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We first ran babs-1init to initialize the BABS project. After it finished, we used
babs-check-setup with --job-test mode on to make sure that the environment and
cluster resources specified in the YAML file were workable. babs-check-setup command

finished successfully, suggesting that real jobs of fMRIPrep were ready to submit.

Figure 4. Container configuration YAML file used in application of BABS to the HBN dataset.
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Next, we used babs-status to check how many subjects’ jobs there are to complete.
The list of subjects was generated during babs-1init, where only subjects with T1-weighted
images were included, and such data filtering was set on line #40-42 in the Y AML file shown in
Figure 4. There were 2,565 jobs to complete, where each job corresponds to a subject. We then
submitted the first ten jobs using babs-submit with argument "—-count 10" to confirm
real jobs could finish without error. After almost a day, all of these ten jobs finished successfully
according to babs-status. This told us that the requested cluster resources were sufficient for

the real jobs.

$ babs-status \
——project-root $PWD \ BABS command

1 1 :
E 2 :
.3 -—container-config-yaml-file \ E
E 4 /cbica/projects/BABS/babs_paper/showcase_config_fmriprep_anatonly.yaml \ !
15 --job-account '
"6 Did not request resubmit based on job states (no '--resubmit®). T
7 ‘——job-account® was requested; “babs-status® may take longer time...
B
9 Job status:
10 There are in total of 2565 jobs to complete.
11 2565 job(s) have been submitted; @ job(s) haven't been submitted.
12 Among submitted jobs,
13 1808 job(s) are successfully finished;
14 196 job(s) are pending;
15 342 job(s) are running;
| 16 __ 219 job(s) are failed.
18 Among all failed job(s):
19 2 job(s) have alert message: 'stdout file: fMRIPrep failed';
20 197 job(s) have alert message: 'BABS: No alert message found in log files.';
21 17 job(s) have alert message: 'stdout file: Excessive topologic defect encountered';
22 2 job(s) have alert message: 'stdout file: Numerical result out of range';
23 1 job(s) have alert message: 'stdout file: mris_curvature_stats: Could not open file';

Failed job audits

25 Among job(s) that are failed and don't have alert message in log files:
26 197 job(s) have job account of: 'gacct: failed: 37 : gmaster enforced h_rt, h_cpu, or h_vmem limit';

28 All log files are located in folder: /cbica/projects/BABS/babs_showcase/showcase_HBN_fmriprep_anatonly/
analysis/logs

Figure 5. Example babs-status command (in blue) and corresponding printed messages
during the application of BABS to the HBN dataset. The babs-status command was run in
the root directory of the BABS project.
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We then submitted jobs for all of the remaining subjects using babs-submit with
argument -—a11. After that, we ran babs-status episodically to check job status. Figure 5
shows example printed messages from babs-status during this process. The babs-
status command is highlighted in blue. To audit the failed jobs, we used container
configuration YAML file (line #3-4, Figure 5) and turned on --job-account mode (line #5,
Figure 5). There were two major parts in the printed messages: the job status summary and the
failed job audits. Based on the job status summary, at that point, all 2,565 subjects’ jobs had been
submitted (line #11, Figure 5). Among them, 1,808 jobs successfully finished; 196 jobs were
waiting in the queue (“pending”); 342 jobs were running; and 219 jobs failed (line #12-16,

Figure 5).

Next, to further understand why these jobs failed, and to audit how many jobs had failed
due to each reason, babs-status performed failed job audits. It first searched for alert
messages in log files of these failed jobs that were predefined in the container configuration
YAML file (line #46-52, Figure 4). These alert messages, such as “Excessive topologic
defect encountered”, were messages that may be found in log files of failed jobs and may
be informative for why a job had failed. babs-status identified two failed jobs that had alert
message of “fMRIPrep failed” in standard output (stdout) log file, 17 failed jobs with
“Excessive topologic defect encountered”, two failed jobs with “Numerical
result out of range”, and one failed job with “mris curvature stats: Could

not open file” (line#19 and #21-23, Figure 5).

Finally, there were 197 failed jobs without predefined alert messages in their log files

(line #20, Figure 5). This indicates these jobs failed for reasons other than the ones described
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above. With --job-account mode on, babs-status further called cluster’s job
accounting command to diagnose the reason. All of these 197 failed jobs had failed code 37:
“gmaster enforced h rt, h cpu, or h vmem limit” (line #25-26, Figure 5).
This tells us that these jobs were killed by the cluster because they exceeded resource limits. As
we have set job run time limit (h_ rt) of two days in the container configuration YAML file,
these jobs likely failed because they did not finish within two days, indicating they got stuck at

one step of the processing pipeline.

As failed job auditing was turned on (i.e., -—container-config-yaml-file and
--job-account), this example babs-status command at this point finished after around
half an hour. Notably, without failed job auditing (using only the job status summary), babs-
status will only require one to two minutes even for a very large dataset like HBN. Note that
the run time of a BABS command also depends on how busy the cluster is, so it is normal for the

run time to vary.

After the first round of submissions of all subjects’ jobs, 2,231 jobs successfully finished,
and 334 jobs failed. In a large dataset like HBN with heterogeneous data quality, it is expected
that jobs failed due to issues such as failed surface reconstruction by FreeSurfer. Sometimes
rerunning the jobs may solve the problem. Therefore, we resubmitted these 334 failed jobs using
babs-status with the argument '--resubmit failed'. Inthe end, a total of 2,258

subjects’ jobs successfully finished, and 307 subjects’ jobs failed.

At this time, all successful jobs’ results were on different branches. We applied babs—
merge to merge them into the mainline branch, resulting in a complete, provenance-tracked

DatalLad dataset. The results were ready to consume. To check the results, we used Datal.ad’s

33


https://doi.org/10.1101/2023.08.16.552472
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.16.552472; this version posted August 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

command ‘datalad clone to clone the output RIA to a human readable folder outside the
BABS project. After getting into this new folder, we could see 2,258 zip files, each containing
results from one subject. By using ‘datalad get’, we copied the content of one zip file into
the cloned folder. After unzipping this zip file, we successfully got the expected results from the

corresponding subject.

To check the data provenance tracked by Datalad in this clone of the results, we used
command git log --oneline’ to list the Git commit history of the entire workflow of
BABS (Figure 6A). We further entered the command 'git show 09ce675  to check the
provenance record of the last job shown in the history: commit 09ce 675, for subject sub-
NDARYT155NHX. This command printed out the machine-readable, re-executable provenance
record of this subject’s data processing job, including the exact command used, input BIDS data
and container image, results zip file, etc (Figure 6B). With this provenance record and the code
saved in the output RIA store, data processing of any job can be repeated, making data
processing fully reproducible. Here we skip the demonstration of such recomputation, as this has

been demonstrated in the FAIRIly big framework paper (Wagner et al., 2022).

A. Git log history (only first several lines are shown).

(showcase) @ output_showcase_HBN_fmriprep_anatonly$ git log --oneline
9¢cla??b ( s ; ) merge results chunk 2/2
/0ef74b merge results chunk 1/2
( ) [DATALAD RUNCMD] fmriprep-2
) [DATALAD RUNCMD] fmriprep-2

sub-NDARYT155NHX
sub-NDARXY162ERA

) [DATALAD RUNCMD] fmriprep-2
) [DATALAD RUNCMD] fmriprep-2
) [DATALAD RUNCMD] fmriprep-2

sub-NDARTE159EC4
sub-NDARRB4@3PDE
sub-NDARWTQ86XMF

0-2-3
0-2-3
) [DATALAD RUNCMD] fmriprep-2@0-2-3 sub-NDARWP954GPJ]
0-2-3
0-2-3
0-2-3
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B. An example provenance record of one subject’s data processing job.

(showcase) @ output_showcase_HBN_fmriprep_anatonly$ git show @9ce675
commit @9 4090d16f88001494 B4f1l ( )]
Author: Chenying Zhao <chenyzh@seas.upenn.edu>

Date: Mon May 22 @7:21:09 2023 -0400

[DATALAD RUNCMD] fmriprep-2@-2-3 sub-NDARYT155NHX
= Do not change lines below ===

"chain": [],
"cmd": “"bash ./code/fmriprep-20-2-3_zip.sh sub-NDARYT155NHX",
"dsid": "1e4936c8-3164-47b6-a40f-542a48234b82",
"exit": O,
"extra_inputs": [],
"inputs": [
"code/fmriprep-2@-2-3_zip.sh",
"inputs/data/BIDS/sub-NDARYT155NHX",
"inputs/data/BIDS/dataset_description.json",
"containers/.datalad/environments/fmriprep-20-2-3/image"
1,
"outputs": [
"sub-NDARYT155NHX_freesurfer-20-2-3.zip"
1,
"pwd": "."
}

AAA Do not change lines above AAA

diff --git a/sub-NDARYT155NHX_freesurfer-20-2-3._zip b/sub-NDARYT155NHX_freesurfer-20-2-3.zip
new file mode 120000

index 0000000..7add559

--- /dev/null

+++ b/sub-NDARYT155NHX_freesurfer-20-2-3.zip

\ No newline at end of file

Figure 6. Git log history and example data provenance of the application to the HBN dataset.
(A) The Git log history of the entire workflow of BABS (only first several lines, i.e., last several
commits are shown). (B) An example machine-readable, re-executable provenance record of a
subject’s data processing job.

4. DISCUSSION

BABS was developed to respond to the reproducibility crisis in neuroimaging research
and maximize reproducibility in image processing. The full audit trail recorded by DatalL.ad and
FAIRIy big framework provides complete reproducibility for processing large-scale datasets. As
discussed below, BABS allows for reproducible and scalable applications of different BIDS

Apps on HPC clusters that are accessible to general users.

4.1. Reproducible data analyses
There have been emerging tools for enhancing reproducibility, e.g., Git for code version

control, Datalad for data version control, as well as containerized BIDS Apps that are portable
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and encapsulate all dependent software. However, neuroimaging data analyses often involve
various components, including input datasets, software and code, commands and parameters,
results, etc. A full audit trail of data processing is essential for complete reproducibility;
however, it is often painful to record a full audit trail for complex, heterogeneous, and large
datasets. Leveraging DatalL.ad and FAIRIy big framework, BABS supports automatic data
provenance tracking. This allows users to find detailed data provenance records for results, even
from a large-scale dataset. Such detailed records link the results to all other components in
neuroimaging data analyses by answering how the results were generated: which input datasets
were used, what the exact code, commands, and version of the BIDS App were applied, etc.
These detailed records can be retrospectively retrieved when reporting detailed methods or

protocol of the study.

It should be noted that, although some platforms such as the Canadian Open

Neuroscience Platform (CONP; https://conp.ca/; Harding et al., 2023; Poline et al., 2023) may

also use Datalad and containerized software (e.g., BIDS Apps) for enhancing reproducibility,
with BABS, it is not necessary for users to upload or share the data on another platform; instead,

they can directly process the data on the HPC clusters they have access to.

4.2. Scalability to large-scale datasets

Compared to small datasets, large neuroimaging datasets produce more reproducible and
replicable findings, especially in the context of the small effect size of many brain-behavior
associations (e.g., Marek et al., 2022; Liu et al., 2023). Large sample sizes enhance statistical
power; however, their size, complexity and heterogeneity also present challenges in data
processing. The challenges include not only data provenance tracking (as discussed above), but

also HPC job management. BABS is designed to scale for applications to large-scale datasets in
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an HPC environment. As shown in the application to the HBN dataset, babs-submit and
babs-status provide simple yet powerful interfaces for users to manage numerous jobs,
including job submission, status checking, and auditing of failed job. These features facilitate its

applications to large-scale datasets.

4.3. Generalizability to different use cases

There are numerous use cases of neuroimaging data processing, including different input
BIDS datasets, BIDS Apps, and HPC cluster platforms. It is not efficient for researchers to
implement one script per use case; the profusion of resulting code also has the potential to impact
reproducibility. Instead, BABS creates (i.e., bootstraps) scripts tailored for different use cases. In
this way, maintenance and enhancements are only needed for the source code of BABS, instead
of numerous scripts for different use cases. Currently, BABS supports several common use
cases, including input BIDS datasets in different forms (one or more; single-session and
multiple-session; raw BIDS data and BIDS derivatives), several BIDS Apps (fMRIPrep,
QSIPrep, and XCP-D), and SGE and Slurm HPC clusters. Applications to other BIDS Apps are
straightforward and can easily be achieved by creating new container configuration YAML files
for those BIDS Apps. BABS is also extensible to additional HPC job scheduling systems beyond

Slurm and SGE; we have plans to support LSF in the future.

4.4. User-friendly and accessible to general users

BABS provides a parsimonious set of programs for reproducible image processing. With
BABS, users can apply the FAIRIy big framework and reproducibly process large datasets
without requiring deep knowledge of DataLad, which many users find challenging. Sanity
checks and test jobs included in babs-check-setup help users detect problems before real

jobs of BIDS Apps start running and fail. Handling numerous jobs on clusters is facilitated by
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babs-submit and babs-status; these provide users with concise yet informative
messages about the jobs statuses and failed jobs audits. As such, BABS makes the reproducible
and large-scale image processing user-friendly and accessible to both beginning and advanced

USErs.

4.5. Limitations and future directions

It should be noted that BABS has several limitations. First, BABS capitalizes on and
supports the standard BIDS format and BIDS Apps, and is not currently compatible with data in
other formats, or neuroimaging software or containers that are not compliant with the
requirements of BIDS Apps. However, BIDS data and BIDS Apps are in wide current use.
Second, currently BABS is designed to be applied on HPC systems, and is not compatible with
cloud-based computing platforms (e.g., Amazon Web Services [AWS]), local computers where a
job scheduling system or Singularity software is not installed, or computing nodes without job
scheduling systems. Compatibility to these systems may be considered in the future. Third,
BABS currently only has command-line interfaces and does not have a graphical user interface
(GUI). However, users who use HPC clusters should have basic skills of using command-line
programs in terminals. In addition, given that HPC clusters often have limited bandwidth for

graphical data transmission, GUI may not be an optimal choice for BABS.

BABS’s continued development is an ongoing, collaborative effort. In the future, several
enhancements on the roadmap may be added to BABS. For example, currently the data from the
input BIDS dataset(s) should be fixed for a certain BABS project. This may not be suitable for
studies where data is still being collected. In the future, we may add functionality to BABS so
that it can accept new subjects and/or sessions easily. In addition, as listed in the NMIND

checklist (see Appendix; Kiar et al., 2023), although BABS has achieved Bronze tiers for
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documentation, infrastructure, and testing according NMIND standards, there are still several
features that remain un-implemented. We have listed these un-implemented features and
potential enhancements on the roadmap in a milestone on GitHub:

https://github.com/PennLINC/babs/milestone/3. We welcome contributions from researchers in

the broad community via pull requests at BABS GitHub repository

(https://github.com/PennLINC/babs); developer documentation can be found at: https://pennlinc-

babs.readthedocs.io/en/stable/developer.html.

4.6. Conclusion

BABS is a Python package that provides a reproducible and scalable workflow for large-
scale BIDS data analysis using BIDS Apps. It provides a parsimonious set of user-friendly
programs to allow for the generalizable implementation of the FAIRIy big workflow on HPC

systems. Taken together, BABS facilitates reproducible neuroimaging research at scale.
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APPENDIX

NMIND checklist
The NMIND checklist is a tool to evaluate the scientific software against coding
standards proposed by NMIND consortium (Kiar et al., 2023). The full checklist can be found

here: https://www.nmind.org/standards-checklist/. Here we show our Python package BABS’s

performance on this checklist (checklist version: 1.0.0; evaluated on August 2nd, 2023). This
checklist includes three domains: documentation, infrastructure, and testing. The assessment for
each domain could land on one of these three tiers: Bronze, Silver, Gold. The achieved items are

labeled with checkmarks “V”, while not achieved ones are labeled with open circles “o”.

It should be noted that, current checklist is based on the latest version of BABS when the
paper is submitted. As BABS is under continued development, after more features are added,

more checks may be achieved than those listed below, and BABS may even reach a higher tier.

Domain #1: Documentation

Bronze tier (9 out of 9 items have been achieved):

V' Landing page (e.g., GitHub README, website) provides a link to documentation and brief
description of what program does

v Documentation is up to date with version of software

\' Typical intended usage is described

v An example of its usage is shown
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v Document functions intended to be used by users (i.e., public function docstring / help
coverage > 10%)

' Description of required input parameters for user-facing functions with reasonable
description of inputs (i.e., "NIfTI of brain mask in MNI" vs. "An image file")

\' Description of output(s)

V' User installation instructions available

V' Dependencies listed (i.e., external and within-language requirements)

Silver tier (4 out of 7 items have been achieved):

v All items from bronze tier

o Background/significance of program

v One or more tutorial to showcase the multiple of the program's usages (i.e., if program has
multiple usages)

o Any alternative usage that is advertised is thoroughly documented

\' Thorough description of required and optional input parameters

V' Document public functions (i.e., public function docstring / help coverage > 20%)

o A statement of supported operating systems / environments (i.e., could be a container recipe)

Gold tier (3 out of 8 items have been achieved):

v All items from bronze tier

All items from silver tier

O

Continuous integration badges in README for build status

< O

Continuous integration badges in README for tests passing

o

Continuous integration badges in README for coverage

<

Document functions, classes, modules, etc. (i.e., public + private docstring / help coverage >
40%)

o Has a documented style guide

o Maintenance status is documented (e.g., expected turnaround time on pull requests, whether

project is maintained)
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Domain #2: Infrastructure

Bronze tier (7 out of 7 items have been achieved):

Code is open source

Package is under version control

Readme is present

License is present

Issues tracking is enabled (i.e., either through GitHub or external site)

Digital Object Identifier (DOI) points to latest version (e.g., Zenodo)

2 02 2 2L =2 2 2

All documented installation instructions can be successfully followed

Silver tier (2 out of 4 items have been achieved):

v All items from bronze tier
o Issue template(s) available (i.e., information requested by developers)
V' Continuous integration runs tests

o No excessive files included (i.e., unused files / cache; e.g., .gitignore)

Gold tier (3 out of 7 items have been achieved):

v All items from bronze tier

o All items from silver tier

V' Continuous integration builds packages

o Continuous integration validates style

o Journal of Open Source Software submission
V' Contribution guide present

o Code of Conduct present
Domain #3: Testing

Bronze tier (2 out of 2 items have been achieved):

V' Provide / generate / point to test data
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v Provide instructions for users to run tests that include instructions for evaluation for correct

behavior

Silver tier (2 out of 3 items achieved):

v All items from bronze tier
\' Some form of testing suite present

o Test coverage > 50%

Gold tier (2 out of 4 items have been achieved):

v All items from bronze tier
o All items from silver tier
o Test coverage > 90%

V' Benchmarking information is provided for examples
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