


Knights Landing Clustering
and Memory Modes, use and
implications on the future of
architecture and memory
configurations.

Vectorization, current state of
the art thinking, use and
implications on the future of
data parallelism through
threading + SIMD instructions.



Parallel first

Vectorize second



Multithreading 1S more
powerful than vectorization —
by simple math:

16 way from vectorization

244 way from
thread parallelism



There 1s an urban legend that
Albert Einstein once said that
compounding 1nterest 1s the
most powerful force 1n the
universe.



16 x 244 =3904
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MULTIPLICATION
EINSTEIN WAS RIGHT



Assertion:

We need to embrace explicit vectorization
In our programming.



Shouldn’t we solve with better tools?
What 1s vectorization?

Could we just 1gnore 1t?



Vectors Instructions (SIMD 1nstructions)
Make things Faster

(that’s the premise)



Up to 4x Performance
with Intel® Advanced Vector Extensions 512 (Intel® AVX-512) Support

X - Significant leap to 512-bit SIMD support for processors

- Intel® Compilers and Intel® Math Kernel Library
include AVX-512 support

- Strong compatibility with AVX
- Added EVEX prefix enables additional functionality

X - Appears first in future Intel® Xeon Phi™ coprocessor,
code named Knights Landing

Higher performance for the most demanding computational tasks



Performance with Explicit Vectorization

Configuration: Intel® Core™ i7 CPU X980 system (6 cores with Hyper-Threading On), running at 3.33GHz, with 4.0GB RAM, 12M smart cache, 64-bit Windows Server 2008 R2
Enterprise SP1. For more information go to http://www.intel.com/performance




What 1s a Vector?



Vector of numbers



_|_

Vector addition



...and Vector multiplication



An example



vector data operations:
data operations done 1n parallel

void v_add (float *c,
float *a,
float *b)

for (int i=0; i<= MAX; i++)
c[i]=a[1]+b[1];



vector data operations:
data operations done in parallel

void v_add (float *c,

float *a, LOOp'
float *b) .

( 1. LOAD a[1] -> Ra
for (int i=0; i<= MAX; i++) 2 LOAD b[i] -> Rb
clil=alil+blils 3. ADD Ra, Rb -> Rc
4. STORE Rc -> ¢[i]
5. ADD1+1->1




vector data operations:
data operations done 1n parallel

Loop: Loop:

1. LOADv4 a[1:1+3] -=> Rva 1. LOAD a[i] -> Ra
2. LOADv4 b[1:1+3] -=> Rvb 2. LOAD b[1] -> Rb
3. ADDv4 Rva, Rvb -> Rvc 3. ADD Ra, Rb ->Rc¢
4. STOREv4 Rvc -> c[1:1+3] 4. STORE Rc -> ¢[i]
5. ADD1+4->1 5. ADD1+1->1




We call this “vectorization™

Loop: Loop:

1. LOADv4 a[1:1+3] -> Rva 1. LOAD a[1] -> Ra
2. LOADv4 b[1:1+3] -> Rvb 2. LOAD b[i] -> Rb
3. ADDv4 Rva, Rvb -> Rvc 3. ADD Ra, Rb ->Rc
4. STOREv4 Rvc -> c[1:1+3] 4. STORE Rc -> ¢[1]
5. ADD1+4->1 5. ADDi1+1->1




vector data operations:
data operations done 1n parallel

void v_add (float *c, float *a, float *Db)
{
for (int i=0; i<= MAX; i++)
c[i]=a[1]+b[1];



vector data operations:
data operations done 1n parallel

void v_add (float *c, float *a, float *Db)

{
for (int i=0; i<= MAX; i++)

c[i]=a[1i]+b[1];
}

PROBLEM:
This LOOP is NOT LEGAL to (automatically) VECTORIZE

in C / C++ (without more information).
Arrays not really in the language
Pointers are, evil pointers!



Choice 1:

use a compiler switch for
auto-vectorization

(and hope 1t vectorizes)



Choice 2:
give your compiler hints

(and hope 1t vectorizes)



C99 restrict keyword

void v_add (float *restrict c,
float *restrict a,
float *restrict b)

for (int i=0; i<= MAX; i++)
c[i]=a[1]+b[1];



IVDEP (ignore assumed vector dependencies)

void v_add (float *c,
float *a,
float *b)
{
#pragma ivdep
for (int i=0; i<= MAX; i++)
c[i]=a[i]+b[i];



Choice 3:
code explicitly for vectors

(mandatory vectorization)



OpenMP* 4.0: #pragma omp simd

void v_add (float *c,
float *a,
float *b)
{
#pragma omp simd
for (int i=0; i<= MAX; i++)
cl[i]l=a[i]l+b][1i];



OpenMP* 4.0: #pragma omp declare simd

#pragma omp declare simd
void vl _add (float *c,
float *a,
float *b)

*c=*a+*b;



SIMD instruction intrinsics

void v_add (float *c,

float *a, Hard coded to 4 wide !

float *b)
{
__ml28* pSrcl = (_ ml28%*) a;
__ml28* pSrc2 = (_ ml28%*) b;
__ml28* pDest = (_ ml28%*) c;

for (int i=0; i<= MAX/4; i++)
*pDest++ = mm add ps(*pSrcl++, *pSrc2++);



array operations (Cilk™ Plus)

void v_add (float *c,
float *a,
float *b)

{
c[0:MAX]=a[0:MAX]+b[0:MAX] ;

}

Challenge: long vector slices
can cause cache issues, fix is to
keep vector slices short.




vectorization solutions

1. auto-vectorization (use a compiler switch and hope it vectorizes)
= sequential languages and practices gets in the way
2. give your compiler hints and hope it vectorizes
= C99 restrict (implied in FORTRAN since 1956)
= #pragma ivdep
3. code explicitly
= OpenMP 4.0 #pragma omp simd
= Cilk™ Plus array notations
= SIMD instruction intrinsics

= Kernels: OpenMP 4.0 #pragma omp declare simd; OpenCL; CUDA kernel
functions



vectorization solutions

1. auto-vectorization (use a compiler switch and hope it vectorizes)
= sequential languages and practices gets in the way

2. give your compiler hints and hope it vectorizes
= C99 restrict (implied in FORTRAN since 1956)
= #pragma ivdep

3. code explicitly
= OpenMP 4.0 #pragma omp simd @
= Cilk™ Plus array notations
= SIMD instruction intrinsics

= Kernels: OpenMP 4.0 #pragma omp declare simd; OpenCL; CUDA kernel
functions




Explicit parallelism



parallelization

Try auto-parallel capability:
-parallel (Linux™ or OS X™)
-Qparallel (Windows™)

Or explicitly use...

Fortran directive (!DIR$ PARALLEL)
C pragma (#pragma parallel)
Intel® Threading Building Blocks (TBB)



parallelization

o c$OMP PARALLEL DO
Or explicitly use... DO I=1,N B(I) = (A(I) + A(I-1)) / 2.0
OpenMP END DO

Intel® Threading Building Blocks (T1 S*OMP END PARALLEL DO




OpenMP 4.0

Based on a proposal from Intel based on

customer success with the
Intel® Cilk™ Plus features in Intel




OpenMP 4.0

Based on a proposal from Intel based on

customer success with the
Intel® Cilk™ Plus features in Intel

/#pragma omp simd reduction(+:val) reduction(+:val2) \
for(int pos = 0; pos < RAND N; pos++) {
float callValue=
expectedCall(Sval,Xval, MuByT,VBySqrtT,] Random[pos]);
val += callValue;
val2 += callValue * callValue;

b

\_ /




(OpenMP 4.0 ) YES — VECTORIZE THIS

Note: per the OpenMP standard, the “for-loop” must have canonical loop form.



Make VECTOR versions of this function.

(OpenMP 4.0)

Fortran



Parallelize and Vectorize.

(OpenMP 4.0)

Fortran



’ Use
T OpenMP 4.0

No

y

You are
not alone.




for your consideration:
Intel Compilers support
keywords as an alternative

« Keyword versions of SIMD pragmas added:
~Simd, Safelen, Reduction

* intel simd lane () intrinsic for SIMD enabled functions

Keywords / library interfaces being discussed for SIMD constructs in C and C++ standards



History of Intel vector instructions



Intel Instruction Set Vector Extensions from 1997-2008

1997 1998 1999 2004 2006 2007 2008
Intel®
Intel® Intel® Intel® Intel® Intel® Intel®
MMX™
SSE SSE2 SSE3 SSSE3 SSE4.1 SSE4.2
technology
57 new 70 new 144 new 13 new 32 new 47 new 7 new
instructions instructions instructions instructions instructions instructions instructions
64 bits 128 bits 128 bits 128 bits 128 bits 128 bits 128 bits
Overload FP 4 single- 2 double- FP vector enhanced packed integer string (XML)
stack precision vector precision vector calculation packed integer calculation & processing
FP FP . calculation conversion
Integer only x87 integer POP-Count
. scalar FP 8/16/32/64 conversion better
media instructions vector integer .. vectorization by CRC32
extensions 128-bit integer compiler
cacheability 128-bit integer unaligned load
instructions load with
memory & thread sync. streaming hint
control & power
conversion management
instructions
media

extensions




Intel Instruction Set Vector Extensions since 2011

2011 2011 2012 2013 TBD
Intel® Co-processor only “AVX-1.5” Intel® Intel®
AVX S12 AVX-2 AVX-512
Promotion of Coprocessor 7T new Promotion of Promotion of
128 bit FP predecessor to instructions integer vector
vector AVX-SIZ. New 16 bit FP instruction to instructions to
instrqctions to _512 bit Yectotlj suppl(g = 256 bit 512 bits
256 bit ﬁslté“ct“ms oh RDRAND - FMA Xeon Phi: FI,
architecture, - Gather CDL ERI, PFI
binary compt. o
not supported - TSX/RTM §$8¥.]§‘31CDI’
by processors — N >

mostly source
compatible with
AVX-512

Reinders blogs announced —
July 2013, and June 2014.
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Growth 1s 1n vector instructions
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Disclaimer: Counting/attributing instructions is in inexact science. The
exact numbers are easily debated, the trend is quite real regardless.



Motivation for AVX-512 Conflict Detection

Sparse computations are common in HPC, but hard to vectorize due to race
conditions

for(i=0; i<16; i++) { A[B[i]]++; }

Consider the “histogram” problem: l

index = &B[1i] // Load 16 B[i]
old_val = A, index // Grab A[B[i]]

new_val = old val, +1.0 // Compute new values
A, index, new_val // Update A[B[i]]




Motivation for AVX-512 Conflict Detection

Sparse computations are common in HPC, but hard to vectorize due to race
conditions

for(i=0; i<16; i++) { A[B[i]]++; }

Consider the “histogram” problem: l

index = &B[1i] // Load 16 B[i]
old_val = A, index // Grab A[B[i]]

new_val = old val, +1.0 // Compute new values
A, index, new_val // Update A[B[i]]

* Code above is wrong if any values within BJ[1] are duplicated
— Only one update from the repeated index would be registered!

* A solution to the problem would be to avoid executing the sequence
gather-op-scatter with vector of indexes that contain conflicts



Conflict Detection Instructions in AVX-512
improve vectorization!

VPCONFLICT instruction detects elements with

previous conflicts in a vector of indexes R D s o
VPBROADCASTM {W2D,B2Q} zmml, k2

= Allows to generate a mask with a subset of elements that VPTESTNM {D,Q} K2{k1}, zmm2, zmm3/mem
are guaranteed to be conflict free VPLZCNT{D,Q} zmml {k1}, zmm2/mem

* The computation loop can be re-executed with the remaining elements until all the indexes have been operated
upon

index = &B[1i] // Load 16 B[i]
pending elem = OXFFFF; // all still remaining
do {

curr_elem = (index, pending elem)

old val = {curr_elem} A, index // Grab A[B[i]]

new_val = old val, +1.0 // Compute new values
A {curr_elem}, index, new_val // Update A[B[i]]
pending_elem = pending_elem ~ curr_elem // remove done idx
} while (pending_elem)

for illustration: this not even the fastest version



-vec-report



“Dear compiler, did you vectorize my loop?”
We heard your feedback......

-vec-report output was hard to understand;
Messages were too cryptic to understand;
Information about one loop showing up at many places of report;

Was easy to be confused about multiple versions of one loop created by the
compiler.




Optimization Reports since 2014)

Old functionality implemented under —opt-report, -vec-report,
-openmp-report, -par-report
replaced by unified —opt-report compiler options

. [vec,openmp,par]-report options deprecated and map to equivalent opt-report-phase

Can still select phase with —opt-report-phase option.
For example, to only get vectorization reports,
use —opt-report-phase=vec

Output now defaults to a <name>.optrpt file where <name> corresponds to
the output object name. This can be changed with
-opt-report-file=[<name>|stdout|stderr]

Windows*: /Qopt-report, /Qopt-report-phase=<phase> etc.

=  Optimization report integration with Microsoft* Visual Studio
planned to appear in beta update 1









Summary

We need to embrace explicit vectorization
In our programming.



Summary

We need to embrace explicit vectorization
In our programming.

But, generally use parallelism first

(tasks, threads, MPI, etc.)












We could guess







Look for:
?



Look for:
e Confirmation



Look for:
e Confirmation
* Surprises



Look for:
e Confirmation
* Surprises



Optimization: A Top-down Approach

System

Application

Processor

[ https://software.intel.com/en-us/articles/de-mystifying-software-performance-optimization




Optimization: A Top-down Approach

System

Application

Processor

H/W tuning: | OS tuning:
BIOS (TB, HT) Page size
Memory Swap ﬁlg

RAM Disk
Network I/0O

Power settings

Better application design:
Parallelization

Fast algorithms / data bases
Programming language and RT libs
Performance libraries

Driver tuning

Tuning for Microarchitecture:
Compiler settings/Vectorization
Memory/Cache usage

CPU pitfalls

asnIadxg wsAS ‘SO

YOIVI/MS



Application Tuning

Who: Software Developers, Performance Engineers, Domain Experts

How:

*  Workload selection
* Repeatable results
» Steady stat

* Define Metrics and Collect Baseline
*  Wall-clock time, FLOPS, FPS
*  <insert your metric here>

* Identify Hotspots ' @.
* Focus effort where it counts %
*  Use Tools
* Determine inefficiencies
0 lsituoie pera leben? This step often requires some
*  Are you memory bound? knowledge of the application

*  Will better algorithms or programming languages help? and its algorithms



Application Tuning
Find Hotspots

* This could be at the module, function, or source code level
e Determine your own granularity
S opreport ——exclude—dependent ——demangle=smart ——symbols “which 1lyx"

CPU: PIII, speed £863.195 MHz (estimated)
Counted CPU_CLEK_UNHALTED events (clocks processor is not halted) with a unit mask of 0x00 (No unit mask)

vma samples % symbol name

08l1lecS74 5016 8.50%6 _Rb_tree<unsigned short, pair<unsigned short const, int>, unsigned short
0810c4ec 3323 5.6375 Paragraph: :getFontSettings (BufferParams const&, int) const
0813154d8 3220 5.4627 LyXText: :getFont (Buffer const¥*, Paragraph¥*, int) const
080e454d8 3011 5.1082 LyXFont: :realize (LyXFont consts&)

080e3d78 2623 4.44SS LyXFont: : LyXFont ()

081255a4 1823 3.0527 LyXText: :singleWidth (BuffervView*, Paragraph¥*, int, char) const
080e3cf0 1804 3.0605 operator==(LyXFont: :FontBits consts&, LyXFont::FontBits consts&)
081128e0 1729 2.9332 Paragraph: :Pimpl: :getChar (int) const

081ed020 1380 2.3412 font metrics::width (char const*, unsigned, LyXFont consts&)
08110460 1310 2.2224 Paragraph: :getChar (int) const

O08lebcS4 1227 2.0816 gfont_loader::getfontinfo (LyXFont consts&)

oprofile: http://oprofile.sourceforge.net/




Application Tuning

Find Hotspots

* This could be at the module, function, or source code level
* Determine your own granularity

SIS
File View Help
> StartIProfiIe Y | ave As Samples: 1300
Functions I Self |Tota| - I ﬂ Descendants I Self | Cumulative -~ | —
g:idle_:;ispatch ool <~ [Jusr/X11R6/bin/X] 0.00 42.08
g_signal_emit_valist 054 4523 - _start 0 42.08
g_signal_emit o.o0s BEEGE ~ _libc_start_main 0.00 4208
signal_emit_unlocked_R 046 4423 ~ [l (21212 L
g_closure_invoke 0.08 43.69 ~ Dispatch 0.15 41.92
_start 0.00 42.08 P ProcRenderCompositeGlyphs 0.23 9.77
[/usr/XL1R6/bin/X] 0.00 42.08 b ProcPolyFillRectangle 0.00 7.46
main 0.00 Wa5'08 b WaitForSomething 01s 677
Dispatch 0.15 41.92 P> ProcessinputEvents 0.00 469
gtk_main_do_event 000 3808 b FrocCopyArea 0.08 3.62 ||
gtk_widget_event_internal 008 3731 ;f P_ProcConfigureWindow 0.00 LD
““““ P FlushAllOutput 0.00 108
Callens | Sely IT‘“B' - | b ProcSetClipRectangles 0.08 085
<spontaneous=> 0.00  42.08 b ProcPolySegment 0.00 0.77
B ??? [Jusr/X11R6/bin/X] 0.54 0.69
P ProcShmDispatch 0.00 0.46
P ProcChangeGC 0.00 0.46
StandardReadRequestFromClient 0.38 0.38
P ProcCreatePixmap 0.00 0.38
ProcRenderComposite 0.00 0.38
> ProcRenderFillRectanales 000 o3a =l

sysprof: http://sysprof.com




Application Tuning
Find Hotspots

e This could be at the module, function, or source code level
* Determine your own granularity

Grouping: |Function / Call Stack v| [B] [&
Function 7 Call Stack CPU Time by Utilizationw *® Wait Time by Utilization Overheag and Thread Module Start Fun ~
@ Idle @ Poor @ Ok @ Ideal @ Over @ Idle @ Poor @ Ok @ Ideal @ 5PN Time e EUOD e
= grid_intersect | 53c0- =~ s 0 | o] EEFLH 3 _tachyon_omp.exe | 0x40c7f0 | grid_intersect |
= intersect_cbjects 5.084s c_ Os 4.291s 3_tachyon_omp.exe 0x402130 intersect_objects(struct ray *)
~. grid_intersect < intersect_cbjects 0.2755'] Os 0.237s 3_tachyon_omp.exe 0x40c7f0 grid_intersect
=l sphere_intersect ssa2- 1 e Os 2.914s 3_tachyon_omp.exe Ox40acal sphere_intersect
[ ™ grid_intersect 3.542s -:_ Os 2.914s 3_tachyon_omp.exe Ox40c7f0 grid_intersect
= SwitchToThread 0.926< (I 0.986s 0.901s KERNELBASE.dII 0x10047e49 SwitchToThread
~ videounext_frame< thread_trace< __kmp_inv¢ 0.811s ) 0.811s 0.727s 3_tachyon_omp.exe 0x402770 video:next_frame(void)
= video:main_loop < main < WinMain< _tmain 0.1755.] 0.175s 0.175s 3_tachyon_omp.exe 0x402990 video:main_loop(void)
#__kmp_launch_thread 0.874s ) 2.104s ) 0.874s 0.008s libiompSmd.dll 0x1004b0d0 __kmp_launch_thread
grid_bounds_intersect 0.297s ﬂ Os 0.215s 3_tachyon_omp.exe 0x40c4f0 grid_bounds_intersect
shader 0.1065' Os 0.066s 3_tachycon_omp.exe 0x406b50 shader(struct ray *)
GdipDrawlmagePcintRect! 0.098s| Os 0.098s gdiplus.dll 0x10060336 GdipDrawlmagePointRect!
[# pos2grid 0.090s || Os 0.074s 3_tachyon_omp.exe 0x40c410 pos2grid
Raypnt 0.073s| Os 0.073s 3_tachyon_omp.exe 0x406610 Raypnt(struct ray *,double)
ri_intersect 0.057s| Os 0.048s 3_tachyon_omp.exe 0x40b340 tri_intersect
camray 0.048s| Os 0.038s 3 tachyon omp.exe 0x401c70 camray(struct scenedef *int.in’
Selected 1 row(s): 5.360s Os 4.527s ~
< > | < >

Intel® VTune™ Amplifier XE: http://intel.ly/vtune-amplifier-xe




Application Tuning
Find Hotspots

This could be at the module, function, or source code level

[
. .
* Determine your own granularity
Source H Assembly H [] ‘ 0 9 ‘ Q ‘Assembly grouping: | Address
So. CPU Time: Total by Utilization
L.~ Source
@ Idle @ Poor [D Ok @ Ideal @ Over
558 cur = cur->next: 0.020s |
559 }
560 CUurvox.x += Step.x;
561 if (ry->maxdist < tmax.x || Curvox.x = out.x) 0.011s]
562 break;
563 wvoxindex += sStep.X;
564 tmax.x += tdelta.x;
565 curpos = nXp;
566 n¥p.x += pdeltaX.x;
567 nXp.y += pdeltaX.y;
562 nXp.z += pdeltaX.z:
569 }
570 else if (tmax.z < tmax.y) { D.O195|
571 cur = g->cells[voxindex]: 0.232s BT
572 while (cur != NULL) { 0.030s |
573 if (ry->mbox[cur->cbj->id] != ry->serial) { 2ozos N
574 ry->mbox [cur->cbj->id] = ry->serial; 1.2125-:_
575 cur->ocbj->methods->intersect (cur->obj, rv): o577 1
576 1
577 cur = cur->next; 0.6955-:-
578 }
579 curvox.z += step.z; 0.014s]
580 if (ry->maxdist < tmax.z || curvox.z == ocut.z) 0.0365|]
581 break:;
582 wvoxindex += step.z*g->xsize*g->ysize:

Selected 1 row(s):

2.020s

v

CPU Time: Total by Utilization

Address o Eur. Assembly

ine
0x40cd21 573 cmp dword ptr [eax+edx*4], ecx
0Ox40cd24 573 jz 0x40cd3d <Block 49>
0x40cd26 Block 47:
0x40cd26 574 mov edx, dword ptr [esi+0x4]
0x40cd29 574 mov edx, dword ptr [edx]
0x40cd2b 574 mov dword ptr [eax+edx*4], ecx
0Ox40cd2e 575 mov eax, dword ptr [esi+0x4]
0x40cd31 575 mov ecx, dword ptr [eax+0xg]
0x40cd34 575 mov edx, dword ptr [ecx]
0x40cd36 575 push edi
0x40cd37 575 push eax
0x40cd38 575 call edx
0x40cd3a Block 48:
0x40cd3a 575 add esp, 0x8
0x40cd3d Block 49:
0x40cd3d 577 mov esi, dword ptr [esi]
0x40cd3f 577 test esi, esi
0x40cd41 577 Jnz 0x40cdlé <Block 46>
0x40cd43 Block 50:
0x40cd43 572 movsd xmmO, gword ptr [esp+0x78]
O0x40cd49 572 mov eax, dword ptr [esp+0x4Z]
0x40cd4d Block 51:
0Ox40cd4d 579 mov ecx, dword ptr [esp+0x58]
0x40cd51 579 add dword ptr [esp+0x40], ecx
0x40cd55 580 comisd xmm0, gword ptr [edi+0x48]

Highlighted 6 row(s):

0.011s|

1o .

0.137s B0
0.053s [

0.103s @0
0.037s

0.047s (]
0.032s()

0.072s @

0.275s I

0.020s()

ossisE |
0.145s @

0.030s(]
0.000s |

0.014s|

Intel® VTune™ Amplifier XE: http://intel.ly/vtune-amplifier-xe




Application Tuning

Find Hotspots

This could be at the module, function, or source code level
Determine your own granularity

[
[
l Source ] I Assembly J B 9 |
SL?.-A Source
558 cur = cur->next;
559 }
560 CUurvox.x += Step.x;
561 if (ry->maxdist < tmax.x || curvox.x == out.x)
562 break;
563 wvoxindex += step.x;
564 tmax.x += tdelta.x;
565 curpos = nXp:;
566 nXp.x += pdeltaX.x;
567 nXp.y += pdeltaX.y;
568 nXp.z += pdeltaX.z:
569 }
570 else if (tmax.z < tmax.y) {
571 cur = g->cells[voxindex]:
572 while (cur != NULL) {
573 if (ry->mbox[cur->obj->id]
574 ry->mbox [cur->cbj->id] = ry->serial;
575 cur->obj->methods->intersect (cur->obj,
576 }
577 cur = cur->next;
578 }
579 curvox.z += Step.z:
580 if (ry->maxdist < tmax.z || curvox.z
581 break:;
582 wvoxindex += step.z*g->xsize*g->ysize:

!= ry->serial)

Assembly grouping: |Address

CPU Time: Total by Utilization

@ !dle @ Poor @Ok @ !deal @ Over
0.020s |

0.011s]|

0.019s]

0.232s T

0.030s |

XL s |
(AP e

0.577s I

SRR — ]

0.014s|
0.036s)

2.020s

v

Address o Sfrur.“ Assembly

ine
{0x40cd21 573 i cmp dword ptr [eax+edx*4], ecx
0Ox40cd24 573 jz 0x40cd3d <Block 49>
0x40cd26 Block 47:
0x40cd26 574 mov edx, dword ptr [esi+0x4]
0x40cd29 574 mov edx, dword ptr [edx]
0x40cd2b 574 mov dword ptr [eax+edx*4], ecx
0Ox40cd2e 575 mov eax, dword ptr [esi+0x4]
Ox40cd31 575 mov ecx, dword ptr [eax+0x2]
0x40cd34 575 mov edx, dword ptr [ecx]
0x40cd36 575 push edi
0x40cd37 575 push eax
0x40cd38 575 call edx
0x40cd3a Block 48:
0x40cd3a 575 add esp, 0x8
0x40cd3d Block 49:
0x40cd3d 577 mov esi, dword ptr [esi]
0x40cd3f 577 test esi, esi
Ox40cd41 577 Jnz 0x40cdlé <Block 46>
0x40cd43 Block 50:
0x40cd43 572 movsd xmm0, gword ptr [esp+0x78]
O0x40cd49 572 mov eax, dword ptr [esp+0x4Z]
0x40cd4d Block 51:
0Ox40cd4d 579 mov ecx, dword ptr [esp+0x58]
0x40cd51 579 add dword ptr [esp+0x40], ecx
0x40cd55 580 comisd xmmO, gword ptr [edi+0x48]

Highlighted 6 row(s): |

CPU Time: Total by Utilization

0.011s|

oM
0.137s BT

0.053s [

0.103s @0

0.037s

0.047s (]

0.032s()

0.072s @]

0.275s I

0.020s()

ossisE |
0.145s @

0.030s(]
0.000s |

0.014s|

This may reinforce your understanding of the application but often reveals surprises









Application Tuning

Resource Utilization

 Is the application parallel?
e Multi-thread vs. Multi-process
* Memory Bound?



Application Tuning

Resource Utilization

* Is the application parallel?



Application Tuning

Resource Utilization

* Memory Bound?

* Know your max theoretical memory bandwidth



Application Tuning

Resource Utilization
MPI applications have added communication complexity

Intel® Trace Analyzer and Collector: http://intel.lv/traceanalyzer-collector




Application Tuning
What’s Next?

If your Hotspots are common algorithms:
* Look for optimized libraries
If your Hotspots are uncommon:
* Compiler optimizations
* Expert analysis and refactoring of an algorithm
* The opposite of “low-hanging fruit”
Deeper analysis of hardware performance
* More on this later
» If the system is underutilized:

* Add parallelism - multi-thread or multi-process
 OpenMP, TBB, Cilk, MPI, etc...

» Tools can help you determine where to look and may identify some issues.
» Some tools may provide suggestions for fixes.

» In the end — the developer and/or expert has to make the changes and decisions — there is no silver bullet.



Optimization: A Top-down Approach

System

Application

Processor

H/W tuning: | OS tuning:
BIOS (TB, HT) Page size
Memory Swap ﬁl.e

RAM Disk
Network I/0O

Power settings

Better application design:
Parallelization

Fast algorithms / data bases
Programming language and RT libs
Performance libraries

Driver tuning

Tuning for Microarchitecture:
Compiler settings/Vectorization
Memory/Cache usage

CPU pitfalls

asnIadxg wsAS ‘SO

YOIVI/MS



Microarchitecture Tuning

Who: Arehiteeture Experts

Software Developers, Performance Engineers, Domain Experts

How:

» Use architecture specific hardware events
* Use predefined metrics and best known methods
* Often hardware specific
* (Hopefully) provided by the vendor '
* Tools make this possible for the non-expert ® %
* Linux perf
e Intel® VTune™ Amplifier XE

* Follow the Top-Down Characterization
* Locate the hardware bottlenecks
*  Whitepaper here:



Introduction to Performance Monitoring Unit (PMU)

Registers on Intel CPUs to count architectural events

= E.g. Instructions, Cache Misses, Branch Mispredict

Events can be counted or sampled

= Sampled events include Instruction Pointer

Raw event counts are difficult to interpret

= Use a tool like VTune or Perf with predefined metrics



Raw PMU Event Counts vs Metrics

Grouping:

Function / Call Stack v] [&
Function / Call Stack
CPU_CL..w® CPU_CLK_U... INST_RETIRE... LID_PEND_... OFF.. BR_MISP... CPU_CLK_U... CYCLE_AC.. CYCLE_AC.. DTL.. DTLB_LO.. DTLB_L.. DTL.. DTLB_ST.. DTLB_S... ICACH..

grid_intersect 13,604,020,406| 14,118,021,177| 12,572,018,858| 6,344,009,516 0 234,000,351| 26,000,039 o 7,800, 0
[ sphere_intersect 8,706,013,059 9,134,013,701 8,494,012,741 4,238,006,357 0 15,600,351 9,464,014,196 3,016,004,524 2,808,004,212 0 104,000,156 26,000,039 0 10,400,312 0
@ grid_bounds_intersect 984,001,476 1,004,001,506| 672,001,008 104,000,156 0 15,600,351 962,001,443 312,000,468 286,000,429 ) ) 0 ) 0 0 |
#__kmp_end_split_barrier 676,001,014 624,000,936 460,000,690 ) 0 ) 0 0 0 ) ) 0 ) 0 )
@ __kmp_x86_pause 228,000,342 224,000,336 122,000,183 ) 0 10,400,234 0 0 0 ) ) 0 ) 0 )
@ shader 216,000,324 242,000,363 142,000,213 104,000,156 0 0 208,000,312 104,000,156 52,000,078 ) ) 0 0 2,600,078 0 |
# Raypnt 206,000,309 210,000,315 208,000,312 ) 0 0 234000351 52,000,078 78,000,117 ) ) o ) 0 0 2,600,03
# pos2grid 204,000,306 248,000,372 180,000,270 26,000,039 0 0 390,000,585 26,000,039 52,000,078 ) ) 0 ) 0 0 |
ri_intersect 168,000,252 208,000,312 180,000,270 ) 0 0 104,000,156 78,000,117 52,000,078 0 52,000,078 0 ) 0 )
@ VScale 124,000,186 126,000,189 164,000,246 ) 0 0 234000351 52,000,078 0 ) ) 0 ) 0 0
@ __kmp_yield 96,000,144 98,000,147 200,000,300 ) 0 ) 0 0 0 ) ) 0 ) 0 0 |
T Selected 1 row(s):| 13,603,020,406 14,118,021,177 12,572,018,858 6,344,009,516 0| 52,001,170 14,924,022,386  5,408,008,112  4,264,006,396 0| 234,000,351 26,000,039 0 7,800,234 ) i
< > <
Grouping: | Function / Call Stack
k>3 Filled Pipeline Slots Unfilled Pipeline Slots (Stalls)
Front-end Bound
. . Instructions CPI MUX
Function / Call Stack Clocktic... v - S
Retired Rate Reliability Retiring SpecB:I:tion Back-End Bound Front-End Front-End
Latency Bandwidth
14,118,021,177| 12,572,018,858 0.946 0.246 0.033 0.063 0.012
sphere_intersect 9,134,013,701 8,494,012,741 1.075 0.965 0.250 0.065 0.619 0.057 0.009
grid_bounds_intersect 1,004,001,506 672,001,008 1.4%94 0.958 0.227 0.000 0.715 0.104 0.000
#__kmp_end_split_barrier 624,000,936 460,000,690 1.357 0.000 0.000 0.000 0.792 0.167 0.042
pos2grid 248,000,372 180,000,270 1.378 0.636 0.367 0.000 0.633 0.000 0.131
shader 242,000,363 142,000,213 1.704 0.860 0.322 0.000 0.946 0.000 0.027
__kmp_x86_pause 224,000,336 122,000,183 1.836 0.000 0.000 0.000 0.971 0.000 0.029
Raypnt 210,000,315 208,000,312 1.010 0.897 0.093 0.279 0.567 0.000 0.062
Selected 1 row(s):| 14,118,021,177 12,572,018,858 1.123 0.946 0.246 0.033 0.647 0.063 0.012




Adding Regression Tests for Performance

Regression testing isn’t just for bugs

1. Create a baseline performance characterization
2. After each change or at a regular interval

1. Compare new results to baseline

2. Compare new results to previous results

3. Evaluate the change
3. goto (1)

Performance tuning is easier if it’s always on your mind and integrated
into your development



Scientific Approach to Analysis

* None of the tools provide exact results
» Data collection overhead or dropping details
* Define what results need to be precise

* Low overhead tools provide statistical results
« Statistical theory is applicable
* Think of proper sampling frequency (for data bandwidth)
* Think of proper length of data collection (for process)
* Think of proper number of experiments and results deviation

» Take into account other processes in a system
e Anti-virus
* Daemons and services

* System processes
e Start early — tune often!



http://

software.intel.com/

articles/
intel-parallel-studio-xe-2017-beta

BETA for “2017” Product - NOW



Intel® Advisor

I will talk about some NEW

“2017” features — which help

Intel Xeon processors tuning
and Intel Xeon Phi processor tuning

BOTH — Of Course!



Memory Access Pattern Report
Can recommend:

A0S to SoA

* AOSOA

e Use of SDLT

» Use of MCDRAM



Data Layout: AoS vs. SOA

[
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[
[
[
[
[

) et \——r) \—) \e—r) \— \—

|

]

|

]

oo d

Array of structures (AoS) tends to
cause cache alignment problems, and
is hard to vectorize.

Structure of arrays (SoA) can be
casily aligned to cache boundaries and
1s vectorizable.




Data Layout: Alignment

Array of Structures (A0S), padding at end.

00a0o

Cao0o

ecoa

00a0o

Cao0o

_________

Array of Structures (AoS), paddin

after each structure.

0@

oA

0@

0oa:

9 -
oA

00ao

oA

Structure of Arrays (SoA), padding at end.

0000

0000

0000

@]@]e]@]

aaaaaaaaa

el

Structure of Arrays (So0A), padding after each component.

0000

OO0

0000

OO0

[ — T — gy |
oo’
-



Mask Utilization and FLOPS Profiler

Mask-aware:

FLOPs Report

Vector Efficiency
Memory Access Pattern,
Roofline Analysis Graph



...supplements Al-based analysis with a dynamic FLOP/s
profile and peak FLOPs and memory sub-system throughput levels providing
enlightening “bounds and bottlenecks” analysis for complex workloads.



References

Top-Down Performance Tuning Methodology

e  www.software.intel.com/en-us/articles/de-mystifying-software-performance-optimization

Top-Down Characterization of Microarchitectural Bottlenecks

e  www.software.intel.com/en-us/articles’how-to-tune-applications-using-a-top-down-
characterization-of-microarchitectural-issues

Intel® VTune™ Amplifier XE

« www.intel.ly/vtune-amplifier-xe

Tuning Guides

e  www.intel.com/vtune-tuning-guides




Look for:
e Confirmation
* Surprises
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High Performance Parallelism Pearls
Cosmic Microwave Background Analysis:

Nested Parallelism 1n Practice
Volume 2, Chapter 10

We find that using a simple
trapezium rule integrator
combined with hand-selected
sampling points (to improve
accuracy in areas of interest)
provides  sufficient numerical
accuracy to obtain a physically
meaningful result, and the reduced
space and time requirements of
this simplified method give a
speed-up of O(10x).
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