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Abstract. The study of metaviral data has become a crucial area of research in recent
years, leading to a significant increase in metagenomic and metaviral datasets. This
growth has resulted in advancements in data collection and processing techniques,
focusing on analyzing the complex viral diversity found in natural samples.
Recent developments in metaviral research have emphasized the integration of
high-throughput sequencing technologies with advanced bioinformatics tools,
enhancing the sensitivity and accuracy of virus identification. This study introduces
a novel pipeline designed for rigorous double filtering of assembled contigs,
maximizing the detection of true viral sequences while minimizing the inclusion of
non-viral artifacts. By improving virus detection through dual taxonomic filtering
and leveraging modern workflow management systems, the new pipeline not only
addresses gaps in existing methods but also offers a fresh approach to metaviral
research. The VERA pipeline was implemented using the Nextflow workflow
system, and its validation was performed with control samples, showing consistent
results that align with manual validation and commercial platforms. This work
highlights the importance of innovative approaches in capturing the full breadth
and complexity of viral diversity, even amidst recent technological advancements.
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INTRODUCTION

Over the past four decades, there have been several viral outbreaks and global pandemics,
including but not limited to Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV),
Influenza HINT1 (2009-2010), Middle East Respiratory Syndrome Coronavirus (MERS-CoV)
and Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2, 2020-2023) [1]. The
collection and analysis of metaviral data has emerged as a crucial step toward understanding the
complex diversity of viruses circulating in natural reservoirs. The number of studies has revealed
that the vast majority of viral pandemics are zoonotic in origin [2].

With the advancements in next-generation sequencing (NGS), researchers have obtained
powerful tools for the low cost and relatively fast detection of known zoonotic and novel viruses,
for example, [3, 4]. In addition to the efforts of individual research groups, global initiatives
such as the Global Virome Project [S] have led to a substantial increase in metaviral datasets,
emphasizing the need for the development of reliable and precise pipelines for assembling and
detecting viruses from complex datasets.

The bioinformatics community has increasingly adopted dataflow languages and workflows
to simplify and unify approaches for common and complex analyses. Tools such as Snakemake
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[6] or Nextflow [Z] have become integral to the development of bioinformatics pipelines for
broad purposes, including metaviral data processing. These platforms emphasize the principles
of reproducibility and scalability, thus enabling the seamless integration of a variety of
bioinformatics tools into workflows. The widespread adoption of community-curated pipelines
has significantly advanced the field, as evidenced by the utility of dataflow languages and their
ability to enhance efficiency and reliability in the processing of large-scale metagenomic and
metaviral datasets [8].

In the context of metagenomic and metaviral analysis, a range of software tools has
been developed for the purposes of identifying and characterizing viral communities within
complex samples. These tools include the nf-core/viralrecon, which is specifically designed
for intra-host/low-frequency variant calling for viral samples [9], and the VIBRANT, which
facilitates the automated recovery and annotation of bacterial and archaeal viruses [10]. The
ViromeScan project also offers an approach for metagenomic viral community profiling,
while the GenomeDetective pipeline is a commercial solution that incorporates metaviral and
metagenomic datasets for processing and analysis [11, 12]. The machine learning-based tools
like VirFinder and DeepVirFinder leverage nucleotide composition features (e.g., k-mer
frequencies) to predict viral sequences in metagenomic data [13].

Protein-based approaches identify short protein sequences (motives), which are often more
conserved than nucleotide sequences, which makes them particularly useful for detecting
divergent or novel viruses. These methods typically involve homology searches against curated
databases of viral proteins, such as the NCBI Viral RefSeq database or custom databases
tailored to specific viral families [14, 15]. A protein-based approach for identifying viruses in
the absence of a common marker was previously successfully implemented by Paez-Espino et
al., who emphasized the importance of refined methodologies for improving the accuracy of
virus detection in metagenomic samples [16]. VirSorter2, based on the principles of machine
learning established by tools like VirFinder and DeepVirFinder, extends these approaches by
integrating protein-based features (e.g., hallmark genes and protein domains) with nucleotide
and structural characteristics to improve the accuracy and scope of virus detection. It employs
a combination of machine learning models and curated databases (protein-based features
combined with nucleotide-level information). It classifies sequences into different categories
based on their likelihood of being viral [17]. It is designed to integrate into existing workflows,
making it a useful tool for metaviral research, as shown by Bukin et al. [18].

In the context of the rapidly expanding field of metaviral research, this study presents the
successful creation and validation of a novel metaviral processing pipeline, VERA. The novel
pipeline builds on our previous research and addresses longstanding challenges in metaviral data
analysis [4, 19, 20, 21]. This pipeline incorporates advances in dataflow languages and rigorous
double taxonomy filtration, maximizing the detection of true viral sequences and minimizing
the inclusion of non-viral artifacts. The novel pipeline not only bridges the gap between existing
methods but also proposes new approaches for metaviral studies.

1. METHODS

1.1. Pipeline implementation

The computational pipeline VERA is implemented on Nextflow [Z], utilizing a combination of
self-built and off-the-shelf nf -core modules [8]. Modules from nf-core include bowtie2 [22],
cat/fastq, custom/dumpsoftware [8, 23], fastp [24], fastqc [25], gunzip [26], kraken2
[27], multiqc [28], samtools [29], seqkit [30, 31] and spades [32]. Self-built modules
represent two groups — mmseqs/easytaxonomy and a group of processes defined to launch
Python-based [33] parsers.

The pipeline is freely available at https://github.com/risbm-lmi/wf-vera.
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1.2. Local modules

1.2.1. Taxonomy

Local module mmseqs/easytaxonomy is inherited from nf-core mmseqgs/easy-search
[8, 23], including container image and resources label. The process takes two channels as
input, namely path to the FASTA-file to be classified and path to the databases of interest. The
process outputs five channels, four of which correspond to the standard mmseqs easytaxonomy
workflow [34, 35] including least common ancestor information, taxonomy report in kraken
style, top hit report and top hit alignment information. A fifth channel contains a file with
versions of the packages used in the process according to the codestyle of nf-core. As in the
mmseqs/easy-search nf-core module, the process derives the target database name from path
and launches mmseqs easytaxonomy workflow.

Additional arguments are provided apart from nf-core mmseqs/easy-search, namely
split-memory-limit to prevent interference during parallel computations of samples within
the workflow.

Both for protein and nucleotide processes the least common ancestor ranks are set
as "superkingdom,order,family,genus" for convenient results processing and successful
automated parsing. The results of the nucleotide stage are additionally preformatted to output
information about query and subject hits.

1.2.2. Parsers

All the processes withing the parsers use BioContainers [36, 37] with at least python
(v3.9.6) and pandas (v1.3.0) package [33, 38]. Local module mmseqs2table_protein takes
a single input channel with the least common ancestor table from mmseqs/easytaxonomy,
launches the python script for taxonomy inference and outputs three channels containing a TXT
file with the identified as viruses FASTA headers, a table with the taxonomy information and
a file with software versions. Local module mmseqs2table takes two input channels with the
mmseqs/easytaxonomy least common ancestor information and the table with the alignments,
launches the python script for taxonomy inference and outputs two channels containing a table
with the selected identified viral records and a file with the software versions. Local module
create_extended_table takes as input one channel with nucleotide and protein taxonomy
inference tables, table with contigs coverage from samtools process, launches a python script
for tables merging and outputs three channels, namely the table with the taxonomy identification
results, a list of contigs headers with the potential for extension, a tab-delimited file with contigs
coverage and a file with software versions.

1.3. Resources
1.3.1. Databases and references

The following databases and references were used during the pipeline development and in
the current study:

* Pipistrellus kuhlii genome sequence (accession GCF _014108245.1) derived from
GenBank with ncbi_datasets [14].

» Severe acute respiratory syndrome coronavirus 2 genome sequence (accession
NC 045512.2) derived from GenBank directly.

» kraken2 [27] default databases namely bacteria, viral, archaea, fungi, protozoa
complemented by genome sequences of Homo sapiens, Mus musculus, Rattus norvegicus,
Drosophila melanogaster, Ervinaceus europaeus, Pipistrellus kuhlii, Bos taurus, Salmo
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salar and chloroplast sequences of Viridiplantae clade, database assembly 23 November
2023.

* Protein pre-clustered database UniRef90 [39] for initial taxonomy filtration obtained with
mmseqs databases [34, 35], database obtained 03 October 2024.

* Nucleotide database RefSeq Viral manually created from RefSeq Viral [14, 135]
sequences with mmseqs createdb [34, 35], as described in Appendix A, database created
06 September 2024.

1.3.2. SRA data

The following SRA [40] records were downloaded with sra-tools [41]: SRR15525307,
SRR15524477.

1.3.3. Computations

All the calculations with VERA were performed on a high-performance computing (HPC)
cluster with two AMD EPYC 7642 48-Core Processors, 1 Tb of RAM and an SSD disk with the
queueSize = 8 nextflow configuration.

All the calculations with Genome Detective were performed with cloud resources provided
in the platform personal account.

1.4. Results curation

The results of VERA pipeline and the Genome Detective tool were curated with the review
of the assembled contigs and their taxonomy identification tables using jupyter notebook [42].

To check the integrity of the selected contigs among the pipelines mmseqs easy-cluster
[34, 35] module was used with cluster-reassign, cov-mode 1andcluster-mode 2 options.

The clustering results were processed with pandas (v2.2.0) [43, 38] package and visualised
with matplotlib (v3.8.2) [44] and networkx (v3.2.1) [45] packages. All figures were created
with Python [33] using numpy (v1.26.3) [46], pandas (v2.2.0) [43, 38], matplotlib (v3.8.2)
[44], and seaborn (v0.13.2) [47] with the following InkScape [48] and/or PDFgear [49]
recompilation.

2. RESULTS

2.1. Pipeline overview

The computational pipeline was implemented using Nextflow [Z] in the terms of the nf-core
[8] style and with the use of community-curated and local modules.

The VERA computational pipeline (see Fig. 1) comprises two distinct modules: the initial
processing of metaviral short reads, followed by their subsequent assembly (outlined in the
upper area by the blue dashed line), and the subsequent analysis of the obtained sequences
(outlined in the lower area by the magenta dotted line). The data necessary to execute the pipeline
(highlighted in blue in the schematic diagram) encompasses a table with sample metadata
in CSV format, along with raw short reads corresponding to the samples enumerated in the
table. Additionally, one optional (kraken2) and two mandatory (protein Uniref and nucleotide
RefSeq Viral in mmseqs2 format) databases are required for executing the pipeline, along with
pre-indexed genomic sequences of the host (an animal from which the swab was collected). The
pre-indexed genomic sequences of the known intra-laboratory contaminant organisms are also
optional and recommended (for example human, rat etc.). The optional data processing steps
are denoted by a gear symbol in the schematic diagram (see Fig. 1). The result of the processing
pipeline (marked in green on the schematic) is sequences selected on the basis of taxonomic
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identification from the set of all collected contigs, as well as summary tables with a preliminary
taxonomic conclusion for each of the analyzed samples.
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Fig. 1. Pipeline logic overview. Full size image.

At the pipeline entry point, the input data received on the samples under investigation are
combined into a DataFlow type structure for sequential or parallel processing by the pipeline
modules. The first processing steps are taxonomic identification of reads by the kraken2 tool
[27], quality control of reads and purification from host or in-laboratory contaminant. The next
step 1s semi-automated read processing to filter out low quality reads and remove technical
subsequences from short reads. Following the initial cleaning and preparation of the data, the
taxonomic analysis and quality assessment of the reads is conducted again to enhance the clarity
of the results obtained from the data preparation process. If reads from the same sample obtained
from different runs, the above steps are performed for different runs independently, without
combining of reads. Data analysis and cleaning are separated for reads obtained during different
sequencing runs. This is necessary to build the researcher’s knowledge of the correctness of
animal sampling and purity of the original sample, and estimation of the possibility of lab
contamination during libraries preperation experiments and sequencing, the success of the
sequencing and the purity of the processed data, which is essential for expert judgment in
analyzing the results. Clean reads are merged between runs according to sample metadata and
fed into a new DataFlow channel, which is passed to de novo assembly using spades [32]. The
configuration of the data processing pipeline run enables the utilization of spades in the desired
mode (e.g., default / meta / viral / metaviral). The contigs resulting from the de novo assembly of
short reads are directed to the DataFlow channel for taxonomic identification, and subsequently
sent for contig coverage analysis. The results of the coverage analysis, in conjunction with the
de novo assembly graph, are transmitted to the output data channel.

The data channel processing for taxonomic identification includes pre-filtering of contigs
using seqgkit [30, 31] of short artifactual sequences which are exptected not to carry significant
information (100 bp and less). Then all possible amino acid sequences over six reading frames
are generated. The obtained amino acid sequences are then sent to the mmseqs/easytaxonomy
workflow based on the LCA concept [34, 35] for the first step of taxonomic identification
using the UniRef database [39]. Subsequent to this, contigs for which the generated amino
acid sequences can be potentially attributed to virus proteins are selected for the second step
of taxonomic identification which is performed against the RefSeq Viral database. Sequences
confirmed as viral during the second taxonomic identification step are selected for transmission
to the output using seqkit. Each stage of the data processing pipeline collects the log files of
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each of the programs used into a separate data channel. Thereafter, all log files are also forwarded
to the output data channel.

We found through experiments (the data obtained are not presented in this article) that a
two-stage taxonomic identification and filtering process is necessary because metaviral data
often contains fragments of eukaryotic, archaeal, and prokaryotic genomes. If only a single
filtering step against the viral database is used, it results in a large number of false positive
taxonomic assignments. This complicates result handling and significantly increases analysis
time. Conventionally, the utilization of blastn [50] with the comprehensive RefSeq database
[14, 15] exerts substantial demands on available disk space. However, the employment of the
pre-clustered UniRef database [39] offers a substantial reduction in the requisite disk space by
a factor of ~ 3, making the computational pipeline applicable across different platforms. The
two-stage approach serves as a taxonomic filter in the initial stage and as an identification process
in the subsequent stage. It is also noteworthy that utilizing mmseqs2 can significantly reduce the
analysis time when working with taxonomic databases, while maintaining the specificity of the
blastn algorithm [35].

2.2. Results validation

To evaluate the efficacy of the VERA pipeline, we analyzed two previously published datasets
[19, 51] and compared the results with those obtained using the Genome Detective platform
[12]. This comparative analysis aimed to validate the reproducibility and potential enhancement
of results relative to an established platform. The analysis focused on previously identified
viral families [19, 51], including Adenoviridae, Coronaviridae, Nodaviridae, Parvoviridae,
Dicistroviridae, Astroviridae, Picornaviridae, and Nairoviridae.

Viral contigs were extracted from both pipeline outputs based on taxonomic classification

(see Fig. 2).
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Fig. 2. Pipelines comparison. Each dot represent a contig from the corresponding viral family and
length. The intensity of the dots represent log, of a contig mean depth coverage. GD abbreviation
represents results obtained with Genome Detective, VERA represents results obtained with the

pipeline proposed. Full size image.

Comparative analysis demonstrated that both pipelines successfully identified and
assembled a complete Mastedenovirus genome in sample SRR15524477, along with
Mastedenovirus genome fragments from Adenoviridae, consistent with previous findings
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[19]. Additionally, both pipelines detected a semi-complete Coronaviridae genome in
sample SRR15525307. However, while Genome Detective identified two Coronaviridae
contigs (26,628 bp and 5,168 bp) in sample SRR15524477, the VERA pipeline detected
none. Further investigation revealed that these contigs contained substantial proportions of
unidentified nucleotides (24,895 and 4,744 respectively). Moreover, longest Coronaviridae
contig from Genome Detective results is identified as a fragment of Severe acute respiratory
syndrome-related coronavirus, whereas SARS-CoV-2 genome was set as a contaminant
during the VERA pipeline run, as the sequencing laboratory reported routinely working with
SARS-CoV-2 (inherited from personal communication), leading us to classify it as a potential
contaminant [52, 53, 54, 55, 56]. Importantly, each laboratory has its own set of contaminants,
and only the laboratory staff know which organisms they actively work with. Therefore, only
they can provide a list of potential contaminants when analyzing sequencing data. The use of
this option (removing potential contaminants) can help reduce the number of sensational claims
about unexpected findings of dangerous components in biological samples, which can arise due
to laboratory contamination or misinterpretation of data.

To qualitatively assess the assembly performance of both pipelines, particularly regarding
contig length, we performed clustering analysis using mmseqs easy-cluster (see Fig. 3,
Appendix B). Given that Genome Detective generates reference-based assemblies with gap
regions denoted by N, we preprocessed these contigs by separating them into individual segments
prior to clustering to prevent bias in the analysis.

Comparative analysis across viral families revealed comparable performance between
the two pipelines, with some family-specific variations. For larger viral genomes, such
as those in the Adenoviridae family in sample SRR15524477, VERA demonstrated superior
performance, generating more extensive contigs that encompassed all sequences identified by
Genome Detective. However, same viral family in sample SRR15525307 has many fragmented
assemblies obtained with VERA pipeline, and Genome Detective platform demonstrated better
performance revealing still highly fragmented but semi-complete sequence identified as
Mastadenovirus pipistrelli. For smaller viral genomes and more fragmented assemblies, such
as Nodaviridae, the relative performance varied between the pipelines. (see Fig. 2 and Fig. 3).

2.3. Computational performance

The pipeline performance was evaluated using two samples processed on a High
Performance Computing (HPC) cluster, utilizing the meta spades mode with concurrent job
execution limited to 8 processes.

The total execution time was 10 hours, 47 minutes, and 19 seconds. Resource utilization
analysis revealed that the highest CPU consumption was attributed to three primary
modules: bowtie/align, mmseqs/easy-taxonomy (protein stage), and spades. The memory
usage profile exhibited a similar pattern, with mmseqs/easy-taxonomy at the protein stage
demonstrating peak memory requirements (see Appendix C).

Analysis of individual module performance indicated that spades assembly constituted
the predominant computational bottleneck, accounting for approximately 10 hours of the total
execution time. This duration was primarily influenced by sample SRR15525307, requiring 9
hours and 30 minutes for assembly, while sample SRR15524477 completed in 1 hour and 46
minutes under identical meta spades parameters. Notably, utilizing default spades mode
significantly reduced the total pipeline execution time to 2 hours and 21 minutes, with assembly
operations completing in approximately 70 minutes.
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Fig. 3. Examples of contigs clustering results: a) —one distinguishable cluster of Mastadenovirus;
b) — several separated clusters identified as Nodaviridae. Color and size of circles represent length
of the contig, shorter contings are clustered with similar longer ones. Names starting with NODE
correspond to VERA pipeline, others to Genome Detective results. Black lines connect members
of cluster leading to one longest cluster representative.
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3. CONCLUSIONS

3.1. Possible improvement

This study presents a computational pipeline for the processing of metaviral data. The
developed pipeline demonstrates significant scalability potential, attributed to the specific design
of the chosen creation platform. The modular structure of the pipeline, facilitated by Nextflow
[Z] and the integration of off-the-shelf nf-core modules [8], allows for logical steps within the
module—such as read cleanup from host or in-lab contaminants and de novo assembly—to be
modified or added without necessitating a complete rebuild of the data processing pipeline.
Additionally, the pipeline can be adapted to utilize exclusively long reads or hybrid assemblies.

The current methodology for preparing pipeline results includes the option for contig
elongation using cobra [57]. Furthermore, a targeted selection of viral families can be extracted
for more detailed analyses, including virus classification through nextclade [58] or pangolin
[59], as well as the construction of multiple sequence alignments and phylogenetic trees for
precise analyses of viral species identity.

It is important to note the sections of DataFlow highlighted in color in the schematic diagram
(see Fig. 1). These sections can introduce additional input points for the pipeline, facilitating de
novo assembly of reads pre-processed by third-party methods or enabling separate taxonomic
identification of contigs obtained through such methods.

We contend that the VERA pipeline can be further refined and optimized to identify novel
viruses that can be assembled from short reads but remain undetected due to the absence of
closely homologous sequences in amino acid or nucleotide databases. For instance, integrating
protein domain searches using mmseqs? [34, 35] alongside the pre-formatted Pfam database [60]
could facilitate the identification of previously unknown viruses possessing specific domains
that enable attachment to receptors of interest.

3.2. Metaviral research

In this study, we propose a new approach to the analysis of metaviral data. According to our
benchmarking results, the pipeline is showing similar performance to the state-of-the-art tools
in terms of viruses assembly and taxonomic classification. The approach for virus detection is
based on the identification of contigs that contain at least one ORF that is similar to the ORFs of
known viruses with later classification into the corresponding taxonomic group against a viral
database. The pipeline provides results in the form of terminal contigs that can be used for further
analysis and without any reference-based refinement as it is done in similar pipelines. To our
knowledge, there are no pipelines that are able to detect viruses and show final results without
human reviewing, so the experienced virologist efforts are still required for the final results
verification. We suppose that the pipeline can be a useful tool for the virologists to quickly get
the list of potential viruses in a sample and to focus on the most likely candidates for further
analysis. The proposed protein-based approach allows to detect viruses that are not similar to
any known viruses by the nucleotide sequence, but similar by the protein sequence.

It is important to acknowledge that the Genome Detective platform is a commercial product
that offers a limited number of credits for trial use by new users, with additional credits required
for ongoing analyses. In contrast, the pipeline proposed in this study is open source and available
in accordance with nf-core best practices, allowing for installation and use by virologists
without incurring additional costs. Thus, we expect that the pipeline will be most useful for
initial screening of a sample and for the virologists to focus on the most likely candidates for
further analysis.

108

Mathematical Biology and Bioinformatics. 2025. V. 20. Ne 1. doi: 10.17537/2025.20.100



METAVIRAL PIPELINE

APPENDICIES

A. Viral database creation

For the construction of a custom RefSeq Viral nucleotide database, mmseqs createdb
[34, 35] module was used. First, the online NCBI Virus resource [14, 15] was used. The
taxid:10239 was set in Virus/Taxonomy field. The source of the sequences was set as
RefSeq, nucleotide completeness was set as complete. A TXT list of accessions (including
sequence version) was retrieved from an online resource and sequences were downloaded with
ncbi_datasets [14]. Remarkably, same sequences taxonomy selection procedures executed
directly from ncbi_datasets result in several bacteria accessions in the dataset downloaded,
thus a manual filtering of accessions with an online resource was performed.

Current NCBI taxonomy was retrieved directly with wget from an FTP ftp://ftp.ncbi.
nlm.nih.gov/pub/taxonomy/taxdump.tar.gz.

Next, the seqkit tool was used to create a TXT accession-taxid file. Namely, all the
version numbers and descriptions were excluded from sequence headings resulting in a file of
sequences’ IDs only. Sequences’ IDs were subjected to a chain of edirect [61] tools, namely
epost, esummary, xtract, resulting in accession-taxid file.

The initial database was created with the mmseqs createdb workflow, utilizing only a
FASTA file with viral sequences. Next, createtaxdb was used to supplement the database
with the corresponding taxonomy information. The database utility was tested using mmseqs
easy-taxonomy with different viral sequences of known taxonomy.
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B. Cluster evaluation

For the Astroviridae family in sample SRR15524477, both pipelines — the novel VERA and the
reference Genome Detective — produced similar results. Two short contigs were identified by
the Genome Detective and one short contig by the VERA pipeline. One of two contigs identified
by the Genome Detective was found to be a fragment of the only contig from the VERA pipeline.

(see Fig. 4).
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Fig. 4. Clusters evaluation for sample SRR15524477 and Astroviridae family.

For Dicistroviridae (in the sample SRR15524477), Adenoviridae (in the sample
SRR15525307) and Picornaviridae (in the sample SRR15525307) both pipelines yield
similar results with number of dissociated contigs (see Fig. 5, Fig. 6 and Fig. 7). The longest
contigs are less than 1000 base pairs, indicating that significantly extended contigs were not
obtained. Additional sequencing depth is required for the assembly of longer contigs.

The Genome Detective contig 106-0 (from sample SRR15524477) is a candidate for further
PCR amplification and sequencing, as its fragments cluster with themselves and with the contig
from the VERA pipeline. (see Fig. 8).

For Parvoviridae family (in the sample SRR15524477), VERA pipeline revealed longer
contig, which include the longest contig from Genome Detective results. Other detected as
Parvoviridae contigs are comparably short and might represent fragments of the genome that
were not assembled (see Fig. 9).

Some contigs, specifically those from the Dicistroviridae family (in the sample
SRR15525307) and the Parvoviridae family (in the sample SRR15523955), were not found to
be similar between the pipelines or were too short for evaluation. (see Fig. 10 and Fig. 11).
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C. Pipeline resources consumption
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Fig. 12. CPU usage during the pipeline execution. The names of the processes are provided
on the horizontal axis, while the vertical axis represents the percentage of CPU usage. Blue
color represents default spades mode, orange color represents meta spades mode.Where
color differentiation is not possible, the default spades mode is depicted on the left for the

corresponding process. Full size image.
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Fig. 13. RAM usage during the pipeline execution. The names of the processes are provided
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color differentiation is not possible, the default spades mode is depicted on the left for the

corresponding process. Full size image.

Execution time

mode
I default

[ meta

FI0ILINW

F SNOISYIAIUYMLAOSIWNG WOLSND
FNOISNILXI Y04 d3d9 LIMD3S
ERE N ANE N EINEREINE )
FSLINSIY 3IAILOITINN SOISWW IS¥Vd
FSIATLOTTINN SDASWW

FIONN Y04 d3¥9 LIM03S
FSLINSIY NILOYd SOASWW IS¥vd
FSNIILOYd SDISWW

F39YY3IA0D ST00LWYS

FXJONI STOOLWYS

FNOITY SOILNOD Z3ILMod
F@1INg SOILNOD Z3ILMOd
FALVISNVYL LIND3S

F03S LIND3S

FXAIV4 ST00LWYS

FSOILNOD dIZNN9

FS3avds

FNYITD ZNINVYN

FGIWWIYL DOLSY4

FOLSYd 1¥D

FdLSvd

FNOITY WYLNOD Z3ILMOg
FNOITY LSOH ¢3Iimod

FMYY ZNINVY

FMVY D01SVA

F@1INg WYLNOD Z3ILMOg

(<}
(<}
n

® o o
o (<] o
m o~ —
UTW ‘SWT] UOTINJ8X3

(<]
o
<

process

Fig. 14. Time span of processes during the pipeline execution. The names of the processes are

provided on the horizontal axis, while the vertical axis represents the time span of the process.

Blue color represents default spades mode, orange color represents meta spades mode. Where
color differentiation is not possible, the default spades mode is depicted on the left for the

corresponding process. Full size image.
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