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Abstract— Very large data sets within the range of megabytes
to terabytes generated daily from checkpoint-and-restart
processes are seen in today's scientific simulations. Reliability
and durability are two important factors to build an archive
storage system. Erasure code based object storage systems are
becoming popular choices for archive storage systems due to
cost-effective storage space saving schemes and higher fault-
resilience capabilities. Both erasure code encoding and decoding
procedures involve heavy array, matrix, and table-lookup
compute intensive operations. Current solutions of the erasure
coding process are based on single process approach which is not
capable of processing very large data sets efficient and
effectively. In this paper, we address the bottleneck problem of
single process erasure encoding by leveraging task parallelism
offered by multi-core computers. We add parallel processing
capability to the erasure coding process. More specifically, we
develop a parallel erasure coding software, called parEC. It
explores the MPI run time parallel I/O environment and
integrates data placement process for distributing encoded data
blocks to destination storage devices. We evaluate the
performance of parEC in terms of both encoding throughput and
energy efficiency. We also compare the performance of two task
scheduling algorithms for parEC. Our experimental results show
parEC can significantly reduce the encoding time (i.e., by
74.06%-96.86%) and energy consumption (i.e., by 73.57%-
96.86%), and Demand-based Workload Assignment (DBWA)
algorithm can a high system utilization (i.e., 95.23%).

Keywords— Erasure coding, Parallel 1/0, Task parallelism,
Workload distribution, Storage system, Power consumption.

I. INTRODUCTION

Erasure code based object storage systems are becoming
popular choices for archive storage systems due to their cost
effective storage space saving schemes and higher fault-
resilience capabilities [1]. Customizable redundancy schemes
implemented in erasure code are an storage-efficient alternative
to the triple or multiple data replications solution implemented
in most of today's large-scale data centers. Both erasure code
encoding and decoding procedures involve heavy array, matrix,
and table-lookup compute intensive operations. Research
studies and reports from commercial systems have showed that
software-based erasure coding can be deployed on distributed,
production storage systems. Long processing time and slow
coding bandwidth are major roadblocks to employing software
based erasure coding techniques to large datasets. With today’s
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advanced CPU design technologies such as multi-core, many-
core, and streaming SIMD instruction sets we can effectively
and efficiently adapt the erasure code technology in cloud
storage systems and apply it to handle very large-scale date
sets.

Our previous testing results have shown that SIMD based
erasure code software can help to reduce erasure coding
processing time and decrease power consumption [2] [3].
Multi-core processor design has been implemented in modern
CPU technology. Each Multi-core processor has its own
embedded SIMD sub-system. It is a challenging task to achieve
erasure coding parallelism and maximize CPU utilization.
Current solution of erasure coding process is based on single
process/single node or multi-thread/single node approaches.

To relieve the performance bottleneck of single process
erasure encoding approaches, we utilize the task parallelism [4]
property from a multicore computing system and improve the
erasure coding process with parallel processing capability. We
have leveraged open source erasure coding software and
implemented a concurrent and parallel erasure coding software,
called parEC. The proposed parEC software is realized through
MPI parallel /0 processing [5] [6] and achieves run-time
adaptive workload balancing and scheduling [7]. We also
compare the performance of two task scheduling algorithms for
parEC. Our experimental results show parEC can significantly
reduce the encoding time (i.e., by 74.06%-96.86%) and energy
consumption (i.e., by 73.57%-96.86%), and Demand-based
Workload Assignment (DBWA) algorithm can a high system
utilization (i.e., 95.23%).

The rest of this paper is organized as follows. We present
the related research works in Section II. In Section III, we
present the architecture, design, and implementation of the
proposed parEC software. In Section IV, we present scaling
and intensive testing cases and results from performance
evaluation and justification. In Section V, we conclude with the
current parEC status and future development works.

II. RELATED WORKS

In [8], authors adopted the transformative Parallel 1/O
features from PLFS [9] and PFTOOL [10], applied them on an
OpenStack Swift object store, and turned a Swift object store
into a scalable and parallel cloud object storage system. In [11],
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authors compared two different erasure coding approaches.
They evaluated Gibraltar [12] run on NVIDIA’s GPU/CUDA
and Jerasure [13] run on Intel x86 based CPUs. They
demonstrated the advantages of Gibraltar code using GPU’s
data vectorization and parallel processing capability. However,
without ECC memory technology supported on GPU
computing data reliability and integrity is still a concern. In
[14], the author proposed an XOR based Cauchy-
Reed/Solomon code and implemented it on multicore
computing systems. Both data oriented and encoding equation
oriented parallel coding approaches were discussed and
evaluated in the paper. In [15], the author proposed a CPU and
GPU based framework to calculate erasure code and translated
encoding/decoding processes into OpenMP/CPU based and
OpenCL/GPU based coding modules. The author identified
factors that influenced the coding performance. In [16], authors
proposed a Parallel Cauchy Reed-Solomon Coding Library for
GPU based computing platform. A QoS-aware I/O scheduling
framework for supporting software defined storage systems
was proposed and evaluated in [17] and the proposed
framework was limited to a single server operation mode.

III. PAREC SOFTWARE ARCHITECTURE AND WORKLOAD
DISTRIBUTION

Designing parallel software is always a challenging task no
matter which parallel programming software is used. The key
issue is to find a matched programming model to support the
task and data characteristics of an application. We apply the
proposed parEC software system on multicore based cluster
machines [18]. Obviously MPI is the right selection to
implement our proposed parallel encoding software system.
We use MPI and MPI-IO library to develop this parEC
software system. A diagram of the proposed parEC software
system is shown in Figure 1. The parEC can handle two types
of data encoding: single object encoding for small files and
multi-part-object encoding for large files. The threshold of file
size is determined based on our previous testing results [3]. We
have designed four types of MPI processes in parEC.

The Manager process manages workload distribution from
a data queue (DataQ) to available parEC processes, and
finalizes job execution. DataQ is an event queue used to store
source data information from results of a source file tree walk.
A DataExplorer process applies file-tree scans on source file
trees, extracts each individual file, inserts file information to
the data queue (DataQ), exports sub-directories, and maintains
data queue status. The DataExplorer process also handles
multi-part-object data partitioning. If a file size is too big, the
DataExplorer process invokes a partitioning process, dividing
this file into n sub-chunks, and inserting information of each
sub-chunk into the data queue. By default, only one
DataExplorer process is launched. More DataExplorers will be
used if a very large data set is processed. We use the extended
attributes of a file system to record chunking and encoding
metadata information so that we can access and recover the
original data objects from encoded data objects.
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Figure 1: parEC software system diagram and components.

Each parEC process communicates with the Manager
process, receives workload assignment from the Manager
process, conducts erasure coding, generates encoding data (K
chunks) and code (M chunks), and generates encoding
metadata information. We reuse open source erasure coding
software such as zfec [19] and Intel ISA-L [20] to implement
the basic part of the parEC process. In this paper, we use the
“Reed-Solomon-Vandermonde” coding method. We change
the original Encoder program into an encoding library function
and call this encoding function inside a parEC MPI process.

The Report process collects encoding process performance
data and generates final statistic reports for a parallel erasure
encoding job. We generate source file tree information
(number of processing files, average size of processing file, file
size distribution), erasure coding information (K and M ratio,
number of data and code chunks generated) and Erasure coding
performance information (processing time and encoding
bandwidth).

To schedule parEC processes, we design two workload
distribution methods in the manager process: round-robin
workload assignment and demand based workload assignment.

e Round-robin workload assignment (RRWA): The
Manager process assigns source data to each parEC
process based on the round-robin or parEC process
sequence. Using this workload assignment, each parEC is
expected to receive the same number of source data
objects. The object size factor is not considered in
workload assignment.

e Demand based workload assignment (DBWA): Each
parEC process asks the manager to assign the next source
data object when this parEC finishes encoding the last
assigned source data object.

IV. PERFORMANCE EVALUATION

We set up a cluster test-bed with eight server nodes which
are used to run MPI processes (Manager, DataExplorer(s),
Report, and parECs). Each server has one eight-core CPU,
32GB DDR3 memory, and SIMD processors. The test-bed also
has one storage server as the destination storage system. We
install PCI-E based Flash storage devices on this storage
server. Data chunks and code chunks generated from the
coding process are store on the storage server. A Parallel File



System is used to support parallel read and concurrent access
of source object files. A 10 Gigabit Ethernet Switch is used to
provide data network connectivity.

The erasure encoding is parameterized by two integers, K
and M. K is the total number of data chunks produced, and M is
the total number of code chunks produced. Any K chunks of
data and code are necessary to reconstruct the original data.

In the first set of experiments, we conduct six different test
cases on one 40 GB data set. We evaluate six test cases, where
the 40 GB file is evenly divided into 1, 2, 4, 8, 20 and 40
partitions. Each test case has used the same erasure coding
ratio (2:1) or 50% extra storage overhead. We apply various
data partitioning schemes to study the advantages of applying
task parallelism on multicore computer systems. We also
measure power consumption for each test case. WattsUp/.net is
the power measurement equipment used in erasure code
computing power consumption.

10D 183.012

Processing time: sec

20K2GB 185.027
i BiSGB 247.285
g &10GB 414.524

THI0GB 1511.766

140GB 5827.381

r T T T T T T 1
n 1nnn J0NR ARDD ARRD SONR RDDR  FOOD

Figure 2: Processing time comparison

Figure 2 shows the processing time of erasure coding
comparison among launched parEC processes. We clearly see
that the processing time is reduced significantly when multiple
parEC processes are performing erasure coding operations. The
processing time is reduced by 74.1% and 92.9% when two and
four partitions are processed by parEC, respectively. It is
further reduced by 96.9% when 40 partitions are encoded.
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Figure 3: Energy cost comparison

The energy cost generated from WattsUP power meter is
shown in Figure 3. The cases of (4x10GB, 8x5GB, 20x2GB,
and 40x1GB) show a similar range of energy reduction but
they all reduce significant portion of the energy cost when
compared to the single process erasure coding approach by
more than 92.3%.
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Figure 4: parEC finish time with RRWA workload assignment
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Figure 5: parEC finish time with DBWA workload assignment

In the second set of experiments, we compare the
performance of the workload distribution methods, RRWA and
DBWA. We launch four parEC processes on each server node.
The 32 parEC processes perform erasure coding and we apply
600 various sizes of data objects in this test. Figures 4 and 5
show the results of finish time. The gap of finish time of using
RRWA is 263 seconds and the gap of finish time using DBWA
is 9 seconds.

250.00

205.9375
200.00

150.00

100.00

50.00 I I
_I | - |

0.00 .

LTI I I LU

-57.0625
parEC processes: process-1 to process-32

Seconds

-50.00

-100.00

Figure 6: Difference between finish time and the average
finish time using RRWA workload assignment

The finish time distribution of RRWA method is within
the range [-69%, 282%] (Table 1) or [-57.0625secs,
205.9375secs] (Figure 6) of the average finish time,
respectively. But when we use the DBWA method, the finish
time distribution is within the range [-8%, 5%] (Table 1) or



[-5.5625secs, 3.4375secs] (Figure 7) of the average finish time
respectively. Using DBWA workload assignment method can
obtain better universalized finish—time distribution.

Then, we calculate the system utilization of the DBWA
method and the RRWA method. DBWA’s system utilization is
95.23% and RRWA'’s system utilization is 26.19% (Table 2).
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Figure 7: Difference between finish time and the average
finish time using DBWA workload assignment

Method First Last Gap of | Finish time | System
Finish Finish Finish distribution Utilizati
Time Time Time on
RRWA 16 279 263 [-69%,282%] | 26.19%
[-57s, 205s]
DBWA 63 72 9 [-8%,5%] 95.23%
[5.5s,3.4s]

Table 1: Finish time distribution and system utilization

V. CONCLUSIONS

In this paper, we leverage open source erasure coding
software and MPI task parallelism capability to develop the
parEC software using a scalable and parallel approach. We
implement the parEC software using two different load
balancing methods. Load balancing and system utilization are
two major concerns in today’s multicore computing systems.
Our proposed Demand-Based Workload Assignment (DBWA)
solves the problem of inefficient utilization of the current
single process based erasure coding solution on multicore
computing systems. Our testing results have proved that the
parEC software can handle erasure coding efficiently on very
large data sets.
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