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Ohio Supercomputer Center at a Glance

Supercomputing. Computation, software, storage, and _
support services empower Ohi 00s
faculty, students, businesses and other clients.

e} Networking.Ohi o06s uni ver s-12tandestate c o | |
4 government connect to the network. OSC also provides
engineering services, video conferencing, and support through

a 24x7 service desk.

b Research. Lead science and engineering projects, assist
= researchers with custom needs, partner with regional,
national, and international researchers in groundbreaking
initiatives, and develop new tools.

Education. The Ralph Regula School of Computational
Science delivers computational science training to students
and companies across Ohio.
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Workshop Philosophy

ADiscuss performance tuning techniques common to most
multi-core architectures, with examples drawn from OSC
systems

A Actually two separate but intimately related problems:

I Single processor performance: Efficient cache usage has largely
replaced vectorization as the key to high per-processor performance in
modern HPC architectures.

i Parallel scalability: Scaling out parallel applications requires both
good per-processor performance and good scaling.

ADemonstrate optimization techniques users have control over
I Code modification
I Compiler options

ANumerical results from sample programs should NOT be used
to rank the techniques -- example programs not necessarily
representative of production codes!



Contents, Part One: Single Processor Performance

A Single Processor Performance Measurement and Analysis
I Metrics
I Methods

A Architectural Influences on Processor Performance
I Processor features
I Hierarchical memory and caching

A Single Processor Performance Tuning Techniques
I Inlining
I Loop optimizations

I Memory optimizations

I Floating point arithmetic behavior

I Optimized mathematical libraries
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Contents, Part Two: Multtcore and Parallel Performance

AParallel Performance Measurement and Analysis
I Metrics
I Methods

AThreaded Performance Tuning Techniques
I Programming interfaces
I Common performance bottlenecks

AMessage Passing Performance Tuning Techniques
I Programming interfaces
I Interconnect characteristics
I Common performance bottlenecks
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Single Processor Performance Metrics

AThe simplest performance metric is always wallclock
time 1 thatis, how long the program takes to run for

a given configuration.
I Represents the "time to solution”

I CPU time is sometimes useful as well, but not always 1
iIndicates how much of the wallclock time was spent doing

actual computing

AHardware performance counters can often be used to
compute additional performance metrics:

I Sustained floating point performance (GFLOP/s)
I Sustained memory bandwidth (GB/s)
I Cache hit/miss rates
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Single Processor Performance Measurement and Analysis
Methods

APart of assessing the performance of an application
IS understanding how well the compiler is doing at
optimizing your code and what regions of your code
are most in need of optimization.

AThere are four generally available techniques for
measuring and analyzing code performance:

I Timing

I Compiler reports and listings

I Profiling

I Hardware performance counters
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Timing

A Timing a program running on a single node

I /usr/bin/time command

/usr/bin/time |3

5415.03user 13.75system 1:30:29elapsed 99%CPU \
(Oavgtext+0avgdata Omaxresident)k \

Oinputs+0outputs (255major+509333minor)pagefaults Oswaps

A Hardcode the path for the command -- some shells have
a built-in time command that is less informative!

A lusr/bin/time gives results for
I user time (CPU time spent running your program)

I system time (CPU time spent by your program in system calls)
I elapsed time (wallclock)
|

|

|

% CPU -- (user+system)/elapsed
memory, pagefault, and swap statistics
I/O statistics
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Timing (con't.)

A Timing routines embedded in code

I C/C++
A Wallclock: time (2), difftime  (3), getrusage (2)
A CPU: times (2)

I Fortran 77/90
A Wallclock: SYSTEM_CLOQR)
A CPU: DTIME(3), ETIME(3),

I MPI (C/C++/Fortran)
A Wallclock: MPI_Wtime (3)
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Compiler Reports and Listings

A Compilers on most modern high performance computers are
capable of doing a wide range of optimizations, not all of which
will be touched upon here.

A By default, compilers generally do not describe in much detail
what kinds of optimizations they were able to perform on a
given piece of code.

AHowever, many compilers will optionally generate
optimization reports and/or listing files.

I Optimization reports are typically sent to stderr at compile time and
contain messages describing what optimizations could or could not be
applied at various points in the source code.

I Listing files usually consist of a listing of the source code with
messages about optimizations interspersed through the listing.
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OB

11 Ohio Supercomputer Center

EMPOWER. PARTNER. LEAD.



Reporting and Listing Compiler Options

GNU compilers

Portland Group compilers
- Minfo=option[,option,...]

- Mneginfo=option[,option]

- Mlist
Intel compilers
- opt_report

- opt_report_file filename

EMPOWER. PARTNER. LEAD.
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None

Prints information to stderr on
option ; option can be one or more
of time , loop , inline , sym, or all

Prints information to stderr on why
optimizations of type option were
not performed; option can be concur
or loop

Generates a listing file

Generates an optimization report on
stderr

Generates an optimization report to
filename

Ohio Supercomputer Center




Demo: Compiler Reporting (Portland Group)

program prime _
Integer,parameter :: N=1000,ntimes=1000
real,dimension(N,N) :: a,b,c,d
real ;. begin,end _
real,dimension(2) :: rtime

call random_number(b
call random_number(c
call random_number(d
begin=dtime(rtime)
doit=1,ntimes
do j=1,N
doi=LN ~
a(i,))=b(i.j)+c(i.j)*d(.j)
end do

enddo :
if (mod(it,ntimes).eq.0) write (*,*) &

end do _

en_d:dtlmefrtlme)

write (*,*) "loop time =",end," seconds"

flops=(ntimes*2*N*N)/end*1.0e -6

write (*,*) "loops runs at ",flops," MFLOPS"
end program prime

a(1,1),b(1,1),c(1,1),d(1,1)
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De mo: Compi |l er Reportin

Pgf90 - 02 - Munroll - Minfo=loop - Mneginfo=loop
_ prime.fo0 I 0 prime.O2unroll
prime: _
13, Loop unrolled 4 times

Jprime.O2unroll
ooptime= 6.17000 seconds
loops runs at 324.1491  MFLOPS

pgf90 - 02 - Munroll - Mvect=assoc - Minfo=loop
- Mneginfo=loop prime.fo0 | O
_ prime.O2unrollvect
prime: _ _
11, Loop not vectorized: contains call
13, Loop unrolled 4 times

Jprime.O2unrollvect

ooptime= 6.170000 seconds
loops runs at  324.1491  MFLOPS

J:: el I R
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De mo: Compi |l er Reportin

pgf90 - 02 - Munroll - Mvect=assoc,prefetch - Minfo=loop
_ - Mneginfo=loop prime.fo0 - 0 prime.O2prefetch
rime:
g 11, Loop not vectorized: contains call
13, Unrolling inner loop 8 times _
Generated 3 prefetch instructions for this loop

Jprime.O2prefetch
oop time = 5.800000 seconds
loops runs at 344.8276  MFLOPS

pgf90 -0O2 - Munroll - Mvect=assoc,sse = - Minfo=loop
_ - Mneginfo=loop prime.fo0 I 0 prime.O2sse
rime:
P 11, Loop not vectorized: contains call
13, Generated vector sse code for inner IooR_
Generated 3 prefetch instructions for this loop

Iprime.O2sse
oop time = 5.590000 seconds
loopsruns at 357.7817 MFLOPS

g p: al | K-
IoEE
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Profiling

A Profiling is an approach to performance analysis in which
the amount of time spent in sections of code is measured
(using either a sampling technique or on entry/exit of a
code block) and presented as a histogram. This allows a
developer to identify the routines which are taking the
most execution time, as these are typically the best
candidates for optimization.

A Profiling can done at varying levels of granularity:
I Subroutine
I Basic block
I Source code line

A Profiling usually requires special compilation. The
specially compiled executable will generate a file
containing execution profile data as it runs. This data file
can be analyzed after the code is run using a profiling

analysis program.
2w ¢ |@
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Profiling Compiler Options

GNU compilers
- P9

Portland Group compilers
- Mprof=func

- Mprof=lines

Intel compilers

- P9
- prof - gen
- prof - use

EMPOWER. PARTNER. LEAD.

Enable function-level profiling using
gprof

Enable function-level profiling using
pgprof

Enable source code line-level profiling
using pgprof ; overhead may be

extremely high!

Enable function-level profiling using

gprof
Enable basic-block profiling for profile-

guided optimization
Enable profile-guided optimization
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Demo: Profiling (Portland Group)

program profiled
integer,parameter :: N=1000,ntimes=100
real,dimension(N N) b,c,d
real,dimension(N) ::
real :: begin,end
real,dimension(2) :: rtime

call random_number(b
call random_number(c
call random_number(d
begin=dtime(rtime)
do it=1,ntimes
do j=1,N
d((J] =myvsum(b,j)+myvprod(c,j)*myvsum(d,))
en

a(lifbaold)(lct: (%08 k (clO) write (*,*)

end dtlmefrtlme)
write (*,*) "loop time = ",end," seconds"
flops=(ntimes N*(3*N+2 )/end*l Oe -6
write (*,*) "loop ran at ",flops," MFLOPS"

J:: al | K-
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De mo: Profiling (Port|

contains

real function myvsum(x,j)
real,dimension(N,N),intent(IN) :: x
integer,intent(IN) :: |
myvsum=x(1,))
do i=2,N N

myvsum=myvsum-+x(i,))

end do

end function myvsum

real function myvprod(Xx,j)
real,dimension(N,N),intent(IN) :: x
mteger,ante?lt(_l)N) )
myvprod=x(1,
4o =2 N .

myvprod=myvprod*x(i,j)

end do

end function myvprod

end program profiled

J:: el I R
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De mo: Profi |l i ng
pgf90 - Mprof=func - O2 T Munroll
- Mvect=assoc,prefetch - Minfo=loop,inline
- Mneginfo=loop profiled.f90 - 0 profiled
profiled:
13, Loop not vectorized: contains call
myvsum:

29, Unrolling inner loop 8 times
Generated 1 prefetch instructions for this loop
Loop unrolled 7 times (completely unrolled)
myvprod:
38, Unrolling inner loop 8 times

Generated 1 prefetch instructions for this loop

Loop unrolled 7 times (completely unrolled)

Jprofiled
loop time = 1.430000 seconds
loop ranat 209.9301 MFLOPS
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De mo: Profiling (Port|

pgprof pgprof.out
PGPROF Profiler 3.2 -2
Copyright 1989 - 2000, The Portland Group, Inc. All Rights Reserved.

~

File Settings

pgprof

Profiled: a.out on Wed Mar 26 14:12:16 EDT 2008 for 1.462919 seconds

@ |pgprof.out@profiled.fgu@mwsum |v| Select |ALL v Processes Miew Sort Search
4

View‘ Line| Filename | Function i | Time

[] 25 |profiled.f80 |mywsum z 602221 = 41%

Wl |1 profiled : 0.462919 = 32%

] |34 myvprod | 0.397779 = 27%

Sort By Time Sort By Time

et A S A N I NI
Process | Time
0 (mywsum) 02221 = 41% -
v

Sort By Time

Yiew l@%ﬂ?ﬁyﬁm |

Profile: pgprof.out

..
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Hardware Performance Counters

AMost modern microprocessors have one or more
event counters which can be used to count low level
processor events such as floating point operations,
cache line misses, and total instructions executed.

AThe output from these counters can be used to infer
now well a program is utilizing the processor.

Aln many cases, there are utilities for accessing these
nardware counters, through either a library or a
command line timing interface.

:: (75’ :\d’_ @
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Hardware Performance Counters on Glenn

A System-level utility called oprofile

I Only enabled in batch mode
I Request the perfmon node property

#PBS - I nodes=1:ppn=4 :perfmon

A TORQUE enables oprofile during job startup

I Host-wide performance monitoring
I Enabled on each of the nodes assigned to a job

S _H I D -
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Hardware Performance Counters on Glenn (con't.)

A Short performance report appended to the end of job
output

[...normal job output...]

Stopping profiling.

Signalling daemon... done

177785.0pt - batch.osc.edu performance results:
cput=00:00:04

mem=2552kb

vmem=74944kb

walltime=18:42:10
agg_mem_bw=7.32286374572999¢gb/s
agg_fp_perf=10.8107779147483¢gflop/s

J:: vl BN
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Hardware Performance Counters on Glenn (con't.)

A Metrics reported:
I agg_mem_bw
A Aggregate memory bandwidth
AIn GB/s

I agg_fp_perf
A Aggregate floating point performance
A In GFLOP/s

0: | Wy 1 -
OB

EMPOWER. PARTNER. LEAD. o5 Ohio Supercomputer Center



Architectural Influences In Processor Performance

AModern Processor Architecture Features
I Pipelined functional units
I Superscalar execution
I Out-of-order and speculative execution
I Floating point instruction set extensions

AHierarchical Memory and Caching
I Hierarchical memory
I Cache layout
I Prefetching

:: (75’ :\d’_ @
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Modern Processor Architecture Features
Modern microprocessor cores are complex beasts:

AHigh degree of internal concurrency
I Many functional units, with pipelining
I SIMD/vector units
I Out of order and/or speculative execution

AComplex instruction sets
I The line between RISC and CISC or VLIW is very blurry
I Instruction decoders often decompose instructions into
multiple "micro-ops"
I Compilers have to work extra-hard to decide how to
schedule instructions
CIEAEY
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Pipelined Functional Units

AFor the processors in most modern parallel
machines, the circuitry on the chip which performs a
given type of operation on operands In registers is
known as a functional unit.

AMost integer and floating point functional units are
pipelined, meaning that they can have multiple
Independent executions of the same instruction
placed in a queue. The idea is that after an initial
startup latency, the functional unit should be able to
generate one result every clock period (CP).

AEach stage of a pipelined operation can be working
simultaneously on different sets of operands.
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Superscalar Execution

A Processors which have multiple functional units which can operate

concurrently are said to be superscalar.

A Examples:

I AMD Opteron
A 3 Floating point/MMX/SSE units
A 3 Integer units
A 3 Load/store units

I IBM POWERG6
A 2 Floating point units
A 2 Integer units
A 2 Load/store units

I Intel Itanium 2
A 2 Floating point units
A 4 Integer units
A 2 Load/store units

I Intel Xeon
A 2 Floating point units
A 2 Integer units
A 2 Load/store units
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Out-of-Order and Speculative Execution

AA processor which allows instructions to be executed
In a different order than they were issued is said to
support out-of-order execution:

I Done to improve data locality for pipelined operations.
I Complicates exception handling.

ASome architectures, such as Itanium, take this a step
further into speculative execution:

I A code path may be executed even though its result may
not be needed.

I Done to avoid the overhead of a mis-predicted branch.

:: (75’ :\d’_ @
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Floating Point Instruction Set Extensions

Newer processors have additional floating point instructions beyond the usual
floating point add and multiply instructions:

A Square root instruction -- usually not pipelined!
I AMD Opteron
I IBM POWER
I Intel Itanium 2
i Intel Xeon

A SIMD (a.k.a. vector) floating point instructions
I AMD Opteron
I IBM Cell i designed around the concept!
I Intel Xeon

A Combined floating point multiply/add (MADD) instruction
i AMD Opteron ("Barcelona" and after, using SIMD)
i IBM POWER
I Intel Itanium 2
i Intel Xeon ("Woodcrest" and after, using SIMD)
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Hierarchical Memory and Caching

AHierarchical Memory
I Levels
I Latency

ACache Layout
APrefetching

:: (75’ :\d’_ @
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Hierarchical Memory

Functional Units

L1 Cache Registers

Processor Data Bus (10-80 GB/s)

Processor Core

L2 Cache (On or Off-Die)

Memory Bus (4-20 GB/s)

Interconnect Network

(125-2000 MB/s)
To

Remote
Memory

Local Memory
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Hierarchical Memory Components

ARegisters: On-chip circuitry used to hold operands and
results of functional unit calculations.

AL1 (Primary) Data Cache: Small (on-chip) cache used to
hold data about to operated on by processor.

AL2 (Secondary) Cache: Larger (on- or off-chip) cache used
to hold data and instructions retrieved from local memory.
Some systems also have L3 and even L4 caches.

ALocal Memory: Memory on the same node as the processor.

Alnterconnect Network: Wiring which connects nodes to each
other; topologies can vary:

I Cray XT3/4/5, IBM BlueGene: 3D Torus
I SGI Altix: Fat bristled hypercube
I IBM SP, most clusters: Switch or tree of switches
ARemote Memory: Memory on another node but accessible to

all processors in the network.
#lwlv]e
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Hierarchical Memory and Latency

AThe key to hierarchical memory is that going down each level
of the hierarchy introduces approximately an order of
magnitude more latency than the previous level.

A Actual latencies for an Itanium 2 (1.4GHz) :
i L1 data cache: 3 CPs

i L2 cache: 9 CPs

I L3 cache: 24 CPs

I Local memory. 60 CPs

A Actual latencies for an Opteron 8218 (2.6GHz):
I L1 data cache: 3 CPs
I L2 cache: 12 CPs
I Local memory. 166 CPs

::: ol e
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Cache Layout

A Caches are split into segments called cache lines, which are typically 4 or
8 words long. When a piece of data is fetched from either a higher level
cache or local memory, an entire cache line is loaded.

A Most of the optimization techniques to follow allow the user to write code
such that an entire cache line is used before it is replaced and another line
retrieved. This implies that a memory stride of one is critical to making

efficient use of cache.

A Caches can be either direct mapped (consecutive locations in memory
are mapped to consecutive cache lines in the cache) or N-way set
associative (a location in memory can map to any of N different cache
lines). Direct mapped caches are easier to Implement, but set associative
caches are generally considered to be superior because they have less
potential for cache thrashing.

A Fortran COMMON blocks can be used to insure that arrays are stored in
adjacent locations in memory.

— - =4 ]
H _1H 1IH (E _\\ /’_
H 5 "'> Mf

EMPOWER. PARTNER. LEAD. 36 Ohio Supercomputer Center







