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Outline

� Introduction to Parallel I/O

� Understanding the I/O performance on Lustre

� Introduction to Burst Buffer

� Transition to Burst Buffer, which mode to use and how?

� Accelerating the performance



I/O Performance

� There is no magic solution

� I/O performance depends on the pattern

� Of course a bottleneck can occur from any part of an application

� Increasing computation and decreasing I/O is a good solution but not 
always possible



Various I/O modes



Lustre
� Lustre file system is made up of an underlying:

� Set of I/O servers called Object Storage Servers (OSSs)
� Disks called Object Storage Targets (OSTs), stores file data (chunk of 

files). We have 144 OSTs on Shaheen

� The file metadata is controlled by a Metadata Server (MDS) and 
stored on a Metadata Target (MDT)



Lustre Operation



Software/techiniques to optimize I/O
� Important factors:

� Striping

� Aligned data

� IOBUF for serial I/O
� module load iobuf
� Compile and link your application
� export IOBUF_PARAMS=‘*.out:verbose:count=12:size=32M’

� Hugepage for MPI applications
� module load craype-hugepages4M 
� compile and link
� Multiple options for Huge pages size
� Huge pages increase the maximum size of data and text in a program accessible by the high 

speed network

� Use parallel I/O libraries suchs as PHDF5, PNetCDF, ADIOS

� But… how parallel is your I/O?



Collective Buffering – MPI I/O aggregators

� During a collective write, the buffers on the aggregated nodes are 
buffered through MPI, then these nodes write the data to the I/O servers.

� Example 8 MPI processes, 2 MPI I/O aggregators



How many MPI processes are writing a 
shared file?

� With CRAY-MPICH, we execute one application with 1216 MPI processes 
and it supports parallel I/O with Parallel NetCDF and the file’s size is 
361GB:

� First case (no stripping):
� mkdir execution_folder

� copy necessary files in the folder

� cd execution_folder

� run the application

� Timing for Writing restart for domain        1:   674.26 elapsed seconds

� Answer: 1 MPI process



How many MPI processes are writing a 
shared file?

� With CRAY-MPICH, we execute one application with 1216 MPI processes 
and it supports parallel I/O with Parallel NetCDF and the file’s size is 
361GB:

� Second case:
� mkdir execution_folder
� lfs seststripe –c 144 execution_folder
� copy necessary files in the folder
� cd execution_folder
� Run the application
� Timing for Writing restart for domain        1:   10.35 elapsed seconds

� Answer: 144 MPI processes



I/O performance on Lustre while 
increasing OSTs
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How to declare the number of MPI I/O 
aggregators

� By default with the current version of Lustre, the number of MPI 
I/O aggregators is the number of OSTs. 

� There are two ways to declare the striping (number of OSTs).
� Execute the following command on an empty folder

� lfs setstripe -c X empty_folder
where X is between 2 and 144, depending on the size of the used files.

� Use the environment variable MPICH_MPIIO_HINTS to declare striping per files
export MPICH_MPIIO_HINTS= 
"wrfinput*:striping_factor=64,wrfrst*:striping_factor=144,\
wrfout*:striping_factor=144”



Using Darshan tool to visualize I/O 
performance

Handling Darshan Data: https://kaust-ksl.github.io/HArshaD/



Discussion about Lustre

� There are many parameters to optimize Lustre, one quite interesting is 
the striping size. This declares the number of bytes to store on an OST 
before moving to the next OST 

� lfs setstripe -s X empty_folder where X in bytes

� export MPICH_MPIIO_HINTS= 
"wrfinput*:striping_factor=64,wrfrst*:striping_factor=144:\
striping_unit=4194304,wrfout*:striping_factor=144:\
striping_unit=2097152 "



Burst Buffer
� Shaheen II: 268 Burst Buffer (BB) nodes, 536 SSDs, totally 1.52 PB, each node has 2 SSDs

� BB adds a layer between the compute nodes and the parallel file system

� Cray DataWarp (DW) I/O is the technology and Burst Buffer is the implementation



Burst Buffer Architecture



Burst Buffer – Use cases

� Periodic burst

� Transfer to PFS between bursts

� I/O improvements

� Accessed via POSIX I/O requests

� Stage-in/stage-out

� Shared BB allocation for multiple jobs

� Coupling applications



Burst Buffer Nodes Allocation
• 268 DataWarp (DW) nodes, total 1.52PB with granularity 397.44GB

• Each DW node, is consituted by 5.82TB of SSDs hard disk. Based, on 
the granularity we can have the following DW instances

DW_instances_per_node = 5.82*1024/397.44 = 14.995

A DW node can accommodate up to 14*397.44/1024 = 5.43 TB

• The instances are reserved on DW nodes, on round-robin base, one 
instance per DW node, till they have all of them one instance, then I 
reserves again from the fist node 

• A user requests 60TB of DW nodes, how many DW nodes is he going 
to reserve (for striped mode explained later)?

Requested_DW_nodes = 60*1024/397.44 = 154.58, so we will reserve 
155 DW nodes. 



Burst Buffer Modes
• DW supports two access modes

• Private
Each of the compute job has its own private space on BB and it will 
lot be visible to other compute jobs. For now, data is not striped over 
BB nodes in private mode (not tested). Each compute node has 
access to a BB allocation equal to the granularity size.

• Striped
The data will be striped over several Burst Buffer nodes. BB nodes 
are allocated on a round-robin basis. We use this mode mainly

• BB supports two reservation modes
• Scratch is temporary space allocation which will be removed when 

the job is finished
• Persistent is when you have many jobs that need to access the 

same files, so this mode creates a DW space that persists after a 
job is finished and it is available to other of your DW jobs.
Important: Persistent space is not a backup solution, you could 
lose your data in case of any BB problem



Burst Buffer Workflow

• Initially the files are located on Lustre filesystem

• For the files that need to be accessed multiple times but also for any 
big files you should move these files on BB before your job reservation. 
This phase is called stage-in. You can stage-in either file or folder. We 
discuss later about small shared file access.

• When the job finishes, the created files will be returned to the folder 
that the user declared in the script, this is called stage-out.

• The files on BB are located inside the path declared by environment 
variable $DW_JOB_STRIPED  (for striped mode)

Note: Stage-in and –out are not mandatory it depends what the user 
needs. Maybe there are no input files or the user wants just to measure 
the execution time.



Modify SLURM script 

• BB reservation (2TB of DW space)
#!/bin/bash 
#SBATCH --partition=workq
#SBATCH -t 10:00:00
#SBATCH -A k01
#SBATCH --nodes=32
#SBATCH  --ntasks=1024
#SBATCH   -J slurm_test

#DW jobdw type=scratch access_mode=striped capacity=2TiB
#DW stage_in type=directory source=/scratch/markomg/for_bb
destination=$DW_JOB_STRIPED
#DW stage_out type=directory destination=/scratch/markomg/back_up
source=$DW_JOB_STRIPED/

cd $DW_JOB_STRIPED

chmod +x executable

Note: You can stage-in/out also files instead of directory



How do we choose the number of MPI I/O 
aggregators on BB?

� In this example we have parallel I/O and we can adjust the number of the MPI 
processes for simulating an application

� MPICH_MPIIO_HINTS
� export MPICH_MPIIO_HINTS="wrfrst*:cb_nodes=80,wrfout*:cb_nodes=40”
� This environment variable is supported on DataWarp since Cray-MPICH v7.4

� In this case we select 80 MPI I/O aggregators for the files starting with the name 
wrfrst*, and 40 MPI I/O aggregators for the files starting with the name wrfout*.

� Although this depends on the application, according to our experience, if you have 
one MPI I/O aggregator per DW node (default behavior), the performance is not 
always good. In order to stress the SSDs of the DW node, more than one MPI process 
should write data per DW node, and this happens with the MPI I/O aggregators.

� Depending on the size of the file, some times we need to use different number of MPI 
I/O aggregators per file.



Applications
Study-case WRF-CHEM



WRF-CHEM on Burst Buffer

� Weather Research and Forecasting Model coupling with Chemistry

� Small domain: 330 x 275

� Size of input file: 804 MB

� Size of output file: 2.9GB, it is saved every one hour of simulation  

� Output file quite small

� For all the WRF-CHEM experiments we use 1280 MPI processes (40 nodes), 
as this is the optimum for the computation/communication

� For the default case, we stage-in all the files and we execute the simulation 
from BB



Total execution time and I/O on BB 
without MPICH_MPIIO_HINTS (default)
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• The best total execution time is provided when we have 4 DW nodes
• On Lustre the best execution time is with 64 OSTs and it is 15% faster than BB



Understand the MPI I/O statistics on BB 
(MPICH_MPIIO_STATS=2) II

+--------------------------------------------------------+
| MPIIO write access patterns for wrfout_d01_2007-04-03_00_00_00
| independent writes = 2
| collective writes = 552960
| independent writers = 1
| aggregators = 4
| stripe count = 1
| stripe size = 8388608
| system writes = 797
| stripe sized writes = 114
| total bytes for writes = 3045341799 = 2904 MiB = 2 GiB
| ave system write size = 3821006
| read-modify-write count = 0
| read-modify-write bytes = 0
| number of write gaps = 2
| ave write gap size = 4194300
+--------------------------------------------------------+
Timing for Writing wrfout_d01_2007-04-03_00_00_00 for domain 1: 18.83090 elapsed seconds

Only 14.3% of the writes are striped

There are 2 gaps of almost 4MB



Compare the total execution time on single DW 
nodes across various MPI I/O aggregators
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• Example for declaring 2 MPI I/O aggregators
export MPICH_MPIIO_HINTS="wrfout*:cb_nodes=2”

• Tip: You can declare different MPI I/O aggregators per file



Studying the influence of the stripe size on the 
performance of application for 8 MPI I/O aggregators 

on single DW node
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• Changing the stripe size form 8 to 2 MB, improved the total execution time by 22%
• Example of 8 MPI I/O aggregators and 2MB of stripe size (striping_unit flag)

export MPICH_MPIIO_HINTS="wrfout*:cb_nodes=8:striping_unit=2097152”
• Why for stripe size of 1 MB the performance is not improved?



MPI I/O statistics for stripe size equal to 1MB

+--------------------------------------------------------+
| MPIIO write access patterns for wrfout_d01_2007-04-03_00_00_00
| independent writes = 2
| collective writes = 552960
| independent writers = 1
| aggregators = 8
| stripe count = 1
| stripe size = 1048576
| system writes = 3338
| stripe sized writes = 2606
| total bytes for writes = 3045341799 = 2904 MiB = 2 GiB
| ave system write size = 912325
| read-modify-write count = 0
| read-modify-write bytes = 0
| number of write gaps = 2
| ave write gap size = 524284
+--------------------------------------------------------+

Timing for Writing wrfout_d01_2007-04-03_00_00_00 for domain 1: 9.09640 elapsed seconds

78% of the writes are striped but the system does 
now 3338 writes instead of  797

Let’s increase the MPI I/O aggregators because there are many write calls now



Increasing the number of the MPI I/O 
aggregators for stripe size equal to 1MB

+--------------------------------------------------------+
| MPIIO write access patterns for wrfout_d01_2007-04-03_00_00_00
| independent writes = 2
| collective writes = 552960
| independent writers = 1
| aggregators = 20
| stripe count = 1
| stripe size = 1048576
| system writes = 3338
| stripe sized writes = 2606
| total bytes for writes = 3045341799 = 2904 MiB = 2 GiB
| ave system write size = 912325
| read-modify-write count = 0
| read-modify-write bytes = 0
| number of write gaps = 2
| ave write gap size = 524284
+--------------------------------------------------------+

Timing for Writing wrfout_d01_2007-04-03_00_00_00 for domain 1: 6.40781 elapsed seconds

Finally, by increasing the MPI I/O aggregators to 40 and decreasing the stripe size to 256KB, 
we achieve the best result, of total execution time 97 seconds.



Comparison between BB and Lustre
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The total execution time on BB is 13.4% faster than Lustre for one hour of 
simulation of WRF-CHEM. For 24 hours of simulation, the execution time on BB 
is faster than Lustre by 14.8%
We achieved better performance with BB by using one single BB node in 
comparison to 64 OSTs of Lustre



Conclusions

� It was explained how Lustre and BB operate

� Many parameters need be investigated for the optimum performance

� Be patient, probably you will not achieve the best performance immediately

� Be careful o compile your application with the appropriate Cray MPICH

� CLE 6.0 will solve some BB issues

� Be open, be collaborative
� Be active at bb_users@lists.hpc.kaust.edu.sa

� Always check the output of the application, used MPI version etc.



Thank you!
Questions?

georgios.markomanolis@kaust.edu.sa



PIDX
� PIDX is an efficient parallel I/O library that reads and writes multiresolution IDX data files

� It can provide high scalability up to 768k cores
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