanding on these observations, we asked if base compositions could be used to
distinguish different library types more generally.

The ‘Per base sequence content ’ module of the widely used QC tool FastQC4 provides composition information
for individual samples, but makes no comparison. Any judgement of whether a particular composition profile is expected
for the analysed sample type would require highly specialised niche knowledge which cannot generally be expected
of individual researchers. Using the tool MultiQC,11 researchers can collate composition information from multiple
individual FastQC reports and visualise them together. This is useful to compare the base compositions of different
samples in an experiment and can flag up outliers, but it does not allow for placing samples in the general base
composition landscape.

Here, we describe how sample preparation protocols for sequencing libraries result in characteristic composition
signatures, and introduce a new quality control tool to check any sequence library against the expected composition
of its preparation method.

Methods
To get an overview of expected library compositions we queried the open Gene Expression Omnibus (GEO) database12

for high throughput sequencing datasets from mouse and human samples for the years 2018, 2019 and 2020.13 Mice and
humans are among the most studied species and are similar in overall GC content (42% and 41%, respectively) making
them a good choice to look for compositional differences of different library types. Search results were filtered to exclude
library type ‘OTHER ’ as well as under-represented types (fewer than 25 samples), and over-represented library types
(e. g. ribonucleic acid (RNA)-seq) were capped at 500 samples. Figure 2A shows the number of samples per library type
for which per position base compositions could be retrieved.

Figure 2. Library types can be distinguished by their base compositions. A) Number of samples per library type
included in the analysis. B) UMAP representation of library compositions (reference map). C) Tile based probability
map for each library type. Colour represents the percentage of a particular library type per tile. D) Heatmap
illustrating the specificity of each library type for tiles of the reference map. All samples were assigned to a reference
map tile and colour represents the average percentage of each library type for these tiles. E) Librarian tile probability





Discussion
Our analyses demonstrate that the base composition of sequencing libraries is heavily influenced by the method
through which the library was prepared. This finding can be used as an early quality assurance step for newly sequenced
or publicly available data. A sample not matching its expected composition should raise a red flag and the underlying
cause should be investigated before moving on with the analysis. While this could point to a sample swap or problem
during library preparation, it is also possible that it is caused by a non-standard preparation method.

Of note, within our database of published sequencing libraries we find a small subset of samples which cluster with a
different library type. This is nicely illustrated by a group of RNA-seq samples which fall into a region of the map which is

https://doi.org/10.5281/zenodo.7060217
https://opensource.org/licenses/GPL-3.0
https://www.bioinformatics.babraham.ac.uk/librarian/
https://github.com/DesmondWillowbrook/Librarian
https://doi.org/10.5281/zenodo.7003739
https://opensource.org/licenses/GPL-3.0


Acknowledgements
Librarian was originally started as an open project at the Cambridge Bioinformatics Hackathon (www.cambiohack.uk,
21st-23rd Sep 2020) with initial ideas from many people including Stephen Kanyerezi and Lordstrong Akano. We would
like to thank Felix Krueger for useful discussions and critical reading of the manuscript.

References

1. Sequencing|Key methods and uses.
Reference Source

2. Wang L, Wang S, Li W: RSeQC: quality control of RNA-seq
experiments. Bioinformatics. 2012; 28: 2184–2185.
PubMed Abstract | Publisher Full Text

3. Okonechnikov K, Conesa A, Garc ía-Alcalde F: Qualimap 2:
advanced multi-sample quality control for high-throughput
sequencing data. Bioinformatics. 2016; 32: 292–294.
PubMed Abstract | Publisher Full Text

4. Babraham Bioinformatics - FastQC A Quality Control tool for
High Throughput Sequence Data.
Reference Source

5. Hadfield J, Eldridge MD: Multi-genome alignment for quality
control and contamination screening of next-generation
sequencing data. Front. Genet.2014; 5: 31.

6. Wingett SW, Andrews S: FastQ Screen: A tool for multi-genome
mapping and quality control. 2018.
Publisher Full Text | Reference Source

7. Wood DE, Salzberg SL:Kraken: ultrafast metagenomic sequence
classification using exact alignments. Genome Biol.2014; 15: R46.
PubMed Abstract | Publisher Full Text

8. Li X-Q, Du D: Variation, Evolution, and Correlation Analysis of
C+G Content and Genome or Chromosome Size in Different
Kingdoms and Phyla. PLoS One.2014; 9: e88339.
PubMed Abstract | Publisher Full Text

9. Bernstein AI, Jin P: Chapter 3 - High-Throughput Sequencing-
Based Mapping of Cytosine Modifications. Epigenetic
Technological Applications.Zheng YG, editor. Academic Press; 2015;

39–53.
Publisher Full Text

10. Buenrostro JD, Giresi PG, Zaba LC, et al. : Transposition of native
chromatin for multimodal regulatory analysis and personal
epigenomics. Nat. Methods. 2013; 10: 1213–1218.
PubMed Abstract | Publisher Full Text

11. Ewels P, Magnusson M, Lundin S, et al. : MultiQC: summarize
analysis results for multiple tools and samples in a single
report. Bioinformatics. 2016; 32: 3047–3048.
PubMed Abstract | Publisher Full Text

12. Edgar R, Domrachev M, Lash AE: Gene Expression Omnibus: NCBI
gene expression and hybridization array data repository. Nucleic
Acids Res.2002; 30: 207–210.
PubMed Abstract | Publisher Full Text | Free Full Text

13. Vashishtha K, Gaud C, Andrews S, et al.: Librarian manuscript data
v1. 2022.
Publisher Full Text

14. McInnes L, Healy J, Melville J: UMAP: Uniform Manifold
Approximation and Projection for Dimension Reduction.
ArXiv180203426 Cs Stat.2020.

15. Vashishtha K, Gaud C, Andrews S, et al. : Kartavya Vashishtha/
Librarian-1.0.4. Zenodo. 2022.
Publisher Full Text

16. Adey A, et al.: Rapid, low-input, low-bias construction of shotgun
fragment libraries by high-density in vitro transposition.
Genome Biol.2010; 11: R119.
PubMed Abstract | Publisher Full Text

�3�D�J�H�������R�I������

�)���������5�H�V�H�D�U�F�K�������������������������������/�D�V�W���X�S�G�D�W�H�G�����������2�&�7����������

http://www.cambiohack.uk
https://emea.illumina.com/techniques/sequencing.html
http://www.ncbi.nlm.nih.gov/pubmed/22743226
https://doi.org/10.1093/bioinformatics/bts356
https://doi.org/10.1093/bioinformatics/bts356
https://doi.org/10.1093/bioinformatics/bts356
http://www.ncbi.nlm.nih.gov/pubmed/26428292
https://doi.org/10.1093/bioinformatics/btv566
https://doi.org/10.1093/bioinformatics/btv566
https://doi.org/10.1093/bioinformatics/btv566
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.12688/f1000research.15931.2
https://f1000research.com/articles/7-1338
https://f1000research.com/articles/7-1338
https://f1000research.com/articles/7-1338
http://www.ncbi.nlm.nih.gov/pubmed/24580807
https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1186/gb-2014-15-3-r46
http://www.ncbi.nlm.nih.gov/pubmed/24551092
https://doi.org/10.1371/journal.pone.0088339
https://doi.org/10.1371/journal.pone.0088339
https://doi.org/10.1371/journal.pone.0088339
https://doi.org/10.1016/B978-0-12-801080-8.00003-X
http://www.ncbi.nlm.nih.gov/pubmed/24097267
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1038/nmeth.2688
https://doi.org/10.1038/nmeth.2688
http://www.ncbi.nlm.nih.gov/pubmed/27312411
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btw354
http://www.ncbi.nlm.nih.gov/pubmed/11752295
https://doi.org/10.1093/nar/30.1.207
https://doi.org/10.1093/nar/30.1.207
https://doi.org/10.1093/nar/30.1.207
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC99122
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC99122
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC99122
https://doi.org/10.5281/ZENODO.7060217
https://doi.org/10.5281/ZENODO.7003739
http://www.ncbi.nlm.nih.gov/pubmed/21143862
https://doi.org/10.1186/gb-2010-11-12-r119
https://doi.org/10.1186/gb-2010-11-12-r119
https://doi.org/10.1186/gb-2010-11-12-r119


�2�S�H�Q���3�H�H�U���5�H�Y�L�H�Z

�&�X�U�U�H�Q�W���3�H�H�U���5�H�Y�L�H�Z���6�W�D�W�X�V���� �� ��

�9�H�U�V�L�R�Q����

�5�H�Y�L�H�Z�H�U���5�H�S�R�U�W�b�������2�F�W�R�E�H�U����������

�K�W�W�S�V�������G�R�L���R�U�J�������������������I���������U�H�V�H�D�U�F�K�����������������U������������

�k�������������*�K�D�U�E�L���.�����7�K�L�V���L�V���D�Q���R�S�H�Q���D�F�F�H�V�V���S�H�H�U���U�H�Y�L�H�Z���U�H�S�R�U�W���G�L�V�W�U�L�E�X�W�H�G���X�Q�G�H�U���W�K�H���W�H�U�P�V���R�I���W�K�H���&�U�H�D�W�L�Y�H���&�R�P�P�R�Q�V��
�$�W�W�U�L�E�X�W�L�R�Q���/�L�F�H�Q�V�H�����Z�K�L�F�K���S�H�U�P�L�W�V���X�Q�U�H�V�W�U�L�F�W�H�G���X�V�H�����G�L�V�W�U�L�E�X�W�L�R�Q�����D�Q�G���U�H�S�U�R�G�X�F�W�L�R�Q���L�Q���D�Q�\���P�H�G�L�X�P�����S�U�R�Y�L�G�H�G���W�K�H��
�R�U�L�J�L�Q�D�O���Z�R�U�N���L�V���S�U�R�S�H�U�O�\���F�L�W�H�G��

�.�D�U�L�P���*�K�D�U�E�L������

�7�K�H���(�D�U�O�K�D�P���,�Q�V�W�L�W�X�W�H�����1�R�U�Z�L�F�K�����8�.��

�,�Q���W�K�L�V���P�D�Q�X�V�F�U�L�S�W�����9�D�V�K�L�V�K�W�K�D���H�W���D�O���G�H�V�F�U�L�E�H�V���W�K�H���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���D���Q�R�Y�H�O���T�X�D�O�L�W�\���F�R�Q�W�U�R�O�����4�&����
�W�R�R�O���I�R�U���Q�H�[�W���J�H�Q�H�U�D�W�L�R�Q���V�H�T�X�H�Q�F�L�Q�J�����1�*�6�����G�D�W�D�V�H�W�V�����Z�K�L�F�K���X�V�H�V���Q�X�F�O�H�R�W�L�G�H���F�R�P�S�R�V�L�W�L�R�Q���S�U�R�I�L�O�H�V��
�D�O�R�Q�J���V�H�T�X�H�Q�F�H���U�H�D�G�V���W�R���L�Q�I�H�U���W�K�H���O�L�N�H�O�\���O�L�E�U�D�U�\���S�U�H�S�D�U�D�W�L�R�Q���P�H�W�K�R�G���X�V�H�G���W�R���J�H�Q�H�U�D�W�H���W�K�H���G�D�W�D�����7�K�H��
�D�X�W�K�R�U�V���I�L�U�V�W���G�H�P�R�Q�V�W�U�D�W�H���W�K�D�W���Q�X�F�O�H�R�W�L�G�H���F�R�P�S�R�V�L�W�L�R�Q���L�V���V�W�U�R�Q�J�O�\���L�Q�I�O�X�H�Q�F�H�G���E�\���O�L�E�U�D�U�\���P�H�W�K�R�G���D�V��
�U�H�F�R�U�G�H�G���L�Q���W�K�H���*�(�2���G�D�W�D�E�D�V�H���I�R�U���D���V�H�O�H�F�W�L�R�Q���R�I���K�X�P�D�Q���D�Q�G���P�R�X�V�H���1�*�6���G�D�W�D�V�H�W�V�����+�D�Y�L�Q�J��
�H�V�W�D�E�O�L�V�K�H�G���W�K�L�V���U�H�V�X�O�W�����W�K�H�\���L�P�S�O�H�P�H�Q�W�H�G���D���S�U�R�J�U�D�P���W�R�R�O�����/�L�E�U�D�U�L�D�Q�����W�R���F�R�P�S�D�U�H���O�L�E�U�D�U�\���Q�X�F�O�H�R�W�L�G�H��
�F�R�P�S�R�V�L�W�L�R�Q���S�U�R�I�L�O�H�V���W�R���D���F�R�O�O�H�F�W�L�R�Q���R�I���U�H�I�H�U�H�Q�F�H���G�D�W�D�V�H�W�V���D�Q�G���L�G�H�Q�W�L�I�\���O�L�E�U�D�U�L�H�V���Z�L�W�K���X�Q�H�[�S�H�F�W�H�G��
�S�U�R�I�L�O�H�V�����Z�K�L�F�K���P�D�\���E�H���L�Q�G�L�F�D�W�L�Y�H���R�I���S�R�W�H�Q�W�L�D�O���I�D�L�O�X�U�H���G�X�U�L�Q�J���O�L�E�U�D�U�\���S�U�H�S�D�U�D�W�L�R�Q���D�Q�G���R�U��
�V�D�P�S�O�H���G�D�W�D���P�L�[���X�S�V�����7�K�H���W�R�R�O�����Z�K�L�F�K���L�V���D�Y�D�L�O�D�E�O�H���D�V���D���Z�H�E���D�S�S�O�L�F�D�W�L�R�Q���D�Q�G���F�R�P�P�D�Q�G���O�L�Q�H���W�R�R�O����
�H�[�W�U�D�F�W�V���Q�X�F�O�H�R�W�L�G�H���F�R�P�S�R�V�L�W�L�R�Q���I�U�R�P���X�V�H�U���V�X�S�S�O�L�H�G���)�$�6�7�4���I�L�O�H�V���D�Q�G���U�H�W�X�U�Q�V���V�L�P�L�O�D�U�L�W�\���V�F�R�U�H�V��
�D�J�D�L�Q�V�W���H�[�L�V�W�L�Q�J���S�U�R�I�L�O�H�V���V�W�R�U�H�G���L�Q���W�K�H���/�L�E�U�D�U�L�D�Q���G�D�W�D�E�D�V�H���b��
��
�7�K�H���P�D�Q�X�V�F�U�L�S�W���L�V���Z�H�O�O���Z�U�L�W�W�H�Q�����D�Q�G���W�K�H���D�X�W�K�R�U�V���S�U�R�Y�L�G�H���V�W�U�R�Q�J���H�Y�L�G�H�Q�F�H���R�I���O�L�E�U�D�U�\���P�H�W�K�R�G��
�L�Q�I�O�X�H�Q�F�L�Q�J���Q�X�F�O�H�R�W�L�G�H���F�R�P�S�R�V�L�W�L�R�Q���L�Q���W�K�H���U�H�D�G���R�X�W�S�X�W���I�L�O�H�V�����7�K�L�V���Z�L�O�O���E�H���D���I�D�P�L�O�L�D�U���R�E�V�H�U�Y�D�W�L�R�Q���I�R�U��
�W�K�R�V�H���H�[�S�H�U�L�H�Q�F�H�G���Z�L�W�K���J�H�Q�H�U�D�W�L�Q�J���D�Q�G���R�U���D�Q�D�O�\�V�L�Q�J���G�L�Y�H�U�V�H���1�*�6���G�D�W�D�V�H�W�V�����E�X�W���W�K�H���P�D�Q�X�V�F�U�L�S�W���L�V���D��
�Z�H�O�F�R�P�H���G�R�F�X�P�H�Q�W�D�W�L�R�Q���D�Q�G���T�X�D�Q�W�L�I�L�F�D�W�L�R�Q���R�I���W�K�H�V�H���S�D�W�W�H�U�Q�V�����$�V���D���W�R�R�O�����/�L�E�U�D�U�L�D�Q���K�D�V���W�K�H���S�R�W�H�Q�W�L�D�O��
�W�R���E�H�F�R�P�H���D�Q���L�P�S�R�U�W�D�Q�W���V�W�H�S���L�Q���W�K�H���4�&���R�I���1�*�6���G�D�W�D�����D�O�R�Q�J�V�L�G�H���R�W�K�H�U�����P�R�U�H���J�H�Q�H�U�L�F���4�&���W�R�R�O�V�����V�X�F�K��
�D�V���)�D�V�W�4�&�����D�Q�G���K�H�O�S���G�H�W�H�F�W���T�X�D�O�L�W�\���L�V�V�X�H�V���H�D�U�O�\���L�Q���G�D�W�D���S�U�R�F�H�V�V�L�Q�J�����+�R�Z�H�Y�H�U�����,���K�D�Y�H���V�R�P�H���F�R�Q�F�H�U�Q�V��
�D�E�R�X�W���W�K�H���O�L�P�L�W�D�W�L�R�Q�V���R�I���W�K�H���V�R�I�W�Z�D�U�H���D�V���F�X�U�U�H�Q�W�O�\���L�P�S�O�H�P�H�Q�W�H�G�����Z�K�L�F�K���,���I�H�H�O���D�U�H���Q�R�W���V�X�I�I�L�F�L�H�Q�W�O�\��
�G�L�V�F�X�V�V�H�G���L�Q���W�K�H���P�D�Q�X�V�F�U�L�S�W���D�Q�G���F�R�X�O�G���F�D�X�V�H���V�L�J�Q�L�I�L�F�D�Q�W���F�R�Q�I�X�V�L�R�Q���L�Q���W�K�H���K�D�Q�G�V���R�I���O�H�V�V��
�H�[�S�H�U�L�H�Q�F�H�G���X�V�H�U�V�����7�K�H���F�R�P�P�H�Q�W�V���E�H�O�R�Z���D�U�H���L�Q�W�H�Q�G�H�G���W�R���K�H�O�S���W�K�H���D�X�W�K�R�U�V���L�P�S�U�R�Y�H���W�K�H���F�X�U�U�H�Q�W��
�P�D�Q�X�V�F�U�L�S�W���D�Q�G���L�Q�G�L�F�D�W�H���D�U�H�D�V���I�R�U���I�X�W�X�U�H���L�P�S�U�R�Y�H�P�H�Q�W���W�R���L�Q�F�U�H�D�V�H���W�K�H���X�V�D�E�L�O�L�W�\���R�I���W�K�H���W�R�R�O���b��
��
�0�D�M�R�U���F�R�P�P�H�Q�W�V��
�����3�O�H�D�V�H���F�R�P�P�H�Q�W���R�Q���W�K�H���D�S�S�O�L�F�D�E�L�O�L�W�\���R�I���/�L�E�U�D�U�L�D�Q���W�R���G�D�W�D���J�H�Q�H�U�D�W�H�G���Z�L�W�K���R�W�K�H�U���1�*�6���W�H�F�K�Q�R�O�R�J�L�H�V��
�W�K�D�Q���,�O�O�X�P�L�Q�D�����,�I���Q�R�W���W�H�V�W�H�G���R�U���Q�R�W���D�S�S�O�L�F�D�E�O�H�����W�K�L�V���V�K�R�X�O�G���E�H���K�L�J�K�O�L�J�K�W�H�G���L�Q���W�K�H���G�L�V�F�X�V�V�L�R�Q���b��
��
�����3�O�H�D�V�H���S�U�R�Y�L�G�H���D���U�D�W�L�R�Q�D�O�H���I�R�U���W�U�L�P�P�L�Q�J���U�H�D�G�V���W�R���������E�D�V�H�V���D�Q�G���R�Q�O�\���F�R�Q�V�L�G�H�U�L�Q�J���U�H�D�G�������W�R���E�X�L�O�G��
�W�K�H���G�D�W�D�E�D�V�H���R�I���Q�X�F�O�H�R�W�L�G�H���F�R�P�S�R�V�L�W�L�R�Q���S�U�R�I�L�O�H�V�����L���H�������Z�K�\���L�V���W�K�L�V���V�X�I�I�L�F�L�H�Q�W���W�R���D�F�F�X�U�D�W�H�O�\���F�D�S�W�X�U�H���W�K�H��

�b
�3�D�J�H�������R�I������

�)���������5�H�V�H�D�U�F�K�������������������������������/�D�V�W���X�S�G�D�W�H�G�����������2�&�7����������

https://doi.org/10.5256/f1000research.137618.r151968
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-1092-4488


�Q�X�F�O�H�R�W�L�G�H���F�R�P�S�R�V�L�W�L�R�Q���R�I���H�D�F�K���O�L�E�U�D�U�\���W�\�S�H�����6�R�P�H���P�H�W�K�R�G�V���U�H�V�X�O�W���L�Q���D�V�\�P�P�H�W�U�L�F���O�L�E�U�D�U�\���I�U�D�J�P�H�Q�W�V��
���H���J�����������;���*�H�Q�R�P�L�F�V�������Z�L�W�K���G�L�I�I�H�U�H�Q�W���Q�X�F�O�H�R�W�L�G�H���F�R�P�S�R�V�L�W�L�R�Q�V���L�Q���U�H�D�G�������D�Q�G���U�H�D�G���������Z�K�L�F�K���L�Q���L�W�V�H�O�I��
�F�D�Q���E�H���G�L�D�J�Q�R�V�W�L�F���R�I���W�K�H���O�L�E�U�D�U�\���W�\�S�H�����b��
��
�����7�K�H���V�H�O�H�F�W�L�R�Q���R�I���*�(�2���G�D�W�D�V�H�W�V���W�R���E�X�L�O�G���U�H�I�H�U�H�Q�F�H���S�U�R�I�L�O�H�V���V�H�H�P�V���U�H�V�W�U�L�F�W�L�Y�H���D�Q�G���S�R�W�H�Q�W�L�D�O�O�\���E�L�D�V�H�G����
�3�O�H�D�V�H���F�D�Q���\�R�X���S�U�R�Y�L�G�H���H�Y�L�G�H�Q�F�H���W�K�D�W���/�L�E�U�D�U�L�D�Q���L�V���D�S�S�O�L�F�D�E�O�H���W�R���R�W�K�H�U���V�S�H�F�L�H�V���W�K�D�Q���K�X�P�D�Q���P�R�X�V�H����
�H�V�S�H�F�L�D�O�O�\���V�S�H�F�L�H�V���Z�L�W�K���G�L�Y�H�U�J�H�Q�W���*�&���F�R�Q�W�H�Q�W����
��
�����7�K�H���G�D�W�H���U�D�Q�J�H���I�L�O�W�H�U�������������������������������������������������������L�V���D�O�V�R���O�L�N�H�O�\���W�R���K�D�Y�H���U�H�V�X�O�W�H�G���L�Q���P�R�U�H���U�H�F�H�Q�W��
�O�L�E�U�D�U�\���W�\�S�H�V���W�R���E�H���H�[�F�O�X�G�H�G���I�U�R�P���W�K�H���D�Q�D�O�\�V�L�V���D�Q�G���W�K�H�U�H�I�R�U�H���W�K�H���U�H�I�H�U�H�Q�F�H���G�D�W�D�V�H�W���������;���*�H�Q�R�P�L�F�V��
�O�L�E�U�D�U�\���W�\�S�H�V���D�U�H���K�L�J�K�O�\���S�R�S�X�O�D�U�����E�X�W���V�X�U�S�U�L�V�L�Q�J�O�\���D�E�V�H�Q�W�����2�W�K�H�U���O�L�E�U�D�U�\���W�\�S�H�V���P�D�\���K�D�Y�H���E�H�H�Q��
�P�L�V�V�H�G���W�R�R���b��
��
�����7�U�D�Q�V�S�R�V�R�Q���E�D�V�H�G���O�L�E�U�D�U�\���S�U�H�S�D�U�D�W�L�R�Q���L�V���L�Q�F�U�H�D�V�L�Q�J�O�\���S�R�S�X�O�D�U���D�Q�G���D�S�S�O�L�H�G���D�F�U�R�V�V���D���Z�L�G�H���U�D�Q�J�H���R�I��
�O�L�E�U�D�U�\���W�\�S�H�V�����L�Q�F�O�X�G�L�Q�J���V�L�Q�J�O�H���F�H�O�O���5�1�$���D�Q�G���'�1�$���V�H�T�X�H�Q�F�L�Q�J�����Z�K�R�O�H���J�H�Q�R�P�H���V�H�T�X�H�Q�F�L�Q�J�����$�7�$�&��
�V�H�T�����H�Q�U�L�F�K�P�H�Q�W���F�D�S�W�X�U�H���H�W�F�����7�K�H���D�X�W�K�R�U�V���E�U�L�H�I�O�\���D�F�N�Q�R�Z�O�H�G�J�H���W�K�L�V���L�Q���W�K�H���G�L�V�F�X�V�V�L�R�Q�����E�X�W���L�W���D�S�S�H�D�U�V��
�W�R���E�H���D���P�D�M�R�U���O�L�P�L�W�D�W�L�R�Q���R�I���W�K�H���W�R�R�O�����L���H�������W�U�D�Q�V�S�R�V�R�Q���L�Q�V�H�U�W�L�R�Q���V�L�J�Q�D�W�X�U�H���D�W���W�K�H���V�W�D�U�W���R�I���W�K�H���U�H�D�G�V���Z�L�O�O��
�O�L�N�H�O�\���R�E�V�F�X�U�H���W�K�H���X�Q�G�H�U�O�\�L�Q�J���O�L�E�U�D�U�\���W�\�S�H�����F�D�X�V�L�Q�J���P�R�V�W���W�U�D�Q�V�S�R�V�R�Q���E�D�V�H�G���O�L�E�U�D�U�L�H�V���W�R���F�O�X�V�W�H�U��
�W�R�J�H�W�K�H�U�����7�K�L�V���V�K�R�X�O�G���E�H���H�[�S�O�L�F�L�W�O�\���G�R�F�X�P�H�Q�W�H�G���D�Q�G���L�Q�Y�H�V�W�L�J�D�W�H�G���I�X�U�W�K�H�U�����L�I���S�R�V�V�L�E�O�H���b��
��
�����0�R�U�H���J�H�Q�H�U�D�O�O�\���V�S�H�D�N�L�Q�J�����,���Z�R�X�O�G���V�W�U�R�Q�J�O�\���H�Q�F�R�X�U�D�J�H���W�K�H���D�X�W�K�R�U�V���W�R���H�[�S�O�L�F�L�W�O�\���L�G�H�Q�W�L�I�\���O�L�E�U�D�U�\��
�W�\�S�H�V���D�Q�G���V�S�H�F�L�H�V�����V�X�S�S�R�U�W�H�G�����E�\���/�L�E�U�D�U�L�D�Q�����L�Q�G�L�F�D�W�L�Q�J���W�K�D�W���V�X�E�P�L�V�V�L�R�Q���R�I���R�W�K�H�U���O�L�E�U�D�U�\���W�\�S�H�V��
�D�Q�G���R�U���V�S�H�F�L�H�V���P�D�\���U�H�V�X�O�W���L�Q���L�Q�F�R�Q�F�O�X�V�L�Y�H���R�U���S�R�W�H�Q�W�L�D�O�O�\���P�L�V�O�H�D�G�L�Q�J���U�H�V�X�O�W�V�����,���D�F�N�Q�R�Z�O�H�G�J�H���W�K�D�W���W�K�H��
�V�R�I�W�Z�D�U�H���Z�L�O�O���D�F�F�H�S�W���D�Q�\���)�$�6�7�4���I�L�O�H������
��
�0�L�Q�R�U���F�R�P�P�H�Q�W�V���b�b���b�b�b���b��
�����3�O�H�D�V�H���E�U�L�H�I�O�\���F�R�P�P�H�Q�W���R�Q���W�K�H���R�E�V�H�U�Y�H�G���S�D�W�W�H�U�Q���I�R�U���&�K�,�$���3�(�7���D�Q�G���&�K�,�3���V�H�T���O�L�E�U�D�U�L�H�V�����L���H�������Z�K�\���D�U�H��
�W�K�H�V�H���H�[�S�H�F�W�H�G���D�Q�G���F�R�Q�V�L�V�W�H�Q�W���Z�L�W�K���W�K�H���O�L�E�U�D�U�\���P�H�W�K�R�G�����&�K�,�$���3�(�7���L�V���Q�R�W���D���Z�L�G�H�O�\���X�V�H�G���O�L�E�U�D�U�\��
�P�H�W�K�R�G�����$���V�K�R�U�W���G�H�V�F�U�L�S�W�L�R�Q���V�K�R�X�O�G���E�H���L�Q�F�O�X�G�H�G���L�Q���W�K�H���W�H�[�W���I�R�U���F�R�Q�W�H�[�W���b��
��
�����3�O�H�D�V�H���D�G�G���O�H�J�H�Q�G���W�R���)�L�J�X�U�H�������Z�L�W�K���N�H�\���P�D�W�F�K�L�Q�J���F�R�O�R�X�U�H�G���O�L�Q�H�V���W�R���L�Q�G�L�Y�L�G�X�D�O���E�D�V�H�V���b��
��
�����,���Z�R�X�O�G���V�X�J�J�H�V�W���P�H�W�D���D�Q�D�O�\�V�L�V���R�I���S�X�E�O�L�F���G�D�W�D�V�H�W�V���D�V���D�Q�R�W�K�H�U���L�P�S�R�U�W�D�Q�W���X�V�H���F�D�V�H���I�R�U���/�L�E�U�D�U�L�D�Q����
�H���J�������D�V���D���F�O�H�D�Q���X�S���W�R�R�O���S�U�L�R�U���W�R���P�H�W�D���D�Q�D�O�\�V�L�V���R�U���L�G�H�Q�W�L�I�\�L�Q�J���S�D�W�W�H�U�Q�V���E�L�D�V�H�V���L�Q���O�L�E�U�D�U�\���W�\�S�H�����R�U��
�V�X�E�W�\�S�H�V���b��
��
�����3�O�H�D�V�H���F�O�D�U�L�I�\���Z�K�H�W�K�H�U���/�L�E�U�D�U�L�D�Q���F�D�Q���Z�H���E�H���V�H�W���X�S���Z�L�W�K���D���O�R�F�D�O�����F�X�V�W�R�P���V�H�U�Y�H�U���L�Q���D�G�G�L�W�L�R�Q���W�R���T�X�H�U�\��
�D�J�D�L�Q�V�W���D�Q���R�Q�O�L�Q�H���G�D�W�D�E�D�V�H���Y�L�D���W�K�H���Z�H�E���D�S�S���R�U���F�R�P�P�D�Q�G���O�L�Q�H���W�R�R�O����
��
�����7�K�H���W�D�E�X�O�D�U���G�D�W�D���L�Q���I�L�J�X�U�H�����$���V�K�R�Z�V���O�L�E�U�D�U�\���W�\�S�H�V���Z�L�W�K���I�H�Z�H�U���W�K�D�Q���������V�D�P�S�O�H�V���G�H�V�S�L�W�H���W�K�H�V�H���E�H�L�Q�J��
�F�O�D�V�V�L�I�L�H�G���D�V���X�Q�G�H�U���U�H�S�U�H�V�H�Q�W�H�G���O�L�E�U�D�U�L�H�V���D�Q�G���H�[�F�O�X�G�H�G���I�U�R�P���W�K�H���D�Q�D�O�\�V�L�V���L�Q���W�K�H���W�H�[�W���b��
��
�2�Y�H�U�D�O�O�����,���E�H�O�L�H�Y�H���W�K�D�W���W�K�H���S�U�H�P�L�V�H���R�I���/�L�E�U�D�U�L�D�Q���L�V���D���Y�H�U�\���J�R�R�G���L�G�H�D���D�Q�G���W�K�D�Q�N���W�K�H���D�X�W�K�R�U�V���I�R�U���W�K�H�L�U��
�H�I�I�R�U�W�V���L�Q���U�H�O�H�D�V�L�Q�J���W�K�H���S�U�R�J�U�D�P���D�V���D���S�X�E�O�L�F�O�\���D�Y�D�L�O�D�E�O�H���W�R�R�O�����,���O�R�R�N���I�R�U�Z�D�U�G���W�R���U�H�D�G�L�Q�J���W�K�H�L�U��
�U�H�V�S�R�Q�V�H�V�����D�Q�G���I�X�W�X�U�H���L�W�H�U�D�W�L�R�Q�V���R�I���W�K�H���V�R�I�W�Z�D�U�H���D�G�G�U�H�V�V�L�Q�J���F�X�U�U�H�Q�W���O�L�P�L�W�D�W�L�R�Q�V��
��
�,�V���W�K�H���U�D�W�L�R�Q�D�O�H���I�R�U���G�H�Y�H�O�R�S�L�Q�J���W�K�H���Q�H�Z���V�R�I�W�Z�D�U�H���W�R�R�O���F�O�H�D�U�O�\���H�[�S�O�D�L�Q�H�G�"

�b
�3�D�J�H�������R�I������

�)���������5�H�V�H�D�U�F�K�������������������������������/�D�V�W���X�S�G�D�W�H�G�����������2�&�7����������



�<�H�V

�,�V���W�K�H���G�H�V�F�U�L�S�W�L�R�Q���R�I���W�K�H���V�R�I�W�Z�D�U�H���W�R�R�O���W�H�F�K�Q�L�F�D�O�O�\���V�R�X�Q�G�"

�<�H�V

�$�U�H���V�X�I�I�L�F�L�H�Q�W���G�H�W�D�L�O�V���R�I���W�K�H���F�R�G�H�����P�H�W�K�R�G�V���D�Q�G���D�Q�D�O�\�V�L�V�����L�I���D�S�S�O�L�F�D�E�O�H�����S�U�R�Y�L�G�H�G���W�R���D�O�O�R�Z��

�U�H�S�O�L�F�D�W�L�R�Q���R�I���W�K�H���V�R�I�W�Z�D�U�H���G�H�Y�H�O�R�S�P�H�Q�W���D�Q�G���L�W�V���X�V�H���E�\���R�W�K�H�U�V�"

�<�H�V

�,�V���V�X�I�I�L�F�L�H�Q�W���L�Q�I�R�U�P�D�W�L�R�Q���S�U�R�Y�L�G�H�G���W�R���D�O�O�R�Z���L�Q�W�H�U�S�U�H�W�D�W�L�R�Q���R�I���W�K�H���H�[�S�H�F�W�H�G���R�X�W�S�X�W���G�D�W�D�V�H�W�V��

�D�Q�G���D�Q�\���U�H�V�X�O�W�V���J�H�Q�H�U�D�W�H�G���X�V�L�Q�J���W�K�H���W�R�R�O�"

�3�D�U�W�O�\

�$�U�H���W�K�H���F�R�Q�F�O�X�V�L�R�Q�V���D�E�R�X�W���W�K�H���W�R�R�O���D�Q�G���L�W�V���S�H�U�I�R�U�P�D�Q�F�H���D�G�H�T�X�D�W�H�O�\���V�X�S�S�R�U�W�H�G���E�\���W�K�H��

�I�L�Q�G�L�Q�J�V���S�U�H�V�H�Q�W�H�G���L�Q���W�K�H���D�U�W�L�F�O�H�"

�3�D�U�W�O�\

�&�R�P�S�H�W�L�Q�J���,�Q�W�H�U�H�V�W�V�����1�R���F�R�P�S�H�W�L�Q�J���L�Q�W�H�U�H�V�W�V���Z�H�U�H���G�L�V�F�O�R�V�H�G��

�5�H�Y�L�H�Z�H�U���(�[�S�H�U�W�L�V�H�����J�H�Q�R�P�L�F�V�����Q�H�[�W���J�H�Q�H�U�D�W�L�R�Q���V�H�T�X�H�Q�F�L�Q�J�����E�L�R�L�Q�I�R�U�P�D�W�L�F�V

�,���F�R�Q�I�L�U�P���W�K�D�W���,���K�D�Y�H���U�H�D�G���W�K�L�V���V�X�E�P�L�V�V�L�R�Q���D�Q�G���E�H�O�L�H�Y�H���W�K�D�W���,���K�D�Y�H���D�Q���D�S�S�U�R�S�U�L�D�W�H���O�H�Y�H�O���R�I��

�H�[�S�H�U�W�L�V�H���W�R���F�R�Q�I�L�U�P���W�K�D�W���L�W���L�V���R�I���D�Q���D�F�F�H�S�W�D�E�O�H���V�F�L�H�Q�W�L�I�L�F���V�W�D�Q�G�D�U�G�����K�R�Z�H�Y�H�U���,���K�D�Y�H��

�V�L�J�Q�L�I�L�F�D�Q�W���U�H�V�H�U�Y�D�W�L�R�Q�V�����D�V���R�X�W�O�L�Q�H�G���D�E�R�Y�H��

�5�H�Y�L�H�Z�H�U���5�H�S�R�U�W�b�������2�F�W�R�E�H�U����������

�K�W�W�S�V�������G�R�L���R�U�J�������������������I���������U�H�V�H�D�U�F�K�����������������U������������

�k�������������2�N�R�Q�H�F�K�Q�L�N�R�Y���.�����7�K�L�V���L�V���D�Q���R�S�H�Q���D�F�F�H�V�V���S�H�H�U���U�H�Y�L�H�Z���U�H�S�R�U�W���G�L�V�W�U�L�E�X�W�H�G���X�Q�G�H�U���W�K�H���W�H�U�P�V���R�I���W�K�H���&�U�H�D�W�L�Y�H��
�&�R�P�P�R�Q�V���$�W�W�U�L�E�X�W�L�R�Q���/�L�F�H�Q�V�H�����Z�K�L�F�K���S�H�U�P�L�W�V���X�Q�U�H�V�W�U�L�F�W�H�G���X�V�H�����G�L�V�W�U�L�E�X�W�L�R�Q�����D�Q�G���U�H�S�U�R�G�X�F�W�L�R�Q���L�Q���D�Q�\���P�H�G�L�X�P����
�S�U�R�Y�L�G�H�G���W�K�H���R�U�L�J�L�Q�D�O���Z�R�U�N���L�V���S�U�R�S�H�U�O�\���F�L�W�H�G��

�.�R�Q�V�W�D�Q�W�L�Q���2�N�R�Q�H�F�K�Q�L�N�R�Y������

�*�H�U�P�D�Q���&�D�Q�F�H�U���5�H�V�H�D�U�F�K���&�H�Q�W�H�U�����+�H�L�G�H�O�E�H�U�J�����*�H�U�P�D�Q�\��

�7�K�H���P�D�Q�X�V�F�U�L�S�W���G�H�V�F�U�L�E�H�V���W�K�H���T�X�D�O�L�W�\���F�R�Q�W�U�R�O�����4�&�����W�R�R�O���/�L�E�U�D�U�L�D�Q���W�K�D�W���S�U�H�G�L�F�W�V���W�K�H���V�L�P�L�O�D�U�L�W�\���R�I��
�V�H�T�X�H�Q�F�L�Q�J���O�L�E�U�D�U�\���F�R�U�U�H�F�W�Q�H�V�V���L�Q���F�R�P�S�D�U�L�V�R�Q���W�R���W�K�H���F�R�Q�W�U�R�O���F�R�K�R�U�W���E�D�V�H�G���R�Q���W�K�H���D�Q�D�O�\�V�L�V���R�I���U�H�D�G�V����
�,�Q�L�W�L�D�O�O�\���I�R�U���W�K�L�V���S�X�U�S�R�V�H�����W�K�H���F�R�P�S�R�V�L�W�L�R�Q���R�I���Q�X�F�O�H�R�W�L�G�H���Y�D�U�L�D�Q�F�H���L�Q���W�K�H���I�L�U�V�W���������E�S���R�I���U�H�D�G���Z�D�V���X�V�H�G��
�D�V���L�Q�S�X�W���W�R���F�U�H�D�W�H���D���O�D�U�J�H���U�H�I�H�U�H�Q�F�H���F�R�Q�W�U�R�O���F�R�K�R�U�W���I�U�R�P���S�X�E�O�L�F�O�\���D�Y�D�L�O�D�E�O�H���G�D�W�D�����9�L�V�X�D�O�L�V�D�W�L�R�Q���R�I��
�W�K�H�V�H���P�H�U�J�H�G���Q�X�F�O�H�R�W�L�G�H���S�U�R�I�L�O�H�V���Y�L�D���8�0�$�3���D�O�O�R�Z�V���W�R���R�E�V�H�U�Y�H���F�O�H�D�U���J�U�R�X�S�V���I�R�U�P�D�W�L�R�Q���E�D�V�H�G���R�Q���W�K�H��
�G�D�W�D���W�\�S�H���R�I���D���G�D�W�D�V�H�W�����1�R�Y�H�O���V�D�P�S�O�H���F�K�H�F�N���L�V���D���S�U�R�M�H�F�W�L�R�Q���L�Q�W�R���W�K�L�V���U�H�I�H�U�H�Q�F�H���8�0�$�3�����7�H�V�W�L�Q�J���W�K�H��
�R�Q�O�L�Q�H���W�R�R�O���F�R�Q�I�L�U�P�H�G���L�W�V���X�V�H�I�X�O�Q�H�V�V�����I�U�R�P���L�Q�V�S�H�F�W�L�R�Q���R�I���R�Z�Q���G�D�W�D�����W�K�H���P�D�M�R�U�L�W�\���R�I���F�D�V�H�V���Z�H�U�H��
�G�L�V�W�L�Q�J�X�L�V�K�H�G���F�R�U�U�H�F�W�O�\�����6�X�F�K���S�U�R�M�H�F�W�L�R�Q���R�I���D���Q�R�Y�H�O���G�D�W�D�V�H�W���L�Q�W�R���U�H�I�H�U�H�Q�F�H���Z�R�X�O�G���E�H���D���X�V�H�I�X�O���4�&��
�V�W�H�S���I�R�U���D�Q�\���V�H�T�X�H�Q�F�L�Q�J���H�[�S�H�U�L�P�H�Q�W���b���+�R�Z�H�Y�H�U�����W�K�H���P�D�Q�X�V�F�U�L�S�W���D�Q�G���W�K�H���V�R�I�W�Z�D�U�H���G�H�V�F�U�L�S�W�L�R�Q���F�R�X�O�G��
�E�H���L�P�S�U�R�Y�H�G���L�Q���R�U�G�H�U���W�R���S�U�R�Y�L�G�H���P�R�U�H���G�H�W�D�L�O�V���D�E�R�X�W���W�K�H���W�R�R�O���D�V���Z�H�O�O���D�V���H�[�S�O�D�L�Q���F�H�U�W�D�L�Q���P�L�V�V�L�Q�J��

�b
�3�D�J�H���������R�I������

�)���������5�H�V�H�D�U�F�K�������������������������������/�D�V�W���X�S�G�D�W�H�G�����������2�&�7����������

https://doi.org/10.5256/f1000research.137618.r151966
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-3409-2340


�E�O�R�F�N�V��
�,�Q���J�H�Q�H�U�D�O�����W�K�H���P�D�Q�X�V�F�U�L�S�W���F�O�H�D�U�O�\���G�H�V�F�U�L�E�H�V���W�K�H���W�H�F�K�Q�L�T�X�H�����K�R�Z�H�Y�H�U�����R�Q�O�\���R�Q�H���S�R�V�V�L�E�O�H��
�O�L�P�L�W�D�W�L�R�Q���R�I���W�K�H���P�H�W�K�R�G���L�V���V�W�D�W�H�G�����H�I�I�H�F�W���R�I���D���F�X�W���L�Q���5�1�$���V�H�T���I�U�D�J�P�H�Q�W�V���O�H�D�G�L�Q�J���W�R���V�L�P�L�O�D�U�L�W�\��
�W�R���$�7�$�&���V�H�T���L�Q���'�L�V�F�X�V�V�L�R�Q�������0�R�U�H���Y�D�U�L�D�Q�F�H���I�D�F�W�R�U�V���F�R�X�O�G���E�H���L�Q�V�S�H�F�W�H�G���W�R���D�Y�R�L�G���P�L�V�O�H�D�G�L�Q�J��
�F�R�Q�F�O�X�V�L�R�Q�V���D�E�R�X�W���W�K�H���D�Q�D�O�\�V�L�V���U�H�V�X�O�W�V�����)�R�U���H�[�D�P�S�O�H�����W�K�H���W�L�V�V�X�H���P�D�W�H�U�L�D�O�V���F�D�Q���E�H���R�E�W�D�L�Q�H�G��
�I�U�R�P���I�U�R�]�H�Q���W�L�V�V�X�H�����)�)�3�(�������L�V���W�K�H�U�H���D�Q�\���L�P�S�D�F�W���R�I���W�K�L�V���S�U�H�S�D�U�D�W�L�R�Q���S�U�R�F�H�G�X�U�H�"���,�Q���P�\��
�L�Q�V�S�H�F�W�L�R�Q�����W�K�H���V�W�D�Q�G�D�U�G���5�1�$���V�H�T���G�D�W�D�V�H�W�V���Z�H�U�H���G�L�V�W�L�Q�J�X�L�V�K�H�G���T�X�L�W�H���Z�H�O�O�����E�X�W���)�)�3�(���5�1�$���V�H�T��
�G�H�P�R�Q�V�W�U�D�W�H�G���W�K�H���F�O�R�V�H�V�W���V�L�P�L�O�D�U�L�W�\���W�R���0�%�3�'���D�Q�G���0�H�'�,�3���V�H�T�����7�K�H���V�F�5�1�$���V�H�T���S�U�R�W�R�F�R�O�V���D�U�H��
�D�O�V�R���L�Q�F�O�X�G�H�G�����K�R�Z�H�Y�H�U�����W�K�H�\���Y�D�U�\���V�L�Q�F�H���W�K�H�\���F�R�X�O�G���E�H���H�L�W�K�H�U���I�X�O�O���J�H�Q�H���E�R�G�\���F�R�Y�H�U�L�Q�J���R�U���R�Q�O�\��
�������������V�H�J�P�H�Q�W���R�I���D���J�H�Q�H�����&�R�X�O�G���W�K�L�V���K�D�Y�H���D�Q���L�P�S�D�F�W���R�Q���U�H�D�G���Q�X�F�O�H�R�W�L�G�H���Y�D�U�L�D�Q�F�H�"��
�b

�ç

�7�K�H���U�H�D�G�V���V�H�O�H�F�W�L�R�Q���L�V���S�H�U�I�R�U�P�H�G���Z�L�W�K���������.���V�X�E�V�D�P�S�O�L�Q�J�������K�R�Z���Z�D�V���W�K�L�V���D�P�R�X�Q�W���V�H�O�H�F�W�H�G�"��
�:�K�D�W���L�V���W�K�H���H�I�I�H�F�W���R�I���W�K�H���W�R�W�D�O���Q�X�P�E�H�U���R�I���U�H�D�G�V�"���,�V���L�W���V�X�I�I�L�F�L�H�Q�W���W�R���S�U�R�Y�L�G�H���R�Q�O�\���D���V�X�E�V�H�W���R�I��
�W�K�H�P�"���,�Q���W�K�L�V���F�D�V�H�����Z�K�D�W���L�V���W�K�H���V�X�J�J�H�V�W�H�G���O�L�P�L�W�"��
�b

�ç

�$�O�V�R�����������E�S���U�H�D�G���V�H�J�P�H�Q�W���L�V���X�V�H�G���D�V���W�K�H���U�H�I�H�U�H�Q�F�H�����E�X�W���K�R�Z���Z�D�V���W�K�L�V���V�H�O�H�F�W�L�R�Q���P�D�G�H�"��
�&�X�U�U�H�Q�W�O�\�����W�K�H���P�D�L�Q���V�W�D�Q�G�D�U�G���I�R�U���V�H�T�X�H�Q�F�L�Q�J���L�V�������������������E�S�����:�R�X�O�G���L�W���E�H���P�R�U�H���E�H�Q�H�I�L�F�L�D�O���W�R��
�X�V�H���D���O�D�U�J�H�U���V�H�J�P�H�Q�W���R�I���W�K�H���U�H�D�G���I�R�U���U�H�I�H�U�H�Q�F�H���J�H�Q�H�U�D�W�L�R�Q�"���2�U���G�R���T�X�D�O�L�W�\���L�V�V�X�H�V���L�Q���O�R�Q�J�H�U��
�U�H�D�G�V���K�D�Y�H���D���Q�H�J�D�W�L�Y�H���L�P�S�D�F�W�"��
�b

�ç

�+�R�Z���V�W�U�R�Q�J���L�V���W�K�H���V�S�H�F�L�H�V���H�I�I�H�F�W�"���$�U�H���W�K�H�U�H���Y�D�U�L�D�Q�F�H�V���R�E�V�H�U�Y�H�G���E�H�W�Z�H�H�Q���P�L�F�H���D�Q�G���K�X�P�D�Q��
�P�D�W�H�U�L�D�O�V���L�Q���I�X�O�O���8�0�$�3�����H���J�����F�O�X�V�W�H�U�V���I�R�U�P�D�W�L�R�Q�"���'�R�H�V���L�W���P�D�N�H���V�H�Q�V�H���W�R���F�U�H�D�W�H���R�Z�Q���U�H�I�H�U�H�Q�F�H��
�I�R�U���V�X�F�K���D���S�U�R�F�H�G�X�U�H�����H�V�S�H�F�L�D�O�O�\���Z�K�H�Q���Z�R�U�N�L�Q�J���R�Q���R�W�K�H�U���V�S�H�F�L�H�V�����H���J�����'�U�R�V�R�S�K�L�O�D�"

�ç

��
�)�X�U�W�K�H�U���D�G�G�L�W�L�R�Q�D�O���F�R�P�P�H�Q�W�V���F�R�X�O�G���K�H�O�S���W�R���L�P�S�U�R�Y�H���W�K�H���P�D�Q�X�V�F�U�L�S�W���I�R�U���H�D�V�L�H�U���U�H�D�G�L�Q�J��

�,�Q���)�L�J�X�U�H���������W�K�H���Q�X�F�O�H�R�W�L�G�H���W�\�S�H���F�R�O�R�U���O�H�J�H�Q�G���L�V���P�L�V�V�L�Q�J�����D�O�V�R���V�H�J�P�H�Q�W�V���D�U�H���Q�R�W���F�L�W�H�G���L�Q���W�K�H��
�W�H�[�W���G�L�U�H�F�W�O�\���E�\���V�X�I�I�L�[�����D���E���F���G�������)�L�J�X�U�H�����D���G�H�P�R�Q�V�W�U�D�W�H�V���&�K�,�$���3�(�7�����E�X�W���Q�R�W���F�O�H�D�U���Z�K�\���L�W���L�V��
�L�Q�F�O�X�G�H�G���V�L�Q�F�H���L�W�
�V���Q�R�W���V�W�D�W�H�G���L�Q���W�K�H���P�D�Q�X�V�F�U�L�S�W���W�H�[�W���b�b��
�b

�ç

�)�L�J�X�U�H�����D�����$�U�H���W�K�H���D�P�R�X�Q�W�V���R�I���P�L�F�H���D�Q�G���K�X�P�D�Q�V���P�L�[�H�G�"���:�K�D�W���L�V���W�K�H���Y�D�U�L�D�Q�F�H�"��
�b

�ç

�)�L�J�X�U�H�����F�����6�H�Y�H�U�D�O���H�Q�U�L�F�K�P�H�Q�W���8�0�$�3���O�R�F�D�W�L�R�Q�V���I�R�U���F�H�U�W�D�L�Q���G�D�W�D���W�\�S�H�V���D�U�H���I�D�U���I�U�R�P���H�D�F�K��
�R�W�K�H�U�����H���J�����5�1�$���V�H�T�����+�R�Z���W�R���L�Q�W�H�U�S�U�H�W���W�K�L�V�"���&�R�X�O�G���L�W���E�H���F�H�U�W�D�L�Q���V�X�E�F�O�X�V�W�H�U�V�����I�X�U�W�K�H�U���V�S�O�L�W�W�L�Q�J��
�W�K�H���G�D�W�D�V�H�W���W�\�S�H�V�"��
�b

�ç

�:�K�H�Q���G�R�Z�Q�O�R�D�G�L�Q�J���H�[�D�P�S�O�H���G�D�W�D�V�H�W�V�����V�D�P�S�O�H���)�$�6�7�4���I�L�O�H�V�������W�K�H���D�U�F�K�L�Y�H���F�D�Q�Q�R�W���E�H���R�S�H�Q�H�G����
�$�O�V�R�����W�K�H�U�H���L�V���Q�R���G�R�F�X�P�H�Q�W�D�W�L�R�Q���D�Y�D�L�O�D�E�O�H���U�H�J�D�U�G�L�Q�J���L�Q�S�X�W���I�R�U�P�D�W���S�U�H�S�D�U�D�W�L�R�Q�����H���J���I�D�V�W�T���D�U�H��
�Q�R�W���D�O�O�R�Z�H�G���W�R���E�H���J�]�L�S�S�H�G�����L�W���V���Q�R�W���F�O�H�D�U���Z�L�W�K�R�X�W���W�H�V�W�L�Q�J����
�b

�ç

�*�L�W�K�X�E���G�R�F�X�P�H�Q�W�D�W�L�R�Q���R�Q���W�K�H���H�V�W�D�E�O�L�V�K�P�H�Q�W���O�D�X�Q�F�K���O�D�F�N�V���V�R�P�H���G�H�W�D�L�O�V�����:�R�X�O�G���E�H���X�V�H�I�X�O���W�R��
�H�[�W�H�Q�G���L�W���H�V�S�H�F�L�D�O�O�\���W�R���V�W�D�W�H���Z�K�D�W���D�U�H���W�K�H���V�\�V�W�H�P���H�Q�Y�L�U�R�Q�P�H�Q�W���U�H�T�X�L�U�H�P�H�Q�W�V���E�H�I�R�U�H��
�L�Q�V�W�D�O�O�D�W�L�R�Q��

�ç

��
�,�V���W�K�H���U�D�W�L�R�Q�D�O�H���I�R�U���G�H�Y�H�O�R�S�L�Q�J���W�K�H���Q�H�Z���V�R�I�W�Z�D�U�H���W�R�R�O���F�O�H�D�U�O�\���H�[�S�O�D�L�Q�H�G�"

�<�H�V

�,�V���W�K�H���G�H�V�F�U�L�S�W�L�R�Q���R�I���W�K�H���V�R�I�W�Z�D�U�H���W�R�R�O���W�H�F�K�Q�L�F�D�O�O�\���V�R�X�Q�G�"

�b
�3�D�J�H���������R�I������

�)���������5�H�V�H�D�U�F�K�������������������������������/�D�V�W���X�S�G�D�W�H�G�����������2�&�7����������





�W�K�L�V�������S�H�U�K�D�S�V���H�Q�U�L�F�K�P�H�Q�W���W�H�F�K�Q�L�T�X�H�V���R�U���G�H�Y�H�O�R�S�P�H�Q�W�D�O���V�W�D�J�H�"��
�b
�,���P���Q�R�W���V�X�U�H���R�I���W�K�H���O�R�J�L�V�W�L�F�V���R�I���W�K�L�V�����E�X�W���/�L�E�U�D�U�L�D�Q���P�D�\���E�H���P�R�U�H���Z�L�G�H�O�\���X�V�H�G���L�I���L�W���Z�D�V���D�Y�D�L�O�D�E�O�H��
�D�V���D�Q���R�S�W�L�R�Q���Z�L�W�K�L�Q���W�K�H���D�O�U�H�D�G�\���Z�L�G�H�O�\���X�V�H�G���I�D�V�W�T�F����
�b

������

�$�Q���H�[�D�P�S�O�H���R�I���W�K�H���/�L�E�U�D�U�L�D�Q���R�X�W�S�X�W���Z�R�X�O�G���E�H���E�H�Q�H�I�L�F�L�D�O����
�b

������

�7�K�H���W�H�U�P�V�����U�H�I�H�U�H�Q�F�H���P�D�S�����D�Q�G�����F�R�P�S�R�V�L�W�L�R�Q�V���P�D�S�����V�H�H�P���W�R���E�H���X�V�H�G���L�Q�W�H�U�F�K�D�Q�J�H�D�E�O�\�����)�R�U��
�V�L�P�S�O�L�F�L�W�\�����R�Q�H���W�H�U�P���V�K�R�X�O�G���E�H���X�V�H�G���W�K�U�R�X�J�K�R�X�W����
�b

������

�)�L�J�����$���V�K�R�Z�V���W�K�H���E�D�V�H���F�R�P�S�R�V�L�W�L�R�Q���R�I���&�K�,�$���S�H�W���G�D�W�D�����$�V���W�K�L�V���L�V���D���O�H�V�V���Z�H�O�O���N�Q�R�Z�Q���W�H�F�K�Q�L�T�X�H����
�L�W���Z�R�X�O�G���E�H���E�H�Q�H�I�L�F�L�D�O���W�R���K�D�Y�H���D�Q���H�[�S�O�D�Q�D�W�L�R�Q���R�I���W�K�H���E�D�V�H���F�R�P�S�R�V�L�W�L�R�Q���U�H�V�X�O�W�V����
�b

������

�)�L�J�������L�V���P�L�V�V�L�Q�J���D���O�H�J�H�Q�G���H�[�S�O�D�L�Q�L�Q�J���Z�K�L�F�K���E�D�V�H���H�D�F�K���F�R�O�R�X�U���U�H�S�U�H�V�H�Q�W�V����
�b

������

�,���P���Q�R�W���F�H�U�W�D�L�Q���Z�K�D�W���)�L�J�����(���L�V���V�K�R�Z�L�Q�J�����&�R�X�O�G���W�K�H���D�X�W�K�R�U�V���S�U�R�Y�L�G�H���P�R�U�H���H�[�S�O�D�Q�D�W�L�R�Q���L�Q���W�K�H��
�O�H�J�H�Q�G�"���7�K�H�U�H���L�V���D�O�V�R���Q�R���U�H�I�H�U�H�Q�F�H���W�R���W�K�L�V���I�L�J�X�U�H���L�Q���W�K�H���W�H�[�W��

������

��
�,�V���W�K�H���U�D�W�L�R�Q�D�O�H���I�R�U���G�H�Y�H�O�R�S�L�Q�J���W�K�H���Q�H�Z���V�R�I�W�Z�D�U�H���W�R�R�O���F�O�H�D�U�O�\���H�[�S�O�D�L�Q�H�G�"

�<�H�V

�,�V���W�K�H���G�H�V�F�U�L�S�W�L�R�Q���R�I���W�K�H���V�R�I�W�Z�D�U�H���W�R�R�O���W�H�F�K�Q�L�F�D�O�O�\���V�R�X�Q�G�"

�<�H�V

�$�U�H���V�X�I�I�L�F�L�H�Q�W���G�H�W�D�L�O�V���R�I���W�K�H���F�R�G�H�����P�H�W�K�R�G�V���D�Q�G���D�Q�D�O�\�V�L�V�����L�I���D�S�S�O�L�F�D�E�O�H�����S�U�R�Y�L�G�H�G���W�R���D�O�O�R�Z��

�U�H�S�O�L�F�D�W�L�R�Q���R�I���W�K�H���V�R�I�W�Z�D�U�H���G�H�Y�H�O�R�S�P�H�Q�W���D�Q�G���L�W�V���X�V�H���E�\���R�W�K�H�U�V�"

�<�H�V

�,�V���V�X�I�I�L�F�L�H�Q�W���L�Q�I�R�U�P�D�W�L�R�Q���S�U�R�Y�L�G�H�G���W�R���D�O�O�R�Z���L�Q�W�H�U�S�U�H�W�D�W�L�R�Q���R�I���W�K�H���H�[�S�H�F�W�H�G���R�X�W�S�X�W���G�D�W�D�V�H�W�V��

�D�Q�G���D�Q�\���U�H�V�X�O�W�V���J�H�Q�H�U�D�W�H�G���X�V�L�Q�J���W�K�H���W�R�R�O�"

�<�H�V

�$�U�H���W�K�H���F�R�Q�F�O�X�V�L�R�Q�V���D�E�R�X�W���W�K�H���W�R�R�O���D�Q�G���L�W�V���S�H�U�I�R�U�P�D�Q�F�H���D�G�H�T�X�D�W�H�O�\���V�X�S�S�R�U�W�H�G���E�\���W�K�H��

�I�L�Q�G�L�Q�J�V���S�U�H�V�H�Q�W�H�G���L�Q���W�K�H���D�U�W�L�F�O�H�"

�<�H�V

�&�R�P�S�H�W�L�Q�J���,�Q�W�H�U�H�V�W�V�����1�R���F�R�P�S�H�W�L�Q�J���L�Q�W�H�U�H�V�W�V���Z�H�U�H���G�L�V�F�O�R�V�H�G��

�5�H�Y�L�H�Z�H�U���(�[�S�H�U�W�L�V�H�����(�S�L�J�H�Q�H�W�L�F�V�����G�H�Y�H�O�R�S�P�H�Q�W�����F�H�O�O���E�L�R�O�R�J�\

�,���F�R�Q�I�L�U�P���W�K�D�W���,���K�D�Y�H���U�H�D�G���W�K�L�V���V�X�E�P�L�V�V�L�R�Q���D�Q�G���E�H�O�L�H�Y�H���W�K�D�W���,���K�D�Y�H���D�Q���D�S�S�U�R�S�U�L�D�W�H���O�H�Y�H�O���R�I��

�H�[�S�H�U�W�L�V�H���W�R���F�R�Q�I�L�U�P���W�K�D�W���L�W���L�V���R�I���D�Q���D�F�F�H�S�W�D�E�O�H���V�F�L�H�Q�W�L�I�L�F���V�W�D�Q�G�D�U�G��

�b
�3�D�J�H���������R�I������

�)���������5�H�V�H�D�U�F�K�������������������������������/�D�V�W���X�S�G�D�W�H�G�����������2�&�7����������



�7�K�H���E�H�Q�H�I�L�W�V���R�I���S�X�E�O�L�V�K�L�Q�J���Z�L�W�K���)���������5�H�V�H�D�U�F�K��

�<�R�X�U���D�U�W�L�F�O�H���L�V���S�X�E�O�L�V�K�H�G���Z�L�W�K�L�Q���G�D�\�V�����Z�L�W�K���Q�R���H�G�L�W�R�U�L�D�O���E�L�D�V��

�<�R�X���F�D�Q���S�X�E�O�L�V�K���W�U�D�G�L�W�L�R�Q�D�O���D�U�W�L�F�O�H�V�����Q�X�O�O���Q�H�J�D�W�L�Y�H���U�H�V�X�O�W�V�����F�D�V�H���U�H�S�R�U�W�V�����G�D�W�D���Q�R�W�H�V���D�Q�G���P�R�U�H��

�7�K�H���S�H�H�U���U�H�Y�L�H�Z���S�U�R�F�H�V�V���L�V���W�U�D�Q�V�S�D�U�H�Q�W���D�Q�G���F�R�O�O�D�E�R�U�D�W�L�Y�H��

�<�R�X�U���D�U�W�L�F�O�H���L�V���L�Q�G�H�[�H�G���L�Q���3�X�E�0�H�G���D�I�W�H�U���S�D�V�V�L�Q�J���S�H�H�U���U�H�Y�L�H�Z��

�'�H�G�L�F�D�W�H�G���F�X�V�W�R�P�H�U���V�X�S�S�R�U�W���D�W���H�Y�H�U�\���V�W�D�J�H��

�)�R�U���S�U�H���V�X�E�P�L�V�V�L�R�Q���H�Q�T�X�L�U�L�H�V�����F�R�Q�W�D�F�W���U�H�V�H�D�U�F�K�#�I�����������F�R�P

�b
�3�D�J�H���������R�I������

�)���������5�H�V�H�D�U�F�K�������������������������������/�D�V�W���X�S�G�D�W�H�G�����������2�&�7����������

mailto:research@f1000.com

