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The goal of this work was to design a low-cost computing facility that can support the development of an
open source digital pathology corpus containing 1M images [1]. A single image from a clinical-grade digital
pathology scanner can range in size from hundreds of megabytes to five gigabytes. A 1M image database
requires over a petabyte (PB) of disk space. To do meaningful work in this problem space requires a
significant allocation of computing resources. The improvements and expansions to our HPC (highperformance computing) cluster, known as Neuronix [1], required to support working with digital pathology
fall into two broad categories: computation and storage. To handle the increased computational burden and
increase job throughput, we are using Slurm [3] as our scheduler and resource manager. For storage, we
have designed and implemented a multi-layer filesystem architecture to distribute a filesystem across
multiple machines. These enhancements, which are entirely based on open source software, have extended
the capabilities of our cluster and increased its cost-effectiveness.
Slurm has numerous features that allow it to generalize to a number of different scenarios. Among the most
notable is its support for GPU (graphics processing unit) scheduling. GPUs can offer a tremendous
performance increase in machine learning applications [4] and Slurm’s built-in mechanisms for handling
them was a key factor in making this choice. Slurm has a general resource (GRES) mechanism that can be
used to configure and enable support for resources beyond the ones provided by the traditional HPC
scheduler (e.g. memory, wall-clock time), and GPUs are among the GRES types that can be supported by
Slurm Error! Reference source not found.. In addition to being able to track resources, Slurm does strict
enforcement of resource allocation. This becomes very important as the computational demands of the jobs
increase, so that they have all the resources they need, and that they don’t take resources from other jobs.
It is a common practice among GPU-enabled frameworks to query the CUDA runtime library/drivers and
iterate over the list of GPUs, attempting to establish a context on all of them. Slurm is able to affect the
hardware discovery process of these jobs, which enables a number of these jobs to run alongside each other,
even if the GPUs are in exclusive-process mode.
To store large quantities of digital pathology slides, we developed a robust, extensible distributed storage
solution. We utilized a number of open source tools to create a single filesystem, which can be mounted
by any machine on the network. At the lowest layer of abstraction are the hard drives, which were split into
4 60-disk chassis, using 8TB drives. To support these disks, we have two server units, each equipped with
Intel Xeon CPUs and 128GB of RAM. At the filesystem level, we have implemented a multi-layer solution
that: (1) connects the disks together into a single filesystem/mountpoint using the ZFS (Zettabyte File
System) [6], and (2) connects filesystems on multiple machines together to form a single mountpoint using
Gluster [7].
ZFS, initially developed by Sun Microsystems, provides disk-level awareness and a filesystem which takes
advantage of that awareness to provide fault tolerance. At the filesystem level, ZFS protects against data
corruption and the infamous RAID write-hole bug by implementing a journaling scheme (the ZFS intent
log, or ZIL) and copy-on-write functionality. Each machine (1 controller + 2 disk chassis) has its own
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separate ZFS filesystem. Gluster, essentially a meta-filesystem, takes each of these, and provides the means
to connect them together over the network and using distributed (similar to RAID 0 but without striping
individual files), and mirrored (similar to RAID 1) configurations [8].
By implementing these improvements, it has been possible to expand the storage and computational power
of the Neuronix cluster arbitrarily to support the most computationally-intensive endeavors by scaling
horizontally. We have greatly improved the scalability of the cluster while maintaining its excellent
price/performance ratio [1].
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