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Hardware 
!  Cray XC40™  

!  792 TB of memory  
!  Cray DataWarp with performance exceeding 1 TB/sec  ( september 2015) 

!  Cray Sonexion® 2000 Storage System  
!  17.2 PB of usable capacity with performance exceeding 500 GB/sec  
!   Lustre® file system 2.5 with HSM extensions  

!  Cray Tiered Adaptive Storage (TAS) 
!  Cray TAS Connector for Lustre and Versity Storage Manager  
!  Spectra Logic T - Finity with 100 PB of capacity with IBM TS1150 drives 



HPC systems and I/O 

!  "A supercomputer is a device for converting a CPU-bound problem into an I/O bound 
problem." [Ken Batcher] 

!   Machines consist of three main components: 
!  Compute nodes 
!  High-speed interconnect 
!  I/O infrastructure 

!  Most optimization work on HPC applications is carried out on 
!  Single node performance 
!  Network performance ( communication) 
!  I/O only when it becomes a real problem 



Why do we need parallel I/O? 
!  I/O subsystems are typically very slow compared to other parts of a 

supercomputer 
!  You can easily saturate the bandwidth 

!  Once the bandwidth is saturated scaling in I/O stops 
!  Adding more compute nodes increases aggregate memory bandwidth and 

flops/s, but not I/O 

!  Imagine a 24 hour simulation on 16 cores. 
!  1% of run time is serial I/O. 
!  You get the compute part of your code to scale to 1024 cores. 
!  64x speedup in compute: I/O is 39% of run time ( 22’16” in  computation and 14’24’’ in I/O). 

!  Parallel I/O is needed to 
!  Spend more time doing science 
!  Not waste resources 
!  Prevent affecting other users 



I/O Performance 
!  There is no “One Size Fits All” solution to the I/O problem. 

!  Many I/O patterns work well for some range of parameters. 

!  Bottlenecks in performance can occur in many locations. 
(Application and/or File system) 

!  Going to extremes with an I/O pattern will typically lead to 
problems.  

!  Increase performance by decreasing number of I/O 
operations (latency) and increasing size (bandwidth).  



Serial I/O: Spokesperson 

!  One process performs I/O. 
! Data Aggregation or Duplication 
!  Limited by single I/O process. 

!  Simple solution, easy to manage, but 
!  Pattern does not scale. 
!  Time increases linearly with amount of data. 
!  Time increases with number of processes. 

    Disk   



Parallel I/O: File-per-Process 

!  All processes perform I/O to 
individual files. 
!  Limited by file system. 

!  Pattern does not scale at large 
process counts. 
!  Number of files creates 

bottleneck with metadata 
operations. 

!  Number of simultaneous disk 
accesses creates contention 
for file system resources. 

     Disk 



Parallel I/O: Shared File 
!  Shared File 

!  Each process performs I/O to 
a single file which is shared. 

!  Performance 
! Data layout within the 

shared file is very 
important. 

! At large process counts 
contention can build for 
file system resources. 

      Disk 



Pattern Combinations 
!  Subset of processes which perform I/O. 

!  Aggregation of a group of processes data.  
!  Serializes I/O in group. 

!  I/O process may access independent files. 
!  Limits the number of files accessed. 

!  Group of processes perform parallel I/O to a shared file. 
!  Increases the number of shared files  

! increase file system usage. 

!  Decreases number of processes which access a shared file  
! decrease file system contention. 
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Parallel I/O tools for Computational 
Science 

!  Break up support into multiple layers: 
!  High level I/O library maps app. abstractions to a structured, portable file 

format (e.g. HDF5, Parallel netCDF) 
!  Middleware layer deals with organizing access by many processes (e.g. 

MPI-IO) 
!  Parallel file system maintains logical space, provides efficient access to 

data (e.g. Lustre) 



File I/O: Lustre File System 

!  Metadata Server (MDS) makes metadata stored in the MDT(Metadata Target ) 
available to Lustre clients.  
!  The MDS opens and closes files and stores directory and file  Metadata such as file ownership, 

timestamps, and access permissions on the MDT. 

!  Each MDS manages the names and directories in the Lustre file system and provides network 
request handling for the MDT.  

!  Object Storage Server(OSS) provides file service, and network request handling 
for one or more local OSTs.  

!  Object Storage Target (OST) stores file  

      data (chunks of files). 



Lustre  
!  Once a file is created, write operations 

take place directly between compute 
node processes (P0, P1, ...) and Lustre 
object storage targets (OSTs), going 
through the OSSs and bypassing the 
MDS.  

!  For read operations, file data flows 
from the OSTs to memory. Each OST 
and MDT maps to a distinct subset of 
the RAID devices. 
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File Striping:  Physical and Logical 
Views 

Four application processes write a variable 
amount of  data sequentially within a shared 
file. This shared file is striped over 4 OSTs with 
1 MB stripe sizes.  

This write operation is not stripe aligned therefore 
some processes write their data to stripes used by 
other processes. Some stripes are accessed by 
more than one process  

! May cause contention !  
OSTs are accessed by variable numbers of processes (3 OST0, 1 OST1, 2 OST2 and 2 
OST3).  



IOBuf for serial 
!  Advantages 

!  Aggregates smaller read/write operations into larger operations. 
!  Examples:  OS Kernel Buffer,  MPI-IO Collective Buffering 

!  Disadvantages 
!  Requires additional memory for the buffer.   
!  Can tend to serialize I/O. 

!  Use I/O buffering for all sequential I/O  
!  IOBUF is a library that intercepts standard I/O (stdio) and enables 

asynchronous caching and prefetching of sequential file access  
!  No need to modify the source code but just  
!  Load the module iobuf  
!  Rebuild your application 



Case Study:  Buffered I/O 
!  A post processing application writes a 1GB file. 

!  This occurs from one writer, but occurs in many small write operations. 
!  Takes 1080 s (~ 18 minutes) to complete. 

!  IO buffers were utilized to intercept these writes with 4 64 MB buffers. 
!  Takes 4.5 s to complete.  A 99.6% reduction in time. 

File "ssef_cn_2008052600f000" 
                Calls         Seconds       Megabytes   Megabytes/sec   Avg Size 
Open                1        0.001119 
Read              217        0.247026        0.105957        0.428931        512 
Write         2083634        1.453222     1017.398927      700.098632        512 
Close               1        0.220755 
Total         2083853        1.922122     1017.504884      529.365466        512 
Sys Read            6        0.655251      384.000000      586.035160   67108864 
Sys Write          17        3.848807     1081.145508      280.904052   66686072 
Buffers used            4 (256 MB) 
Prefetches              6 
Preflushes             15 

Lustre 



I/O Best Practices 
!  Read small, shared files from a single task  

!  Instead of reading a small file from every task, it is advisable to read the entire file from one task and 
broadcast the contents to all other tasks. 

!  Limit the number of files within a single directory  
!  Incorporate additional directory structure 
!  Set the Lustre stripe count of such directories which contain many small files to 1. 

!  Place small files on single OSTs 
!  If only one process will read/write the file and the amount of data in the file is small (< 1 MB to 1 GB) , 

performance will be improved by limiting the file to a single OST on creation.  

!  This can be done as shown below by: # lfs setstripe PathName -s 1m -i -1 -c 1 

!  Place directories containing many small files on single OSTs  
!  If you are going to create many small files in a single directory, greater efficiency will be achieved if you 

have the directory default to 1 OST on creation 
!# lfs setstripe DirPathName -s 1m -i -1 -c 1 
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I/O Best Practices (2) 
!  Avoid opening and closing files frequently 

!  Excessive overhead is created.  

!  Use ls -l only where absolutely necessary 
!  Consider that “ls -l” must communicate with every OST that is assigned to a file being 

listed and this is done for every file listed; and so, is a very expensive operation. It also 
causes excessive overhead for other users. "ls" or "lfs find" are more efficient solutions. 

!  Consider available I/O middleware libraries  
!  For large scale applications that are going to share large amounts of data, one way to 

improve performance is to use a middleware library; such as ADIOS, HDF5, or MPI-IO. 



Thank You ! 
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