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The Roofline Model

Flop: How many FP Byte transferred: How

operations is your many bytes need to
kernel performing be transferred

Performance is expressed in Flop/s
* Number of operations per second
* We usually want to maximize this number

Arithmetic intensity
» Ratio between flops and bytes
* Directly impacts the performance
(memory bound/compute bound)

2 Operations

/\

a; = bi+ C; * di

TW+3R = 4*4bytes = 16 bytes
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Building a Roofline Model

Roofline model is based on the formula

Gflop/s= min {

Roofline Axis

Vertical axis is the performance
in Gflop/s

Horizontal axis is the arithmetic
intensity (Flop/Byte)

Using log scales Gflops/s

A

Platform PEAK
Platform BW = Al

ectorization + threading |

[Optimize memory access |

=

Flops/Byte

v




Old approach — pen and paper to get Roofline data

Roofline Model of Iso3DFD on Intel Xeon Phi CO-7120P
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“3D stencil performance evaluation and auto-tuning on multi and many-core computers”, C.Andreolli et.al.

Cumbersome - but people still did it!




(“Cache-aware”) Roofline Automation,
since 2016

Performance (GFlops/sec) & |§| - *x é
Roof Name Visible  Selected
(| DRAM Bandwidth
Egch Roof (slope) ® - _| L1 Bandwidth
- L2 Bandwicth O
Gives peak CPU/Memory throughput
of your PLATFORM (benchmarked) LB O
Scalar Add Peak O
SP Vector Add Peak
DP Vector Add Peak O O
Each Dot SP Vector FMA Peak
. . DP Vector FMA Peak 0 O
represents loop or function in
Yo U R APPLICATIO N p rofi led) Loop Weight Represertation Cancel Default
s e [] Size [+] Color Visible
+ @ 4 areen
= Threshold Walue (0.2 %
+ O 5 yellow
= Threshold Value |2 %
+ . 8 red

0.0015
Seff Tme: 10.918 s Total Time: 10.918s

Source TopDown  Loop Analytics  Loop A bly ¥ Rec datis @ Compiler Diagnestic Details

Automatic and integrated - first class citizen in Intel® Advisor
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Questions to answer with Roofline: for your loops / functions

Am | doing well? How far am | from the
pick?

(do I utilize hardware well or not?)

Final Bottleneck?

(where will be my limit after | done all optimizations?)

Long-term ROI, optimization strategy

GFlop/s

Peak FP

lﬁglaﬁlu%lzatlon gap.

Platform underutilization.
Ban (T*!l ' Compufe
L]

Beund Bound
[ ]

Flop/byte

[l | Performance (GFLOPS)

: "MemUEFyLbouﬁd invest |nto cache

BICY]

18 = | O Use Single-Threaded Roofs

ok 5871 GFLOPS

?
DP Vector Add Pezk: 18.27 GFLOPS

Scalar Add Peak: 4.

?
41GFLOPS

blocklng etc

Source

18 loops total

Compute bound: invest into
SIMD,..

int i=0; i<lbay.ng: i++) { 00625

03905 |
048 1

0,795 =




The Roofline Model in Intel® Advisor

First Implementation: Cache-Aware Roofline Model (CARM)
« Based on instrumentation

« 2 runs: one for sampling and timing loops and functions (low overhead); second one for
instrumentation

* Algorithmic version of the Roofline Model, optimization usually does not impact Al
* © Really powerful to characterize an algorithm
*  ® Not always easy to find your current #1 bottleneck G e o e

preview feature, need:

Additional Implementation: Integrated or « mutli-level » Roofline Model (IRM)

* Based on cache simulation, evaluate the traffic between each memory subsystem
(L1/L2/LLC/DRAM)

* O Incorporates the « original Roofline model », provides meaningful information for the #1
bottleneck improvement

*  ® Requires more time to run and more visual aids to comprehend

intel‘ .




© Integrated Roofline. What is my current limit?

Hierarchical Roofline for one kernel

Performance is limited by

A
minimum of intercepts: Peak Flop/s

- L1,

<L
- L2, )
- LLC, o
Q
- DRAM, L
- CPU ©
©
<

In this case: by DRAM

Arithmetic Intensity (Flop:Byte)
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Running roofline collection

GUI

Command line

File View Help

i | & | B @ ) Start Survey Analysis B & | @

Froject Mavigator

& C\Users\rbelenoviDocy
=@ bta

@
o
4
iy

=

5

Start Survey Analysis
Start Trip Counts and FLOP Analysis

: Start Roofline Analysis

Start Memory Access Patterns Analysis
Start Dependencies Analysis
Start Suitability Analysis

> source advixe-vars.sh
> advixe-cl -collect roofline -project-dir <advisor project>
-- <your app>

A matmult2

* Simple click or single command

* Two collections are launched one after another
* Low-overhead sampling to get execution times
* Binary instrumentation for FLOPs and traffic

* Roofs are obtained via benchmarks




Roofline collection — advanced

Launch two collections explicitly — may be required for MPI

> advixe-cl -project-dir <your project> -collect survey -- <your app>
> advixe-cl -project-dir <your project> -collect tripcounts -- <your app>

Customize cache configuration

> advixe-cl -project-dir <your project> -collect roofline
--cache-config 4:1024k:32w -- <your app>

« “What if" analysis/projection
* More info in backup slides




How to generate IRM Roofline profile?*

S source advixe-vars.sh

$ export ADVIXE_EXPERIMENTAL=int_roofline

1st method. Not compatible with MPI applications:

$ advixe-cl -collect roofline -enable-cache-simulation --project-dir
./your project -- <your-executable-with-parameters>

2nd method (compatible with MPI applications and more flexible):

$ advixe-cl -collect survey --project-dir ./your project -- <your-executable-with-
parameters>

$ advixe-cl -collect tripcounts -enable-cache-simulation -flop --project-dir
./your project -- <your-executable-with-parameters>

(optional) copy data to your UI desktop system
$ advixe-gui ./your project

IRM How-to:

(inter . 13



https://software.intel.com/en-us/articles/integrated-roofline-model-with-intel-advisor

Chart configuration

Select which

Aggregate data operations are

over calltree counted

(currently works
Onl.y for CARM (® FLOAT () INT () INT+FLOAT
not integrated

[] with Callstacks @

rooflinel)
CARM (L1 +NTS) 112 [113 [ DRAV g Select memory
levels

() Loads () Siores (@) Loads+Siores

Apply Cancel

Select only loads
or stores




Use “Code Analytics” in conjunction with Roofline

m <no current project> - Intel Advisor

- O x
File View Help
Pk | B2 B | & » Start Survey Analysis < | & | @

Welcome | snapshot000 (read-only) stencil_snapshot_integrated000 (read-only) x

Elapsed time: 34.625 [LORIae Not Vectorized FILTER| AllModules ~|| All Sources || Loops And Functions || All Threads  ~

|
Summary % Survey & Roofline ™ Refinement Reports

h(Q B + | cores: 44 @ + || ¥ Dofault: FLOAT GARM (L1+NTS) ~ ][4} No Results to Compare ~ |

A3Imdns

DP Vector FMA Peak 1816.35 GFLOPS
dd Peak: 4 GF
1

1000

SdOT4D

100 +

10 4
14
014 r
001+
FLOP/Byte (Arithmetic Intensity)
T T T T T T T T T
0.001 001 01 1 10 100 1000 10000 10e+5
Physical Cores: 44 © App Threads: 44 @ seff Elapsed Time: 4570 s Total Time: 199.530 s
v Source ‘ Top Down ‘ Code Analytics ‘ y |9 i & Why No V. i ?
~
Loop in bench_stencil_verd$ompSparaliel for@29 at Average Trip Counts: “ 130 @ @
bench_stencil v4.¢.37 Solf Total
199.530 Perloop Per lteration Per Instance
. S GFLOP 9542042  2.80000e-08  3.64000e-06
Veclorized (ody) - Tolal time (Data Transfers and Bandwidth @\ Grrops” 2087993  6.12697e-09  7.96506e-07
AVX: FMA 199.530s Al 0.10938 3.20948e-11 4.17233e-09
Instruction Set  Selftime Per Loop Per Instance Per lteration Float Al Mask Utilization ~ -
L1,Gb 87241523 0.00003  2.56000e-07  0.109375 11Ge"” 87241523 2.56000e-07 0.00003
¥ Dynamic Instruction Mix 5[//7?/77&/J/j. 2 Gb‘ y 403.35163 0.00002 1.18359¢-07 0.236569 N__L1Ghis - 190.90224
» Memory 31% (13631488000, 4) D 13 Gb~ 16086035 6.13634e-06 4.72026e-08 0593188 Erapssd Time ™ 4 569965
» Compute 23% (10223616000, 3] DRAM, Gb
» Mixed 31% (13631488000, 4) D z 25040422 9.55216e-06 7.34782e-08  0.381066
Other 15% (6815744000, 2) @B
Seff bandwidih by memory levels Code Optimizations ®
CPU Total Time 17 Glis 190.902 ‘C?Tgﬂesrdlnle\(l?) C Intel(R) 64 Compiler for applications running on
5.85497e-08s 7.61146e-06s \_ L2005 85,2616 I Bvies i PO v




Exporting Integer and Integrated Roofline as HTML

GUI: Use Export as HTML button Command line:

Surnmary | & Survey & Roofine lﬂRi <« C 0 @ file//C/Users/eantakov/Desktop/rf01.html @ ¢ @ :

kQ 1B ||| Cores: #1 Apps @& Circuit € Buildbot @& Let's Meet » Other bookmarks expo rt
JWEMU\F;”OM“CE Metrics Summary ~ ADVIXE_EXP ERI M ENTAL: i nt_roofli ne
nn ave To File

1
DE=Em | o = _ _
* | advixe-cl -report roofline

% G B3 g _....SPVeclor FMA Peak: 12817 GFLOPS ___
100 4 9

- |y m ; : -data-type=float

ﬂwﬂdM DP Vector Add Peak: 32.04 GFLOPs; _memory_level=L2

el 10 Scalar Add Peak 80 s’ .

g i -memory-operation-type=load

Y 7% 2 . . . .
e -project-dir /path/to/project/dir

L4
01+ b Possible
Com e . ; - T Gl ) data types: float, int, mixed
memory levels: L1, L2, L3, DRAM

memory operation types: load, store, all

* Export Roofline from command line does not need GUI sub-system on clusters
» Useful for rooflines quick exchange

intel‘ . 16




RO Ofs C O n fl g u rat I O n [] Use single-threaded benchmark results o build roofs @ Hide or h |gh llght

(a n d m O re . .) Roof Name Visible Selected Vi Erault th e rOOfS

L1 Bandwidth | 128325 | GBfsec
L2 Bandwidth | 375.94 GB/sec
L3 Bandwidth | 177.2 GB/sec
DRAM Bandwidth Il 2189 GB/sec
Customize roof calculation: SP Vector FMA Peak O s NG Edit values
DP Vector FMA Peak ] 219.15
C FUlly load ed SyStem SP Vector Add Peak 1 |23 GFLOPS man Ua“.y
DP Vector Add Peak ] 56.14 GFLOPS .
alssumed by defau"t Scalar Add Peak [l 13.82 GFLOPS (If needed)
* Tick if most cores are
idle
o S

¥ e greer \ Choose dots
= | Threshold Value 2 % Colo ring Strategy

Change hotspot | gl O*” S (vector-vs-scalar or
classification V@ . slow-vs-fast)

No self time loop color O |#eee

Load... Save..
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Compare results

Loaded results for

two versions

0.1 -

o _'__.-"'"u ompared res
-7 | ¥ Current
Sc

Result: matmult-transposed
[loop In mainompsparallel_for@9 at matmult.cpp:12]

/ matmuli-transposed

k Q E - |Number of cores used for roof modeling| 2 v © FLOAT; No Callstacks; CARM (L1 + NTS); M&s - @ =
: Current version . — e PV [ Compared Results = |
(highlighted) e e opvg % &

Vectorized (Body) AVX2, processes Float64 data type(s)

Performance: 4.04 GFLOPS

CAREM (L1 + NTS) Loads+Stores Anthmetic Intensity: 0.083 FLOP/Byte
Self Elapsed Time: 0.531s

Total Time: 1.063 s

yie (Arithmetic Intensity

Self GB/s: 48.5079

LZ' ) ] Total GB/s: 0
Physical Cores: 2 ® App Threads: 2 ¥ Self Elapseommer o Zar s ToEMMMe UH7TS

Easy to check optimization progress

intel‘ . 18




Share with others

Standalone interactive HTML

Elapeed tme: 12015 (limited functionality)

FILTER:| Al Modules ~|| All Sources ~ | [

Summa % Survey & Roofline | ™ Refinemer|
y Y

O--En
SnapShOt (fu ll_ _/B Roofline data from Intel x\\ \
fe at ure d 0O p ens | N C 0 O filey//C/TEMP/matmult/mm.html % M O
! [ ] Expon_as HTML : Apps m Suggested Sites Disk performance [ Windows 8.1 Help ¢ Other bookmarks
AdVl SO r) AfD = kQ | Number of cores used for roof modeling[2 v | © =
@ ?
u DP Vector FMA Peak: 42.95 GFLOPS
o]
2 f DP Vector Add Peak: 19.11 GFLOPS?
10 o .
Scalar Add Peak: 4.76 GFLOPS
" )
6“‘\6\“ <% [loop in matmult_transposed$omp$parallel_for@8 at matmult_transposed.cpp:11]
\:L%"*O 5@5\ Vectorized (Body) AVX2; processes Floaté4 data type(s)
11 o Performance: 4.99 GFLOPS
o S a9 DRAM Loads+Stores Arithmetic Intensity: 0.31 FLOP/Byte
> s~ | Self Elapsed Time: 0.430 s
> Total Time: 0.844 s
P‘“'\Q) Self GB/s: 16.2642
o o Total GB/s: 0

FLOP/Byte (Arithmetic Intensity)

0.01 0.1 1 10
Physical Cores: 2 @  App Threads: 2 €




A few words about callstacks

e
« |Number of cores used for roof modeling | |1 | ¥ Roofline with Callstacks ¢

4
[ ]

U Callstack:
JF \eelor FMA Peak: 63, SFLUPS O _start
JP Vector Add Peak3T 88 GFLOPS O _libe_start_main a.

Same function, .
L eBlss O main at matmult.c..
Same loo p' - L% Sealar Add peake 757 ariops’ O outer_second &t

5407492

O inner at matmult.c.
i QO [loop in inner at m.
= O [loop in inner at m,
" O [loop in inner at m.

But different ::  ewmnmran
FLOPS and Al

O n d iffe re nt Physical Cores: 4 ® App Threads:oil'E‘ Self Elapsed Timg CO l‘ leCtI n g Ca“‘StaCks We Can
Cal l p at h S ! op Down | Code Analytics | Assembly | ¥ Recommendat

Function Call Sites and Loops Total Timg o See agg regated dots
HTotal 100.0% . .
=_start * Callees and inner loops included
[=__libc_start_main 100.0% . . .
Eiman ol ¢ See different dots for different callchains
[Slouter_first 50.3%
50.3% =1} TUUTST FOTTCITOTT
[Houter second 49.6% I 5.510s 0.000s!( Function
49.6% BB 5510s 0.000s[  Function
= O [loop in inner at matmult.cpp:10] 49.6% HE 5.510s 0.000s! Scalar vector deg
= [loop in inner at matmult.cpp:11] 49.6% N 5.510s 0.010sl Scalar vector dep
=IO [loop in inner at matmult.cpp:12] 49,5% N 5.500s 0.000s! Scalar Versions 1 vector d
O [loop in inner at matmult.cpp:12]|  49.5% HEE 5.500s 5.500sH  Scalar vector de

Available in current product version, does not work with hierarchical roofline yet




Python API

* Fairly new Advisor Extensibility/customization mechanism. Actively used
internally in Intel

« Up to 500 metrics for each loop/function. Really easy to use:

mport sys

» <advisor_install_dir>/pythonapi/examples

ry: .
import advisor

«  $python survey_bottomup.py <project_dir>

sroject = advisor.open_project{sys.argvl11]

* Generate your own customized roofline charts L irvey = project . load(advisor . SURVEY)

Biaceoen

\ From ISC'18 paper or row in survey.bottomup:
(cudos Tuomas) j
— print{row)
) » for key in row:
\n*"wy\

print(’'{}: {}' .format(key, rouwlkeyl))

Fig. 6. SW4 running with 8 MPI ranks of 8 threads on KNL in quad-cache. Observe
fi kernels are strongly tied to MCDRAM(LLC) bandwidth,




