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1. Introduction

NetCDF-4 [1] is an I/O software package that retdime original netCDF [2] APIs while using
HDF5 [3] to store the data. Sponsored by NASA'stlce8cience Technology Office [4],
netCDF-4 is the result of a collaboration betweenddta [5] and The HDF Group [6].

The netCDF-4 project has generated enormous inténeboth the netCDF and HDF user
communities, and substantial reductions in dataag® space have been achieved with the
netCDF-4 beta releases using the HDF5 compresgitons. The performance of netCDF-4 is
also a critical factor for users of netCDF-3 (th&ekt version of netCDF) who are considering a
move to netCDF-4. In particular, these users méy as

How does the performance of netCDF-4 compare toathaetCDF-37?

Under what circumstances can an application gdetbeerformance with netCDF-47?
How can performance be optimized?

Under what circumstances can an application get pesformance with netCDF-4?
What can be done to avoid poor performance?

Through the use of benchmark and examples, thigrrequidresses these questions and helps
users gain an understanding of the performancectaairstics of netCDF-4. Sections 2 through
5 contain detailed information and Section 6 sunirearthe findings. The report includes:

82 Description of Benchmark and Test Environment

83 NetCDF-3 and NetCDF-4 Performance Comparisons
84 Performance Tuning with NetCDF-4

85 Performance Pitfalls with NetCDF-4

86 Conclusions

Although netCDF-4 supports parallel /0 via MPI-i@is report only discusses sequential I/O.

2. Description of Benchmark and Test Environment

The netCDF-3 and netCDF-4 performance comparissultseeare based on an 1/0 benchmark
originally developed at Unidata. The original bemeink included data input (data read)
performance comparisons between netCDF-3 and ne#CDFhe Unidata benchmark was
rewritten by The HDF Group to include data outm#té write) operations and to allow for more
control over various parameters within the benctmar



2.1.  Timing Methodology

The benchmark uses the C functigettimeofdayto bracket netCDFnc_get varaand
nc_put_vararead and write functions, and computes the elapsidclock time to read or write
a variable. The reported data read rate is theditee array variable (in megabytes) divided by
the elapsed wall clock time for the associatedget varacall. The write data rate is calculated
similarly. It is worth noting that while the netCD&rms “variable” or “array variable” are used
almost exclusively in this report, the equivalemFb term is “dataset”.

By default, the Linux kernel caches programs artd damemory as long as possible. Therefore,
unless special measures are taken, the elapsedla@kl I/O time may reflect the time to access

memory rather than disk (or, more accurately, tRedubsystem). Benchmarks run under these
conditions may be good predictors for applicatianth problem sizes whose input and output

can be cached in the system memory. Several obéhehmark runs were made under these
default system caching conditions.

The remaining benchmark runs were structured tosigggo more accurate 1/0O performance
information for applications with problem sizestthdll not fit in the system cache, that read
data only once and therefore do not benefit frochitay, or that have small problem sizes but
run on heavily-used shared memory systems. Foe thess, every netCDRc_put_varacall was
followed by ncsyncand fsync calls to ensure the data was written to disk. Thesikg
gettimeofdaycall followed thefsync,so the computed elapsed time included the datafeato
disk. Also in this set of runs, the Linux tunablj@oc/sys/vm/drop_cachgd] was used to
instruct the kernel to clear non-dirty objects frtme cache prior to the start of a run. This step
guaranteed that data would be read from disk ahéraxm system memory.

2.2.  Array Variables and Execution

The array variables used in the netCDF-3 and net€pErformance comparison experiments
reported in Section 3 are shown in Table 1. 32rdbéger array variables ranging from one to six
dimensions were used. In the “small” tests, eactabke is approximately 1 megabyte in size,
while in the “large” tests the variables range frapproximately 30 to 40 megabytes. Each
variable was written to a separate file.

Variable Number of Dimension Layout Dimension Layout
Name Dimensions Small Tests Large Tests

Variable 1 1 [262144] [10000000]

Variable 2 2 [512][512] [3162][3162]

Variable 3 3 [64][64][64] [215][215][215]

Variable 4 4 [22][22][22][22] [56][56][56][56]

Variable 5 5 [12][12][12][12][12] [25][25][25][25][25]

Variable 6 6 (8118118181818l [14][14][14][14][14][14]

Table 1: Array variables for performance comparison S.

For the netCDF-3 and netCDF-4 performance compasiseported in Section 3, an entire array
variable was written or read at once. Each benckmar measured the time to read or write a
single array variable.



The benchmark execution sequence was:

Run 1: Open Filel; write Variable 1; close Filel
Run 2: Open Filel; read Variable 1; close Filel
Run 3: Open File2; write Variable 2; close File2
Run 4: Open File2; read Variable 2; close File2

Run 11: Open File6; write Variable 6; close File6
Run 12: Open File6; read Variable 6; close File6

The entire benchmark sequence, consisting of 12 alternating between writes and reads, was
executed ten times for each unique experimentdigumation. The best and worst cases were
dropped, and the reported results are the averdgbheeight remaining executians

For configurations with the default system cachiimgs expected that variables being read (in
runs 2, 4, .) would be in the system cache, as they would hastebeen written by the previous
test (in runs 1, 3, ...). Caching or pre-fetching eltwy the netCDF-3 or netCDF-4/HDF5 library
read operations should not affect the read perfooman these tests, as each run issues a single
read request.

The 1/O libraries have some variation in the unged operations performed when a file is
opened, written, read, and closed. The benchmar&septed focus on the write and read
operations. Instrumentation of all calls to the Ii@ary would give a more complete picture of
the total time devoted to I/O-related activities.

2.3. Test Environment

All benchmarks were run using netCDF-4 version B#tC4.0-snapshot2008012502. This
version is based on HDF5 1.8 subversion revisiofb®4which is essentially the same as HDF5
release 1.8.0. The first production netCDF-4 redeasheduled for June 2008, will be based on
HDF5 release 1.8.1. No substantial performancesdiffces are expected between the versions
tested and the production release. NetCDF 3.6.2us@d to examine the netCDF-3 performance.

The benchmarks were run on two Linux machines. fiflse machine, referred to as the “Intel-

based machine”, had two Intel Xeon 3.2GHz CPUsB8o&memory, the gcc 3.4 compiler, and
was running Linux 2.6.9-42.0.10. The disk configima was a RAID level 0 array of 5 Maxtor

6B300S0 SATA disks (7200 RPM, 1.5 Gb/s, 16 MB byftel ms latency, 9.3 ms seek). The
drop_cachedunable was introduced in Linux 2.6.16, and theeefawas not available on the

Intel-based machine.

The second test machine, referred to as the “AM&etamachine”, had two dual-core AMD
Opteron 2.4GHz CPUs, 8 GB of memory, the gcc 4chthpiler, and was running Linux

2.6.16.54-0.2.5. The disk used in the tests wadaR&ptor SATA drive (10,000 RPM, 1.5 Gb/s,
16 MB buffer, 2.99 ms latency, 5.2 ms seek). fnep_cachegunable was available on the
AMD-based machine.

Because of time and resource constraints, the besrghexecutions were split across the two
machines just described. All runs with the systesfadlt caching behavior were done on the
Intel-based platform. All runs that useldop cachesand ncsync/fsyndo override the default
system caching behavior and force 1/O to disk weagle on the AMD-based system.



In reviewing the benchmark results, it is importaot to directly compare results from runs
made on different platforms, but rather to compasults on the same platform with different
configuration options. The primary purpose of ti@port is to provide insights into the behavior
of netCDF-4 with various user-settable configunasioand not to carry out cross-platform
comparisons.

3. NetCDF-3 and NetCDF-4 Performance Comparisons

Applications built with netCDF-3 can only store r@trieve data contiguously. With netCDF-4
the application may access data contiguously asal lads the option of dividing the data into
equally-sizedchunksthat are stored and retrieved separately. Usiegatinay variables and
execution sequence described in Section 2.2, thierpence of netCDF-3 using contiguous
storage is compared to the performance of netCIDEWdy both contiguous and chunked storage.

3.1. Contiguous Storage

In this section the performance of netCDF-4 usiogtiguous storage is compared to the
performance of netCDF-3, which always uses contigLgiorage.

3.1.1. Default System Caching

The first set of experiments was run on the Intsddal machine with the system default caching
behavior. The write and read performance resuitthi® six array variables are shown in Figure
1. Results for both the small and the large tggpear in the figure.

Figure 1: NetCDF-4 contiguous storage, default syst  em caching, Intel-based machine.

While netCDF-4 introduces an additional layer ohdtion calls to the HDF5 library, it
outperformed netCDF-3 for the read experimentsti@nother hand, netCDF-4 was slower for
writes. The poorer write performance could be tuthe data buffering used by the underlying
HDF-5 library with the contiguous storage layouit further tests are needed to fully understand
the cause.



3.1.2. Override of Default System Caching

The second set of experiments was run on the AM&dbanachinencsyncandfsynccalls were
made after each write to flush the data to disk,drop_cachesvas called prior to each read run
to clear the system cache.

As shown in Figure 2, the write performance of mefc3 and netCDF-4 was very similar
overall. There was less consistency in the reatbpeance of both netCDF-3 and netCDF-4 in
this set of experiments. That said, netCDF-3 $icamtly outperformed netCDF-4 on reads of
large array variables in all dimensions when conmgathe average MB/s of the “middle eight”
out of ten tests—the results plotted in Figure 2.

Looking at the large read benchmark results foteglruns per dimension, the maximum transfer
rate for netCDF-4 was better than the maximum feansite for netCDF-3 for three of the six
dimensions. However, netCDF-4 had more slow rureyaly which pulled down the average
rate. For this benchmark, netCDF-3 delivered higtead rates on the large tests more
consistently than netCDF-4. Further investigat®needed to fully understand the variability of
the netCDF-4 results.

Figure 2: NetCDF-4 contiguous storage, system cache cleared and ncsync/fsync used,
AMD-based machine.

3.1.3. Contiguous Storage Summary

With the array variables and execution sequenceritbes! in section 2.2 and the default system
caching behavior, netCDF-3 was consistently fagtan netCDF-4 for writes and consistently
slower for reads. Whemcsync/fsynanddrop_cachesvere used to force the I/O subsystem to be
accessed instead of system memory buffers, therpeathce between netCDF-3 and netCDF-4
was comparable for writes; netCDF-3 performed s$icgmtly better for large read tests and the
performance was inconsistent for the small reais tes

3.2. NetCDF-4 Chunked Storage

In this section the performance of netCDF-4 usinmynked storage is compared to the
performance of netCDF-3 using contiguous storagre. dverview of chunked storage is
presented prior to the benchmark results.



3.2.1. Overview of Chunked Storage Layout

The chunked storage layout is a feature of the HIff&ry that is available to applications using
netCDF-4. While chunked storage is typically coesédl an advanced feature, it is one that can
have a significant positive—or negative—impact @tadaccess rates. For that reason, chunked
storage receives extensive attention in this peréorce report.

With a chunked storage layout, a dataset (an araagble in the benchmarks) is partitioned by
the HDF5 library into fixed-size pieces that arensferred independently of each other to and
from the disk. The fixed-size pieces are refereeddchunks.Chunks are related to the physical

storage of the data on the disk, not to the logeelationship of data points within the array.

The application can set the chunk size when thaséat(array variable) is created; there are no
restrictions on chunk size. The individual chun&a be placed anywhere on the physical storage
media since each is transferred separately. TheSHibiFary handles all chunk management,
making the application’s access to the elementthefarray variable identical regardless of
whether a chunked or contiguous storage layousesl.u

In some cases, chunked storage can provide fagtes@to subsets of the data, as will be seen in
Section 4.1. Chunked storage is required when H®Eata filters, such as the compression

filter discussed in Section 4.2, are used. Chunitedage is also required when using array

variables with extensible dimensions.

Chunked storage may, or may not, offer a performmdrenefit. A number of factors including
the chunk size, the application’s data accessmatad HDF5’s caching with chunked storage
all influence the performance. The performance btinked storage for the benchmarks
described in Section 2.2 is examined next.

3.2.2. Default System Caching

In these experiments, run on the Intel-based machith default system caching, the netCDF-4
chunk size was set to the size of the array vagidbbr example, a chunk size of 3522 was
used for the 2D Variable 2 in the small test c&mntiguous storage was used for netCDF-3.

Figure 3: NetCDF-4 chunked storage with one chunk p  er variable, default system caching,
Intel-based machine.



As in the previous experiments, the benchmark eppdn writes or reads an entire array
variable with a single API call. The write and rgaatformance results for the six array variables
are shown in Figure 3.

The results in this set of experiments were faidypsistent across all array dimensions. NetCDF-
3 was more than twice as fast as netCDF-4 for wiitehe large tests and substantially better for
reads in the small tests. NetCDF-4 was substayttter than netCDF-3 for reads in the large
tests. The performance of netCDF-3 and netCDF-4sivagar for writes in the small tests.

The poor performance of netCDF-4 when writing laageay variables in these experiments led
The HDF Group to conduct further investigations. olfactors in the HDF5 library were
identified as contributing to the slow write rateseasured for the large tests, and further
experiments were conducted to assess the imp#obed factors.

The first factor was the storage space allocatmlity. The default policy with chunked storage
is to allocate space incrementally on a chunk-hyn&hbasis as data is written to the array cells
in a given chunk. Thél5Pset_alloc_timeoutine was used to override the default policyhwit
one that allocates space when the dataset is dre@tes change increased the write rate by over
100 MB/s.

The second factor involves the HDF5 cache, whos$auttesize in HDF5 is 1 MB. This size is
sufficient for the small array variables, but natr fthe large test cases. Using the HDF5
H5Pset_cacheoutine to increase the HDF cache size to 64 MBrawgd the measured write
rate by over 200 MB/s. It should be noted that e/lile measured write rate increased with the
larger cache size, the overall runtime may notekes® by an equal amount, as the HDF5 cache
will be flushed when the file is closed. Companisests of overall runtime were not conducted.

While users of netCDF-4 are currently not ableaketadvantage of the HDF5 tuning routines
H5Pset_alloc_time and H5Pset_cachid@s example shows there is room for improveniethe
performance of the initial netCDF-4 release. TheFHBroup will examine performance results
such as these to identify and remedy HDF5 libraoytlénecks in future releases, and will
continue to work with Unidata to optimize how nete&B uses the HDF5 library.

Returning to the netCDF-4 chunked storage restisve in Figure 3, and comparing them to
the netCDF-4 contiguous storage results shown gurEi 1, contiguous storage outperformed
chunked storage for small reads, and was compafablarge reads. This is likely due to the
additional management overhead incurred with chdrdterage, which is especially noticeable
with smaller sized variables. Write rates for theall tests with chunked storage were better than
with contiguous storage, likely due to consideratpémization in the HDF5 code for chunked
writes. However, write rates for the large testsenmuch worse with chunked storage, probably
due to the storage allocation policy and HDF5 cashe discussed earlier.

3.2.3. Override of Default System Caching

In the fourth set of experiments, the netCDF-4 &hsize was again set to the size of the array
variable, and netCDF-3 again used contiguous acEsgeriments were run on the AMD-based
machine.ncsyncand fsync calls were made after each write to flush the datalisk, and
drop_cacheswas called prior to each read run to clear theesystache. The measured 1/0
performance is shown in Figure 4.



Figure 4: NetCDF-4 chunked storage with one chunk p  er variable, system cache cleared
and ncsync/fsync used, AMD-based machine.

As was the case with forced disk access and canigygtorage in experiment set 2 (see Section
3.1.2), the /O rates vary considerably for bothQi#~-3 and netCDF-4 across the dimensions,
especially for reads. Overall, netCDF-3 and netCDperformed comparably for both reads and

writes. NetCDF-4 was better for five of the sixdarwrite tests, while netCDF-3 was better for

four of the six small write tests. In contrast b tvery poor performance of netCDF-4 when

writing the large array variables with cached sgerand default system caching (see Section
3.2.2), the results here with forced disk accessvaore in line with what netCDF-3 delivers.

Comparing the netCDF-4 transfer rates in Figurean? 4, chunked storage consistently
performed better than contiguous for the large remts. In all other cases, performance was
similar or—in the case of small reads—difficultdompare due to variability across dimensions.

3.2.4. Chunked Storage Summary

With the array variables and execution sequenceritbes! in Section 2.2 and the default system
caching behavior, netCDF-3 was consistently fasian netCDF-4 for large writes and for small
reads. NetCDF-4 was faster for large reads. Wimync/fsynand drop_cachesvere used to
force the 1/0 subsystem to be accessed insteagistdra memory buffers, the performance of
netCDF-3 and netCDF-4 was comparable overall. R&t3 was slightly better for the small
array variables, while netCDF-4 was slightly bettarthe large array variables.

3.3. Performance Comparisons Summary

The results of the netCDF-3 and netCDF-4 perforraaests are summarized in Table 2. The
write and read rates are the average rates aclosi array variable dimensions that were
shown separately in the bar graphs of FiguresAs4with all performance results in this section,
the best and worst cases for each unique expemneanfiguration (storage layout, system
caching configuration, test array size, dimensibaroay variable, netCDF version, read or write)
were dropped, and the reported results are theageesf the remaining executions. Cells are
highlighted for configurations where either netCBFor netCDF-4 outperformed the other
version by more than 5%.



Write Read
Storage | System |_. Test
- |Figure Rate (MB/s
Layout |Caching ['9 Array ( ) Best |% Faster (Rate MBs) Best |% Faster
netCDF3|netCDF4 netCDF3|netCDF4
Default 1 Large 351 279 | netCDF3 26% 334 424 | netCDF4 27%
efau
] Small 317 255| netCDF3 25% 321 385| netCDF4 20%
Contiguous
) Large 41 42| netCDF4 3% 40 27| netCDF3 47%
Override| 2
Small 11 11| netCDF4 4% 38 42| netCDF4 9%
Detault 3 Large 339 153 | netCDF3 121% 331 431 | netCDF4 30%
efau
Chunked Small 343 321 | netCDF3 7% 315 223 | netCDF3 41%
unke
) Large 37 42| netCDF4 13% 42 44| netCDF4 5%
Override| 4
Small 10 10 | netCDF3 9% 40 39| netCDF3 2%

Table 2: Summary of netCDF -3 and netCDF -4 performance comparison tests. Reported rates are
the average over all six variable dimensions. “Best performer” highlighted if more than 5%
difference between netCDF-3 and netCDF-4.

It should be noted that even “identical” configuwas showed some variation across sets of tests.
In particular, there is no chunked storage for B#E3 so the rates for contiguous and chunked
tests of netCDF-3 should be very close. Lookingaatje writes when system caching is
overridden, a 10% difference is noted (41 MB/s ugt37 MB/s). This is not unexpected for tests
run on quiet, but not idle, systems where disk s€dg involved. Since these tests are meant to
inform users, not to test optimal performance tédst conditions are reasonable.

Additional in-depth studies are needed to fullylakpthe benchmark results. The exceptionally
poor performance of netCDF-4 for large tests whbk tlefault system caching and chunked
storage is attributable, in part, to the defawtage allocation policy discussed in Section 3.2.2,
which should be addressed in a future release.

One factor that contributes to I1/0O performanceatadype conversion. NetCDF-4 can read and
write data using the machine’s native data typelitle-endian machines, such as the Intel and
AMD systems used in these tests, netCDF-4 will gohvert the data to big-endian
representation for storage and reconvert to létidian for loading, as is done by netCDF-3. The
impact of the conversion will vary depending on $iee of the data, the speed of the processor,
and the overall data transfer time. The time smentdata type conversion was not directly
measured in these benchmarks.

For the benchmarks covered in Section 3, netCDBrtiguous storage outperformed, or was
comparable to, netCDF-4 chunked storage except(fIgrsmall writes with the default system
cache and (2) large reads when the default sysaéemig was overridden and access was forced
to disk. For applications that do not need the igpdeatures enabled by chunked storage,
contiguous storage is probably a better choice.

The netCDF-3 and netCDF-4 performance for contigustorage was comparable overall, with
each claiming the “best performer” title for seveshthe configurations tested (dimension of
array variable, test array size, system cachiray] e write). NetCDF-3 outperformed netCDF-4
for writes with default system caching, but netCDperformed better for reads. NetCDF-3
performed better on the large read tests when aaeas forced to disk, but netCDF-4 did better
for the small read tests under those conditions.



On the whole, users considering a move from net@G0O6&-netCDF-4 should see comparable
performance for applications using contiguous sferaith a balanced number of reads and
writes.

Performance-sensitive applications are encouragedriduct a performance test with their own
data, as the benchmarks show variations even foilasisized array variables with different
dimensions. Timing complete runs, rather than cotraéng on 1/O rates as was done here, is a
reasonable approach that will also encompass peafoce differences between netCDF-3 and
netCDF-4 beyond the read and write APIs.

4. Performance Tuning with NetCDF-4

NetCDF-4, through the use of HDF5 features, cameralously improve the I/O performance
for some applications. Two cases where HDF5 featoam help netCDF-4 users are covered in
this section.

4.1. Non-contiguous Access Patterns

The first case where HDF5 features can help impid®eperformance involves applications
whose access patterns are orthogonal to the ndooatiguous) storage order of the data. An
examination of such access patterns is presentisisection.

4.1.1. Hyperslabs and Access Patterns

The termhyperslabrefers to a subset of the data points in an aveaable that are accessed

simultaneously by an application. All hyperslabscdissed in this report are made up of logically
adjacent collections of points. Hyperslabs areteeldo the logical relationship of data points

within the array variable, not to the physical agge of the data on the disk. While 2D array
variables and hyperslabs are used in the exantplegrinciples are relevant for any number of
dimensions, hence the nammgperslabrather than simplglab.

Figure 5a depicts the case where an entirex512 2D array variable is covered by a single
hyperslab, and corresponds to the experiments atidde3.2. Figures 5b and 5c depict cases
where only half of the elements in the 2D arrayialde are accessed simultaneously. The
hyperslabs contain logically adjacent points infalee cases.

Figure 5a: 512x512
hyperslab covering
all of 2D array
variable; contiguous
access in row-major
order.

Figure 5b: 256x512
hyperslab covering
half of 2D array
variable; contiguous
access in row-major
order.
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Figure 5¢:512x256
hyperslab covering
half of 2D array
variable; non-
contiguous access in
row-major order.



Even when all points in the hyperslabs are logycaltliacent, they may not be physically

adjacent on disk. If contiguous storage is usedaaraly elements are saved in row-major order,
as they are with netCDF-3 and netCDF-4, then aelaynent (1,1) is physically adjacent to

element (1,2), which is physically adjacent to {1¢d so on. Looking at the end of one row in
the array variable and the beginning of the next, relement (1,512) is physically adjacent to
element (2,1), element (2,512) is physically adjate element (3,1), and so on.

Figures 5a and 5b depict hyperslabs with contiguemeess patterns—the data elements making
up the subsets of the array variable being accdasgéde application are physically adjacent to
each other on the disk when contiguous storagedad.Urigure 5c, however, depicts a hyperslab
with a non-contiguous access pattern—data elemg?H§) is not physically adjacent to element
(2,1), element (2,256) is not physically adjacentiement (3,1), and so on.

The use of hyperslabs with non-contiguous accetterpa can result in poor I/O performance
with a contiguous storage layout.

4.1.2. Non-contiguous Access Patterns and Chunked S torage

The following example shows how HDF5’'s chunked afer can be used to improve 1/O
performance for hyperslabs with non-contiguous s€@atterns.

Consider an integer array with two dimensions. fitmber of elements in the first dimension is
16384 and the number of elements in the secondrdiime is 512. For access purposes, consider
a hyperslab with 16384 elements in the first dinmm&nd 1 element in the second dimension.
This example is summarized in Table 3, and thechkdgiayout of the described array and
hyperslab are illustrated in Figure 6 (not to scalEhe hyperslab has an extremealpn-
contiguous access pattern.

Parameter Value
Array dimensions 2
Array dimension sizes [16384][512]
Hyperslab dimension sizes [16384][1]

Table 3: Example with non-contiguous access pattern

Array
(16384 x 512)

:Hyperslab selection ! |

i (16384 x 1) ,

Figure 6: Logical layout of array and hyperslab sel  ection .
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A variety of contiguous and chunked storage layoptions can be used. Recalling the
presentation of chunked storage in Section 3.hdnked storage partitions the array into fixed-
size pieces that are transferred independentlyaolh @ther to and from the disk by the HDF5
library. Chunked storage can be used to arrangartag elements on disk in a manner that is
better suited for applications with non-contiguagsess patterns.

Using the methodology described in Section 2, rohghe non-contiguous access pattern
example shown in Table 3 were made on the AMD-bas&chine with the system cache cleared.
Ten runs were made for each of the storage layanfigurations presented in Table 4, and the
best and worst runs for each layout configuratie@remdropped. Figure 7 reports the average
time to read a single non-contiguous hyperslab §488) based on the eight remaining
executions for each storage layout.

I/O Package Layout Chunk size
netCDF3 Contiguous N/A
netCDF4 Contiguous N/A
netCDF4 Chunked [4096][1]
netCDF4 Chunked [8192][1]
netCDF4 Chunked [16384][1]

Table 4: Storage layouts for the 16384 x 512 array.

I
I

Figure 7: Time to read non-contiguous (16384x1) hyp  erslab
on AMD-based system with system cache cleared.

The results in Figure 7 show that the netCDF-4 kkdrstorage layout can deliver significantly
better performance than the contiguous storagautayben the access pattern is non-contiguous.
In the example given, when the chunk size is 18384an exact match for the 16384
hyperslab, the read performance of the netCDF-Alxda storage layout was more than 1,500
times better than with netCDF-3. The netCDF-4 claahgtorage layout was over 24 times faster
that netCDF-3 when writing the hyperslab (writeutesnot shown in detail).
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Key to illustrations in Figure 8:

Data in hyperslab: I Other data in array variable: ]

Other disk space: EEEEEE]

8,388,608 integers read; 16,384 of interest

]/

4096 integers spread out on disk

b) netCDF-4 chunked layout with chunk size [4096][1].

el I 1 L\/—F 1 1 l#l 1 1 1] o]
T 5/11\1 pattern ee0 16384 occurrences of pattern
a) netCDF-3 and netCDF -4 contiguous layout.
16,384 integers read in 4 chunks
N N
4 N\ [ A /7
| | 1§ llll I ¥
eee 4 chunks containing eee 2044 chunks containing
chunk; data from hyperslab other data in variable

spread out on disk

16,384 integers read in 2 chunks

/] |

A A
S =] ]
~ 2 chunks containing
chunk; data from hyperslab

8192 integers spread out on disk

¢) netCDF-4 chunked layout with chunk size [8192][1].

eee 1022 chunks containing
other data in variable
spread out on disk

16,384 integers read in 1 chunk

I/ ool

chunk; 16384 integers
1 chunk contains data from hyperslab

d) netCDF -4 chunked layout with chunk size [16384][1].

eee 511 chunks containing
other data in variable
spread out on disk

Figure 8: Depiction of various storage layouts on physical di
array variable is transferred in multiple I/O reque

layouts, each chunk with data is transferred indepe
physical storage media. Only chunks with data in t

Figure 8 depicts the physical layout of the byteshie hyperslab and array variable on disk for
each of the storage layouts tested (not to scalih contiguous storage, the bytes of interest are
not contiguous on disk but are spread throughatthay variable, which is read in its entirety.
When chunked storage is used, the number of bgts corresponds exactly to the number of
bytes in the hyperslab. While this hyperslab denratess an extreme example of a non-
contiguous access pattern, it highlights the datasfer benefits that chunked storage layouts

have to offer.
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In summary, this example illustrates how the chdnterage layout available with netCDF-4
can tremendously improve the 1/0 performance fgiiagtions with non-contiguous access
patterns. The key to improving the performance isake the shape of the chunk similar to the
shape of hyperslab selection. That said, the shaged not be an exact match, as they were in
this example, to see performance benefits.

For small problem sizes, system caching can ofteratly reduce the performance penalty
caused by non-contiguous access patterns with #goons storage layout. Since chunked
storage may involve extra overhead, applicatiorth wnly a small degree of discontinuity in

their access patterns may not benefit from the kbdnstorage layout. Usually, the more
discontinuous the access pattern, the greaterdHermance gains that can be realized with a
chunked storage layout. For cases where the hwgberstélections vary depending on the
application accessing the variable, using a churk that is a compromise between the various
hyperslab sizes may be a good option.

4.2. Data Compression

NetCDF-4 supports in-memory DEFLATE [8] data congsien through the HDF5 library. The
compression algorithm performs lossless compresgiih a range of compression levels
supporting different size/speed tradeoffs. For diagd can be compressed well with DEFLATE
compression, this feature can result in a muchlsmide size, with a potential reduction in data
transfer time for the compressed data. Compressispecified when an array variable (dataset)
is created. All compress/uncompress operationhaneled automatically by the HDF5 library,
and are transparent to the application.

For this report, DEFLATE compression was applieti@¢tCDF radar sample data obtained from
Unidata. Three netCDF filestitel, tile2, andtile4—were used in the benchmarks. Each file has
12 variables and each variable has »>&UD1 elements of type short. The variables include
reflectivity fields, severe hail index (SHI), prdbbty of severe hail (POSH), maximum
expected hail size (MEHS), and others. Each vaiablabout 6 MB in size, for a file size of
about 72 MB.

Chunked storage layout is required to support datapression. The chunk size was set to be
equal to the size of each variable (182Q01). Ten runs were made on the AMD-based machine.
ncsyncandfsynccalls were made after each write to flush the tatdisk, anddrop_cachesvas
called prior to each read run to clear the systaohe. For the performance tests with the radar
sample data, the best and worst cases for eaclgomatfon were dropped, and the reported
results are the average of the eight remainingLei@ts.

Radar Sample Data File Compression Ratio
tilel 21
tile2 14
tiled 23

Table 5 : Compression ratios for netCDF radar sampl e data
files with DEFLATE compression level 1.

Table 5 shows the compression ratios achieved USEELATE compression level 1. While
higher compression levels further reduce the dagg they do so at the cost of extra processing
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time. For the radar sample data files, the higlengression levels did not result in substantially
better degrees of compression, and were not whedhektra compute overhead. Different data
will exhibit different compression characteristics.

Figure 9 shows the elapsed wall clock time to waitel read the variables in each of the three
netCDF radar sample data files with and without pmeesion. For the tests with the
uncompressed files, the variations in the elapsed to read or write the files is due to system
fluctuations, as the file sizes, variable sizes, aperations performed are identical.

For the tests with DEFLATE, the reported time imigda the compression (for write) and
decompression (for read) operations that are autoatig applied by the HDF5 library. Even
with these operations, there was a considerabléormpssince benefit when the DEFLATE
compression was used. The reduced file size lowdxedata transfer time by more than enough
to offset the compute time spent on compression degampression. The netCDF-4 / HDF5
compression option offers both space savings apdoved read/write performance in these tests.

‘l# $ ‘ ‘l# $ ‘
- # $ ‘ ! # 3$

Figure 9: NetCDF-4 elapsed time to write and read r  adar sample data with DEFLATE
compression level 1 and without compression; system cache cleared and ncsync/fsync
used, AMD-based machine.

5. Performance Pitfalls with NetCDF-4

The previous section presented cases where netGiaiR-He used to improve I/O performance.
Advice on how to avoid poor performance with netGDI5 the focus of this section.

5.1. Chunk Size

As shown in the previous section, chunked storagelDF5 is a powerful technique that can
dramatically improve I/O performance for some aggiions. However, poor choices when
configuring chunked storage can lead to unexpegtealll performance. A common pitfall is the
choice of chunk sizes that are not appropriateafoapplication’s variables and access patterns.
A comprehensive study on chunk size specificatomayond the scope of this paper. As an
alternative to a rigorous presentation, experimavite various chunk sizes are presented to
motivate guidelines for chunk size selection. Tkpegiments focus on how chunk size affects
write rates and file sizes.
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5.1.1. Chunk Size Experiments

Consider a 31623162 two-dimensional integer array variable witiotal size just under 40 MB.
For the experiments, the entire array variable em®&red by a single hyperslab and written with
one nc_put_varacall. Twenty-five cases, corresponding to tweme-fdifferent chunk sizes,
were tested. The chunks used were all square (thier of elements in each chunk dimension
was the same), and ranged in size fron8 8 31623162. Note that the chunk sizes do not
increase uniformly across the range, but were ahésenhighlight important selection criteria.
Ten runs for each of the twenty-five cases were enad the AMD-based system with
ncsync/fsyncalled to flush data to disk. The best and wouss for each case were dropped,
and the reported results are the average of tli Egaining executions.

Figures 10 and 11 show the write rate (size ofatnay variable divided by elapsed wall clock
time) and the size of the file created for the tiydive different chunk sizes. Write rates ranged
from 5.29 to 51.59 MBY/s, and file sizes ranged fd®to 151 MB. Closer investigation will give
insights into this extreme variability in both pemhance and file size.
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Figure 10: Write rate for 3162x3162 integer array w  ith chunked storage layout and various
chunk sizes; ncsync/fsync used, AMD-based machine. Regions A, B, and C are discussed in
the text.

Consider first the experiments with the smallesinks ranging in size fromx® to 12&128,
corresponding to the region markefl’“in Figures 10 and 11. In Figure 10 it is cleaattlhe
write rate was slowest with the smallest chunk.sizee write rate increased substantially until
the chunk size reached 22B8. Since chunks are written individually, the Berachunk sizes
mean less data is being written at a time, mordewroccur, and overhead is higher. The
overhead is especially apparent when system cachingt used and each write flushes the data
to disk. Note also that the file size was about 28fger than the size of the array data when the
8x8 chunk size was used. Looking at Figure 11, tleesize for the experiments in region A was
smallest for the 3232 chunk size. Even though thexX50 and 128128 chunk sizes yield
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slightly larger files, they resulted in better writates because fewer writes occurred and there
was more data transferred with each write. A cles@mination of file sizes follows.
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Figure 11: Size of the file created for 3162x3162 integer array with chunked storage layout
and various chunk sizes; ncsync/fsync used, AMD-bas ed machine. Regions A, B, and C are
discussed in the text.

For the chunk sizes from 34816 to 31623162 there was considerable fluctuation in both the
write rate and the file size. Looking carefullyRgures 10 and 11, chunk sizes that exhibited
dips in the write rate also showed peaks in the $ize. This correlation indicates that the
decreased write rate (from the application’s perspe) was likely due to more bytes actually
being written to disk. Recall that the reportedtevrate is calculated by dividing the size of the
array variable by the wall clock time that elapsddle writing the array variable to disk. Also
recall that with chunked storage all chunks fonaeg variable (dataset) are the same size, and
chunks are written to disk independently.

Table 6 provides details for the three experimémas fall in the region marked® in Figures
10 and 11. The experiments have been named bast#t aunk size used. For example, the
experiment with chunk size 78090 is called E790.

Experiment | Chunk Size (nxn) | Write rate (MB/s) | File Size (MB) | 3162/n | 3162/n

E790 790x790 31.52 62.42 4.0025 5
E791 791x791 50.04 40.05 3.9975 4
E792 792x792 48.17 40.15 3.9924 4

Table 6: Details for experiments appearing in Regio  n B of Figures 10 and 11.

Table 6 shows the write rate for E790 was abouMBs while the write rates for E791 and
E792 were closer to 50 MB/s. The netCDF-4 file tentby E790 was 62 MB—more than 50%
larger than the original array variable size ofMB. In contrast, the files for E791 and E792
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were very close to size of the original array. Thee experiments highlight how a very minor
change in chunk size can result in very major shiftl/O rates and file sizes.

Why does the file size change so dramatically watrsmall change in chunk size? The
3162¢3162 array variable must be totally covered by #ypsized chunks. Since both the array
and the chunks are square, a single dimension eacobsidered when computing coverage
requirements. 3162 divided by 790 is 4.0025, meptmat it will take five “chunks” of 790
elements to cover a variable with 3162 elementg. fiflal two columns in Table 6 summarize
the coverage calculations for the three experimeriter E790 it takes twenty-five {5=25)
chunks to cover the array variable, while for E&t E792 only sixteen ¥4=16) chunks are
required.

Figure 12 illustrates the chunk coverage of thayavariable for E790 and E791. For E790 there
are nine chunks containing very little array data anostly unused space. Since chunks are
written in their entirety, this unused space ( {28790 - 31623162 )* 4 bytes ) accounts
for the 22 MB of “extra” file space noted earliefn contrast, for E791 there is very little unused
space ( (16791*791- 31623162 )* 4 ), about 50KB.

Array Array
(3162x3162) (3162x3162)

e Y

Sl ‘:-.-"a“-.-"a o

O Chunk
(790x796) "

.__J. g g |

Figure 12: Coverage of 3162x3162 array variable wi th 790x790 and 791x791 chunks
corresponding to Experiments E790 and E791 in Table 6.

With an understanding the actual volume of datétenj it is not surprising that the application’s
observed write rate for E791 was over 1.5 timedebdahan the write rate for E790. The
performance for E792 was similar to that of E79ithva marginal increase in file size. The
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difference between E790 and E792 shows that “ofbig” in chunk size selection can result in
dramatically different results depending on thechion you are “off by”.

Finally, consider the experiment in the region nedrKC” in Figures 10 and 11. |In this
experiment a single chunk of size 3%¥8262 was used. The write rate was 49.87 MB/staad
file size was only slightly larger than the sizetbé array variable, with the extra 1281 bytes
accommodating the HDF5 metadata. The single claxgeriment offers very close to top
performance combined with minimal disk space corion.

5.1.2. Chunk Size Selection Guidelines

Four important guidelines for the selection of goduunk sizes can be drawn from the
experiments.

1. Always avoid using a small chunk size. In the 2Eapicase shown, the performance was
extremely degraded when the chunk size was snthber 3%32. Because the overhead
of chunk management is a fixed amount per churggrotess of chunk size, and because
it is generally more efficient to write larger bkscof data to the disk, the performance
will be poor when small chunks are used.

2. If the system where the application is running bafficient memory and the access
pattern is contiguous or nearly contiguous, usirgingle chunk sized to exactly match
the array variable can be an excellent choice. |&Mhis is a good general guideline,
some applications may achieve better performantieawnore complex sizing strategy.

3. If there are reasons to choose a chunk size thamaller than the size of the array
variable, set the number of elements in a givemkldimension (n) to be the ceiling of
the number of elements in that dimension of thayawariable (d) divided by a natural
number N>1. Thatis, set n =d/ N . For the example shown in Figure 12, the good
chunk size had 791 elements per dimension and 793162 / 4 . Using a chunk size
slightly larger than this value is also acceptable.

4. If there are reasons to choose a chunk size thamaller than the size of the array
variable, avoid setting the number of elements givan chunk dimension (n) to be the
floor of the number of elements in that dimensidénhe array variable (d) divided by a
natural number N>1. That is, do regt n = d / N . For the example shown in Figure
12, the bad chunk size had 790 elements per dimer@sid 790 = 3162 / 4 . Chunk
sizes slightly smaller than this value should &ls@voided.

5.2.  Number of Hyperslabs

While the use of hyperslabs, discussed in Sectidril doffers an intuitive way for applications
to write or read subsets of an array variable,ube of many small hyperslabs may cause poor
performance. Once again, experimental resultsised to demonstrate the possible pitfall.

5.2.1. Hyperslab Experiments

As with the chunk size experiments in the previsestion, the hyperslab experiments also used
a 316x3162 two-dimensional integer array variable wittotal size slightly less than 40 MB.
Runs were made on the Intel-based system with éfeutl system caching, using both chunked
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and contiguous storage layouts. For the chunkechg®, a chunk size of 3162162 was
specified. Ten runs were made for each unique éerpet and the reported results are the
average of the eight runs remaining after the &edtworst runs were dropped.

Figure 13 depicts the two hyperslab selection cumétions used in the experiments. Table 7
summarizes the write and read rates for the twdigmations with contiguous and chunked
storage layouts.

291€

dataset

3162

Figure 13: Hyperslab selection configurations. One large 3162x3162 hyperslab covering the
entire array variable and 3162 hyperslabs, each of  size 1x3162.

Write Rate (MB/s) Read Rate (MB/s)

Storage Layout
Single Hyperslab | 3162 Hyperslabs | Single Hyperslab | 3162 Hyperslabs

Contiguous 288.59 111.85 412.78 268.05

Chunked 133.88 82.27 421.43 232.16

Table 7: NetCDF-4 write and read performance for 31 62x3162 integer array variable accessed
using a single large 3162x3162 hyperslab selection  and using 3162 small 1x3162 hyperslab
selections. Chunk size was 3162x3162 for chunked s  torage layouts. Default system caching on
Intel-based machine.

For both writes and reads with contiguous and chdngtorage, the performance was lower
when the 3162 small hyperslabs were used. Thgseriexents were also conducted using the
HDFS5 library directly, rather than going throught@BF-4. When HDF5 was called directly, the
performance for the small hyperslabs was noticebétier.

Using Quantify [9], The HDF Group found there w862 calls within the netCDF-4 library to
the routinesget_property_internaknd open_var_grp_cachedhen the small hyperslabs were
used. Investigating furtheget_property internaland open_var_grp_cachedre wrappers for
the HDFS5 library call$i5PcreateandH5Dopen Since all of the accesses are for the same array
variable, just different subsets of it, it is n&cessary to call5PcreateandH5Dopenfor each

of the hyperslab selections.
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Taking advantage of its understanding of the HDiBBaty, The HDF Group modified the
netCDF-4 source code to reuse HDF5 descriptors vamenvariable is accessed repeatedly.
Table 8 shows the write and read rates measurddldd3162 small hyperslab selections after the
modification. Improvements were seen for the simghlerslabs in all configurations tested, with
the most dramatic increases seen for reads. ARer modifications, the small hyperslab
selections performed better than the single laygetslab for reads using the contiguous storage
layout. This may be due to caching within HDH36t that has not been verified.

Write Rate (MB/s) Read Rate (MB/s)

Storage Layout 3162 Hyperslabs 3162 Hyperslabs

Contiguous 131.26 504.17

Chunked 104.97 421.81

Table 8: Modified NetCDF-4 write and read performance for 3162x3162 integer array variable
accessed using 3162 small 1x3162 hyperslab selectio  ns. Chunk size was 3162x3162 for chunked
storage layouts. Default system caching on Intel-  based machine.

5.2.2. Hyperslab Selection Guidelines

With the current release of netCDF-4, the use ohymlayperslabs to write or read an array
variable should be avoided. Performance undeseticonditions may improve in future releases,
as netCDF-4 is optimized to reduce the number ii$ ta HDF5 when multiple reads or writes
are made to the same array variable (dataset)n Bfter those modifications, the use of larger
hyperslabs may still be preferred, especially fates.

6. Conclusions

A variety of benchmark results and examples weesgnted in this report to help users of
netCDF gain a better understanding of netCDF-4tfopmance characteristics.

For cases where the features supported by the edusthrage layout are not needed, the use of
contiguous storage with netCDF-4 is usually a bett@ice. When contiguous storage is used,
the performance of netCDF-4 is comparable to tHahesaCDF-3 overall, with considerable
variation in some cases depending on the dataasideccess operation (write or read). Table 2
summarizes the benchmark results for the netCDRdatCDF-4 performance comparisons.

For highly non-contiguous access patterns, a cldiskerage layout can dramatically improve
performance. See Figure 7 for details.

For some applications, the use of netCDF-4’s in-wmntompression feature, which requires
chunked storage, can not only reduce the datagemsie but also reduce the overall time to
write and read data. See Figure 9 for details.

When chunked storage is used, it is critical thgbad chunk size be chosen. Small chunks
should be avoided, and care should be taken sahbathunk size selected does not result in
large amounts of unused space in the file. Figlilfeand 11 show the fluctuations that can occur
in write rate and file size for different chunk esz Section 5.1.2 provides guidelines for good
chunk size selection.
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The use of many hyperslabs with a single arrayabégican cause poor performance in the initial
release of netCDF-4, and should be avoided. &@ebt2.1 discusses this issue.

Several areas for possible performance improvememt® identified in the course of the
benchmark tests. They include the default stordigeadion policy with chunked storage, the
cache size for large datasets with chunked stoegkunnecessary calls in the netCDF-4 library
when multiple hyperslabs are used to access aesarghy variable. The HDF Group will be
working with Unidata to address these issues iaréuteleases. In addition, further tests will be
conducted to identify other opportunities for og#ation.
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