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Abstract—To ensure reliability, long-running and large-scale
computations have long used checkpoint-and-restart techniques to
preserve computational progress in case of soft or hard failures.
These techniques can incur significant overhead, consuming as
much as 15% of an application’s resources for the US DOE’s
leadership-class systems, and these overheads are projected to
grow in exascale systems which are likely to have lower IO to
compute ratios and higher failure rates.

We explore the use of differenced checkpoint and cutoff
techniques to increase the effectiveness of Lempel-Ziv (gzip),
and thereby reduce the size of checkpoints. We apply these
techniques to several types of scientific checkpoint data from
NWChem, a widely-used computational chemistry code. Our
results show that while standard compression techniques (and
even those customized for floating point data) yield modest
compression ratios (≈ 1.2), differenced checkpoints and cutoffs
are dramatically more successful, improving compression ratios
by 50% to 1.55 to 3.15 for a variety of checkpoint data. If
cutoffs in the differenced checkpoints are incorporated, these
compression ratios can be increased further with cutoff of 10−7

yielding dramatic improvement in compression ratios greater
than 100. These results suggest further exploration of these
approaches are promising to reduce checkpoint (and resilience)
overhead. 1

Index Terms—NWChem, data compression, checkpoint,
lempel-ziv, fpc, resilience, fault-tolerance

I. INTRODUCTION

A range of daunting technology challenges are projected
for exascale systems including extreme energy efficiency
(20 · 10−12 joules (picojoules) / operation), extreme levels of
parallelism (109-fold), and high error rates (≈ 2 · 109 FITS/-
billion hours or 30 mins MTTI). These changes represent an
extraordinary set of challenges for programming models and
tools for exascale systems. The increased failure rate threatens
the utility of exascale systems, creating tremendous pressure
to improve the dominant model, checkpoint-and-restart as it
faces critical challenges (growing size and frequency, poor I/O
scaling, and synchronization cost). These challenges are well-
documented [15].

To ensure reliability, long-running and large-scale computa-
tions have long used checkpoint-and-restart techniques to pre-
serve computational progress in case of soft or hard failures.
These techniques can incur significant overhead, consuming
as much as 15% of an application’s resources for the US

1This paper originally a part of the proceedings from the FTXS 2012
Workshop, which took place in Boston, MA on June 25th, 2012, as a part of
the 2012 DSN Conference.

DOE’s leadership-class systems [32], and these overheads are
projected to grow in Exascale systems which are likely to have
lower IO to compute ratios and higher failure rates. If these
systems follow in the model of current generation systems [3],
[23], that relegate checkpoints to target a parallel filesystem,
hosted on nodes external to the compute array, and typically
with a small fraction of the bandwidth, techniques to increase
the efficiency of checkpointing will continue to be of great
research and practical interest.

Data compression seeks to find compact representations for
information, making the data easier to transmit and store.
While compression techniques have achieved dramatic com-
pression results in some areas: text by 10-fold [34], images by
100-fold with JPEG, and video by 1000-fold [30], in contrast,
only modest progress has been achieved with scientific data.
Floating point numbers make efficient use of the available bits,
producing much lower compression rates.

We explore two specific compression algorithms and two
techniques, differenced checkpoints and thresholding, that
exploit application structure at two levels. These two levels of
application structure are used to increase the compression ratio
of Lempel-Ziv (gzip). The differenced techniques exploit the
observation that successive checkpoints often differ modestly,
so differences between them may compress more effectively.
The underlying assumption of course is that multiple check-
points are useful (as they often are in uncoordinated check-
pointing [7] or aggressive resilience techniques that exploit
multiple snapshots). Cutoff techniques exploit the observation
that checkpoint differences less than the computations numer-
ical error are for all purposes equal to zero, and represent
them accordingly. We measure the compressibility of multi-
dimensional array objects used in quantum chemistry simu-
lations, specifically, the coupled-cluster method implemented
in NWChem [6], a well-known computational chemistry code.
Specific contributions of the paper include:

• standard compression techniques and those customized
for floating point data yield modest compression ratios
(≈ 1.2) for a range of scientific checkpoint data,

• a novel approach to capturing checkpoint data, differ-
enced checkpoints that represent the numerical “delta”
between two checkpoints,

• a refinement of differenced checkpoints, differenced with
cutoffs, that further exploits application knowledge of
precision to simplify the representation of deltas between



two checkpoints
• evaluation of differenced checkpoints on NWChem scien-

tific checkpoint data, that shows increased effectiveness
of compression as the computation converges, increasing
compression ratios improvements by 50%, and achieving
ratios ranging from 1.55 to 3.15, and

• evaluation of differenced checkpoints with cutoffs on
NWChem scientific checkpoint data that show adding
cutoffs can further increase compression ratios with cutoff
of 10−7, corresponding to single-precision FP yielding
greater than 100-fold compression ratios.

The results suggest further exploration of these approaches
to reduce checkpoint (and resilience) overhead is promising.

The rest of the paper is organized as follows. Section II
describes relevant compression and NWChem background. In
Section III we present our experiments and results. Section
IV discusses the work in context. Section V summarizes the
results, and points out directions for future work.

II. BACKGROUND

A. Compression

Floating point data makes efficient use of the available
bits, producing much lower compression rates. Furthermore,
compression of checkpoint data is frequent and online, as an
integral part of the simulation. Both the speed (execution time)
and the quality (compression ratio) matter, while the decom-
pression effort is less important. This contrasts sharply with
compression for media distribution, where arbitrarily large
amounts of computation can be used to compress data, but
decompression must happen subject to real-time constraints.
We explore two specific compression algorithms and two
techniques, differenced checkpoints and thresholding, which
exploit application structure at two levels.

1) Lempel-Ziv: The Lempel-Ziv ’77 algorithm (LZ77) is a
well-known method of leveraging common prefixes in sets of
data in order to gain compression. In our experiments, we
use gzip and its library counterpart, zlib, which use LZ77
and Huffman encoding in order to perform general purpose,
lossless compression.

2) FPC: FPC [5] is a predictor-based compression algo-
rithm specifically designed to be effective in compressing
scientific data. As a result, it is among the most effective tech-
niques for compressing scientific floating point data. Because
its predictor-based, it is able to achieve very high data rates
(low computational overhead).

3) Differenced Checkpoints: For most experiments, we
used the differenced checkpoints method. The method takes
as input two checkpoints with 64-bit floating point data, in
our experiments experiments, one at time t (the subtrahend)
and another at time t + 1 (the minuend). The checkpoints
are read value-by-value, and a pairwise “delta” is calculated,
based on the magnitude of their difference. The minuend’s
exponent is stored in the delta, and the mantissa is shifted
further right as the values grow closer. We operate under two
assumptions: first, some loss is acceptable in these data sets
at the benefit of compression, and second, with two close

minuend and subtrahend values, we need less precision to get
a close approximation of the minuend value when recovering
from the subtrahend.

4) Differenced with Threshold: The used of differenced
checkpoints presents an opportunity to exploit the fact that
the magnitude of differences may be small. We explore a
threshold (or cutoff) where small differences can be rounded
to zero. In general, the choice of cutoff depends on application
semantics, so we explore two sample cutoffs (single precision
- 10−7 and a lower cutoff 10−13). The single precision cutoff
is used for two reasons: first, if the iterations are far from
convergence, truncating the checkpoint has almost no impact
on the ability to restart but improves I/O throughput sub-
stantially, and second, it has recently been demonstrated that
single-precision can be exploited for performance in multiple
ways within CC [33], [16], [10]. We believe that truncating at
twice the precision of the overall solution, as measured by the
residual norm, is potentially an effective compromise between
checkpointing time and restart accuracy.

5) NWChem: NWChem [6] is a widely used computational
chemistry package designed to run on distributed-memory
clusters and supercomputers. It runs on a wide variety of su-
percomputer architectures, including Infiniband clusters, Cray
XT and XE systems, and Blue Gene/P.

A wide variety of simulation capability is implemented
in NWChem, including density-functional theory (DFT) and
coupled-cluster theory (CC). The implementation of the
coupled-cluster methods in NWChem is of particular interest
from a computational perspective because of the scalability
[17] and performance on terascale [27] and petascale systems
[2], [19], [18]. In this paper, we focus on the TCE module [14],
which implements dozens of different many-body methods
using automatic code generation [1]. Of all the iterative CC
methods in NWChem, the CCSD method [29] is by far the
most common, as it is the precursor to the “gold-standard”
CCSD(T) method as well as widely used excited-state (i.e.
EOM) methods [20].

The systems under investigation in this paper are water
clusters, which represent an important application area, are
well-behaved from a numerical perspective, and have been
used in previous computational studies [13]. We consider two
relatively small clusters (w3 and w4) with a relatively large
basis set (cc-pVTZ) and one larger cluster (w13) with a small
basis set (3-21G) for expediency, but there is no mathematical
or physical reason why the compression rations observed for
these systems would not be observed for other systems, as the
fundamental principle exploited for compression is the smooth
convergence of the CC iterations, which has been observed
across an incredibly diverse range of chemical systems, basis
sets and CC truncations.

Unlike many other iterative simulations, CC requires a
relatively small number of iterations (usually 10-40) that fre-
quently require many minutes each, and occasionally hours2.

2 This depends on the system policy. Supercomputer users try to use more
nodes to reduce the iteration time to a few minutes, while cluster users have
no choice but to tolerate multi-day simulations.



As such, a fault that occurs in the middle of a simulation is
quite costly to the user. Regardless of the scale of the job,
the loss of both human and computer time to faults must
be minimized, and checkpointing is the most common, if not
exclusive means to achieving this.

The compression of data-structures used in CC is rele-
vant not only to fault-tolerance, but to other situations when
one wishes to trade computation for storage or bandwidth.
Most post-petascale computation projections (i.e. the exascale
roadmap) suggest computational capability growth without a
proportional increase in memory or bandwidth, both of which
are limiting from both a power and cost perspective. If CC
objects can be compressed to a useful degree, it opens the
doors to compression of messages for communication as well
as for storage in non-volatile memory.

6) The coupled-cluster method: Coupled-cluster [4] is a
variant of quantum many-body theory based upon a nonlinear
parameterization of the wavefunction, |Ψ〉 = exp(T̂ )|Φ〉,
where Ψ is the many-body CC wavefunction, T̂ is an op-
erator that excites particles from occupied to virtual states (T̂i

excites i particles), and Φ is a single-determinent reference
wavefunction, usually defined by the converged Hartree-Fock
orbitals. The CCSD level of theory considered here is defined
by T̂ = T̂1 + T̂2, meaning that it includes all singly- and
doubly- excited terms in the cluster operator, T̂ .

The coupled-cluster equations are solved by projection,
rather than variational minimization, common for other quan-
tum chemistry methods. Complete description is not possible
here but NWChem computes the residuals from a few dozen
tensor contractions between 2- and 4-dimensional arrays [8].
The solver Jacobi iteration with a diagonal preconditioner and
DIIS [28] convergence acceleration.

Due to their nonlinearity, the CC iterations do not always
converge, although for many chemical systems, they converge
in less than 50 iterations when DIIS is employed. When the CC
iterations do converge, they usually do so monotonically, with
the residual norm decreasing each iteration, which indicates
that the difference between the amplitudes at each iteration is
also decreasing. Near convergence, the amplitudes will change
by a relatively small amount and potentially at only a fraction
of the array elements, which is the basis for the impressive
compression ratios observed.

III. EXPERIMENTS

A. Platforms and Measurements

We ran the tests on a single node with two Intel Xeon E5620
4-core processors, using a few programs: FPC, gzip, and our
Global Arrays- [22] (GA) and MPI-based differenced check-
point/delta computing program. CPU Time includes measured
CPU time, while Total Runtime includes file I/O overheads,
which in the case of single checkpoint compression are a single
checkpoint read and then write. In the case of differenced
checkpoints, it involves two checkpoint reads, and then a
write. Warm start conditions for the experiments are emulated
by discarding the first run out of a set of multiple runs.
Throughputs are computed by dividing processed data size by
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Fig. 1. Compression Ratios for Differenced Checkpoints (timestep vs.
compression ratio). The columns of all figures show data from left to right of
w3, w4, w13 datasets.

compute time, excluding other overheads such as I/O. These
measurements characterize the cost of the data compression
and other processing, and are reported in megabytes/second.
Compression Ratio is computed as uncompressed size di-
vided by compressed data size. Timing measurements were
taken using a variety of system-level routines to measure user
CPU time for the compression and other data processing, and
wall-clock time to capture overall costs that include system
and I/O times.

Our experiments use NWChem checkpoints (64-bit floating
point data) from three difference configurations: w3 ccsd cc-
pvtz.t2 (45 MB, 21 timesteps), w4 ccsd cc-pvtz.t2 (138
MB, 21 timesteps), and w13 ccsd 3-21G.t2 (328 MB, 21
timesteps).

B. Experiments

FPC and LZ Compression Our first experiment, shown in
Table I, explores the use of Lempel-Ziv and FPC compression
to reduce the size of checkpoints, and presents four exemplars
of the 21 checkpoints, as the compression performance varies
little. gzip was used with default settings and FPC with table
size 15. The LZ77 compression ratio is low, ranging from
1.12 to 1.21 for w3 and w13, with w4 doing better at 2.19.
FPC is much faster– as expected given the design for rapid
compression, but the compression ratio is even worse than for
LZ77, likely due to the type of dataset structure FPC relies
on in order to leverage its compression algorithm. Given these
results, we focus on LZ77 for the remainder of this study.

Differenced Checkpoints We used differenced checkpoints
implemented in for delta compression; in these experiments
(in Figures 1, 2, and 3) data is read into memory as a
global array, distributed among multiple threads, differenced,
compressed, and written to disk. We measured difference
and compression times, throughput rate, and overall runtimes
for the experiments. Our results confirm the hypothesis that
differenced checkpoints can improve compression ratios (see
Figure 1). On three different NWChem runs consisting of 21
checkpoints the average compression ratios are increased by
∼ 50%, from 1.21 to 1.61, from 2.19 to 3.15, and from 1.12 to



w3 w4 w13
gzip fpc gzip fpc gzip fpc

CR TP CR TP CR TP CR TP CR TP CR TP
1 1.21 17.78 1.02 336.15 2.23 19.37 1.08 328.02 1.12 17.66 1.01 297.14
6 1.21 17.83 1.02 320.95 2.19 18.82 1.07 337.65 1.12 17.41 1.01 322.78
11 1.21 17.85 1.02 324.53 2.19 18.62 1.07 311.81 1.12 17.89 1.01 312.15
16 1.21 18.04 1.02 285.53 2.19 19.03 1.07 307.27 1.12 17.77 1.01 305.78
21 1.21 17.90 1.02 297.15 2.19 19.04 1.07 316.37 1.12 17.50 1.01 301.10

TABLE I
COMPRESSION RATIOS (CR) AND THROUGHPUTS (TP) OF GZIP (LZ) AND FPC COMPRESSION SCHEMES
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Fig. 2. Compression Ratios for Diff Checkpoints, 10−13 threshold (timestep
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0"

200"

400"

600"

800"

1000"

1200"

1" 2" 3" 4" 5" 6" 7" 8" 9" 10" 11" 12" 13" 14" 15" 16" 17" 18" 19" 20"

diff/w3/c/7.log"cr"

diff/w4/c/7.log"cr"

diff/w13/c/7.log"cr"

Fig. 3. Compression Ratios for Diff Checkpoints, 10−7 threshold (timestep
vs. compression ratio).

1.55. It’s also clear compression effectiveness increases as the
computation converges, as the successive dataset values grow
closer.

Differenced with Threshold Further experiments, shown
in Figures 2 and 3 add a threshold below which values in
the differenced checkpoint are rounded to zero. Even with
a low cutoff value of 10−13 our experiments show some
improvement in compression ratios, but the improvement is
small, and a similar trend of improvement as the simulation
progresses is demonstrated. However, using a larger threshold
10−7 which corresponds to the precision afforded by single
precision, produces a dramatic effect. In Figure 3, we see that
beyond the initial simulation period which produces compres-
sion ratios similar to other experiments to over 1000. This

0"

5"

10"

15"

20"

25"

1" 2" 3" 4" 5" 6" 7" 8" 9" 10" 11" 12" 13" 14" 15" 16" 17" 18" 19" 20"

diff/w3/c/7.log"CPU"9me"

diff/w4/c/7.log"CPU"9me"

diff/w13/c/7.log"CPU"9me"

Fig. 4. CPU Time for Diff. Checkpoints with 10−7 threshold (timestep vs.
CPU Time (seconds)).

number is presumed to be limited by the zlib implementation
block size and metadata structures.

CPU Times and Throughputs for Differenced Check-
points and Thresholds Because checkpoints are computed
and stored online in a computation, minimizing their overhead
is important. Our experiments show that all experiments’
checkpoint times are dominated by compression time, not file
IO. As shown in Figure 4, the CPU time for compression using
LZ77 can be significant, as much as 20 seconds per checkpoint
for the larger (350MB) data sets. This number is representative
of CPU times for the varied differenced checkpoint and thresh-
olding schemes we explored. As compression effectiveness
increases, the cost of LZ77 per megabyte decreases. The
corresponding throughput rate numbers are shown in Figure
5.

The high cost of compression is largely due to (zlib), and
this library is not parallelized at present. In future work,
we will explore use of parallelized compression methods to
reduce the time for delta computation + compression, and
given these are independent block-based methods, we expect
close to linear speedup on multicore processors. Given the
current model, it would even be possible to run checkpointing
asynchronously from the execution of the application. We also
plan to explore other efficient compression algorithms with
similar compression ratios.
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IV. DISCUSSION AND RELATED WORK

There is a long history of research in efficient checkpointing
for reliability in scientific computations, with optimization
of interval, the data collected, and so on [9], [26], [25]. In
addition, in parallel computations, researchers have explored
a range of coordinated and uncoordinated techniques [7], [12]
to reduce the cost of synchronization and message logging for
coherent state capture. Differenced checkpoints and threshold-
ing which reduce the cost of capturing a series of checkpoints
can be applied directly to these and other advanced resiliency
– recovery and rollback approaches. Recently, several groups
have explored in-memory [11] and flash-based [21] techniques
which reduce checkpoint cost, and could benefit directly from
our techniques if they capture multiple checkpoints.

Data compression is a long studied area, and the difficulty of
compressing scientific data is well-documented. Recent work
has indicated some promise for improvement [5], [24], [31]
by customizing the compression algorithm or by selectively
applying compression at the block level. These approaches
are promising and may well be fruitfully combined with the
techniques presented in this paper. However, our approach dif-
fers from these approaches, exploiting the structure of the data
across multiple check points, and the scientific application data
precision to create a new opportunity for data compression.

V. SUMMARY AND FUTURE WORK

Reliability is an increasingly critical problem for Exascale
computing systems, and checkpointing continues to play an
important role in a growing array of resilience techniques.
Our experiments show two promising new methods to reduce
the cost of checkpoints – differenced checkpoints and thresh-
olding – which increase the effectiveness of data compres-
sion techniques by as much as three-fold. Future directions
include broader experiments with a range of application data
and larger systems, integration of our new techniques for
in-memory compression that utilize dataset properties such
as dimensionality, asynchronous running of the application
and the differenced checkpoint program, novel techniques
that exploit multiple differenced checkpoints to speed restart,

exploration of alternate primary compression algorithms, and
parallelization of compression for higher performance.
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