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ABSTRACT
This PhD dissertation has addressed, from two different approaches,
the improvement of data centers productivity through an efficient
resource management.
Firstly, we study the combination of GPU remote virtualization
technologies with workload managers in HPC clusters. On the same
basis, cloud computing environments also deal with GPUs, since
virtual machines can be equipped with these devices.
Secondly, we design, implement and analyze a malleability solution capable of resizing jobs on-the-fly. To ease the adoption of
malleability in scientific applications, we provide two strategies,
from an OpenMP-like programming model approach and from an
MPI-friendly syntax.
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INTRODUCTION

Nowadays, the vast majority of applications are developed parallel, ready to run on multiple computational units. To leverage
parallelism further, massively parallel architectures and different
distributed programming models and are utilized.
On the one hand, Graphic Processor Units (GPUs) present several
handicaps, such as its high acquisition cost, but also its high power
consumption even in an idle state. GPU virtualization techniques
allow sharing devices among applications and remote access. For
instance, a non-accelerated application may allocate all the cores of
a node blocking the use of the GPU from other job. Applying those
approaches may incur in a positive impact on the GPU utilization,
what is immediately translated into a higher throughput and a
lower energy consumption.
On the other hand, distributed applications usually are implemented using the MPI programming paradigm. This methodology
enables “malleability” in order to change on-the-fly the number
of processes of a given job allowing it to continue its execution
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with a new process layout. This reconfiguration also assumes dataredistribution among processes, what involves a higher effort from
users willing to leverage malleability. For this reason, resource management tasks have become crucial when refereeing to resource
utilization and global throughput.
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BACKGROUND

In the Sergio Iserte’s master thesis [7] we presented an extension
to Slurm [8] that support remote GPU virtualization. With this
extension Slurm becomes aware of the fact that the assignment
would no longer be constrained by the GPU kernels having to
be executed in the same node where the invoking application is
mapped to. The goal was thus to create a GPU virtualization-aware
job scheduler which in turn allowed applications to leverage all
the cluster GPUs, independently of their location. However, the
master’s thesis lacks of a thorough analysis of the Slurm’s extension
in day-to-day HPC scenarios.
Several solutions have been developed to be specifically used
within VMs, such as, for example, gVirtuS [4], vCUDA [24], GViM [6],
Shadowfax [19], gCloud [1], Vgris [22]. Although some of these
projects are showing a high rate of matureness, they have neglected
their integration in real cloud platforms, and their management of
the GPU resources.
Regarding processes malleability, in the literature we can find,
among others, the following solutions: In [2], malleability is addressed with checkpoint/restart mechanisms. Storing and loading
files, however, poses a non-negligible overhead versus runtime data
redistribution.
In [18], User Level Failure Migration (ULFM) MPI library is leveraged to cause abortions in the processes to use the shrink-recovery
mechanism implemented in the library, and then, resume the execution in a new number of processes.
A resizing mechanism based on Charm++ is presented in [5]. In
it, the the benefits of resizing a job in terms of both performance
and throughput are demonstrated. Nevertheless, this framework
apart from being based on a new programming model, they do not
address the data redistribution problem during the resizing.
Notwithstanding the variety of existent methods to adopt malleability in parallel scientific applications, none of them combines
the features that we consider crucial in order to gain popularity
among developers: i) automatic support for data transfers in job
reconfigurations; and ii) a friendly syntax imported from parallel
programming models such as OpenMP or MPI. Furthermore, for
MPI-like syntax, the solutions must be based on the MPI standard
without a dependency to any particular MPI library.
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GSaaS [16] (GPU Scheduling as a Service) is a service to cloudify
and schedule the access to physical GPUs from VMs, aimed to public cloud infrastructures (see Figure 1). The proposed service relies
Dashboard (GUI)

Your Applications

Monitoring & Tools

APIs
Nova

Compute

Neutron

Networking

Figure 3: Job expansion.

Storage

OpenStack Shared Services

GSaaS

Standard Hardware

Figure 1: GSaaS: A service to cloudify and schedule GPU access in OpenStack.
on a set of 3 distributed components, integrated between the cloud
infrastructure and the physical GPUs (see Figure 2). In this sense,
rCUDA [20][21] enables remote access to the GPUs, which are previously cloudified and scheduled by RODVR and GPGPUMS [9],
respectively. The main benefits achieved by GSaaS are: flexible

DMR simplifies the development of malleable applications by
providing 2 frameworks with syntaxes based on OpenMP and MPI,
in order to reach a wider audience. Furthermore, DMR is responsible for spawning the new processes, redistribute the data among
processes and resuming the execution where the it was left for
reconfiguring. Figure 3 shows a job expansion example where a
2-process job is expanded to 4 processes.
In order to dynamically adapt a workload, we need two main
tools: (1) a resource manager system (RMS) capable of reallocating
the resources assigned to a job; and (2) a parallel runtime to rescale
an application. DMR connects these components by developing a
communication layer between the RMS and the runtime (see Figure 4). Specifically, DMR enables the communication with Nanos++
(the OmpSs runtime) and the RMS Slurm. The RMS is aware of
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Figure 2: Technologies integration scheme.
scheduling of GPU resources, decoupling of the interface between
the client and the rCUDA server, masking the location of the GPUs,
preventing GPU unauthorized accesses and detaching VM traffic from GPU traffic by using a dedicated network. Besides, the
proposed solution automates the configuration of its distributed
components.
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DYNAMIC JOB RECONFIGURATION

DMR (Dynamic Management of Resources) [12] is a complete solution for malleability which provides the necessary mechanisms to
implement malleable applications and process adaptive workloads.

Figure 4: Scheme of the interaction between the RMS and
the runtime.
resource utilization and the queue of pending jobs. When an application is in execution, it periodically contacts the RMS, through
the runtime, communicating its rescaling willingness (to expand or
shrink the current number of allocated nodes). The RMS inspects
the global status of the system to decide whether to initiate any
rescaling action, and communicates this decision to the runtime. If
the framework determines that a reconfiguration action is beneficial and possible, the RMS, runtime and application will collaborate
to continue the execution of the application scaled to a different
number of processes.
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EVALUATION

Combining rCUDA and Slurm, we prove that we can boost the
throughput of a GPU-enabled cluster by placing the accelerators
in any location, depending on the system restrictions or user necessities. Specifically, we have experienced reductions of 48% in
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the workload completion time and of 40% in the energy consumption with respect to traditionally CUDA-based configurations. This
more efficient management of the GPUs has also been translated
into GPU utilization, doubling the baseline provided with native
CUDA [26], [27], [25] and [17] .
Similarly, we have experimented with rCUDA in cloud environments, concluding that public cloud solutions such as AWS are
not ready for HPC at the moment when the experiments were performed (June 2015) [10] and [9]. However, thanks to our approach,
users may reduce their economic budget by customizing the number of GPUs they need for the VMs, thus skipping the restrictions
of AWS when it comes to CUDA-enabled VMs. This new approach
presents a series of new working modes for CUDA-enabled VMs
that may be leveraged to increase the performance of GPU parallel applications, as well as to provide more flexibility regarding
VM-GPU assignation [16].
On the other hand, although malleability has already proven
its advantages in HPC workloads, in this dissertation we have
demonstrated that our solution not only can improve the cluster
productivity, but also the coding productivity. Our solution [14]
and [15] has demonstrated to reduce the completion time of the
jobs in a workload by reducing their waiting time in the queue.
Our evaluation was performed using 129 nodes from the Marenostrum IV supercomputer at Barcelona Supercomputing Center. Each
node in this facility is equipped with 2 Intel Xeon Platinum 8160
sockets (24 cores at 2.10 GHz each) for a total of 48 cores with 96 GB
of RAM. The nodes are interconnected through a 100 Gbit/s Intel
Omni-Path network.
Concretely, our experiments have proven a reduction of 75% in
the needed time to complete a workload when combining moldability and malleability [13], [12] and [11].
Dynamically reconfiguring jobs and reallocating resources with
DMR has favored an increased utilization of the underlying resources, what has been translated in to an increase of the global
throughput and remarkable reduction in the amount of energy
needed to process the workload. Our studies have proven that it
is not necessary to port all the system applications into malleable;
just adapting the right type of applications, the throughput may be
dramatically increased and the energy consumption reduced more
than 75%.
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CONCLUSIONS

From a high-throughput perspective, this PhD dissertation provides a deep insight into 2 different techniques for productivity
in HPC facilities. Those techniques have been applied in various
scenarios, demonstrating their usefulness and appropriateness for
High-throughput computing (HTC).

6.1

Ongoing Work

Thanks to all the work done in this thesis, which has supposed an
interesting source of ideas, we have prepared projects for students
and established collaborations with other researchers:
• With the Unit of Medicine at Universitat Jaume I (Spain), we
are studying how to increase their productivity and reduce
their costs by performing part of their genetic alignment
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(using the malleable version of HPG-aligner, developed in
this thesis) in our HPC facilities.
• With the Czestochowa University of Technology (Poland),
we are developing the malleable version of MPDATA [23].
MPDATA is the main module of a multiscale fluid model,
which supposes an innovative solver in the field of numerical modeling of multiscale atmospheric flows. Furthermore,
MPDATA is CUDA-capable and with this application we
aim to experiment the effect of a malleable application in a
GPGPU virtulized cluster, combining the 2 approaches for
productivity studied in this dissertation.

6.2

Future Work

In a near future we plan to integrate the remote GPU scheduling in
containerized environments as a microservice. This new approach
aims to improve the computational elasticity in cloud computing
infrastructures.
Furthermore, we understand that the next natural step in process
malleability corresponds to the integration of intranode malleability
tools, such as the dynamic load balancing (DLB) [3]. This extension
may improve the productivity when:
• A user wants to send a second application in the resources
previously allocated to another application. Instead of requesting more resources the user may launch the analysis
application in the same resources where the simulation was
running.
• Slurm detects that a node is being underutilized and decides
to reduce the number of resources assigned to the processes
running on that node.
Process malleability may be also applied in resilience scenarios
where administrative restrictions, such as the maintenance of the
infrastructure or power capping capabilities and unexpected node
failures could cause the abruptly termination of many jobs losing all
their unsaved progress. For this purpose, the communication with
the RMS is crucial since it is aware of the node status. For instance,
a node status transition to drain may imply the migration of jobs
from that node to others where the execution could be resumed.
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