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INTEL” ADVISOR ROOFLINE ANALYSIS

A New Way to Visualize Performance Optimization Trade-offs

Kevin O’Leary, Technical Consulting Engineer; Ilyas Gazizov, Senior Software Developer; Alexandra Shinsel,
Technical Consulting Engineer; Zakhar Matveev, Product Architect; and Dmitry Petunin, Technical Consulting
Engineer, Intel Corporation

Software must be both threaded and vectorized to fully utilize today’s and tomorrow’s hardware.
Data-driven vectorization design can yield long-term performance growth with less risk

and more impact. Even with perfect vector and thread parallelism, developers often have to
additionally balance CPU/vector/thread utilization versus memory subsystem data bottlenecks.
This aspect of optimization could often be addressed by using a roofline “bounds and
bottlenecks” performance model.

This article provides an overview of Intel® Advisor 2017 and discusses the new Intel Advisor
Roofline Analysis feature. The roofline model provides an intuitive and powerful representation
of how to best address performance issues in your application. Finally, a case study shows the
optimization process on a real example.
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Roofline Model

Roofline modeling was first proposed by University of California at Berkeley researchers Samuel
Williams, Andrew Waterman, and David Patterson in the paper Roofline: An Insightful Visual
Performance Model for Multicore Architectures in 2009. Recently, it was extended to address
all levels of the memory subsystem, as described by Aleksandar llic, Frederico Pratas, and Leonel
Sousa in their Cache-Aware Roofline Model: Upgrading the Loft paper.

A roofline model provides insight into how your application works by helping you answer these
questions:

e Does my application work optimally on the current hardware? If not, what is the most underutilized
hardware resource?

o What limits performance? Is my application workload memory or compute bound?

» Whatis the right strategy to improve application performance?

The model plots data to help you visualize application compute and memory bandwidth ceilings
by measuring two parameters:

1. Arithmetic intensity, the number of floating-point operations per byte transferred between CPU
and memory

2. Floating-point performance measured in billions of floating-point operations per second (GFLOPS)

The proximity of the data points to the model lines (rooflines) shows the degree of optimization
(Figure 1). The kernels on the right-hand side, in the blue region, are more compute bound.

As you move up the Y axis, they get close to the floating-point peak. The performance of these
kernels is bounded by the compute capabilities of the platform. To improve the performance
of kernel 3, consider migrating this kernel to a highly parallel platform, such as the Intel® Xeon
Phi™ processor, where the compute ceiling and memory throughput are higher. For kernel 2,
vectorization can be considered as a performance improvement strategy, since it is far away
from the ceiling.

Toward the left-hand side of the plot, in the red region, the kernels are memory bound.

As you move up the Y axis, they are limited by the DRAM and cache peak bandwidth of the
platform. To increase the performance of these kernels, consider improving the algorithm or
its implementation to perform more computations per data item, thereby shifting the plot
position to the right, where the performance ceiling is higher. These kernels may also run faster
on an Intel Xeon Phi processor because of the higher memory bandwidth.
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Intel Advisor Overview

Intel Advisor is a software analysis tool offering a powerful software design and performance
characterization platform for applications. Intel Advisor incorporates thread parallelism
prototyping (Threading Advisor), vector parallelism optimization (Vectorization Advisor), and
memory-versus-compute characterization (Advisor Roofline Automation) capabilities.

In this article, we mainly focus on the Advisor Roofline and Vectorization analyses. When using
the Intel Advisor GUI, you can switch between Vectorization and Threading Advisor flows using
the “Workflow” toggle. The Roofline chart can be accessed by using the Roofline sidebar
(Figure 2).
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2  Intel® Advisor workflow selector
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Vectorization Advisor can help you increase the performance of your code using these steps:
e Survey shows which loops consume the most time with detailed SIMD statics.

o FLOPS and Trip Counts measure iteration counts, call counts, and the precise number of floating-
point operations per second for each loop and function.

« Recommendations gives specific advice on how to fix performance issues.

+ Dependencies Analysis provides a dynamic dependency analysis to verify if a loop has cross-
iteration dependencies that can limit vectorization and parallelization.

o Memory Access Patterns Analysis checks if you are accessing memory in a vector-friendly manner.

You can discover many important performance and design insights by combining
Vectorization Advisor and Roofline analyses. For example, knowing the Vectorization Efficiency
metric provided by the Vectorization Advisor Survey Report is often crucial when interpreting
the data on a roofline chart.

Intel Advisor Roofline Analysis

Intel Advisor implements the “cache-aware” flavor of the roofline model, which provides
additional insight by addressing all levels of memory/cache hierarchy:
o Sloped rooflines illustrate peak performance levels if all the data fits into the respective cache.

o Horizontal lines show the peak achievable performance levels if vectorization and other CPU
resources are used effectively.

Intel Advisor places a dot for every loop in the roofline plot (Figure 3). The circle sizes and
colors denote the relative execution time of the loops. Most of the loops require further
optimizations to better utilize cache memory. Some, such as the green dot sitting on the
dotted ScalarAddPeak line, just to the right of the vertical line in the middle, may be a
loop that is poorly vectorized. As you can see, the roofline chart makes it easy to locate
opportunities to improve application performance.
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DSIMAN] A survey & Roofiine |0 REAMEMETE Repors INTEL ADVISOR 2017 3 Intel® Advisor

B -oiomance (GFLOPS) k(@) 4 % | [ Use Single-Threaded Roo’s® = roofline chart
with source tab

SingeVectorFMAPeak: 220.17 GELOPS

22017

0.05-| v

0.01 1352
Self Time: 0.835s  Total Time: 0.835 s Arithmetic Intensity (FLOP/Bvte)

Source TopDown Code Analytics Assembly & Recommendations & Why No Vectorization?

Total Time| % | Loop Time| % Traits. tol
0,138 0,835

48 Bb(1,3)= bb(i,3-1) tarray (k) *cc(1,1) 0,6963 | FMA
449 k= k+l
450 enddo

How to Interpret the Intel Advisor Roofline Chart

A roofline plot provides useful information but is not a reference table, in which one simply
locates their input and reads the corresponding output. It is a guide that suggests what factors
to investigate. It requires interpretation.

The lines on a roofline chart, such as the ones in Figure 3, are representative of hardware
limits on kernel performance based on benchmarks run by Intel Advisor to establish baselines
and performance limits on the host system. The uppermost lines form the roofs that are
representative of the maximum performance of the machine. In Figure 3, the uppermost

lines are “L1 Bandwidth” and “Single Vector FMA Peak.” Not every kernel can achieve this
performance and may be ultimately limited by lower roofs, depending on the nature of

the algorithm (e.g., a kernel that cannot be vectorized would be limited by the maximum
performance of scalar computations).

A kernel's horizontal position on the plot is its arithmetic intensity (the number of floating-
point operations per byte transferred between CPU and memory, as measured by operand
size), which is primarily determined by its algorithm, though this can be altered somewhat by
optimizations that occur during compilation. Figure 4 gives examples of different algorithms
and their relative arithmetic intensities. Redesigning a kernel’s algorithm to increase its
arithmetic intensity pushes it to the right in the roofline chart, which may be helpful in raising
its maximum potential performance, due to the slopes of the memory bandwidth roofs.
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4  Arithmetic Intensity

A kernel's vertical position relative to the various roofs reveals bottlenecks. If a kernel is placed
above a roof, then that roof is not the primary performance bottleneck, although it can still

affect performance. The roofs above a kernel are potential bottlenecks, each corresponding to

an issue that can be overcome using a particular type of optimization. If a kernel is below the
scalar computation peak linge, then it is worth investigating the kernel's vectorization status. If it

is unvectorized, or inefficiently vectorized, it is likely that this roof represents the bottleneck and
suggests that it would be prudent to improve or implement the kernel’s vectorization if possible.
If, on the other hand, this kernel is efficiently vectorized, the scalar computation peak can be ruled
out as a bottleneck, and you can move on to investigating the other roofs above the kernel.

Solving Performance Problems Using Intel Advisor

Some Intel Advisor tips are provided in this section.

Tip No. 1: Use the summary view to see the top time-consuming loops (Figures 5 and 6)
and tuning recommendations (Figure 7).

] Top time-consuming loops':'?:'

Loop Source Location Self Time™ Total Time™ Trip Counts”
T flessparseapngtc lesSparse f.387 5.9143s 5.9143s 5]
flessparseapg lesSparsefi232 4.9664s 4,9664s 1;2:4:1;1
flessparseapkg lesSparse f: 286 4.3634s 4.36345 i B L |
k fmtxblkdot? ftools.f:1445 1.0166s 1.0166s 9162
frmtxvdimvecmult ftools.f:45 0.8999s 0.8999s 572

5 Summary of top loops
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Summary .
6 of top loops @ Top time-consuming loops-
with top loo e . ' -
Vectoriged P Loop Self Time= Total Time= Trip Counts=
[loop in flessparseapngtc at [esSparse.f:389] 3.879%: 3,879 1: 2
[loop in flessparseapg at |esSparsef:232] 5.247s 5.247s T: 2411
[loop in flessparseapkq at lesSparse.f:287] 4.247= 4.247s 2141
[loop in frtbledot? at frocls.fi445] 1.158= 1.158= 9162 3: 1
[loop in fmtubllkdmaxpy at frools.f:274] 1,148 1.148= 9162 3: 1
5 Summary (%) Recommendations”
of top ) Loop Self Time* Recommendations >
recommendations
[loop in flessparseapngtc at lesSparse.f:389] 5.879s o Enforce vectorized remainder
[loop in flessparseapq at |esSparse.fi232] 5.247s ' Add data padding
[loop in flessparseapky at lesSparse.f:287) 4,247 o Enforce vectorized remainder
' Add data padding
[loop in flessparseapsclr at [esSparse.f:314] 0.261s ¢ Disable unrolling
o Enforce vectorized remainder
' Align data
' Add data padding
[loop in flessparseapfull at lesSparse.fi443] 0.190s ' Enforce vectorized remainder

' Add data padding

Tip No. 2: Use roofline customization to remove the roofs you don't need (Figure 8).

For example, if you are operating on only single-precision data, you can safely remove

the double-precision peaks from your roofline.

Size Color Visible

Floof Hame Visble - Selected candidates (Figure 9).
DRAM Bandwidth
L1 Bandwidth
L2 Bandwidth O
L3 Bandwidth |
Scalar Add Peak [l
SP Vector Add Peak |
DP Vector Add Peak O |
SP Vector FMA Peak |
DP Vector FMA Peak [ O
Loop Weight Representation Cancel Diefault

+ o 4 green

= Threshold Value | 0.5 %

+ QO |6 yellow

= Threshold Value |5 %

- @ [ red 8 Intel® Advisor roofline chart customization

Tip No. 3: Use Smart Mode to find the best optimization

Loops are ordered on the roofline by their Elapsed Self
Time, but by activating Smart Mode, you can identify loops
that have high total time. The more total time that is spent
in a loop, the larger the overall effect of optimizing it can be.
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Ob Intel® Advisor roofline chart filtered using Smart Mode

Tip No. 4: Use some of the other Intel Advisor features to supplement the information in the
roofline chart.

Vectorization efficiency is your vectorization thermometer (Figures 10 and 11). Under Instruction
Set Analysis, look at the Traits column to see factors that could be affecting vectorization

(Figure 10). Consider running the Intel Advisor memory access pattern collection if you suspect
you're referencing memory in a non-vector-friendly fashion. [Editor’s note: Vladimir Tsymbal’s
article “Identifying Scalability Problems in Parallel Applications on Multicore Systems”

in this issue of The Parallel Universe describes some techniques to analyze memory access.]

Vectorized Loops Instruction Set Analysis E

Trip
Vect... | Efficiency Gain...| VL (... | Counts Traits Data T... | Num.
* Inefficient ..| 5281sC0| 5.281s00 |Vectorized (Bo... [210x [4 |25 | Inserts Floatsd |37

@ 1lIneffective ..  2.328s@ 2.828s@  Vectorized (Bo.. Ay BBl ]34 252 Floatsd 3

Vector Issues Self Timew | Total Time Type Why Mo Vectorization?

10 Intel® Advisor survey highlighting vectorization efficiency
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11 Intel® Advisor Vectorized |"'ﬂ%
Efficiency explanation
~91%: Achieved Vectorization Efficiency
Achieved Vectorization Efficiency = (Estimated Gain/Vector Length) * 100%
Estimated Gain = 3.65x
Vector Length = 4

__ Orange color = Achieved vectorization efficiency is higher than reference efficiency
for original scalar loop

A\ Efficiency is approximately 91%, which means actual efficiency may be lower

4 (25%): Reference Efficiency for original scalar loop
Reference Efficiency = (1x/Vector Length) * 100%

] (100%): Theoretical Maximum Vectorization Efficiency
Maximum Vectorization Efficiency = (Theoretical Maximum Gain/Vector Length) * 100%
Theoretical Maximum Gain = Currently selected Vector Length = 4

Tip No. 5: Isolate vectorized from nonvectorized loops using the loop toggle (Figure 12).

=

12 Intel® Advisor Vectorized/
Not Vectorized loop selector

0 Vectonzed Mot Vectorized

Tip No. 6: Use the source window together with the roofline chart (Figure 13).

Intel Advisor seamlessly integrates your source code into the performance profile.

BLOG HIGHLIGHTS

Intel® Xeon Phi™ Product Family x200 (KNL) User mode (ring 3)
MONITOR and MWAIT
3% > and

The Intel® Xeon Phi™ Product Family x200 series processors (formerly known as Knights Landing)
contain a model-specific feature, which allows the MONITOR and MWAIT" instructions to be executed in
rings other than ring O, whereas architecturally, these instructions are restricted to ring O (kernel code).
Specifically, this feature allows them to be executed in ring 3, which is normal user mode.

The feature can be enabled by setting bit 1 (as below) in MSR 140H (the MISC_FEATURE_ENABLES
model-specific register). The register can also be read to determine whether the instructions are

enabled at other than ring O.
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Source  TopDown  Code Analytics  Assembly ¢ Recommendations & Why Mo Vectorization?

Line Source Total Time| % | LoopTime| % Traits G
58 /* a3 the recommendations that Vectorization Advisor has for increasing the efficien

59 #pragma nounrcll
60 for {j = 0;j < size2; j++) | 0.940s @ 1610: @
61 b[i] += a[i][i] * x[3]: 0.670s @

13 Intel® Advisor roofline chart highlighting source integration

Case Study: Using Roofline Analysis to Tune an MRl Image
Reconstruction Benchmark

The 514.pomrig SPEC ACCEL Benchmark is an MRl image reconstruction kernel described in
Stone et al. (2008). MRl image reconstruction is a conversion from sampled radio responses to
magnetic field gradients. The sample coordinates are in the space of magnetic field gradients,
or K-space. The Q matrix in the MRl image reconstruction is a precomputable value based

on the sampling trajectory, the plan of how points in K-space will be sampled. The algorithm
examines a large set of input, representing the intended MRI scanning trajectory and the
points that will be sampled. Each element of the Q matrix is computed by a summation of
contributions from all trajectory sample points. Each contribution involves a three-element
vector dot product of the input and output 3-D location plus a few trigonometric operations.
The output Q elements are complex numbers but the inputs are multielement vectors. The
kernel is fundamentally compute bound because trigonometric functions are expensive, and
the regularity of the problem allows for easy management of memory bandwidth. Therefore,
once tiling and data layout remove any artificial memory bandwidth bottleneck, the most
important optimizations are low-level sequential code optimizations and improving the
instruction stream efficiency, such as loop unrolling.

The input to 514.pomriqg consists of one file containing the number of K-space values; the
number of X-space values; and the list of K-space coordinates, X-space coordinates, and Phi-
field complex values for the K-space samples. Each set of coordinates and the complex values
are stored as arrays with each field written contiguously. The 514.pomriq output consists of the
resulting Q matrix of complex values in “real, imaginary” format for each line. This case study
will analyze the 514.pomrig compute kernel and focus on its optimization. The Intel Advisor
summary for 514.pomrig run on an Intel Xeon Phi 7250 processor is shown in Figure 14,
where it is easy to see that loops involved in computing the Q matrix are the hotspot.

For more complete information about compiler optimizations, see our Optimization Notice. S|gn up for futu re |Ssues Share W|th a fr|end


https://swdevtoolsmag.makebettercode.com/
https://software.intel.com/articles/optimization-notice#opt-en

< The Parallel Universe 66

@ Vectorization Advisor

Vectorization Advisor is a vectorization analysis tool that lets you identify loops that will benefit most from vectorization.
@ Program metrics

Elapsed Time: 36,935
WYector Instruction Set: AVX512 Mumber of CPU Threads: 136

Total GFLOP Count: 19293.90 Total GFLOPS: 522,51

@ Loop metrics

Total CPU time 4267.88: (I 100.0%
Timein1 vectorized loop  4206.25: [ 98.6%
Time in scalar code f1.62s ]

@ Vectorization Gain/Efficiency (Not available)”

@ Top time-consuming Innps':?'

Loop Self Time? Total Time?' Trip Counts?
[leop in ComputeQCPU at computed,ci63] 1957.548s 4206.254s 12500

& [loop in ComputeQCPU at compute(.c:38] £.963s 4213.216s 15420

(5 [loop in outputData at file.c:70] 0.040s 4.160s 2097152

(5 [loop in start thread at 7] 0= 49.660s

% [loop in [QpentP worker at z Linux util.c:769] s 49.660s

@ Refinement analysis data”
These loops were analyzed for memory access patterns and dependencies:

Site Location Dependencies Strides Distribution

[loop in ComputeQCPU at computel.c:B6] Mo information available 96% /0% /4%

(3) Collection details

@ Platform information
CPU Mame: Intel(R) Xeon Phi(TM) CPU 7250 @000000 1.40GHz
Frequency: 1.40 GHz
Legical CPU Count: 272
Operating System: Linuzx

14 Intel® Advisor summary view

We use Intel Advisor Smart Mode to narrow down the best optimization candidates (Figure 15a).
The loop where we are spending the most time is vectorized, but it is still below the MCDRAM
roof (Figure 15b). This possibly indicates issues with memory use. Let's examine the loop using
Code Analytics and Recommendations.

15a Intel® Advisor smart mode selector
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Performance (GFLOPS) k |3| ! | [] Use Single-Threaded Roofs®
1000

100

10

15b Intel® Advisor roofline chart filtered using smart mode

Lo I bR AR Sl O A G 8 AVSAGCHHECAUNSSAZ500 @ Statistics for FLOPS And Data Transfers ®
. @ Giga Floating-point Operations Per Second
Vertnri Bodv) ??0_,62548 Instruction Mix @ Per-loop GFLOPS = Total FLOP / Elapsed
ety | S Memory:4 Compute:8 Other 12 Number of Vector Registers: Tame  Eapeed timeiis e exchsivs (el
13 - : - GFLOPS 266.242  time-based) wall time from the beginning to

AVXE12F_512 1957 548s

the end of loopifunction execution. For
Instruction Set  Self time

single-threaded applications Elapsed time is
equal to Self-Time.

> Memory 16% (4) (] Al - Arithmetic Intesity - Ratio of

» Compute 33% (3) Al 0.606 gl\;ﬁ:ypumtl}pemtmnyn L1 Transferred
o Other  51% (12) (D o ot Uil
P | Mask qpp  Fatio of Utiized Vector Elements to Total
Instruction Mix Summary Utilization Wector Elements.
GFLOFP 4194.304 Giga Floating-point Operations
FLOP Per
- i 160  Floating-point Operations Per Loop fteration
Traits ® fteration

GathersiFMA, Mask Manipulations

Data transfers between CPL and memory sub-system (total traffic,
including L1, L2, LI C and DRAM traffic)

16 Intel® Advisor Code Analytics tab highlighting gathers

We can see heavy gather instructions here and advice to explore the memory access pattern of
the loop (Figures 16 and 17). After running a memory access pattern analysis, we observe a 4
percent gather stride, which gives us a tip as to where there might be the potential bottleneck:
nonoptimal memory access (Figure 18). After looking at the details, we can verify that there is
no need to use gather instructions since the stride is constant (Figure 19a). We can also see the
same in the Intel Advisor recommendations (Figure 19b).

Issue: Possible inefficient memory access patterns present

Inefficient memory access patterns may result in significant vector code execution slowdown or block automatic vectorization by the compiler. Improve performance by investigating.

> Recommendation: Confirm inefficient memaory access patterns Confidence: ¢ Need More Data
There is no confirmation inefficient memory access patterns are present. To confirm: Run a Memory Access Patterns analysis.

17 Intel® Advisor memory access patterns recommendation
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Site Location Loop-Carried Dependencies Strides Distribution | Access Pattern Max. Site Footprint
[loop in ComputeQCPU at computeQ.c:66] Mo information available 96% /0% /4% 0 Mixed strides 3MB
<

e Parallel Universe

Mermory Access Patterns Report | Dependencies Report ‘¢’ Recommendations

68

Site Name Recon

loop_site_17

D
P1
P2
P4
Ps
P6
P7
P2
Pa
P
P1

Stride Type Source Mested Function Variable references

[ Gather stride computeQ.c:66 block 0x7f0045867010 allocated at main.c:99 | SMB

H] Parallel site information computeQ.c:66

= o Uniform stride omrig_exe_noglsix2%ad _svml_sincosf16 _ svml_sincosf16_chosen_core_func aB

= o Uniform stride omrig_exe_nogdslx2dct  _svml_sincosf16_b3 G4B

B o Uniform stride omrig_exe_noglslx29de _svml_sincosf16_b3 64B

B o Uniform stride omrig_exe_noglslx2%3 | _svml_sincosf16_b3 __svml_ssincos_data 64B

= o Uniform stride omriq_exe_nogls:x2%a  _svml_sincesf16_b3 __svml_ssincos_data 648

= o Uniform stride omrig_exe_nogls:x2al7  _svml_sincesf16_b3 __svml_ssincos_data 648
00 @ |o Uniform stride omriq_exe_nogls:lx2ald  _svml_sincesf16_b3 __svml_ssincos_data 648
1 8 |0 Uniform stride omriq_exe_nogls:lxlalb _svml_sincesf16_b3 __svml_ssincos_data 648

18 Intel® Advisor Memory Access Patterns Report

Intel® Advisor Memory

19a Access Pattern Report

Issu

details i

Operand 5ize (bits): 32

Operand Type: bit™16:float32*16
Yector Length: 16

Memory access footprint: 3MEB

¥  Gather/scatter details

Pattern: "Constant (non-unit)”

Instruction accesses values with constant offset from
the base:

- stride within instruction = X

- stride between iterations = X*vector length

Huorizontal stride (bytes): 16
Vertical stride (bytes): 256

Mask is constant
Mask: [1111111111111111]
Active elements in the mask: 100.0%

%  Variable references
Mames: block Oe7f0043867010 allocated at main.c: 9

e Inefficient gather/scatter instructions present

| Access Footprint

The compiler assumes indirect or irregular stride access to data used for vector operations. Improve memory access by alerting the compiler to detected regular stride access patterns, such as

Pattern Description
Invariant The instruction accesses values in the same memory throughout the loop.
Uniform {Horizontal Invariant) | The instruction accesses values in the same memory within the vector iteration.
Vertical Invariant The instruction accesses the memory locations using the same offset acress all vector iterations.
Unit The instruction accesses values in contiguous memeory throughout the loop, and the stride between vector iterations = vector length,

() Recommendation: Refactor code with detected regular stride access patterns

The Memory Access Patterns Report shows the following regular stride access(es):

19b Intel® Advisor gather/scatter recommendation
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#pragma omp simd private(expArg, cosArg, sinArg) reduction(+:QrSum, QiSum)
for (indexK = 0; indexK < numK; indexK++) {
expArg = PIx2 * (kVals[indexK].Kx * x[indexX] +
kvals[indexK].Ky * y[indexX] +
kvals[indexK].Kz * z[indexX]);

COsArg
sinArg

cosf (expArg);
sinf (expArg);

float phi = kVals[indexK].PhiMag;
QrSum += phi * cosArg;
QiSum += phi * sinArg;

20 Source code of the rate-limiting kernel

Everything becomes clear after checking the source code of the kernel (Figure 20). The code
uses an array of structures, which become “gathers” after vectorization. However, newer versions
of the Intel® compiler can recognize the access pattern and apply optimizations to get rid of
gathers in order to use more lightweight instructions. “Gathers” replacement is performed by the
“Gather to Shuffle/Permutes” compiler transformation and can often be profitable on modern
CPUs, especially on platforms with Intel AVX-512 support. [Editor’s note: Martyn Corden’s article
“Vectorization Opportunities for Improved Performance with Intel® AVX-512" in this issue of
The Parallel Universe describes how the Intel® Compiler 2017 takes advantage of Intel AVX-512
to create new opportunities for loop vectorization.]

Let's take a look at the roofline after recompilation using the new Intel compiler (e.g., Intel
Compiler 2017 Update 1) with “Gather to Shuffle/Permutes” support. We can see that the dot
is above MCDRAM now, and there are no gather instructions (replaced with Intel AVX-512
“2-source permutes”), as well as an increased number of floating-point operations per second
(Figures 21 and 22).

Performance (GFLOFPS) b |E| *- »® [0 | [ Use Single-Threaded Roofs®

2890.75 | | - panduidh 1264 GBSES Lo omems B

MCDRAM Bandwidih: 44874 GE/seC

DRAM Bandwidfi: 23,53 GBisec

222 - 015

21 Intel® Advisor roofline chart showing loop now above MCDRAM bandwidth
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Loop in CompuleQEPL atcomputed 63 Average Trip Gounts: 12500 ©  Sstatistics for FLOPS And Data Transfers ®

35450973 Code Optimizations ®

Vectorized (Body)  Total

Compiler: Intel(R) C Intel(R) 64 Compiler for applications running on Intel(R) 64, GFLOPS 242.671

s squal to Self-Time.

Intesity - Ratio of Floating-point Operations to

AVX512F_512 1444120s
Instruction Set  Self ime Compiler estimated gain: 18 44x

Al 0.408

Code Optimizations Applied By Compiler During Vectorization: Mask Utlization 100

Traits ™ - Cost Hodel Was lgnored GFLOP  4194.304
raits ® « Dependency Analysis Was Ignored FLOP Per

« SIND eration 160

oating erations Per Loop teration
2-Source Permutes
N Data transters between CPU and memory sub-syste (total traffc, including L1, L2, LLG and
Blends DRAM traffic)

FUA
in Giga Bytes  10276.045

in Giga Bytes Per
‘Second 839.543

in Bytes Per Loop
heration 92

22 Intel® Advisor Code Analytics tab

However, there is a more effective way to resolve such issues: AOS (array of structures) to SOA
(structure of arrays) conversion. This optimization allows us to use more convenient data containers
to improve efficiency during vector processing. In the past, it involved manually reworking the
underlying data structures. Now, using the Intel® SIMD Data Layout Templates library (Figure 23),
we can simply improve the performance by adding a few lines of code where the kvalues
structure is declared, where the structure is initialized, and where the K-values are computed.

#include <sdlt/sdlt.h>
struct kValues {

float Kx;

float Ky;

float Kz;

float PhiMag;
}i

SDLT PRIMITIVE(kValues, Kx, Ky, Kz, PhiMag)
sdlt::soald container<kValues> inputKvValues (numK) ;
auto kValues = inputKValues.access();

for (k = 0; k < numK; k++) {

kvalues [k].Kx() = kx[k];
kvalues [k].Ky() = ky[k];
kvalues [k].Kz() = kz[k];

kvalues [k].PhiMag()
}

phiMag[k];

auto kVals = inputKValues.const_access();
#pragma omp simd private(expArg, cosArg, sinArg) reduction(+:QrSum, QiSum)
for (indexK = 0; indexK < numK; indexK++) {
expArg = PIx2 * (kVals[indexK].Kx() * x[indexX] +
kvals[indexK].Ky() * y[indexX] +
kvals[indexK].Kz() * z[indexX]);

COsArg
sinArg

cosf (expArg);
sinf (expArg);

float phi = kVals[indexK].PhiMag();
QrSum += phi * cosArg;
QiSum += phi * sinArg;

23 Using the SIMD Data Layout Templates library
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Let's check the new roofline chart (Figure 24). After applying this optimization, the dot is no
longer red. This means it takes less time now, and it has more GFLOPS, putting it close to the
L2 roof. Additionally, the loop now has unit stride access and, as a result, no special memory
manipulations. The total performance improvement is almost 3x for the kernel and 50 percent
for the entire application. Additionally, the loop now has unit stride access and, as a result,

no special

memory manipulations (Figure 25a and 25b).

Performance (GFLOPS) k |g| | O Use Single-Threaded Roofs®
1000
100
10
T
i 1
Self Time: 536.471 s  Total Time: 2631.710 s
24 Intel® Advisor final optimized roofline chart
Site Location Loop-Carried Dependencies | Strides Distribution | Access Pattern | Mar. Site Footprint | Site Name | Recommendations
[loop in _ZNdsd .. No information available 100557057 0%° Al unitstrides  759KE B loop_site 27
Mernory Access Patterns Report | Dependencies Report | ¢’ Rec dati
1] g Stride | Type | Source | Nested Function | Variable references | Access Footprint | Modules | Site Name
Parallel site information | rvalue_binary_operator_proxy_other xmacro.h:30 omrig_exe_soa loop._site_27
P2 [ Uniform stride omriq_exe_soa:0x2d28 _ svml_sincosf16 __svml_sincosf16_chosen_core func 8B omrig_exe_soa loop_site_27
P4 @ o Uniform stride omric_exe_soa:0x2d4f __svml_sincosf16_b3 648 omrig_exe_soa loop_site_27
P5 @ o Uniform stride omrig_exe_soa:lx2d5e __svml_sincosf16_b3 648 omrig_exe_soa loop_site_27
P& (=] Uniform stride omrig_exe_soa:lx2d73 __svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site 27
P7 B o Uniform stride omrig_exe_soa:lxdd7a _swvml_sincosf16_b3 __svml_ssincos_data B4B omrig_exe_soa loop_site_27
Pg [ Uniform stride omriq_exe_soa:0x2d87 __swvml_sincosf16 b3 | _ svml _ssincos_data B4B omrig_exe_soa loop._site_27
P9 @ o Uniform stride omric_exe_soa:0x2d%4 __svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site_27
Pi0 @ o0 Uniform stride omrig_exe_soa:lx2d%b __svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site_27
PI1 @ 0 Uniform stride omrig_exe_soa:lx2dal __svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site_27
Pz @ o0 Uniform stride omrig_exe_soa:lx2dbb _swvml_sincosf16_b3 __svml_ssincos_data B4B omrig_exe_soa loop_site_27
P13 @ o Uniform stride omriq_exe_soa:lx2dcb _swml_sincosf16_b3 | _ swml_ssincos_data B4B omrig_exe_soa loop_site_27
P4 @ o Uniform stride omric_exe_soa:(x2dd2 __svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site_27
P15 @ 0 Uniform stride omric_exe_soa:(x2ddf __svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site_27
Pi6 @ 0 Uniform stride omrig_exe_soa:lx2def __svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site_27
Pi7 @ 0 Uniform stride omrig_exe_soa:0x2df4 _svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site 27
pig @ o Uniform stride omrig_exe_soa:0x2el3 _swml_sincosf16 b3 _ swml_ssincos_data B4B omrig_exe_soa loop_site_27
Pig| @ o Uniform stride omriq_exe_soa:ix2ela __svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site_27
P20 @ 0 Uniform stride omric_exe_soa:lx2e?1 __svml_sincosf16_b3 __svml_ssincos_data 64B omrig_exe_soa loop_site_27
P21 @ 0 Uniform stride omrig_exe_soa:ln2ed __svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site_27
P2 B 0 Uniform stride omrig_exe_soa:lx2ed] _svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site 27
P23 B o Uniform stride omriq_exe_soa:(x2edd __swml_sincosf16_b3 | __swml_ssincos_data B4B omrig_exe_soa loop_site_27
P24 @ 0 Uniform stride omri_exe_soa:(x2e35 __swml_sincosf16 b3 | __svml _ssincos_data 64B omrig_exe_soa loop_site_27
PS5 @ o0 Uniform stride omric_exe_soa:(x2ef2 __svml_sincosf16_b3 __svml_ssincos_data 64B omrig_exe_soa loop_site_27
P26 @ 0 Uniform stride omrig_exe_soa:ln2e7h __svml_sincosf16_b3 __svml_ssincos_data 648 omrig_exe_soa loop_site_27
P27 @ 0 Uniform stride omrig_exe_soa:(x2ed6 _svml_sincosf16_b3 648 omrig_exe_soa loop_site 27
P28 B o0 Uniform stride omriq_exe_soa:lxele __swvml_sincosf16_b3 B4B omrig_exe_soa loop_site_27
PO @ 1 Unit stride computeQ.c:72 ComputeQCPU 769KB libiomp5.50; omrig_exe_soa loop._site 27
P30 @ 1 Unit stride compute(.c:73 ComputeQCPU T69KB libiomp3.50; omrig_exe_soa loop_site_27
P31 @ 1 Unit stride computeQ.c:79 ComputeQCPU 765KB libiomp3.s50; omriq_exe_soa | loop_site_27
P32 @ 1 Unit stride computeQ.c80 ComputeQCPU T6AKE libiomp3.50; omriq_exe_soa | loop_site 27
P33 @ 1 Unit stride rvalue_binary_operator_proxy_other xmacro.h:30 769KB libiemp3.s0; omriq_exe_soa loop_site 27

25a Intel® Advisor final optimized Memory Access Patterns Report
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Loopin _INTERNAL 6 main_c_29bd265F ComputeQCPU at
computeQ.c:70

- 2631.709s
236.471s

Set  Selftime

AVX512F_512

ely)

Traits @

FIA

25b Intel® Advisor final optimized Code Analytics tab

Conclusion

72

Statistics for FLOPS And Data Transfers @

Giga Floating-point Operations Per Second
Per-loop GFLOPS = Total FLOP / Elapsed
Time. Elapsed time is the exclusive (zelf-

GFLOPS 761.895 time-based) wall time from the beginning to
the end of loop/function execution. For
single-threaded applications Elapsed time is.
equal to Self-Time.

Al - Arithmetic Intesity - Ratio of
Al 0.545 Floating-point Operations to L1 Transferred
Bytes
Mask 100 Ratio of Utiized Vector Elements to Total
Utilization Vector Elements
GFLOP 3774.874  Giga Floating-point Operations

Data transfers between CPLU and memory sub-system (total traffic,
including L1, L2 LLC and DRAM traffic)

in Giga Bytes 6920.602
in Giga Bytes
Per Second 1396.807

The roofline model provides a new, visually intuitive, and powerful representation of your
application’s performance. By using the proper optimization techniques, as indicated by the
region of the roofline chart your application is in, you can avoid wasting valuable time on
optimizations that will have minimal impact on your performance. The roofline model can answer

the following questions:

e Can | get better performance?

o What are the key performance bottlenecks: memory or CPU?

e How much speedup can | get if | optimize a particular bottleneck?

e How much speedup can | get if | use another platform?

As systems get bigger and more complex, getting these answers is nontrivial, but roofline analysis

can save you time and effort.

Modernize Your Code

e To get the most out of your hardware, you need to modernize your code with vectorization

and threading.

e Taking a methodical approach such as the one outlined in this article, and taking advantage of the
powerful tools in Intel® Parallel Studio XE, can make the modernization task dramatically easier.

e Use Intel® Advisor roofline analysis, now available in Intel® Parallel Studio XE 2017 Update 1.

e Send an email to vector_advisor@intel.com to get the latest information on some exciting new

capabilities that are currently under development.

For more complete information about compiler optimizations, see our Optimization Notice.
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Useful Intel Advisor Links

Get started with the Intel® Advisor roofline feature

Selftime-based FLOPS computing with an important explanation of how to interpret
roofline results for nested loops

Analyzing Intel MPI applications with Intel Advisor
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