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Ranger User Guide

Important System and Programming Notes.

Login Nodes now have barcelona chips
The 4-socket Login3 and Login4 (ranger.tacc.uteds. nodes have been populated with barcelona.chips
*** These are 2.2 GHz chips, the compute nodesatu&0 GHz. (Please do not run codes on the logites.)

Compiling on Login Nodes
When you login to ranger.tacc.utexas.edu you veltbnnected to either login3.ranger.tacc.utexasedu
login4.ranger.tacc.utexas.edu (loginl and logir@rent available yet). Initially, login3 and logimll be dual-core
Opterons. Hence, you should not let the compilatsraatically detect the hardware of the login nodsmpile with
the "barcelona" hardware options suggested in tiraflling Section.

MPI Support for Compilers
Only the Intel and PGI compilers will support MFPhe mvapich2 libraries have been compiled with lmatimpilers,
and are automatically linked by the mpicc and nipid®@mpiler drivers when correctly loaded through todule
commands. (By default the MPI compiler drivers tieePGl-compiled mvapich2 libraries and the defaathpilers
are PGI.)

Debugging and Profiling
DDT is not available yet. Please use the idb (Jrdebugger, pgdbg and pgprof (PGI), and gdb andfg@NU) for
debugging and profiling.

/tmpon Compute Nodes
In the compute nodes, the only physical storagécdes an 8GB compact flash, which stores the Q8y ®50MB are
available in /tmp for user storage. Program dewai®ghould use $SCRATCH to store temporary fil€kse (tmp
directories on login nodes are 36G disk devices.)

Parallel Environment (using less than 16 cores/hode
The Parallel Environment Section shows how to ase than 16 tasks per node, and how to run hybdd<s

MPI (mvapich) Options for Scalable code
See themvapich1/2 User Guides

Core Affinity and Memory Allocation Policy
See Numa Section for controlling process/thread @ti@n on sockets and cores; and memory allocatadicy on
sockets.

Core Count for Batch SGE Jobs
See Numa Section (look for MY_NSLOTS) for core cisusther than a multiple of 16.

Experienced Users
Check out the&Quick Start Notes

Introduction

Ranger is one of the largest computational resaurcéhe world, serving NSF TeraGrid researchamsutdphout the United
States, academic institutions within Texas, ancctiaponents of The University of Texas System.

The Sun Constellation Linux Cluster, Ranger, isfigamed with 3,936 16-way SMP compute-nodes (bladE23 TB of total
memory and 1.73PB of global disk space. The thamadgieak performance is 504 TFLOPS. Nodes aredotmected with
InfiniBand technology in a full-CLOS topology praing a 1GB/sec point-to-point bandwidth. Also, & PB archive system
and 5TB SAN network storage system are availabteutgh the login/development nodes.
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Figure 2. SunBlade x6420
motherboard.

— o T

Figure 1. One of 6 rows:Management/IO Racks (bla€kmpute Rack (silver), Figure 3. Constellation Switch
and In-row Cooler (black). (partially wired).

Architecture

The Ranger compute and login nodes run a Linux @Saae managed by the Rocks 4.1 cluster toolkib B456 port
Constellation switches provide dual-plane accessdrn NEMs (Network Element Modules) of each 12blahassis.
Several global, parallel Lustre file systemss hasen configured to target different storage neBdsh compute node
contains 16 cores as a 4-socket, quad-core platfbine configuration and features for the computdeseinterconnect and
I/O systems are described below, and summarizédlies 1-3.

Compute Nodes: Ranger is a blade-based system.rgaehis a SunBlade x6420 blade running a 2.2 x8&.iux kernel
from kernel.org. Each node contains four AMD Opte€uad-Core 64-bit processors (16 cores in alk single board, as
an SMP unit. The core frequency is 2.0GHz and stppofloating-point operations per clock periodhna peak
performance of 8 GFLOPS/core or 128 GFLOPS/node.

Each node contains 32GB of memory. The memory stibsyhas an 800MHz Hypertransport system bus, ahéi2nels
with 667MHz Fully Buffered DIMMS. Each socket posses an independent memory controller connectedthjirto L3
cache.

Interconnect: The interconnect topology is a fulldS fat tree. Each of the 328 12-node compute ¢haéssonnected
directly to the 2 core switches. 12 additional fegnare also connected directly to the core switahdsprovide file systems,
administration and login capabilities.

File systems: Ranger's file systems are built 0872 x4500 disk servers, each containing 48 SAT¥edr and two Sun
x4600 metadata servers. From this aggregate sppdcé3PB, several file systems will be partitior(sde Table 5).

Table 1. System Configuration & Performance

Component Technology Performance/Size
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Peak Floating

Point Operations 504 TFLOPS (Theoretical)

Nodes(blades) Four Quad-Core AMD Opteron processors 3,936 Nodes / 62,976 Cores
Memory Distributed 123TB (Aggregate)

Shared Disk Lustre, parallel File System 1.73PB

Local Disk Compact Flash 31.4TB (Aggregate)
Interconnect InfiniBand Switch 1 GB/s P-2-P Bandwidth

Table 2. SunBlade x6420 Compute Node

Component Technology
Sockets per Node/Cores per Socket 4/4 (Barcelona)
Clock Speed 2.0GHz
Memory Per Node 32GB memory
System Bus HyperTransport, 6.4GB bidirectional
Memory 2GB DDR2/667, PC2-5300 ECC-registered DIMMs
PCI Express x8
Compact Flash 8GB

Table 3. Sun x4600 Login Nodes
Component Technology

ranger.tacc.utexas.edu
(loginl.tacc.utexas.edu Not Available)
4 login nodes (login2.tacc.utexas.edu Not Available)
(login3.tacc.utexas.edu)
(login4.tacc.utexas.edu)

Sockets per Node/Cores per Socket 4/4 (Barcelona).
Clock Speed 2.2GHz
Memory Per Node 32GB

Table 4. AMD Barcelona Processor

Technology 64-bit

Clock Speed 2.0GHz

FP Results/Clock Period 4

Peak Performance/core 8GFLOPS/core

L3 Cache 2MB on-die (shared)
L2 Cache 4 x 512KB

L1 Cache 64KB
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Table 5. Storage Systems

Storage Class Size Architecture Features
Local 8GB/node Compact Flash not available to ugefs only)
72 Sun x4500 I/O data servers, 2 Sun x4600 Metadata
Parallel 1.73PB Lustre, Sun x4500 disk serverservers

(See Table 6 for breakdown of the parallel filetsyss)

QLogic switch, SUN V880 Server, mnt on

SAN 15TB Synergy FS, SUN Storage Tek/san/hpc/<project>

Ranch (Tape 2 8PB SAMFS (Storage Archive

Storage) Manager) 10Gb/s connection through 8 GridFTP Servers

Table 6. Parallel File systems

Storage Class Size Quota (per User) Features
HOME ~100TB 6GB Backed up nightly; Not purged
WORK ~200TB 350GB Not backed up; Not purged
SCRATCH ~800TB 400TB Not backed up; Purged everydysd

System Access

SSH

To ensure a secure login session, users must dolon@achines using the secure stedhprogram.Telnet is no longer
allowed because of the security vulnerabilitieagded with it. Thér" commandslogin, rsh, andrcp, as well astp, are
also disabled on this machine for similar reasdhgse commands are replaced by the more secuneatites included in
SSH ---ssh scp, andsftp.

Before any login sessions can be initiated ussiga working SSH client needs to be present indlallmachine. Go to the
TACC introduction to SSHor information on downloading and installing SSH.

To initiate an ssh connection to a ranger loginm@kecute the following command on your local vetakion
ssh <login-name>@ ranger.tacc.utexas.edu

Note <login-name> is needed only if the user naméhe local machine and the TACC machine differ.

Additionally, each of the login nodes can be acedshrectly, to allow users to move data to/fromaladisk space on the
login nodes. These nodes are directly accessibiesiog the node name:

ssh <login-name>@ <login{3|4}>.ranger.tacc.utexas.edu

Password changes (with thasswdcommand) are forced to adhere to "strength chgtkires, and users are asked to
comply with practices presented in (h&CC password guide

Login Info

Login Shell
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The most important component of a user's envirotiiisethe login shell that interprets text on eaderiactive command line
and statements in shell scripts. Each login haseagntry in théetc/passwdfile, and the last field contains the shell
launched at login. To determine your login shele@ite:

echo $SHELL {to see your login shell}

You can use thehshcommand to change your login shell; instructioresia the man page. Available shells are listethen
/etc/shellsfile with their full-path. To change your loginelh execute:

cat /etc/shells {select a <shell> from list}
chsh -s <shell> <usernamesuse full path of the shell}

User Environment

The next most important component of a user's enwilent is the set of environment variables. ManghefUnix commands
and tools, such as the compilers, debuggers, ersfieditors, and just about all applications tzate GUIs (Graphical User
Interfaces), look in the environment for variabilest specify information they may need to accesssde the variables in
your environment execute the command:

env {to see environment variables}

The variables are listed as keyword/value pairsusgpd by an equal (=) sign, as illustrated belgpwhle HOME and PATH
variables.

HOME=/home/utexas/staff/milfeld
PATH=/bin:/usr/bin:/usr/local/apps:/opt/intel/bin

(PATH has a colon (:) separated list of pathst®walue.) It is important to realize that variabget in the environment (with
setenvfor C shells an@xport for Bourne shells) are "carried" to the environinginshell scripts and new shell invocations,
while normal "shell" variables (created with thet command) are useful only in the present shelly@nkironment
variables are seen in tleav (or printenv) command; executgetto see the (normal) shell variables.

Startup Scripts

All Unix systems set up a default environment ara/jgle administrators and users with the abilitgxecute additional
Unix commands to alter the environment. These cond®are "sourced”; that is, they are executed ly lgin shell, and
the variables (both normal and environmental) alt agealiases and functions are included in thegmeenvironment. We
recommend that you customize the login environrbgrinserting your "startup” commands.ashrc_user .login_user, and
.profile_user files in your home directory.

Basic site environment variables and aliases ar@ se

{ust/local/etc/cshrc {C-shell, non-login specific}
{usr/local/etc/login {C-shell, specific to login}
{ust/local/etc/profile {Bourne-type shells}

For historical reasons, the C shells source twesygf files. Thecshrctype files are sourced firstefc/csh.cshrc-->
$HOME/.cshrc--> /usr/local/etc/cshre--> $HOME/.cshe_usel). These files are used to set up environmentsatteato be
executed by all scripts and used for access tentiehine without a login. For example, the followzgmmands only
execute thecshrctype files on the remote machine:
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scp data ranger.tacc.utexas.edyonly .cshrc sourced on ranger}
ssh ranger.tacc.utexas.edu datgonly .cshrc sourced on ranger}

The.login type files are used to setup environment variathlasyou commonly use in an interactive sessitreyTare
sourced after theeshretype files (etc/csh.login--> $HOME/.login--> /usr/local/etc/lgin-->

$HOME/.login_user). Similarly, if your login shell is a Bourne shéflash, sh, ksh, ...), the profile files are sodrce
(/etc/profile--> $HOME/.profile--> /usr/local/etc/profile--> SHOME/.profile_user).

The commands in thietc files above are concerned with operating systelnater and set the initi®@ATH, ulimit, umask,
and environment variables such astH@STNAME . They also source command scriptsatc/profile.d -- the
letc/csh.cshresources files ending iesh and/etc/profile sources files ending iish. Many site administrators use these
scripts to setup the environments for common wsast(vim, less, etc.) and system utilities (gamgiodules, Globus, LSF,
etc.)

TACC has to coordinate the environments on platfoofnseveral operating systems: AlX, Linux, IRDGI&is, and Unicos.
In order to efficiently maintain and create a comnemvironment among these systems, TACC uses itsstavtup files in
lusr/local/etc (A corresponding file in thistc directory is sourced by thprofile, , and.login files that reside in your home
directory. (Please do not remove these files aadtlurcing commands in them, even if you are a daig.) Any
commands that you put in youiogin_user, .cshrc_user or .profile_user file are sourced (if the file exists) at the eridhe
correspondindust/local/etccommand files. If you accidentally remove ydogin, .cshrc, and.login, you can copy new
ones fromusr/local/etc/start-up or execute

{usr/local/bin/install_ut_startups

to get a new copy (your old files are renamed withate suffix).

Modules

TACC is constantly including updates and installiagisions for application packages, compilers, camications libraries,
and tools and math libraries. To facilitate th&tasupdating and to provide a uniform mechanismeitcessing different
revisions of software, TACC uses the modules wutilit

At login, a basic environment for the default colag, tools, and libraries is set by several moslatenmands. Your

PATH, MANPATH , LIBPATH , directory locations\/ORK , HOME, ...), aliasesgdw ...) and license paths, are just a few
of the environment variables and aliases creategdo. This frees you from having to initially geem and update them
whenever modifications and updates are made iesyahd application software.

Users who need 3rd party applications, speciatibs, and tools for their development can quitailpr their environment
with only the applications and tools they need.il@ng your own specific application environmentdbgh modules allows
you to keep your environment free from the clutteall the other application environments you doe'ed.)

Each of the major TACC applications hamadulefile that sets, unsets, appends to, or prepends tooenwent variables
such a$$PATH, $LD_LIBRARY_PATH , $INCLUDE_PATH , $SMANPATH for the specific application. Eachodulefile
also sets functions or aliases for use with thdiegon. A user need only invoke a single command,

module load <application>

at each login to configure an application/prograngrenvironment properly. If you often need an aggilon environment,
place the modules command in yolagin_userand/or.profile_user shell startup file.

Most of the package directories ardapt/apps (JAPPS and are named after the package nara@>). In each package
directory there are subdirectories that contairsgheific versions of the package.

As an example, the fftw package requires severdat@mment variables that point to its home, libeariinclude files, and
documentation. These can be set in your environimefdading the fftw module:
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module load fftw

To see a list of available modules and a synogsaswodulefile's operations, execute:

module available {lists modules}
module help <app>{lists environment changes performed for <app>}

During upgrades, nemodulefilesare created to reflect the changes made to thieoanvent variables. TACC will always
announce upgrades and module changes in advance.

File Systems

The TACC HPC platforms have several different §ijstems with distinct storage characteristics. @laee predefined,
user-owned directories in these file systems feraito store their data. Of course, these fileesystare shared with other
users, so they are managed by either a quota &mitirge policy (time-residency) limit, or a migoat policy.

Three Lustre file systems are available to usef©MIE, $WORK and $SCRATCH. Users have 6GB for $HOMB/ORK
on our Ranger system is NOT a purged file systamisiimited by a large quota. Use $SCRATCH fanperary, large file
storage; this file system is purged periodicallDl), and has a very large quota. All file systertls® @ampose an inode limit.

To determine the size of a file systerd,to the directory of interest and execute tte-K ." command.

Without the dot" all file systems are reported. In the df commantput below, the file system name appears onett€lP
number, "ib" protocol, using OFED gen2) , and teediand available spac&,(in units of 1KBytes) appear in the middle
columns followed by the percent used and the mpaimt:

% df -k .
File System 1k-blocks Used Available Use%Mounted on
129.114.97.1@o02ib:/share 103836108384 290290196 10354376 1% /share

To determine the amount of space occupied in aawaed directorycd to the directory and execute ttie command with
the-sb option (s=summary, b=units in bytes):

du -sb
To determine quota limits and usage, execute thgubta command with your username and the dirgofdnterest:
Ifs quota -u <username> $HOME
Ifs quota -u <username> SWORK
Ifs quota -u <username> $SCRATCH
The four major file systems available on Ranger are

home directory
At login, the system automatically changes to ywame directory.
This is the recommended location to store youraapdes and build your executables.
Thequota limit on home iI6GB.
A user's home directory is accessible from thetéod node and any compute node.
Use$HOME to reference your home directory in scripts.



Ranger User Guide

8 of 32

Usecd to change t$HOME.
work directory
Store large files here.
Often users change to this directory in their bafipts and run their jobs in this file system.
A user's work directory is accessible from the femrd node and any compute node.
The user quota B50GB.
Purge Policy. There is no purging on this file system.
This file system is not backed up.
Use$WORK to reference your work directory in scripts.
Usecdw to change t$WORK.

-
scratch or temporary directory
This file system is not on line yet.
UNLIKE the TACC Lonestar system, thisNET a local disk file system on each node.
This is a global Lustre file system for storing fmrary files.
Purge Policy. Files on this system are purged when a file'esetime exceeds) days.
PLEASE NOTE: TACC staff may delete files from sctaif the scratch file system becomes full andaoges
consume an inordinately large amount of disk spaeen if files are less thar0 days old. A full scratch file system
inhibits use of the file system for all users. Tis& of programs or scripts to actively circumvéiet file purge policy
will not be tolerated.
Often, in batch jobs it is more efficient to usel atore files directly iI8WORK (to avoid moving files fronscratch
later before they are purged).
The quota on this system is 400TB.
Use$SCRATCH to reference this file system in scripts.
Usecdsto change t$SCRATCH.
archive

More on Archive -- rls and sync not available yet

-IF XGB , -lfile=Xgb ~ , and-??? , respectively; where X is an integer number. Ei®ajtonfig" on any system to see the
file limits for the queues.

HPSS access for NPACI Users

NPACI users can access the archival storage at SI®Eligh Performance Storage Systems (HPSS)nboe information
and details on HPSS please seeNRACI HPSS User Guide

The supported interface to HPSS at TACGsis. hsi  supports wildcards for local and HPSS pathnamiepaiatching and
provides recursion for many commands, includingathitity to store, retrieve, and list entire diremgttrees or change
permissions on entire trees. It may be used intieedyg or in batch mode and may be included in UNliges.hsi is also
especially useful for NPACI users with accountsmuitiple platforms since it is the usual interfdoghe SDSC HPSS
system from most NPACI machines.

In orderto usehsi , users must have a Distributed Computing Enviramri@eCE) keytab. It must be hamed
" kib_ <login_name> " and be located in therivate  directory insSHOME Also, the.hsirc  file should be present, and
contain the following lines:

authmethod = keytab principal = <login_name_here> keytab = %H]/.private/.kth__ <

Keytab retrieval and storage is automatically penked on any SDSC machine with the command
"usr/local/apps/HPSS/bin/get_hpss_keytab.ksh ". Once the files are in place they can be sshttéd®ower4 machine
into appropriate directoriesf{omefor .hsirc  and$HOME/.private ~ for the keytab). If you need a keytab and no lomgee
access to an SDSC machine, please submit a requasgh theNPACI Consulting FormWhen the request is approved a
keytab file and anhsirc  file will be installed in appropriate directoriés you on the Power4.

In batch job scripts you can use "single-line" caanats to get/put files from/into the HPSS, simitapftp. The syntax for
single-line execution is:
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hsi commandl command2 command3; ... ]

Programming Models

There are two distinct memory models for computitigtributed-memory and shared-memory. In the foritte message
passing interface (MPI) is employed in programsdmmunicate between processors that use their cewnary address
space. In the latter, open multiprocessing (OMB@Emming techniques are employed for multipleatse(light weight
processes) to access memory in a common addrass. spa

For distributed memory systems, single-program iplekdata (SPMD) and multiple-program multiple-d&#PMD)
programming paradigms are used. In the SPMD pargdigch processor loads the same program imagexaedtes and
operates on data in its own address space (diffdega). This is illustrated in Figure 4. It is thgual mechanism for MPI
code: a single executable (a.out in the figur@yviilable on each node (through a globally accks§ilb system such as
$WORK or $HOME), and launched on each node (thrahghbatch MPI launch command, "ibrun a.out").

In the MPMD paradigm, each processor loads up aedwtes a different program image and operatesffareht data sets,
as illustrated in Figure 4. This paradigm is oftesed by researchers who are investigating the pesirapace (parameter
sweeps) of certain models, and need to launch 1068Gs of single processor executions on diffedata. (This is a special
case of MPMD in which the same executable is uaed there is NO MPI communication.) The executahtedaunched
through the same mechanism as SPMD jobs, but a4énigt is used to assign input parameters foe#ezution command
(through the batch MPI launcher, "ibrun script_ccamafi). Details of the batch mechanism for paran®tereps are
described in the Running Programs section.

node1 node2 Hode n
SPMD (most common)
MEM MEM MEM
datal data? datan Use MPI launcher
with single a.out
CPUM CPU2 CPUR
a.out a.out a.out
noded node? Hode n MPMD
e o~ MEM Use MPI launcher
datal data2 datan Wlth Sc"pt
CPUM CPU2 CPUn
a.oul a.ou2 a.ou n

Figure 4. Distributed Memory Paradigm: Single/Muik-Program Multiple-Data.

The shared-memory programming model is used on SrimMulti- Processor (SMP) nodes, like the TACBa@pion
Power5 System (8 CPUs, 16GB memory per node) of 4&C Ranger Cluster (16 cores, 32GB memory peehod

The programming paradigm for this memory modekitec Parallel Vector Processing (PVP) or Sharednbly Parallel
Programming (SMPP). The latter name is derived filoenfact that vectorizable loops are often emplag® the primary
structure for parallelization. The main point of BB computing is that all of the processors in #reesnode share data in a
single memory subsystem, as shown in Figure 5.€Ttsemo need for explicit messaging between praresss with with

MPI coding.
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node

MEM PVP
data
Set oMP_NUM THREADS

Figure 5. Shared-Memory Parallel Processing.

In the SMPP paradigm either compiler directivesgi@gmas in C, and special comments in FORTRANxpficit threading
calls (e.g. with Pthreads) is employed. The majaritscience codes now use OpenMP directives tieatiraderstood by most
vendor compilers, as well as the GNU compilers.

In cluster systems that have SMP nodes and a piggdsinterconnect between them, programmers oitahall CPUs
within the cluster as having their own local memdy a node an MPI executable is launched on e&th &d runs within
a separate address space. In this way, all CPU=aajpg a set of distributed memory machines, évagh each node has
CPUs that share a single memory subsystem.

In clusters with SMPs, hybrid programming is somes employed to take advantage of higher performahthe node-level
for certain algorithms that use SMPP (OMP) paraiteling techniques. In hybrid programming, OMP cizdexecuted on
the node as a single process with multiple thréadan OMP library routine is called), while MPlggramming is used at
the cluster-level for exchanging data between theilduted memories of the nodes.

For further information on OpenMP, MPI and on peogming models/paradigms, please seearthaualsandpackages
sections of this document.

Compilation

Compiler Usage Guidelines

The AMD Compiler Usage Guidelinedocument provides the "best-known" peak switcbhes#rious compilers tailored to
their Opteron products. Developers and installeeukl read Chapter 5 of this document before erpanting with PGI and
Intel compiler options.

See Chapter 5 of th®MD Compiler Usage Guidelines

The Intel 10.1 Compiler Suite

The Intel 10.1 compilers are NOT the default coemgil You must use the module commands to loachteédompiler
environment (see above). (The 9.1 compilers ardadpla for special porting needs.) Thec 3.4.6 compiler and module are
also available. We recommend using the Intel (erRfs1) suite whenever possible. The 10.1 suitestlled with the 64-bit
standard libraries and will compile programs aséipplications (as the default compiler mode).

Web accessible Intel manuals are availalples] 10.1 C++ Compiler Documentati@amdIntel 10.1 Fortran Compiler
Documentation

The PGI 7.1 Compiler Suite

The PGI 7.1 compilers are loaded as the defaulpders at login with thepgi module. We are recommending the use of the
PGI suite whenever possible (at this time). Thestife is installed with the 64-bit standard litearand will compile
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programs as 64-bit applications (as the defaultgitemmode).

A PDF version of th®Gl User's Guidés available.

Initially the Ranger programming environment wiljpport several compilers: Intel, PGI, gcc and SUNe first section
explains how to use modules to set up the comeigironment. The next section presents the comjpil@cation for serial
and MPI executions, and follows with a section ptians. All compiler commands can be used for pastpiling with the -c
option (create just the ".0" object files) or colimg and linking (to create executables).

By default, the pgi compiler environment is setaipogin. To use a different compiler you must ogelule commands to
first unload the MPI environment (mvapich2), swhae tompiler environment, and then reload the MRIrenment.
Execute thenodule availto determine the modulefile names for all the aldé compilers; they have the syntax
compiler/version The commands are listed below. Place these coufsriaryour .login (C shells) or .profile (Bourneedlb)
file to automatically set an alternate default cderpn your environment at login.

module unload mvapich2

module  swap pgi intel

module load mvapich2

Compiling Serial Programs

The compiler invocation commands for the suppovisttior compiler systems are tabulated below.

Compiling Serial Programs

Vendon Compiler Program| TypeSuffix

intel |icc C .C

intel |icc C++ .C, .cc, .cpp, .CxX

intel |ifort Fo0 1, .for, .ftn, .fOO0, .fpp

pai pgcc C .c

pai pgcpp | C++ .C, .cc

poi pgfos F77/90/95 f, .F, .FOR, .f90, .f95, .hpf
gnu gcc C .C

sun sun_cc | C .C

sun sun_CC| C++ .C, .cc, .cpp, .Cxx

sun sunfo0 | F77/90 | .f,.F, .FOR, .f90, .hpf

sun sunf95 | F95 1, .F, .FOR, .f90, .f95, .hpf

Note : pgf90 is an alias for pgf95.

Appropriate program-name suffixes are requireceich compiler. By default, the executable nanzedst. It may be
renamed with theo option. To compile without the link step, use th@ption. The following examples illustrate renaming
an executable and the use of two important compji¢imization options:

intel icc/ifort -o flamec.exe -O2 -xW prog.c/cc/f90

pgi  pgcc/pgcpp/pgf9s -o flamef.exe -fast -tp barcelond4 prog.c/cc/f90

gnu gcc -o flamef.exe -mtune=barcelona -march=barcelornarog.c

sun sun_cc/sun_CC/sunfa0 -o flamef.exe -xarch=sse2 profgc/f90

A list of all compiler options, their syntax, andeaise explanation, is given when the compiler camanis executed with the
-help option. Also, man pages are available. To se&¢fig or and man information, execute one of:
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compiler-help / mancompiler with compiler= ifort, pgf90/95 or sunf90 or
gcc --help / man gcc

sun_cc -help / mansun_cc / sunf90 -help man sunfo0

--> Some of the more important options are listelb¥.

Compiling Parallel Programs with MPI

The"mpicmds"commands support the compilation and executiqraddllel MPI programs for specific interconnects an
compilers. At login, MPI MVAPICH fivapich2) and Intel 10.1 compileiir(tel) modules are loaded to produce the default
environment which provide the location to the cep@ndingmpicmds Compiler scriptswWrapperg compile MPI code and
automatically link startup and message passingtiies into the executable. Note that the compiter ldVAPICH library are
selected according to the modules that have besteth The following table lists the compiler wraggpi®r each language:

Compiling Parallel Programs with MPI
Compilen Program TypeSuffix

mpicc | cC .C

mpiCC | C++ .cc, .C, .cpp, .Cxx
mpif90 | F77/F90 .f, .for, .ftn, .fO0, .f95, .fpp

Appropriate program-name suffixes are requirecefich wrapper. By default, the executable nanaeoist. It may be
renamed with theo option. To compile without the link step, use th@ption. The following examples illustrate renaming
an executable and the use of two important compji¢imization options:

intel mpicc/mpif90 -o prog.exe -O2 -xW prog.cc/f90
pgi  mpicc/mpif90 -o prog.exe -fast -tp barcelona-64 pmf90

Include linker options such as library paths abdaliy names after the program module names, aaiagglin the Loading
Libraries section below. THeunning Codesection explains how to execute MP| executabldmich scripts and "interactive
batch" runs on compute nodes.

We recommend that you use either the Intel or tBed®mpiler for optimal code performance. TACC does support the
use of the gcc compiler for production codes onRhager system. For those rare cases when gcguised, for either a
module or the main program, you can specify theogeuopiler with the -cc mpcc option. (Since gcc- émel-compiled code
are binary compatible, you should compile all otimedules that don't require gcc with the Intel cdeng When gcc is used
to compile the main program, an additional Intetdry is required. The examples below show homvoke the gcc
compiler in combination with the Intel compiler fibre two cases:

mpicc -O2 -xW -c -cc=gcc suba.c
mpicc -02 -xXW mymain.c suba.o

mpicc -0O2 -xW -c suba.c
mpicc -02 -xW -cc=gcc -L$ICC_LIB -lirc mymain.c suka.o

Compiling OpenMP Programs

Since each of the blades (nodes) of the Rangeteclissan AMD Opteron quad-processor quad-coreegysapplications can
use the shared memory programming paradigm "on"n@diéh a total number of 16 cores per node, weoenage the use of
a shared-memory model on the node.

The OpenMP compiler options are listed below fasthwho do need SMP support on the nodes. Forchgbogramming,
use the mpi-compiler commands, and include the mpeoptions.
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Intel :  mpicc/mpif90 -O2 -xWopenmp

pgi :

mpicc/mpif90 -fast -tp barcelona-64p

Basic Optimization for Serial and Parallel Programming using OpenMP and MPI

The MPI compiler wrappers use the same compilextsate invoked for serial code compilation. So, ahthe compiler

flags used with th&cc command can also be used witpicc; likewise forifort andmpif90; andiCC andmpiCC. Below

are some of the common serial compiler options dékcriptions.

Intel Compiler

Compiler Options

Description

-03

performs some compile time and memory intensivérapations in addition to those
executed with -O2, but may not improve performafaceall programs.

-ipo

Interprocedural optimizations

vec_report[0]...|5]

control amount of vectorizer diagnostic information

-XW includes specialized code for SSE and SSE2 inging{recommended).

includes specialized code for SSE, SSE2 and SSHEiations. Use, if code benefity
-xO : .

from SSE3 instructions.
-fast -ipo, -O2, -static DO NOT USE -- static load atlowed.
-g -fp debugging information produced, disable using EBBeneral purpose register
-openmp enable the parallelizer to generate multi-threaoete based on the OpenMP directi

openmp_report[0]1]2]

control the OpenMP parallelizer diagnostic level.

help

lists options

Developers often experiment with the following opi:-pad, -align, -ip, -no-rec-div and -no-rec-sght some codes
performance may decrease. Please see the Intelleomanual (below) for a full description of eagption.
Use the -help option with thepicmdscommands for additional information:

mpicc -help
mpif90 -help

mpirun -help {use the listed options with thbrun cmd}

pgi Compiler

gg?opr:fr Description

03 performs some compile time and memory intensivérapations in addition to those
executed with -O2, but may not improve performafaceall programs.

_—I\/|.|pa=fast, Interprocedural optimizations There is a loadebfgm with this option.

inline

-tp barcelona-64

includes specialized code for the barcelona chip.

-0O2 -Munroll=c:1 -Mnoframe -Mlre -Mautoinline -Mvéesse -Mscalarsse -Mcache_align

fast -Mflushz

-g, -gopt debugging information produced

-mp enable the parallelizer to generate multi-threadtte based on the OpenMP directives
Minfo=mp,ipa |Information about OpenMP, interprocedural optimimat

help lists options

help fast lists options for -fast

ves
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For detail on the MPI standard go to the URAw.mcs.anl.gov/mpi

Loading Libraries

Some of the more useful load flags/options aredistelow. For a more comprehensive list, conseltdiman page.

¢ Use thel loader option to link in a library at load timege.
compilerprog.fo0 -lname

This links in either the shared librdigname.sqdefault) or the static librafjoname.a provided that the correct path
can be found itdd's library search path or the LD_LIBRARY_PATH eroniment variable paths.

¢ To explicitly include a library directory, use tHeoption, e.g.
compilerprog.f -L/mydirectory/lib - name

In the above example, the usdibmame.alibrary is not in the default search path, so"thé option is specified to
point to thelibname.adirectory.

Many of the modules for applications and libraris;h as thenkl library module provide environment variables for
compiling and linking commands. Execut@dule helpmodule_namedor a description, listing and use cases for the
assigned environment variables. The following exenijustrates their use for thakl library:

mpicc -WI,-rpath,$TACC_MKL_LIB -ISTACC_MKL_INC mkl_ test.c\
-L$TACC_MKL_LIB -Imkl_em64t

Here, the module supplied variables TACC_MKL_LIBJaPACC_MKL_INC contain the MKL library and header
library directory paths, respectively. The loadptian -WI specifies that the $TACC_MKL_LIB directory shoudd
included in the binary executable. This allowstilne-time dynamic loader to determine the locatibshared libraries
directly from the executable instead of the LD_LKIRY path or the LDD dynamic cache of bindings betaweshared
libraries and directory paths. (This avoids hautimget the LD_LIBRARY path (*manually” or throughrveodule
command) before running the executables.

Running Code

Runtime Environment

Bindings to the most recent shared libraries ardigored in the file /etc/ld.so.conf (and cachedhia /etc/ld.so.cache file).
Cat /etc/ld.so.conf to see the TACC configuredadoges, or execute

/sbin/ldconfig -p

to see a list of directories and candidate libsaridgse the -WIl,rpath loader option or the LD_LIBARYATH to override the
default runtime bindings.

The Intel compiler and MKL math libraries are loséin the /opt/intel directory (installation datBD), and application
libraries are located in /usr/local/apps ($APP®)e GOTO libraries are located in /opt/apps/gotdgtaeblas-1.02
(installation date TBD). Use the

module helplibname

command to display instructions and examples oditwglibraries.

The SGE Batch System

14 of 32
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Batch facilities like LoadLeveler, NQS, LSF, Oper®#8& SGE differ in their user interface as welimplementation of the
batch environment. Common to all, however, is telability of tools and commands to perform thestionportant
operations in batch processing: job submissionpjobitoring, and job control (hold, delete, res@urequest modification).
In Section Ibasic batch operations and their options are de=tiSection lldiscusses the SGE batch environment, and
Section lllprovides the queue structure on SGE. In the reée® at the end of this section there are linkdG& manuals.
New users should visit tHeGE wikiand read thérst chapterof the “Introduction to the N1 Grid Engine 6 Sofire”
document. To help users who are migrating from ratlgstems, a comparison of the IBM LoadLeveler, tR&S, LSF and
SGE batch options and commands is presentedéparate document

Section |: Three Operations of Batch Processing: sumission, monitoring, and control

Step 1: Job submission

SGE provides the qsub command for submitting bgiok: Use the SGE gsub command to submit a bakctviih the
following syntax:

gsubjob_script

wherejob_scriptis the name of a file with unix commands. Thish"geript" file can contain both shell commands and
special commented statements that inclyslgb options and resource specifications. Details om twobuild a script follow.

Table 1. List of the Most Commarsub Options
Option Argument Function
-g queue_name Submits to queue designatedduyeue _name

. ﬁxecutes job via the Parallel Environment desighatgoe namewith
-pe pe_name min_proc[-max_proc]_. -
in_proc-max_proc number of processes

-N  job_name Names the jolpob_name

-S shell(absolute path) Use shell as shell for the batch session

-M emailaddress Specify user's email address

-m {ble|a|s|n} Specify when user notifications are to be sent

-V Use current environment setting in batch job
-cwd Use current directory as the job's working diregtor

-0 output_file Direct job output tautput_file

-e error_file Direct job error teerror_file

Charges run taccount_name Used only for multi-project logins. Account names
and reports are displayed at login.

-l resource=value Specify resource limits (see qsub man page)

-A account_name

Options can be passeddsub on the command line or, specified in the job gdiip. The latter approach is preferable. It is
easier to store commonly usgsub commands in a script file that will be reused salémes rather than retyping thgub
commands at every batch request. In addition,@ai&er to maintain a consistent batch environraerdss runs if the same
options are stored in a reusable job script.

Batch scripts contain two types of statements:igbeomments and shell commands. Special commees lbegin with$

and are followed witlysub options. The SGEhell_start_modéas been set to unix_behavior which means thdtve

shell commands are interpreted by the shell sgettin the first line afte#! sentinel; otherwise the Bourne shell (/bin/sh) is
used. The file job below requests an MPI job wizhcBres and 1.5 hours of run time:

#!/bin/bash

#Use Bash Shell
#$ -V

# Inherit the submission environ ment
#3$ -cwd

# Start job in submission direc tory
#3 -N myMPI
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# Job Name
#b-jy
# combine stderr & stdout into s tdout
#$ -0 $JOB_NAME.0$JOB_ID
# Name of the output file (eg. m yMPI.0JobID)
#$ -pe 16way 32
# Requests 16 cores/node, 32 cor es total
#$ -q normal

# Queue name
#3$ -1 h_rt=01:30:00

# Run time (hh:mm:ss) - 1.5 hour S
## -M myEmailAddress

# Email notification address (UN COMMENT)
## -m be

# Email at Begin/End of job (UN COMMENT)
set -x

#{echo cmds, use "set echo" in ¢ sh}
ibrun ./a.out

# Run the MPI executable named " a.out"

If you don't want stderr and stdout directed togame file, remove don't include a -j option liaed insert a -e option
(stderr) to name the file that is to receive staderput.

MPI Environment for Scalable Code

The MVAPICH-1 and MVAPICH-2(default) MPI packagesopide runtime environments that can be tuned d¢atable
code. For packages with short messages, therd=&S%I_PATH" option that can reduce communicatiostspas well as a
mechanism to "Share Receive Queues". Also, theaekt-Spot Congestion Avoidance" option for gingllcommunication
patterns that produce hot spots in the switch.Gepter 9, "Scalable features for Large Scale €tastnd Performance
Tuning" and Chapter 10, "MVAPICH2 Parameters" & MVAPICH2 User Guide for more information. The U&aiides
are available in PDF format at:

MVAPICH User Guides

Understanding the SGE Parallel Environment

Each Ranger node (of 16 cores) can only be assignele user; hence, a complete node is dedicatadiser's job and
accrues wall-clock time for 16 cores whether theywsed or not. The SGE parallel environment ogtipa” sets the
number of MPI Tasks per Node (TpN), and the Nundiétodes (NoN). The syntax is:

#$ -pe <TpN>way <NoN x 16 >
e.g.
#3$ -pe 16way 64 {16 MPI tasks per node, 4aso@ a total of 64 assigned cores/16)}

where:
TpN is the Task per Node, and
NoN is the Number of Nodes requested.

Note, regardless of the value of TpN, the secogdraent is alway46 times the number of nodes that you are requesting.
Using a multiple of 16 cores per node

For "pure" MPI applications, the most cost-effidiehoices are: 16 tasks per node (16way) and brtotaber of tasks that is
a multiple of 16. This will ensure that each coneadl the nodes is assigned one task. In this gase

$# -pe 16way <NoN x 16>
Using fewer than 16 cores per node

When you want to use less that 16 MPI tasks peenth@é choice of tasks per node is limited to #teo§ numbers {1, 2, 4, 8,
12, and 15}. When the number of tasks you needusieto "Number of Tasks per Node x Number of N6déeen use the
following prescription:

$# -pe <TpN>way <NoN x 16>
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where
TpN is a number in the set {1, 2, 4, 8, 12, 15}

If the total number of tasks that you need is thas "Number of Tasks per Node x Number of Nodéeh set the
MY_NSLOTS environment variable to the total numbegtasks. In a job script, use the following -pdiop and
environment variable statement:

$# -pe <TpN>way <NoN x 16>

setenv MY_NSLOTS <Total Number of Tasks> { @eyshells }
or
export MY_NSLOTS=<Total Number of Tasks> { Boertype shells }

e.g.
$# -pe &nbsp8way 64 {use 8 Tasks per Nodepdes requested}

setenv MY_NSLOTS 31 {31 tasks are launched}

where
TpN is a number in the set {1, 2, 4, 8, 12, 15}

Program Environment for Hybrid Programs

For hybrid jobs, specify the MPI Tasks per Nodetigh the first -pe option (1/2/4/8/15/16way) and Mumber of Nodes in
the second -pe argument (as the number of assapred = Number of Nodes x 16). Then, use the OMRMNTHREADS
environment variable to set the number of threamdask. (Make sure that "Tasks per Node x numbblodes” is less than
or equal to the number assigned cores, the seeggndant of the -pe option.) The hybrid job scriptdw illustrates the use
of these parameters to run a hybrid job. It requégasks per node, 4 threads per task, and aofdd2l cores (2 nodes x 16
cores).

#!/bin/bash
# {use bash shell}

#$ -pe 4way 32
# {4 cores/node, 32 cores total}

set -Xx #{echo cmds, use "set echo" in c sh}
setenv OMP_NUM_THREADS 4

#{4 threads/task}
ibrun ./hybrid.exe

The job output and error are senbtat.o<job_id>anderr.o<job_id>, respectively. SGE provides several environment
variables for the #$ options lines that are evaldat submission time. The abd@&0OB_ID string is substituted with the job
id. The job name (set wittN) is assigned to the environment variab@B_NAME. The memory limit per task on a node is
automatically adjusted to the maximum memory abéel@o a user application (for serial and paraltales).

Step 2: Batch query

After job submission, users can monitor the stafubeir jobs with thejstat command. Table 2 lists thypstat options:

Table 2. List ofgstats Options

Option Result
-t Show additonal information about subtasks
-r Show resource requirements of jobs
-ext Displays extended information about jobs
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-j <jobid> Displays information for specified job
-gs {alc|d|o|s|u]A|C|D|E|S$how jobs in the specified state(s)
-f Shows "full" list of queue/job details

Thegstat command output includes a listing of jobs andftilewing fields for each job:

Table 3. Some of the fields gstats command output
Field Description

JOBID job id assigned to the job

USER user who owns the job

STATE current job status, includes (but not limited to)

w  waiting
s suspended
r  running
i on hold
E errored
d deleted

For convenience, TACC has created an additionatrjohitoring utility which summarizes all jobs iretlvatch system in a
manner similar to the "showq" utility from PBS. Exte

showq

to summarize all running, idle, and pending jolbeng with any advanced reservations scheduled mwitie next week. Note
thatshowq -uwill show jobs associated with your userid onBs(ieshowq --helpto obtain more information on available
options). An example output from showq is showrobel

ACTIVE JOBS------------=--=----

JOBID JOBNAME USERNAME STATE PROC REMAINING STARTTIME
14694 equillda userl Running 16 18:54:07 Tue Feb 317:32:41
14701 V user2 Running 16 7:02:41 Tue Feb 3 17:41:15
14707 V user3 Running 16 19:11:02 Tue Feb 3 17:49:36
14708  jet08 user4 Running 32 0:38:36 Tue Feb 318:17:10
14713 rti user5 Running 64 3:58:25 Tue Feb 3 20:36:59
14714 cyl user6 Running 128 23:16:36 Tue Feb 3 21:55:10
6 Active jobs 272 of 556 Processors Active (48. 92%)

IDLE JOBS--------=--mmnmmmmmeee

JOBID JOBNAME USERNAME STATE PROC WCLIMIT QUEUETIME
14716 bigjob wuser7 Idle 512 0:15:00 Tue Feb 3 22:18:57
14719 smalljob user7 Idle 256 0:15:00 Tue Feb 3 22:35:31

2 Idle jobs BLOCKED JOBS-------------------

JOBID JOBNAME USERNAME STATE PROC WCLIMIT QUEUETIME

14717  hello wuser7 Held 16 0:15:00 Tue Feb 3 22:19:07

14718 hello user7 Held 32 0:15:00 Tue Feb 3 22:19:15

4 Blocked jobs Total Jobs: 12 Active Jobs: 6 Idle Jobs: 2  Blocked Jobs: 4

ADVANCED RESERVATIONS----------
RESV ID PROC RESERVATION WINDO w
karl#79 556 Tue Mar 23 09:00:00 2004 - Tue Ma r 23 17:30:00 2004

18 of 32



Ranger User Guide

Step 3: Job control
Control of job behavior takes many forms:

a. Job modification while in the pending/run state
Users can reset the qsub options of a pending jthbtiae qalter command, using the following syntax:

galter options <job id>

whereoptions refers only to the followingsub resource options (also described’able J:

-I h_rt=<value> per-job wall clock time
-0 output file
-e error file

b. Job deletion

Theqdel command is used to remove pending and runningfjobs the queue. The following table explains the
differentqdel invocations:

gdel  <jobid> Removes pending or running job.
gdel -f <jobid> Force immediate dequeuing of running job.

** Immediately report the job number to TACC st#ffough theportal consulting system or the TeraGrid HelpDesk (
help@teragrid.org
(This may leave hung processes that can interféretiae next job.)

c. Job suspension/resumption
Theghold command allow users to prevent jobs from runnirige syntax igjhold <job id>

ghold may be used to stop serial or parallel jobs amdogainvoked by a user or a person with SGE sysradm
privileges. A user cannot resume a job that wapesuded by a sys admin nor can he a job owned bipa@noser.

Jobs that have been placed on holdjbgld can be resumed by using ti@ter -hU command.
Section II: SGE Batch Environment

In addition to the environment variables inheribgothe job from the interactive login environmeBGE sets additional
variables in every batch session. The followindedists some of the important SGE variables:

Table 4. SGE Batch Environment Variables

Environment Variable Contains
JOB_ID batch job id
TASK_ID task id of an array job subtask

JOB_NAME name user assigned to the job
Section Ill: Ranger Queue Structure
Below is a table of queue names and the charatitsr{svall-clock and processor limits and defawdtues; priority charge

factor; and purpose) for the Ranger queues. Thestyand support queues are for TACC system and ¢gt&@p testing and
consulting support, respectively.

19 of 32
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Table 5. LSF Batch Environment Queues
Max Runtime

Queue Name (default) Max Procs  SU Charge Rate Purpose
normal 6 hrs 2048 (more soon) Normal Priority
high 6 hrs 2048 (more soon) High priority

svstest - _ _ TACC Staff only,
y debugging & benchmarking

Please note that thd ACC usage policydoes not allow users to run interactive (serial)»@cutables (runninga.ouf) on

the login nodes of the HPC systems. All such exeauts must be submitted directly to an appropriate geue of the

system's batch utility. On the Ranger system, usenéSGE job script to submit the job to the serial qeue (#$ -q serial).

Process Affinity and Memory Policy

Controlling Process Affinity and Memory Locality

While many applications will run efficiently usirigg MPI tasks on each node (to occupy all cores)aiceapplications will
run optimally with fewer than 16 cores per node/and specified arrangement for memory allocatidie basic underlying
API (application program interface) utilities foinding processes (MPI Tasks) and threads (OpenMR&ds threads) are
sched_get/staffinity , get/set_memopolicy, and machk utilities . Threads and processes are idehtith respect to
scheduling affinity and memory policies. In HPCdbasystems an MPI task is synonymous with a proegssthese two
terms will be used interchangeably in this sectiimee number of tasks, or processes, launched ad&is determined by
the "wayness" (the Programming Environment spettidifter the -pe option (e.g. "#$ -pe 16way 1283sKs are easily
controlled without any instrumentation. The samel®f external control is not available with thdsegbecause multiple
threads are forked (or spawned) at run time frasimgle process, and a concise mapping of the teriadores can only be
controlled within the program.

When a task is launched it can be bound to a sackespecific core; likewise, its memory allocatian be bound to any
socket. On the command line, assignment of taskedkets (and cores) and memory to socket memecaiebe made
through thenumact! wrapper command that takes an executable as amarg. The basic syntax for launching MPI
executables under "NUMA" control within a batchigtrs:

ibrun numactl <options> a.out {options apply to all a.out's}
ibrun numa {numactl cmd for each a.out is specified withiniama script}

In the first command ibrun executewitnactl <options> a.out for all tasks (a.out's) using the same optionghé second
command ibrun launches an executable unix scrgge(hamed numa) which tailors the numactl for lhimg each MPI
executable (a.out), as described below.

In order to use numactl it is necessary to undedsthe node configuration and the mapping betwkendygical Core IDs,
also called CPUIDs (shown in the top and used bgautl), the socket IDs and their physical locatibhe figure below
shows the basic layout of the memory, sockets angscof a Ranger node.

Ranger Sockets
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|:| Socket  Socket Number
B Core CPU Number

|F Mermary
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89,1011 12,13, 14,15
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Figure: Node Diagram.

Both memory bandwidth-limited and cache-friendlpkgations are consequently affected by "numa'ruddions to

orchestrate a run on this architecture. The foltmfigure shows two extremes cases of core scilabili a node. The upper
curve shows the performance of a cache-friendlyradgenatrix-matrix multiply from the GotoBLAS libraryt scales to 15.2
for a 16 cores. The lower bound shows the scatinghie Streams benchmark which is limited by thenory bandwidth to

each socket. Efficiently parallelized codes shaxtibit scaling between these curves.
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Figure: Application scaling boundaries for CPU-lied and Memory bandwidth-limited Applications.

Additional details are given in the man page anchact! help option:

man numactl
numactl --help

Numactl Command and Options

The table below lists important options for assignprocesses and memory allocation to socketsassigning processes to

specific cores.

cmd option arguments description
Sopket numactl N {0,1,2,3} Only execute process on cores of this (these)
Affinity socket(s).
'\PA;:E?W numactl - {no argument} Allocate on current socket
l;ﬂ;zgc;ry numact| -i {0,1,2,3} Allocate round robin (intertea) on these sockets.
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'V'eT“OW numactl --preferred::{0’1’2'3} Allocate on this socket; fallback to any otherufif.
Policy select only on
l;ﬂ;zgc;ry numactl -m {0,1,2,3} Only allocate on this (thesegket(s).
{0,1,2,3,
L 4,5,6,7, ;
Core Affinity | numactl -C 891011 Only execute process on this (these) Core(s).
12,13,14,15}

There are three levels of numa control that candeel when submitting batch jobs. These are:

1.) Global (usually with 16 tasks/threads);
2.) Socket level (usually with 4,8, and 12 tasksflds); and
3.) Core level (usually with an odd number of t#skads)

Launch and numactl commands will be illustratedeach. The control of numactl can be directed e#lhe global level on
the ibrun command line (usually for memory allocatonly), or within a script (we use the name "nlifoa this script) to
specify the socket (-N) or core (-C) to run on. {&dhe numactl man pages refers to sockets ag&iobh HPC systems a
node is a blade, and we will only use "node" whenrefer to a blade).

The default memory policy is local allocation of Mary; that is, any allocation occurs on the soeketre the process is
executing. The default processor assignment isararfdr MPI (and should not be of concern for 16Wé9l and 1way pure
OMP runs). The syntax and script templates forthinee levels of control are present below.

Numa Control in Batch Scripts

e GLOBAL CONTROL:
Global control will affect every launched executblhis is often only used to control the layoutrefmory for SMP
execution of 16 threads on a node. (16-task MPéatbuld use the default, local, memory allocagiolicy.) TACC
has implemented a script, tacc_affinity, for auttoadly distributing 4-, 8-, and 12way executiongrly across
sockets and assigning memory allocation locallgheosocket (-m memory policy).

ibrun Ja.out {-pe 16way 16 ; local by defaultedsr MPI}

ibrun numactl -i

all Ja.out {-pe lway 16 ; interleaved; possibly use®MP}

ibrun tacc_affinity ./a.out{'pe 4/8/12Way ... ; assigns MPI tasks round rdbisockets, local memory
allocation }

e SOCKET CONTROL:
Often socket level affinity is used with hybrid dipptions (such as 4 tasks and 4 threads/taskrarda), and when the
memory per process must be 8/6, two or four tirhesdefault (~2GB/task). In this scenario, it is artant to distribute
3, 2 or 1 tasks per socket. Likewise, for hybridggams that need to launch a single task per sackketontrol 4
threads on the socket, socket level control is eded numa script (here, identified as numa.cshranda.sh for
C-shell and Bourne shell control) is created fazation by ibrun. The numa script is executed doceach task on
the node. This script captures the assigned ralk (RANK) from ibrun and is used to assign a sodkethe task.
From a list of the nodes, ranks are assigned séigligin block sizes determined by the "wayneskthe Program
Environment. The wayness is set in the PE varighbe for example, a 32 core, 4way job (#3$ -pe 48@ywill have
ranks {0,1,2,3} assigned to the first node, {4,3}6ssigned to the next node, etc. The ibrun conthar numa script
template are shown for executing 4 tasks, one oh sacket (see above diagram for socket numbehg) eXported
environment variables turn of all affinities of th#°l mvapich interfaces. Both memory allocation #esks are
assigned to 4 different sockets in each node (&s¢atal).

job script job script

#! -pe 4way 32 #! -pe 4way 32
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export OMP_NUM_THREADS=4
ibrun numa.sh

setenv OMP_NUM_THREADS 4
ibrun numa.csh

numa.sh numa.csh
#1/bin/tcsh
#Unset all MPI
Affinities
#1/bin/bash setenv
#Unset all MPI MV2_USE_AFFINITY 0
Affinities setenv
export MV2_ENABLE_AFFINITY 0
MV2_USE_AFFINITY=0 setenv
export VIADEV_USE_AFFINITY 0
MV2_ENABLE_AFFINITY=0 setenv
export VIADEV_ENABLE_AFFINITY 0
VIADEV_USE_AFFINITY=0
export

VIADEV_ENABLE_AFFINITY=0 #TasksPerNode

set TPN="echo $PE | sed 's/way//"

#TasksPerNode
TPN="echo $PE | sed 's/way//"
[ $TPN ] && echo TPN NOT defined!

if(! ${%TPN}) echo TPN NOT defined!
[1 $TPN ] && exit 1 if(! ${%TPN}) exit 0
! exi

#Get which ever MPI's rank is set #Get which ever MPI's rank is set

[ "X$PMI_RANK" I= "x" ]
&& RANK=$PMI_RANK

if( ${?PMI_RANK} ) eval set RANK=\$PMI_RANK

if( ${?MPI_RANK} ) eval set RANK=\$MP|_RANK
[ "x$MPI_RANK" 1= "x" |
&& RANK=$MPI_RANK
if( ${?OMPI_MCA_ns_nds_vpid} ) \
[ "x$OMPI_MCA_ns_nds_vpid" 1= "x" ]\
&&
RANK=$OMPI_MCA_ns_nds_vpid
socket=%(( $RANK % $TPN ))

eval set RANK=\$OMPI_MCA_ns_nds_vpid

numactl -C $socket -i all ./a.out @ socket = $RANK % $TPN

numactl -C $socket -i all ./a.out

e CORE CONTROL:
Precise control of mapping tasks onto the coresearontrolled by the numactl -C option, and thaesy be no simple
arithmetic algorithm (such as using the modulo fiomcabove), to map the rank to the set of core IBshis scenario
it is necessary to create an array of the coremdemumbers, and use the rank (modulo the wayass®) index to
acquire the binding core or socket from the arfde numa scripts below shows how to use an arragh&mapping.
In this case the Program Environment is 14way aedset of modulo ranks {0,1,2,3,4,5,6,7,8,9,10,213,14} are
mapped onto the cores {1,2,3,4,5,6,7,8,9,10,113124} or sockets {0,0,0,1,1,1,1,2,2,2,2,3,3,3}. 916 quite
elaborate and may never be used, but the mechdhistrated in the template is quite general amaljgtes complete
control over mapping. The template below illustsgteocesses being mapped onto cores, while the metiocations
are mapped onto sockets. NOTE: When the numbesresds not a multiple of 16 (e.g. 28 in this catfedn the user
must set the environment variable MY_NSLOTS tortheber of cores within the job script, as showrobelAND
the second argument in the -pe option (32 belowt) bk equal to the value of MY_NSLOTS rounded wpttie
nearest multiple of 16.

job script job script

#3$ -pe 14way 32 #3$ -pe 14way 32
export MY_NSLOTS=28 setenv MY_NSLOTS 28

ibrun numa.sh ibrun numa.csh
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numa.sh

#1/bin/bash
#Unset all MPI

Affinities

export
MV2_USE_AFFINITY=0

export
MV2_ENABLE_AFFINITY=0

export
VIADEV_USE_AFFINITY=0

export
VIADEV_ENABLE_AFFINITY=0

#TasksPerNode

TPN="echo $PE | sed 's/way//"
[ $TPN ] && echo
TPN NOT defined!
[1$TPN ] && exit 1

#Get which ever MPI's rank is set
[ "x$PMI_RANK" I= "x" |
&& RANK=$PMI_RANK

[ "X$MPI_RANK" I= "x"]
&& RANK=$MPI_RANK

[ "x$OMPI_MCA _ns_nds_vpid"

1= "x" ]\
&& RANK=$OMPI_MCA_ns_nds_vpid
if [ $TPN = 14 ]; then

task2socket=(000111122 2 2
333)

task2core=( 1234567891011
12 13 14) fi

nodetask=$(( $RANK % $TPN ))
node=%(( $RANK / $TPN +1)) #
sh: 1st element is O
socket=${task2socket[$nodetask]}
core=${task2core[$nodetask]}

numactl -C $core -m $socket ./a.out

e CHECKING NUMA SCRIPTS:

numa.csh

#1/bin/tcsh

#Unset all MPI
Affinities

setenv
MV2_USE_AFFINITY O

setenv

MV2_ENABLE_AFFINITY
setenv

VIADEV_USE_AFFINITY O
setenv

VIADEV_ENABLE_AFFINITY O

#TasksPerNode
set TPN="echo $PE | sed 's/way//"

if(! ${%TPN}) echo TPN NOT defined!

if(! ${%TPN}) exit 0
#Get which ever MPI's rank is set

if( ${?PMI_RANK]} ) eval set RANK=\$PMI_RANK

if( ${?MPI_RANK]} ) eval set RANK=\$MPI_RANK

if( ${?OMPI_MCA_ns_nds_vpid} )\

eval set RANK=\$OMPI_MCA_ns_nds_vpid

if($TPN == 14) then

set task2socket=(0001111222 2 3
3 3)

set task2core=( 123456789101112
1314)

endif

@ nodetask = $RANK % $TPN #rank module
tasks/node

@ node = $RANK / $TPN + 1 #node number

# Csh: 1st elementis 1, add 1

@ nodetask++

set socket = $task2socket[$nodetask]

set core = $task2core[$nodetask]

numactl -C $core -m $socket ./a.out
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To help you test the logic of numa scripts the gkhema is provided to list the numactl commandthay will be
executed on the nodes. The command syntax is:

gchecknuma <job_script>

This utility scans the job script for the waynassmber of cores (on the #! -pe line) and usesiteedrgument of the
ibrun as the numa script. It then prints a numeamthmand, as found in the numa script, for the i tasks, in rank
order. Details for printing more ranks and othdoimation are explained by invoking the gchecknurhalp
command.

Tools

Program Timers & Performance Tools

Measuring the performance of a program should biategral part of code development. It providesdbenarks to gauge
the effectiveness of performance modifications eaud be used to evaluate the scalability of the epalckage and/or
specific routines. There are quite a few toolsm@asuring performance, ranging from simple timedsardware counters.
Reporting methods vary too, from simple ASCII texX-Window graphs of time series.

The most accurate way to evaluate changes in dyEdbrmance is to measure the wall-clock (reatetwhen an
executable is running in a dedicated environmentSg@mmetric Multi-Processor (SMP) machines, wheesurces are
shared (e.g., the TACC IBM Power4 P690 nodes), tiser plus sys time is a reasonable metric; buivtiees will not be as
consistent as when running without any other usacgsses on the system. The user and sys timéseaaenount of time a
user's application executes the code's instruciadsthe amount of time the kernel spends execstiagem calls on behalf
of the user, respectively.

Package Timers

The time command is available on most Unix systdmsome shells there is a built-in time command,ibdoesn't have the
functionality of the command found lasr/bin. Therefore you might have to use the full pathnéoneccess the time
command inusr/bin. To measure a program's time, run the executaittetime using the syntaxusr/bin/time -p <args>"
(-p specifies traditional "precision" output, unitsseconds):

{usr/bin/time -p ./a.out {Time for a.out execution}
real 1.54 {Output (in seconds)}
user 0.5

sys O

{usr/bin/time -p ibrun -np 4 ./a.out {Time for rank 0 task}

The MPI example above only gives the timing infotiora for therank O task on the master node (the node that execuges th
job script); however, the real time is applicaldell tasks since MPI tasks terminate together. 0de¥ and sys times may
vary markedly from task to task if they do not penfi the same amount of computational work (ardgeaad balanced).

Code Section Timers

"Section" timing is another popular mechanism fotaining timing information. The performance of iwidual routines or
blocks of code can be measured with section titgiaserting the timer calls before and after thgions of interest.
Several of the more common timers and their charistics are listed below in Table 1.

Table 1. Code Section Timers

Routine Type Resolution (usec) OS/Compiler
times user/sys 1000 Linux/AIX/IRIX/UNICOS
getrusage wall/user/sys 1000 Linux/AIX/IRIX
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gettimeofday wall clock 1 Linux/AIX/IRIX/UNICOS
rdtsc wall clock 0.1 Linux
read_real_time wall clock 0.001 AIX

system_clock wall clock system dependent Fortran gthkic
MPI_Wtime wall clock system dependent MPI Library (CR&rtran)

For general purpose or course-grain timings, pi@tis not important; therefore, the millisecondiaiPIl/Fortran timers
should be sufficient. These timers are availablenany systems; and hence, can also be used whebitity is important.
For benchmarking loops, it is best to use the raostirate timer (and time as many loop iterationsoassible to obtain a
time duration of at least an order of magnitudgdathan the timer resolution). Tlimes, getrussage gettimeofday, rdtsc,
andread_real_timetimers have been packaged into a group of C wragmpeines (also callable from Fortran). The roe$in
are function calls that return double (precisidoafing point numbers with units in seconds. Altloése TACC wrapper
timers §_timer) can be accesses in the same way:

external Xx_timer double x_ti mer(void);

real*8 :: x_timer
real*8 :: sec0, secl, tseconds double secO , secl, tseconds;
secO =x_timer() sec0 = x_timer();
...Fortran Code ...C Codes
secl =x_timer() secl = x_timer();
tseconds = secl-secO tseconds = secl-secO

Thewrappers and a makefibre available with a test example from TACC fatinomenting codes.

Standard Profilers

Thegprof profiling tool provides a convenient mechanisnolain timing information for an entire programparckage.
Gprof reports a basic profile of how much time is sperdach subroutine and can direct developers taevbgtimization
might be beneficial to the most time-consuming irg, the "hotspots". As with all profiling toothe code must be
instrumented to collect the timing data and thesceked to create a raw-date report file. Finahg, data file must be read
and translated into an ASCII report or a graphgpldly. The instrumentation is accomplished by symgtompiling the code
using the-gp (Intel compiler) option. The compilation, executj@and profiler commands fgprof are shown below for a
Fortran program:

Profiling Serial Executables

ifort -gp prog.fo90 {Instruments code}

a.out {Produces gmon.out trace file}
rof {Reads gmon.out (default args: a.out gmon.out)
9p (report sent to STDOUT)}

Profiling Parallel Executables

mpif90 -qp prog.fo0 {Instruments code}

setenv GMON_OUT_PREFIX gout.*{Forces each tasks to produce a gout.<pid>}
ibrun -np <#> a.out {Produces gmon.out trace file}

gprof -s gout.* {Combines gout files into gmon.sum}

rof a.0ut AMON.SUM {Reads executable (a.out) & gmon.sum
9p outg ' (report sent to STDOUT)}

Detaileddocumentatioris available atvww.gnu.org A documented example ofgprof flat profile and call graph outpig
available to help you interprgprof output.

Timing Tools
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Most of the advanced timing tools access hardwauaters and can provide performance characterstiost floating
point/integer operations, as well as memory acaassie misses/hits, and instruction counts. Sowis tan provide
statistics for an entire executable with littlenarinstrumentation, while others requires souraeanodification.

Debugging with DDT

DDT is a symbolic, parallel debugger that allowagrical debugging of MPI applications. Support@menMP is
forthcoming but is not available at the current D@Fsion.

To run on Ranger, please follow the steps below:

1. Logon to loginl. DDT is installed *only* on thisdntend. Also, make sure that X11 forwarding is éedwvhen you
ssh. This can be done by passing the -X optioX1if forwarding is not enabled in your ssh clientdafault.

your-desktop  $ ssh -X loginl.tacc.utexas.edu

2. Load the ddt module file:

login1$ module load ddt
3. Create a .ddt directory in your $HOME area, andycRIpDTROOT/templates/config.ddt:
login1$ cd login1$ mkdir .ddt login1$ cp $DDTROOT/templates/config.ddt ~/.ddt

4. Start the DDT debugger:
loginl$ ddt

Application |fh0mefutexasistaﬁfchonafmpia’mpimd J

I advanced

Argquments |

kPI Environment
[additional variables)

_| Pause when the program reaches exit or _exit

¥ Pause when the program reaches abort or has a fatal MPI error

Input file | J

¥ Enable Memory Debugging Memary Debugding §ettings|
FAP| Implementation mpich wmi Qhangel
Mumber of processes IEI ﬂ Aftach.. | Care ﬂle...l §ubmit| Enhd sessinnl

Session control window for DDT. This where you sfyethe executable path, command-line argumentspaadessor
count.
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[T Preload the memary debugging library: C/Fortran, no threads

Mote: Preloading only works for programs linked against shared libraries. If your program is statically linked, you must relink it against th
dmalloc library manually.

Select the level of memory debugding:

Mone (fewest tests, picks up invalid pointers passed to memory functions)
Buntime (fast, basic tests including fence-post checking, null handling)
Low (adds minimal heap checking, overwriting of allocated/freed space)

Medium (adds full heap checking, always relocates hlock on realloc)

OO0

High (adds checking for arguments to common functions)

~  Custom (specify your own dmalloc tags)

DMALLOC_OPTIONS: |check-fence,check-heap,check-lists,check-hlank, check-funcs,realloc-copy free-hlank,alloc-blank,catch-null

_| Specify heap-check interval: |1IZIIZI 2

[8]:4 | Cancel

Different levels of memory debugging can be enabdce memory debugging is implemented using DMALL,
you can customize using DMALLOC-supported options.

5. DDT will thereafter submit a job to the developmgoeue which will request the specified numberrotpssors for

30 minutes. The DDT session will not start unté tiequired resources are available for the debgggm When the
job starts running, you should see the followingdaw appear:
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For more information on how to perform parallel dgging using DDT, please consult th®T user guide

General Optimization Outline

The most practical approach to enhance the perfacenaf applications is to use use advanced compjilgons, employ
high performance libraries for common mathematidgbrithms and scientific methods, and tune theedodake advantage
of the architecture. Compiler options and libradas provide a large benefit for a minimal amounwork. Always profile
the entire application to ensure that the optiniregfforts are focused on areas with the greagtstn on the optimization
efforts.

"Hot spots" and performance bottlenecks can beod&ed with basic profiling tools likgrof andgprof. It is important to
watch the relative changes in performance amongoihiines when experimenting with compiler optioBemetimes it
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might be advantageous to break out routines anghiteinem separately with different options thaténbeen used for the
rest of the package. Also, review routines for ‘thanded" math algorithms that can be replaced dnydstrd (optimized)
library routines. You should also be familiar wijeneral code tuning methods and restructure statsraed code blocks so
that the compiler can take advantage of the mictotacture.

Code should:

¢ be clear and comprehensible
¢ provide flexible compiler support
¢ should be portable

It is important to avoid too many architecture-sfie@nd compiler-specific code constructs. Useglzage features and
restructure code so that the compiler can discbwerto optimize code for the architecture. Thatigyose optimization
when possible for the compiler, but don't rewrite tode specifically for the architecture.

Some best practices are:

Avoid excessive program modularization (i.e. toagnfunctions/subroutines)
o write routines that can be inlined
o use macros and parameters whenever possible
Minimize the use of pointers
Avoid casts or type conversions, implicit or exitlic
Avoid branches, function calls, and I/O inside Isop
o structure loops to eliminate conditionals
o move loops around subroutine into the subroutine

Compiler Options

Compiler options must be used to achieve optimegbpmance of any application. Generally, the higliepact can be
achieved by selecting an appropriate optimizatewel, by targeting the architecture of the comp(@?U, cache, memory
system), and by allowing for interprocedural anialyslining, etc.). There is no set of optionstthaves the highest speed-up
for all applications and consequently different imations have to be explored.

PGI compiler :

-0O[n] Optimization level, n=0, 1, 2 or 3
-tp barcelona-64 Targeting the architecture

-Mipa[=option] | Interprocedural analysis, option=tfadine

Intel compiler :

-O[n] |Optimization level, n=0, 1, 2 or 3
-X[p] |Targeting the architecture, p=W or O

-ip, -ipo| Interprocedural analysis

See théDevelopment sectiofor the use of these options.

Performance Libraries

TACC provides several ISP (Independent SoftwareiBens) and HPC vendor math libraries that candsslun many
applications. These libraries provide highly opied math packages and functions for the Rangezrayst

The ACML library (AMD Core Math Library) containsany common math functions and routines (linearkalge
transformations, transcendental, sorting, etc.gifipally optimized for the AMD Barcelona process@®he ACML library
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also supports multi-processor (threading) FFT abhd®routines. The Intel MKL (Math Kernel Library}k a similar set of
math packages. Also, the GotoBLAS libraries contaenfastest set of BLAS routine for this machine.

The default compiler representation for Ranger st&®f 32-bit ints, and 64-bit longs and pointdigewise for Fortran,
integers are 32-bit, and the pointers are 64-hiis s called th& P64 mode (Long and Pointers are 64-bit, ints and engg
are 32-bit). Libraries with 64-bit integers areeoftsuffixed with anPL64.

ACML and MKL libraries

The"AMD Core Math Library" and"Math Kernel Library" consists of functions with Fortran, C, and C+-ifdces for
the following computational areas:

BLAS (vector-vector, matrix-vector, matrix-matriperations) and extended BLAS for sparse computation
LAPACK for linear algebraic equation solvers angegisystem analysis

Fast Fourier Transforms

Transcendental Functions

Note, Intel provides performance libraries for maisthe common math functions and routines (liredgebra,
transformations, transcendental, sorting, etc.}Heir em64t and Core-2 systems. These routinesvadsk well on the AMD
Opteron microarchitecture. In addition, MKL alsdes$ a set of functions collectively known as VMLthe"Vector Math
Library" . VML is a set of vectorized transcendental funtsievhich offer both high performance and excelsaduracy
compared to thébm, for vectors longer than a few elements.

GotoBLAS library

The"GotoBLAS Library" (pronounced "goat-toe") contains highly optimi&ZdAS routines for the Barcelona
microarchitecture. The library has been compiledue with the PGI and Intel Fortran compilers @méer. The Goto
BLAS routines are also supported on other architest and the source code is available free fatean& usedownload.
We recommend the GotoBLAS libraries for performihg following linear algebra operations and solvimatrix equations:

e BLAS (vector-vector, matrix-vector, matrix-matriperations)
o LAPACK for linear algebraic equation solvers angegisystem analysis

Code Tuning

Additional performance can be obtained with theshiques :

¢ Memory Subsystem Tuning : Optimize access to theong by minimizing the stride length and/or emptache
blocking techniques.
¢ Floating-Point Tuning : Unroll inner loops to hi&@ latencies, and avoid costly operations likesilivis and

exponentiations.
¢ |/O Tuning : Use direct-access binary files to ioy@ the 1/0 performance.

These techniques are explained in further detdtih @xamples in the Memory Subsystem Tuning guide
(http://www.tacc.utexas.edu/~jwozniak/ranger/usaidg/tuningmethods.php)

Example: In the following dot-product example, thenber of streams that are prefetched are incrdesed to 4 to 6 for
the same functionality. However care must be tdakahjust prefetching an increasing number of stiedoes not
necessarily translate into increased performaniereTis a threashold value beyond which prefetcaihggher number of
streams can be counterproductive.

2 streams 4 streams 6 streams
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doi=1,n do i=1,n/2 do i=1,n/3
s=s+x(i)*y(i) s0=s0+x(i)*y(i) s0=s0+x(i)*y(i)
end do s1=s1+x(i+n/2)*y(i+n/2) s1=s1+x(i+n/3)*y(i+n/3)
dotp=s end do s$2=52+X(i+2*n/3)*y(i+2*n/3)
s0=s0+x(i)*y(i) end do
dotp=s0+s1 do i=3*(n/3)+1,n
s0=s0+x(i)*y(i)
end do

dotp=s0+s1+s2

Work within available physical memory The most impat issue is to make sure to fit the problem tzeemory. Working
in virtual memory leads to performance degradagind should be avoided at all cost. In addition piragpcauses problems
on some Linux systems. HR50 Floating-Point Tuning

Unroll Inner Loops to Hide FP Latency

In the following dot-product example, two pointg dfustrated. If the inner loop indices are sntlaéin the inner loop
overhead makes it optimal to unroll the inner lamgiead. In addition, unrolling inner loops hidésafing point latency. A
more advanced notion of micro level optimizatiomhie measure of the relative rate of operationsta@chumber of data
access in a compute step. More precisely it isohoating Multiply Add to data access ratio ic@mpute step. The higher
this rate, the better

do i=1,n,k
s1 =s1 + x(i)*y(i)
s2 = 52 + x(i+1)*y(i+1)
s3 = 53 + Xx(i+2)*y(i+2)
s4 = s4 + x(i+3)*y(i+3)

sk = sk + x(i+k)*y(i+K)
end do

abtp=sl+32+s3+s4+...+sk

Manuals and References

AMD

e AMD Opteron Processdhttp://www.amd.com/us-en/Processors/Productin&iom/0,,30_ 118 8796 15223,00.html)
¢ AMD Core Math Library (ACML)(http://developer.amd.com/acml2.jsp)

Portland Group Compiler

e PGl Users Guide (pdfwww.pgroup.com/doc/pguig.pdf)

Intel

Intel 64 Architecturghttp://developer.intel.com/technology/architeetsilicon/intel64/index.htm)

Intel 10.1 Compilerghttp://www.intel.com/cd/software/products/asmdemay/346152.htm)

Intel 9.1 C++ Compiler Documentatighttp://www.intel.com/support/performancetoolsfadix/sb/cs-026076.htm)
Intel 9.1 Fortran Compiler Documentation
(http://www.intel.com/support/performancetools/fart/linux/sb/cs-026796.htm)

Misc.

SSH Websitéhttp://www.ssh.com/)

TACC Introduction to SSHhttp://www.tacc.utexas.edu/services/userguidbasiaso/)

TACC Detailed Review of SSkhttp://www.tacc.utexas.edu/services/userguidbststailed/)
"High Performance Computing" by Kevin Dowd and GésiSeverance (O'Reilly book)

32 of 32



