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Statement from the heart

I’d like to begin by acknowledging the Traditional Owners of this land and pay my
respects to Elders past and present.



My Dream

To Completely Understand

the Performance of Everything
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Identify Resources
Choose a Resource

Errors Present?

All Resources
Fully Checked?

Investigate Discovery

Identified
the Problem?

filetop opensnoop c* java* node* php* javathreads gethostlatency
filelife fileslower Python* rubyx memleak
vfscount vfsstat, syncsnoop mysqld_gslower [ . . sslsniff
iossarii dbstat dbslower | Jhistacks
fg:tYI;ema T scread bashreadline threadsnoop
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xfsslower xfsdist 4 oomkill memleak
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overlayfs y 4 i Xkmem kpages numamove
mdflush 4 ieee80211scan ttxlat mmapsnoop brkstack
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4. Advanced flame graphs

3. Stacks & Symbols




Take Aways

1. Interpret CPU flame graphs
2. Understand runtime challenges

3. Why eBPF for advanced flame graphs

A new tool to lower your cost, latency, and carbon

Slides online:
https://www.brendangregg.com/Slides/YOW2022 flame_graphs.pdf



1. IMPLEMENTATIONS



Quick Tour of Some Examples

More examples in later “bonus slides” section.
(Note: This is not an an endorsement of any company/product or sponsored by anyone.)



My original flamegraph.pl (2011; using Perl/SVG/JavaScript)

https://github.com/brendangregg/FlameGraph



Martin Spier d3-flame-graph (my colleague at Netflix; 2015; D3)

d3-fla me-gra ph Resetzoom  Clear | |

Source: https://github.com/spiermar/d3-flame-graph https://martinspier.io/
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Facebook: Strobelight (2014)

Source: https://tracingsummit.org/ts/2014/files/TracingSummit2014-Tracing-at-Facebook-Scale.pdf

11



Node.js: Ox (2016)

node examples/rest-api/

[¥anol *accepts
*format /Users/davi
*onRoute /Users/dav

*find /Users/davidclements/z
j5:403:38 57. *routeAndRun /Users/davidcl

cold W hot [search functions
* optimized ~ unopt

cold

pi/node._r ify/ i js:7 *_handle
Req i pi/node._r i js:324:
[ | *emit events.js:140:44 75.9% on stack, 0.1% stack top *Event
o ro; - 26 ~parserOnli
*_tickCallbat Kiebhup o 53 o rOnH:

all stacks

(Tiers ) Merge ] (" optimized ] [ Unoptimized |
A EE RO EE

emit events.js:140:44 82.9% on stack, 0.02% stack top
parserOnIncoming _http_server.js:595:26 85.8% on stack, 0.22% stack top
_tickCallback parserOnHeadersComplete _http_common.js:64:33 88.6% on stack, 0.39% stack top I

[/ Mnot [_|, ‘searchfuncﬁons

all stacks

G =) (co) EREECED-)

Unoptimized

Source: https://github.com/davidmarkclements/Ox (David Mark Clements)
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Qt: Creator (2016)

B cradarcaugesty

Scyling CircularGauge's foreground}
= Myspplication.pre g
& deployment -_ F preperty Component forsground: Ieem {
4 p Sources AL pmage
. 31324 Fpurcs: "images/kneb.prg"
b=l main.cpp anchors.centerin: parant
4 @ Resources a scale: |
4 [ gmlagre
-/
J-,_f main.gml
= Pagel.gmi
J'g PagelForm.u.qgml

Details: QtQuick/Image
Type: Create

Calls: 1

Total Time: 332.082 ms
Mean Time: 332.082 ms
In Percent: 26%
Location: CroularGaugeStyle.qmi423

Opan Doouments

Bustton.gml

CircularGaugeStyle.gmi I"
CircularTickmarkLabetStyle.qml

Cantral.gmil .

main.cpp
main.grnl
Pagﬂ.qml
Page1Ferrm.ui.qml
Switch.gml

3 Applcation Output 4 Cempile Dulput

Source: https://www.qt.io/blog/2016/05/11/qt-creator-4-0-0-released
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Python: vprof (2016)

Flame graph

—all

———

— e —- Py —
et T T T | [ |

e e e e s e

Function name: _to_rgba_no_colorcycle
L
libipy g

ine number: 151

Sample count: 2
Percentage: 0.8%

14

Source: https://github.com/nvdv/vprof (Nick Volynets)



Microsoft: WPA / ETW (2016)

4 CPU Usage (Sampled) Flame by Process, Stack ¥ |

Series O Line

D .

. MicrosoftEd (O Stacked Lines
od et i (O Stacked Bars

4 CPU Usage (Sampled) Flame by Process, Stack > [ P ﬂ

P dwm.exe (12 T -

D *
MicrosoftEd: Ersble
P MsMpEng.e)

4 System (4)
P devenv.exe (GBI m—

Filter Lower Value

Source: https://learn.microsoft.com/en-us/windows-hardware/test/wpt/graphs#flame_graphs

Series
¥ notepad.exe (173768)
b [Root]

Line # Process

—l

1 notepad.exe (173768)

Stack
P [Root)

Count S Weight (in vie... s_ TimeStamp (s) % Weiéhi S Legend
126 124.403400 0.04
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LinkedIn: ODP (2017)

| Shawtace top 10 het ieal methoch! |

i | Companson

Profile Result Comparison

Please prowde two evert D1 for companson

Thes page oy displays Sarmegraph for target event

Wd shows £pu Samples ntreatng percertage  Larger event ID compared 1o baseine evert 1D
Whue shaws (pu sampkes decrearing percertage n target evert D compared to baseine event 1D
ray shows ekher non-ieaf mechods of stack traces cnly ested in Larget event D

Baseline

Targee 45

Metric

Create Ggh

| Shaorafiade top 10 hat le ol methady’ |

Source: https://engineering.linkedin.com/blog/2017/01/odp--an-infrastructure-for-on-demand-service-
profiling
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Oracle: Developer Studio Performance Analyzer (2017)

Total CPU Time | v |

1

org.apache.hadoop.mapreduce.Mapper.run(org.apache.hadoop.mapreduce.Mapper$Context)
Inclusive: 91.73% 2334.763 sec.
Exclusive: 0.10% 2.662 sec.
Calls F 91.62% 2332.101 sec.

Source: https://www.oracle.com/technetwork/server-storage/solarisstudio/documentation/
011-151-perf-analyzer-brief-1405338.pdf
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Windows: PerfView (2017)

File Diff Regression Help Stack View Help (F1) Understanding Perf Data E ing an Analysis Troubleshooting Tips
Updatef 52ci 8 Forward

0 * 69.868,831 v *

[group module entries] {%}!=>module $1 ntoskrnl!%ServiceCopyEnd Process% dotnet (8644)

By Name ? | Caller-Callee ? | CallTree ? | Callers ? | Callees 2| Flame Graph 2

Notes typed here will be saved when the view is saved. F2 will hide/unhide.

Method: module nuget. ing <<nuget. ing!?> > (57 inclusive samples, 0,91%) Logjl Cancel

Source: https://github.com/Microsoft/perfview/pull/440 (Adam Sitnik)
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Google: pprof (2017)

19

Aug 7, 2017 at 11:37am (PDT)

stacko
seconds
1.801587 s

cpu

profile details:

File

Duration

Unit
Time

Source: https://github.com/google/pprof/pull/188 (Martin Spier)



Linux: hotspot (2017

File Settings View Window Help

summary € Bottom Up € Top Down € | Flame Graph €

cyclesiu W Bottom-Up View Collapse Recu

GI__T
_GI__T
__GI__10_file_seekoff

_fseek

main

ﬂ __libc_start_main
[I=staze

regated cycles:u in total

6.469E+08 aggregated cycles:u cost in total
Caller / Callee

main

Symbol Binary

main

dl_main

Caller Binary gyclesu | Callee Binary

_libe.

_fop...

Time Line

v

Source

CPUs

nbly

mbly for symbol: main

Color Schem
mb|
#include
#include <stdlib.h>
int main(int argc, char** argv)
4155
_GI_T. ‘ ‘_GI_ID_ﬂle 4c 8d 2d &b 0f 00 00
__GI rewin¢ _ fopen_internal 4154
4989 f4
push
push
bb 20 a1 07 00
sub
jmp
nopl

cyclesiu (incl)

0.404% 81.1%

ocatio
main.
main.
main. E 10c2:

rewind(fi

48 89 ef
10d2: e8 79 ff ff ff

file = fop

rgu[0], "rb
4

Source: https://github.com/KDAB/hotspot (Milian Wolff)

cycles:u

perf.data - Hotspot

File

Help Settings
Summary Bottom Up  Top Down  Flame Graph | Caller / Callee

[) Bottom-Down View [ Collapse Recursion  Cost Threshold: 0.10%

] T v T
| (anonymous n.. jl
(anonymous n.. | |
[ ‘ (anonymous n... [ ]_H
I \

I | (anonymous M. |
| (anonymous n..
] [ || (anonymous na...
T 0| eowmeswe] |
-‘ ]— ” (anonymous na..
ﬂi H| | -||ﬂ (anonymous na.. ’7
| H| W (anonymous na..
‘H [ ’77| ‘ —‘ "_"’ —‘ ‘ (anonymous na.. “
AccumulatedTraceData:.. AccumulatedTraceData::read(std::istreamé| (anony.. (anon.. ’7 [ [ (anonymous na..
AccumulatedTraceData:.. (anonymous namespace). (anonymous na..
Parser::parse(QString Parser::parse(QString const&, QString const&)::{lambda()#1}::oper: Parser::parse(Q
Threadileaver: :Lambda.. ThreadwWeaver::Lambda<Parser::parse(QString const&, QString const& ThreadWeaver:.. | |
ThreadWeaver: :Executor: : run(QsharedPointer<ThreadWeaver: :JobInterface> const&, ThreadWeaver::Thread*)

|
L
| N
| I 1
B __[oomGEe | | |
(anonymous .. |

|

‘Threadldeaver: :Job: :execute(QSharedPointer<ThreadWeaver: :JobInterface> const&, ThreadWeaver::Thread*)

(anonymous na.. [ ‘

" (anonymous na. |‘| ‘

::__normal_l...
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Eclipse Foundation: TraceCompass (2018)

[ Project Explorer

| ls-traces/kernel

} Is-traces/kernel
Is-traces/kernel
Is-traces/kernel
Is-traces/kernel
Is-traces/kernel

Is-traces/kernel

2018-01-29 15:00:45.917 659 277 kernel 2
2018-01-29 15:00:45.917 659 943 kernel_2
2018-01-29 15:00:45.917 660 200 kernel_2
2018-01-29 15:00:45.917 661 664 kernel_2
2018-01-29 15:00:45.917 662 423 kernel_2
2018-01-29 15:00:45.917 662 698 kernel_2
2018-01-29 15:00:45.917 662 936 kernel_2

reu_utilization
sched_stat_wait
sched_switch
syscall_exit_read
syscall_entry_lseek
syscall_exit_lseek
syscall_entry_read

hEI W toEQ &y~
@ = | name J 15:00:45.908 15:00:45.909 15:00:45.910 15:00:45.911 15:00:45.912 15:00:45.913 15:00:45.914 15:00:45.915 15:00:45.916.
w & Tracing stackinfo not available (Is-traces/kerne
v 3 Experiments [3] ¥ Istraces/ust/uid/0/64-bic
! v
-5 o) B
L
B (s-traces/kernel H print_dir
®;(s-traces/ust/uid/0/64-bit H
i I I A i 1
E¢ Active Thread ”‘
T Context switch
» % Counters
» = CPUusage
4% Debug Info
» & Event Matching Latency
» & Futex Contention Analysis
» B Input/Output
» £ IRQ Analysis 1
» 8 Kernel memory usage _ L L 1 S T IIIH THI-THE
» A Linux Kernel
» & LTTng-UST Callstack 1 Function Duration Statistics 33 v = & Flame Graph 32 %y v =
P = 05 Execution Graph Level Minimum Maximum  Average Standard Deviation Count Total :’-DDD e 0.002s 0.004s
» & Statistics aces/ust/uid/0/64 ¥ Is-26064
» B system Call Latency v Total 161ns| 51.750ms| 4.799ps 265.470 s} 111541} 535.274ms 0
md5_process_block 249ns; 14425 268ns 65ns; 5851  1.569ms ;
82 control =8 just 165ns 924ns 178ns 44ns;  640] 114.039ps 3
P . ® extract_dirs_from_files 3.619pus;  3.619ps; 3.619ps - 1 3.619 s 4
[type fiker text close_stdout 71.929ps 71.929ps| 71.929ps - 1 71.929ps :
s m—= heap_alloc 1.462ps]  1.462ps|  1.462ps - 1 1.462ps
_stat 3.190ps]  3.190ps,  3.190ps - 1 3.190ps ;
v*h Provider get_nonce 18.200ps  18.200ps, 18.200ps - 1) 18.200ps 9
> Kernel quote_name 853ns| 32221ps|  1.064ps 1.849ps| 379 403.253ps 10
% sessions version_etc_ar 1.970ps; T.229psi  4.599ps - 2, 9.199ps n
hard_locale 198 ns 302ns 250ns - 2 500 ns :i
gobble_file 1.889ps, 16.743ps,  2.155ps S06ns; 380 818.73aps b i AT
xrealloc 1.308ps{ 13.090ps;  7.199ps -] 2 14.398ps 15 W-HE— 1 W
default_kev comnare. 57205 57208 5720 — 1 5721
s-traces £ Is-traces/ust/uid/0/64-bit =
Trace Timestamp Channel ~ CPU  Eventtype Contents
A7} <srch> <srch> srch> <srch] <srch> | <srch>

End context switch, context._perf_cpu_migrations=33
, context._perf_cpu_migrations=33
prev_comm=swapper/2, prev_tid=0, prev_prio=20, prev_state=0, next_comm=sort, next_tid=26070, next.
6, buf=140720802526912, context._perf_cpu_migrations=33
context._perf_cpu_migrations=33
6795, context._perf_cpu_migrations=33
fd=3, count=8, context._perf_cpu_migrations=33

Source: https://www.eclipse.org/tracecompass/index.html

il
is]

£ ]
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o,

!Amnm:lnd Analysis Results

¥ (o Java Application
= Threads
¥ g Memory
#§ Live Objects
@@ Lock Instances
Lrielo
& Socket 110
(5 Method Profiling
‘. Exceptions
& Thread Dumps
¥ & JVM Internals
ﬂo-me Collections
I 6C Configuration
» (3, Compilations
® Class Loading
&8 v Operations
¥4 TLAB Allocations
¥ §\ Environment
[ Processes
I Environment Variables
g System Properties
B Recording
i Event Browser
1l 61 Heap Layout
- Java FX
& Metadata

[ properties 3 @ Rosults |

e

Property Value

7 @ Method Profiling oo

<No Selection> Aspect: <N

Top Package

weblogic. g
weblogic.descriptor.internal
Java.io

java.util

java.lang
weblogic.xml.babel.baseparser
sun.nio.cs

weblogic.xml.stax

Java.util.zip
com.bea.staxb.runtime.internal
weblogic.diagnostics.instrumentation.engine.bas
sun.misc

Java.util.regex
com.bea.objectweb.asm
weblogic.

Java.nio

Jjava.beans
weblogic.xml.babel.scanner

Top Class
© weblogic.diagnostics.image.descriptor. Instrur

= mmo]

Java: Java Mission Control (2018)

RAK = O

Stack Trace
. void weblogic.di ics.image.

T void weblogic.

1 void weblogic.di

1 void weblogic.

1 void weblogic. image.

1 void i SelfTuni

run()

1 void i ExecuteT

1 void weblogic.work.ExecuteThread.run()

Source: https://github.com/thegreystone/jmc-flame-view (Marcus Hirt)
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Netflix: FlameScope (2018)

(@ 127.0.0.1 5000/

@ FLAMESCOPE  Home

o4
e
L

T & '
= 1" = y

[ ] F LA M E S C O P E Home Heatmap (perf.stacks01) Flame Graph (47.680, 47.760)

a | | L ]
-
L]
L}
3 a" Pr..

i ol Co... In...
ParNewG... VOI... Ini.
3. See flame gra InstanceKlass:... Ob... Pa...
for that range ParScanThreadState::trim... Pa...
[ ParRootScanWithBarrierTw... In...
InstanceKlass::oop_oop_it... In.
= FreeListSpace_DCTOC: :walk_me...
il FreeListSpace_DCTOC::walk_me...
Co... Filtering_DCTOC: :walk_mem_re...

BlockOffsetArrayNonContigSpace::block_start_uns.. DirtyCardToOopClosure::do_Me...
CardTableModRefBS: : process_chunk_boundaries ClearNoncleanCardWrapper: :do_Mem...
CardTableModRefBS: : process_stride

sacond: 38, millsecond: 580, count: 1

CardTableModRefBS: :non_clean_card_iterate_parallel_work 00...

CardTableModRefBS::non_clean_card_iterate possibly_parallel Ma... ParNewGeneration::... voi...
CardTableRS::younger_refs_in_space_iterate Co... InstanceKlass::oop_oop_iterate... Ob.. Ty..
ConcurrentMarkSweepGeneration: :younger_refs_iterate Ge... ParScanThreadState::trim_queues Ty
GenCollectedHeap::gen_process_roots ParEvacuateFollowersClosure: :do_void

ParNewGenTask: :work
GangWorker: :loop

Source: https://netflixtechblog.com/netflix-flamescope-a57cal9d47bb (Brendan Gregg, Martin Spier) »a



Netflix: FlameCommander (2019)

6 CPU Profile

All Profiles

Date ~

May 19, 2020 1

051972020

36 AM

May 19, 2020 11:33 AM

Instance / Container 3

=t car2t4adaaliilag

0081 7o TATOCE2GI05

Account =

CPU Profile >

Sattings.

PID

10

Enhanced

e

LT

U

Source: https://www.youtube.com/watch?v=L58GrwWcrDO0O (

Lo/ et orermator Llecy el st ner Hosue SLIETYCHLSE
u ooy

Search v
x s
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LounjrefectjGenersted athodhccomiardid: -ivoke
Lo oo/ myecintermal ProverethodtFactory: ool
Stancard . L oog e/ mject/intarmal /Prorderiethod $ actory 1. cal
rserias Mo g -
oites o
EE) Syt Lo resfie gersermatos] ey st emer Mock SRR
Derung v — [
Lenem/Gooe/mjecE e Provsereeos Facory, get Lco
o eo.
lectorimpl;-catinCany
i o et Loorn/netfiaf ot g B ot oo
graphs (Gvonia et/ hemal N ol imElS 281 e
Loom/gasgie/myect/memal/Injecorimal; - caBinCantext e
. . s centcal to Grovpiter
= (20 fiame gragh (has e same
shaps anc sarmple count) o
Leomnetfa/secdedbindinga/Seededontets SLamseas25 T2/ 1 60252103 ca

B uses colors 1o NGNIGH the
ronces betwesn (LI a5

- (D trames mean less samples
‘w0 (T fame ragh,

CD) rames mean mere sampies

in o () P oragh:

* (@I *ames mean no &

botweon EX0

* Eiad flama graph has cnly tha
stacks prosent in the [T

* Balance Proties wil spply & weight 1o

g
Loen/etflen/ 532/ comite/Ga2ContextWrapper. - callinCentext

Lo/ et ConGuT Ry NIV G e/ erves L OnOTEnCYLITY
Lo/Grpe/Cont exts s Contextuarec ServerCasListener.  cona#CIote

New CPU Profile

e sama numbar of samgios

Martin Spier, Jason Koch, Susie Xia, Brendan Gregg) 04




AMD: uProf (2019)

:' AMDuProf - [C:;/Temp/AMDuProf-...-02-2019_17-03-05.db]

Clear

- O
PROFILE SUMMARY ANALYZE SETTINGS
Profie Samples Counters CPU clocks Process1 3628 I Show Flamegr: @)  Search function name...
2aAIT.. LUl ... MU SaLuSLUwvwi ...
_ kern... Ldrp... RtlpActivateLow...
Create... Ldrp... RtlpPerformHea...
Create... LdrpG... RtlpAllocateHeap
il RtipAllocateHea...
i i
I [
i LdrpMa
11 LdrpMa
I | LdrpLoa...
I | LdrpCallInitRoutine LdrpFin...
Ldrps... i LdrpInitializeNode LdrpLoa...
LdrpPr... I I LdrpInitializeGraphR... L... L... LdrpLoa...
LdrpW... i LdrpInitializeGraphR... Ldrp... LdrLoadDII
TppW... I LdrpInitializeProcess
TppW..  _mainCRTStartup ntdll.dll10x7ffbdsfafads
BaseThreadInitThunk Ldrplnitialize
RtlUserThreadStart LdrInitializeThunk

Source: https://developer.amd.com/amd-uprof/?sf215410082=1
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Java: YourKit (2019)

| @ cpu = | E Threads * | @ Memory * | & Garbage Objects * | # Exceptions * | & Performance Charts * | @ Events * | @ Inspections * | B Summary

— o Q XMLDocurr HMLDocurr
= CPU profiling a - -
Tracing -
= SchemaDO SchemaDOl
b CPU usage telemetry - I X5DHandle « ..
5 Call tree — All threads merged HMLSchemaloaderloadt XSCe  ¥MLSchemaload

e
" Call tree - By thread

HMLSchemaFactory.newschem:
SchemaFactory.newSchema SchemaFactory.newSch _ $ Sl:hemaFal:lory.nl
_— _ Local¥sdResolver.resoh LocalXsdResolverore Local¥sdResolver.re

& Hotspots Local¥sdResolver.buildXsdDesa _ LocalXsdResolver.bi

. MappingXsdSupport.<init>
Method list

JpaOrmXmlEventReader.mapMamespace

Java EE JpaOrmXmlEventReader mapMNamespaces

Database

JpaOrmXmlEventReader.wrap
® JSPs and servlets

+ STAXEventReaderreadDocu Time (ms): 538 6%

INDI .
2 MappingBindertoDom4jDocur Avg. Time (ms): 538
Count; 1

% SchemaFactory

JpaOrmeIEveaneader.peek| # orghibernate.bootjaxb.internal.stax.JpaOrmXmlEventReader.wrap(StartElement) |

AbstractBinder.doBind Daouble click to zoom

Source: https://www.yourkit.com/docs/java/help/cpu_flame_graph.jsp
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Java: IntelliJ IDEA (2019)

Profiler: [Async Profiler] Memory 54646 Scheduler Java Flight Recorder 54666 Scheduler

| Sampling Call Tree  Events

Flame Graph  Call Tree  Methods List

All threads merged (@ J:a\{a.Iang.invoke.DirectMethodHandIe.make

JFR request timer o AGeS1Y. Java.lang.invoke.LambdaForm.createldentityForms
main m 1 samples, 100.00% of parent, 33.33% of all

.Scheduler.main
java.lang.invoke.BoundMethodHandle.<clinit> java.lang.invoke.MethodHand|
j.l.i.BoundMethodHandle$SpeciesData.<clinit> java.lang.invoke.MethodHand|
j.l.i.BoundMethodHandle$SpeciesData.initForBootstrap |java.lang.invoke.CallSite.<clini
j.l.i.BoundMethodHandle$Factory.makeCtors java.lang.invoke.MethodHand|
j l.i. BoundMethodHandIe$Factory makerthtor j li . MethodHandIes$Lookup 0

» 4:Run i= 6: TODO Gy Profiler Terminal O Services () Event Log

Source: https://blog.jetbrains.com/idea/2019/06/intellij-idea-2019-2-eap-4-profiling-tools-structural-search-
preview-and-more/ 07



Firefox: Profiler (2019)

Firefox 90 - Linux  Full Range

Graph type: Categories with CPU o Categories Stack height

1 34

Memaory

Web Content (2/2)
PID: 32623

Network

Memaory

Screenshots

Call Tree Flame Graph Stack Chart Marker Chart

© Al stacks () JavaScript () Native

@ Profile Info &, Upload Local Profile Docs (2

Marker Table Network

Filter stacks:| 2. Enter filter terms

- Y

Complete "Web Content (2/2)" Drop: PollWrapper
66.5ms (2.2%) https://www.mozilla.org/media/js/BUNDLES/common.6d7a11bf7f82.js
M Running | M Self
seral| I &1 samples -
Native code NN 35 samples =
JS interpreter I 18 samples -
4 samples =
4 samples =5
i
Stack Type: Native | Coes
Category: JavaScript: Interpreter ‘ 9.
Page URL: https://www mozilla.org/en-US/ i -
I HIN - m...
Re... - Reflow https:{fwww.mozilla.crg/en-US/ nslay.. |BE o js..k I
Pr... 7 Daf InterruptibleLayout 0 PresS... nsView... 7 IS Preco...
nsRe... nsRefreshDriver::Tick e AsyncF...
nsTi... PWsync:Msg_Notify n... nsHt... js::Ru..

Source: https://profiler.firefox.com
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Linux: perf script flamegraph (2020)

Clear

Reset Zoom

Source: https://access.redhat.com/documentation/en-us/red_hat_enterprise_linux/8/htmi/

_performance/getting-started-with-

flamegraphs_monitoring-and-managing-sygtem-status-and-performance (Andreas Gerstmayr)

status and

monitoring_and_managing_system
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MathWorks: MATLAB Profiler (2020)

4 Profiler

r— ] x

[ h

= Find | - K redatorpesks] = sclvelotka(0,15,[20:20]) [~] &

Print ofile o e A Highkioht preypeaks predatorpeaks] = solvelotkal0,15[20; R o
Sumima P . Time

FiLE MANVIGATE SEARCH VIEW PROFILE Iy

Profile Summary (Total Time: 0.052 s) .

~ Flame Graph

1

[ listo... | | |
isLocalExtrema... | |

=
| |
[mEEE islocalmax |
solvelotka

Profile Summa

funfun\private\odearguments

Generated 12-Now-2019 11:22:04 using performance time,

Function Name Calls Total Time (s) *  Self Time" (s) Total Time Plot

(dark band = self time)
solvelotka 1 0.052 0.016 I
odeld 1 n.oz27 0017 I
solvelotka>calculatepeaks 2 0.010 0.000
islocalmax 2 0.009 0.000 I

B user-defined functions . MathWorks® functions

Source: https://www.mathworks.com/help/matlab/matlab_prog/profiling-for-improving-performance.html 0



AWS: CodeGuru (2020)

CodeGuru > Profiling groups > ImageProcessing WebApp-Anomaly

ImageProcessingWebApp-Anomaly o | &) Recommendations | | Actions ¥ |

—

| Overview w Latency ¥ | | Q Search for frame 2020-06-26 @ 21:55 - 22:45 BST last1h

crolluptoses more daty
¥ Legend

W BLOCKED

W MATIVE

B RUNNADLE

B TIMED_WAITING
B WAITING

™ ¥ Minimap

Source: https://aws.amazon.com/codeguru/features/
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Google: Cloud Profiler (2020)

Metric : CPU

root
main.func1
busywork
busyworkOnce
(*Writer).Fl
(*Writer).Fl

(*huffmanBitwri
(*huffmanBitwrit

mallocge

emstack
mallocge.funel
largeAlloc
(*mheap).alloc
memcirNoHeapPointers

time @ |

LI EEE N G TN ENEIUNCRYI G x ) | Add profile data filter...

root
main.funci
busywork
busyworkOnce
(*Writer).Write

memmove

| profilealloc

| mProf_mal.| (+..
callers
systemst...

Source: https://cloud.google.com/profiler/docs/focusing-profiles

memmaove

I+
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Intel: vTune (2021)

[ user [ system B synchronizat... [ Overhead [ Other & | | | e | matvec Q

_Matched: 1062.158s of 1703.590s (62.3%

Source: https://www.intel.com/content/www/us/en/develop/documentation/vtune-help/top/reference/

user-interface-reference/window-flame-graph.htmi s



Splunk: AlwaysOn Profiling flame graph (2021)

= ELT#8 oObservability

Q + H
-1k = Mot Specified - Service: birdiympics2 = Clear All
AlwaysOn Profiling x
Q, Search stack frames (D Using 70.2k call stacks out of T0.6k total. Load More Table Bath Flame Gragh

Totsl

Source: https://docs.splunk.com/Observability/apm/profiling/using-the-flamegraph.htmi
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New Relic: flame graphs (2021)

g X
flamegraph-service (staging)

8f974d6c22ff/172.17.0.20 fram Nov 2, 02:36 pm to Nov 2, 02:41 pm B Nologs found

AVERAGE CPL AVERAGE HEAP MEMORY  TOTAL GC PAUSE TIME HEAP USED HEAP SIZE HEAP COMMITTED

11.2% 247.03 MB 0.5 sec 24546 MB 2,048 MB 1,409 MB

User CPU Usage % Machine CPU Usage % GC Heap Sizes
0.0 16
0.0 14
12
0.0 10
0.0 8
0.0
4 500
01—~ T\ s S A 3
! 0
02:36:0H i Pl 0 PM 9:00 PM 0 02:36:00PM 023700 PM  O23S:00PM  02:3%:00PM  0240:00 PM 02 7:00 PM 02:38:00 PM 02:39:00 PM 02:40:
® CPULoad jvmSystern @ CPULoad jvmUser ® CPULcad.Total ® Heap Used @ Heap Free

Source: https://docs.newrelic.com/whats-new/2021/07/whats-new-july-8-realtime-profiling-java/



DataDog: profiling flame graph (2021)

Continuous Profiler

@ product-recommendation env: prod version: 7cf87821 on Apr 29 15:54:59 (7h 49m uptime)

Performance Analysis (4) Metrics Runtime Info

Analysis: The program generated 26,255 exceptions per second during 4/29/2021, 7:54:01 PM - 7:54:59 PM. This could impact performance.

Type CPU Time 2m34s v Y Filter flamegraph by method or package %+ Options

Frame width represents the CPU time per method (Ctrl + Scroll to zoom)

CPU Time: 2m 34s over 58.37s, across all threads
o0 |
GenerateRecommendations.run() ‘
e (e e e i N <0<

View Thrown Exceptions Profile

K<< B<B<H<H<H<BH<H<B<BN<HN<N<]

<

il aQ

&, Download Profile Data

Method

Product.loadAssets(int)

ModelTraining.computeCoeffici...

Scopelnterceptor$Delegatin...
GenCollectForAllocation
GenCollectFull
HandshakeOneThread

AbstractPipeline.wrapAndCo...
ThreadLocal$ThreadLocalMa...
ThreadLocal$ThreadLocalMa...
ThreadLocal$ThreadLocalMa...

ExceptionHistogram.record(...

ConcurrentHashMap.compu...

LongAdder.increment()

ThreadDump

ProductNode.removeChild(P...

RecommendationGraph.pop...

Product.<init>(int, String, bo...

Throwable.fillinStackTrace()

StreamingSampler$Counts.a...
SuperList.lambda$removes$0...

ThreadPoolExecutor.runWor...

BufferedInputStream.read()

ReferencePipeline$2$1.acce...

AlambenctDinalins iwanCinllci

Source: https://www.datadoghg.com/knowledge-center/distributed-tracing/flame-graph/

View Full Analysis

1m5s
60s [

11.24s Il
5.36s |
5225 |
825ms |
591ms
587ms
585ms
417ms
395ms
359ms
333ms
332ms
303ms
290ms
238ms
227ms
227ms
217ms
216ms
214ms

204ms

PEEI.
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Granulate: gprofiler (2022; now Intel)

io/netty/util/concurrent/SingleThreadEventExecutor$2.run()V
To:aiszass . ntimeo% " Sapls 165 “|:v m'ﬂv xmz:z:ﬁg: “;:j;
0.V tem|)L /Object|  io/net..un()V  java/util/conc../lang/Object| sun/.. )V
io..V o.. org/apache/spark/sch...|)Ljava/lang/Object| io/net..ect)V  or..V org/apache..lerun()V
0.V o io/net...ct|)V org/apach...yThrow()V
[ org/ap..ator] o.| org/apache.erator)V  io/net..ct)V o.] org/apa..rator| Il
i org/ap..ator| o.| org/apac.rator)V | org/ap.ct)V o.] org/ap..rator| I \
(11 sl org/ap..ator] j.| o.. scala.ject] org/ap..stV 0.V org/ap..ator] \ '
[ 111/ (o2 org/ap..ator] .| 0. co.| org/ap..onse| 0.V org/ap..rator| fusr.mso.
i org/ap..ator| j..| co...| org/ap...sage| o.| org/...or|
Ly org/a.ator] | .V co..| org/ap..sagel 0.V org.orl =
% org/a..ator] ]V org/ap..sagel org..orl N |
il orga.tor . org/a..sagel org..orl N ]
v | orgl.tor] .l org/a...Rows| 0.V [ ]
i Y orgltor]  j.V orgl..ery| [ Il [ ]
[ ] (] orglutor] .V | org/..ery|
| il (8% org.orl . | org/.ist]
(11 [RY sV org/..ist]
\ el o.. scadV LV org..t] \
Il G sca.t] org.]
| I\IIII org..t| org...t|
11111 org..r| org. V|
\ 1] org..rl ord |
(1ol org..rl ja.v
\ I [ | or.. 2.V
\ [ [ or. | |
\ il 11 \ or..| %%
\ [l I or.
\ I I o..
{10l | o..
(1100 1l o
\ I 1 0.
0l
0l
Java Python @ PHP @ C++ @ Kernel @ Go @ Other

Source: https://docs.gprofiler.io/about-gprofiler/gprofiler-features/views/flame-graph



Microsoft Visual Studio: Flame Graph (2022)

Current View: Flame Graph v @ Reset Zoom X Flip Flame Graph

iisexpress
DomainBoundILStubClass.IL_STUB_COMtoCLR(long)
BookService.WebApiApplication.Application_Start()
System.Web.Mvc.AreaRegistration.RegisterAllAreas(System.Web.Routing.RouteCollection, | system.Web.Htt...

C:\Users\mihays\source\repos\BookService\BookService\Global.asax.cs:16

WebApiApplication : System.Web.HttpApplication
Application_Start()

588 (10.20%) AreaRegistration.RegisterAllAreas();
116 (2.01%) GlobalConfiguration.Configure(WebApiConfig.Register);
3 (0.05%) FilterConfig.RegisterGlobalFilters(GlobalFilters.Filters);
RouteConfig.RegisterRoutes(RouteTable.Routes);
27 (0.47%) BundleConfig.RegisterBundles(BundleTable.Bundles);

Source: https://learn.microsoft.com/en-us/visualstudio/profiling/flame-graph




Grafanalabs: Grafana flame graph (2022)
total

net/http.(*conn).serve golan¢ github.com/create/c/pkg/agent. runtime.gcBgk ruw
net/http.serverdandler.ServeHT net/htgithub.com/create/c/pkg/agent. runtime.syste
net/http.HandlerFunc.ServeHTTF githul github.com/create/c/pkg/distr: runtime.gcBg¥
github.com/create/c/pkg/util.g githul gitlio/io github.cc compr git runtime.gcDra
golang.org/x/net/http2/h2e.h2el githul gitlio.Re github.c econ git runtime.scam

net/http.HandlerFunc.ServeHTTE  githul run github. con git
github.com/agent-contrib/go-st githu can ie.
github.com/gorilla/mux. (*Route githu io.
net/http.(*ServeMux).ServeHTTF githu cry
net/http.HandlerFunc.ServedTTP githu cry
net/http/agent.Index githu int
net/http/agent.handler.ServeHT githu sys

runtime/agent.(*Profile).Write githu
runtime/agent.writeaAlloc
runtime/agent.writeHeapInte:
runtime/agent.writeHeapProt
runtime/agent. (*prof: rur
run runtime/agent.all rur

runtime.Caller cor

runtime.newob; cot

runtime.malloc cot

run’ runtime.me cor

run'

run

run

run

run

run

Source: https://grafana.com/docs/grafana/next/panels-visualizations/visualizations/flame-graph



Flame Graph Adoption

Implementations: >80

Related open source projects: >400
Commercial product adoptions: >30
New startups: 4 (so far)

Startup exits: 1 (so far)

Industry investment: >SAUDS1B

End users: ? (a lot)
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2. CPU PROFILING

An Introduction to Flame Graphs



Stack Traces

A code path snapshot. e.g., from jstack(1):

'$ jstack 1819

[.]

i"main" prio=10 tid=0x00007££304009000
'nid=0x7361 runnable [0x00007££30d4£9000]

java.lang.Thread.State: RUNNABLE
at Func_ abc.func c(Func _abc.java:6)
at Func_abc.func b (Func_abc.java:16)
at Func_abc.func_a(Func_abc.java:23)

at Func_abc.main(Func_abc.java:27)

running
parent
g.parent
g.g.parent

42



CPU Profiling

Record stacks at a timed interval

Pros: Low (deterministic) overhead
Cons: Coarse accuracy, but usually sufficient

stack B B
samples: & A A : A A
O T T S
B » syscall —>
A » T | >
on-CPU l off-CPU time-9

interrupt
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Stack Samples

A
< e ()
3]
N d ()
Y4
% c () 1()
N
b () h ()
a() a()
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Stack Samples

A

g () g() g()

< | |0 £0 [ £0 £()
o

S d () d () d () d () d ()
A4

S c () i() c () c () c () i() c ()
%)

b () h () b () b () b () h () b ()

a() a() a() a() a() a() a()
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Stack Samples

A

g () g () g ()

= e () () () ()
o

8 d () d () d () d () d ()
Y4

§ c () 1() c () c () c () 1() c ()
¥

b () h () b () b () b () h () b ()

a () a () a() a() a() a() a ()
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Stack Samples: Merged

A
g () g ()
c e () () ()
o
A d () d () d ()
'
S c () i() c () () c ()
0
b () h () b () h () b ()
a ()
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Interpreter
call_stub
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file
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1
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I Interp..

0 Int..

Lio/... [
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i.. Lio/netty..

Example Pro
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Alphabet Sort

A
g () g () g ()

c e () () () f()

o

8 d () d () d () d () d ()

'

S c () c () c () c () c () 1() 1()

N
b () b () b () b () b () h () h ()
a () a() a() a() a() a() a ()

Alphabet
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Alphabet Merged (“Flame Graph”)

g()
e e () ()
o
A d ()
'
< c () i()
N
b () h ()
a ()

Alphabet



Example Profile: Flame Graph

Ll Al L o
| | | |sys_write
(I ey | system_call_fastpath
a |IE io/.. write
N M 1 1DEn org/.. | sun/nio/ch/FileDispatcherImpl.write0 I 1
| e ] 1 io/ne.. || | sun/nio/ch/SocketChannelImpl.write 1]
B EEio. Word/. [ lio/ne.. W | e
N | [— B o B | sun/refle.. io/netty/channel/nio/AbstractNioByteChannel.doWrite in.. |
1 | -[||org/mozilla/javas.. or. B BB org/mozil.. | do.. |
| |l | org/.. | org/mozilla/javas.. [orgfmcza o.. Bl | s0..

Il | org/mezilla/javascript/gen/file__home_bgregg te.. [ org/mozilla.. io/netty/channel/AbstractChannelHandlerContext.flush ~ so.. |
[J org/mozilla/javascript/gen/file__home_bgregg_tes.. io/netty/channel/ChannelOutboundHandlerAdapter.flush [do=)
||org/mozilla/javascri pt/gen/file__home_bgregg_testtest vert_x_2_1_4.. io/netty/channel/AbstractChannelHandlerContext.flush | |- |

- Io/netty/channel/ChannelDuplexHandlerflush sys_.. |
| org/vertx/java/core/http/impl/DefaultHttpServersServerHandler.doMessageRe. . | ] io/netty/channel/AbstractChannelHandlerContext.flush 1 —

[ lof..  org/vertx/java/core/net/impl/VertxHandler.channelRe.. = read
Jio/netty/channel/AbstractChannelHandlerContext:fireChannelREad 1 io/net.. ||| o/netty/channel/AbstractChannelHandlerContext.fire.. 1| [sun/n..
io/netty/handler/codec/ByteToMessageDecoderchannelREac ) io/netty/handler/codec/ByteToMessageDecoder.channelR.. [sun/mi | |
io/netty/channel/AbstractChannelHandlerContext.fireChannelRead io/netty/channel/AbstractChannelHandlerContext.fireC.. Jlio/net.. ]

[o/netty/channel/nio/AbstractNioByteChannel$NioByteUnsafe.read
lIo/netty/channel/nio/NioEventLoop.processSelectedkeysOptimized
lio/netty/channel/nio/NioEventLoop.processSelectedkeys
io/netty/channel/nio/NioEventLoop.run
Interpreter [ |

| Interpreter

| JavaCalls::call_helper
Il | JavaCalls::call_virtual
| |JavacCalls: :call_virtual
- thread entry

(St. |JavaThreadithread maininner

[GE&M) JavaThread::run

java_start
start thread
java




Example Profile: Flame Graph wit code hues)

lo/..
io/.. ]
| org/.. | sun/nio/ch/FileDispatcherImpl.write0 i
I lofnes| ||| | sun/nio/ch/SocketChannelImpl.write | .
[ | 1L Jio/ne.. | =
|11 . . |sun/refle.. \

[l | . org/mozil.. do.. |
| [lorg/.. org/mozilla/javas..  jorg/moz..  o.. or. || org/mozill.. so.
~ org/mozilla/javascript/gen/file__home_bgregg_te.. [ org/mozilla.. Jio/netty/channel/AbstractChannelHandlerContext.flush so.. |
 org/mozilla/javascript/gen/file__home bgregg tes.. org/mozilla/.. io/netty/channel/ChannelOutboundHandlerAdapter.flush e )

JIo/netty/channel/AbstractChannelHandlerContext.flush vfs

.” org/mozilla/javascript/gen/file__home_bgregg_testtest_vert x_2_1_4.. io/netty/channel/ChannelDuplexHandler.flush ~ sys_.. [

| org/vertx/java/core/http/impl/DefaultHttpServergServerHandler.doMessageRe.. Jlo/netty/channel/AbstractChannelHandlerContext.flush ~ syst.. |
org/vertx/java/core/net/impl/VertxHandler.channelRead ~org/vertx/java/core/net/impl/VertxHandler.channelRe.. ~ |read |
Jio/netty/channel/AbstractChannelHandlerContext.fire.. ~ sun/n..

lo/netty/handler/codec/ByteToMessageDecoder.channelRead lo/netty/handler/codec/ByteToMessageDecoder.channelR..  sun/ni..
I

io/netty/channel/nio/AbstractNioByteChannel$NioByteUnsafe.read

io/netty/channel/nio/NioEventLoop.run

| JavacCalls::call_helper

| JavaCalls::call_virtual

|St..

P GCT.. JavaThread::run
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Replay 3/3: Flame Graph

io/netty/channel/DefaultChannelPipeline$sHeadContex..

io/netty/channel/AbstractChannelHandlerContext:.flush

io/net..

io/netty/channel/nio/NioEventLoop:.run

JavacCalls::call_helper
| JavacCalls::call_virtual

St.. JavaThread::thread_main_inner
JavaThread::run

L
Q
0

-



Origin (2011): CPU Profiling

# dtrace -x ustackframes=100 -n 'profile-997 /execname = "mysqgld"/ {
j Q[ustack()] = count(); } tick-60s { exit(0); }'
[.. over 500,000 lines truncated ..]

libc.so.1l __ priocntlset+0xa
libc.so.1 getparamt+0x83
libc.so.1 pthread getschedparamtOx3c
libc.so.1l pthread setschedprio+0x1f
mysqld”_Zlédispatch commandl9enum server commandP3THDPcj+0x9ab
mysqld’_Z10do commandP3THD+0x198
mysqld handle one connectiont+0xla6
libc.so.1l _thrp setup+0x8d
libc.so.1" _1lwp start
4884

mysqgld’ Zl13add to statusPl7system status varS0 +0x47
mysqgld’ Z22calc sum of all statusPl7system status var+0x67
mysqld’_Zlédispatch commandl9enum server commandP3THDPcj+0x1222
mysqld’_Z10do commandP3THD+0x198
mysqld handle one connectiont+0xla6
libc.so.1l _thrp setup+0x8d
libc.so.1l” 1lwp start
5530



Full output



as a Flame Graph

Flame Graph

libc.so.1” _lwp_start

Function: mysqld” do_select (159,007 samples, 45.64%)



Linux example: perf Profiling

 # perf record -F 99 -ag -- sleep 30

- [ perf record: Woken up 9 times to write data ]

ﬁ [ perf record: Captured and wrote 2.745 MB perf.data (~119930 samples) ]
 # perf report -n -stdio

L
- # Overhead Samples Command Shared Object Symbol
e
#
1 20.42% 605 bash [kernel.kallsyms] [k] xen hypercall xen version
I
—--- xen hypercall xen version

check events call tree

| “ summary

| --44.13%-- syscall trace enter

| tracesys

| |

| |--35.58%-- _ GI__ libc fontl

| | |

| | | --65.26%-- do_redirection internal

| I | do_redirections

| I | execute builtin or function
| I | execute simple command

I [... ~13,000 lines truncated ..]



FuII perf Output

L_,,_:___m_i:_j__
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,,__,__;___:___,_
,__%_ %ggz_ggg@%}%kg e ipéggg

E@_g_gi b _L:g__ i_%&@g gg_ *@_gé_?@ E& ggg_g

| |

| _ |
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.. as a Flame Graph

Flame Graph

62



Inspiration

Neelakanth Nadgir’s function_call graph.rb (2007):

It was inspired by Roch Bourbonnais’s CallStackAnalyzer,

Call Graph for accept
which was inspired by Jan Boerhout’s vftrace.

|
The x-axis is time, and it shows a complete function trace.
Flame graphs are different: The x-axis is the population

[ ]
. [} 101 V.0

and they can show function traces or stack samples. I | | 1T 11

] ~ | kepimEmE o

| 1/ | tep_accept..

| e | | | ) |'squeue_enter.

[ [ ) EEEEE— e | tcp_wput_accept
[ N Il || EEETEE B Il 0 S |

I (]| B sockipi_open Bl W strput
| | sotpi_create

|
1]
acegpt
g

25?.I54us
Function: accept (257.54us)

# rlnoreflamegr """"" aph.pl ‘

‘ This was inspired by Neelakanth Nadgir's excellent function call graph.rb
. # program, which visualized function en and return trace events. As Neel
. # wrote: "The output dlSpl:ﬁ:d is inspi by Roch's CallStackAnalyzer which
] # was in turn inspired by work on vftrace b

Jan Boerhout". See:
- https //blogs. oracle com/realneel/entry/visualizing callstacks via dtrace and

Image source: https://blogs.oracle.com/realneel/entry/visualizing_callstacks_via_dtrace_and
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Flame Graph Summary

Visualizes a collection of stack traces
— X-axis: population: e.g., alphabetical sort to maximize merging
— y-axis: stack depth
— color: random (default) or a dimension

Original implementation: Perl + SVG + JavaScript

—  https://github.com/brendangregg/FlameGraph
— Takes input from many different profilers

References:

—  http://www.brendangregg.com/flamegraphs.html
— http://queue.acm.org/detail.cfm?id=2927301
—  "The Flame Graph" CACM, June 2016
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Flame Graph Interpretation
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Flame Graph Interpretation (1/4)

Top edge shows who is running on-CPU,

and how much (W|dth) — ¥ \\
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Flame Graph Interpretation (2/4)

Top-down shows ancestry

e.g., from g():

g ()
e () £()
d ()
c () 1()
b () h ()
v a ()
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Flame Graph Interpretation (3/4)

Widths are proportional to presence in samples
e.g., comparing b() to h() (incl. children)
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Flame Graph Interpretation (4/4)
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CPU Flame Graph Tips & Tricks

A) Check sample count (bottom frame): idle system?

- E.g.,49 Hertz x 30 sec x 16 CPUs == 23,520 samples at 100% CPU utilization. libc.so.1_thrp_setup

libc.so.1" _lwp_start

<500 samples total would mean <2% busy and probably not interesting!
Function 100%)

B) Off-CPU time (1/0, locks) not present

—  But their initialization/spin breadcrumbs may be present
—  Can use off-CPU flame graphs for this (covered later)

C) Some tiny CPU code paths may be missing

- E.g., some kernel code paths that disable interrupts, and hypervisor time from the guest.
— This is a detail of the profiler and target. Flame graphs just show what the profiler sees.
—  Flame graphs may drop tiny frames that are <1 pixel wide unless zoomed in, just to speed up rendering.

D) Too much "hair"? Try a leaf merge...

—  Merge stack frames from leaf to root. The default is root to leaf.
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api-prod HVM icicle plot

Reveals common functions
called from many locations

- ¢
—
=
=
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Icicle Graph with Leaf Merge
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Flame Graph Interactivity

Essentials:

— Mouse-over for frame info (tool tips, status bar)

— Click to zoom

— Search (Ctrl-F or button)

Nice to have:

— Merge control: root, leaf, middle
— Y-axis direction: flame or icicle

— Flame chart toggle

— Canned searches

— Collapse filters

— Code links

1 graph (with search)

nel CPU flame ¥
search /

==
| ip-
ip..
button =
| 1 fin. ]
| 1 P
i 1 =
| _
net_..
[] 1 _do..
I8 ] 5.5
1 €a 5.
o
ip_fini..
ip_fini..
Ip_output
E Ip_loca..
t. copy_use.. copY_U.. p. B ip_gueue..
e skb_copy.. || sk_cop.. [ e transmi..
LSt ] | e BB 5 | tep_ e xmit
Rep v dorcv | py_user_.. t. [EEENEGON copy_user. ced_fast_stril release_sock (K push_one
release_sock b_copy_d.. t. tcp_pregu.. ‘tcp_sendmsg
tprecemsg  inet_sendmsg
inet reevemsg sock_sendmsg
sock_recvmsg sack_write_iter
SYSC_recvfrom _wfs_write
sys_recvirom wis_write
ntry_SYSCALL_64_fastpath sys_write
libe_recy. entry_SYSCALL
L

search matches in magenta
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Which way up?

My original flamegraph.pl has --inverted for an “icic

A =

< =, I - = o
= S i = = =
o == = Q. g - |
S = i @ £
o £ | © 1 B
4 : E X §
Q = & O
4y} = == © ‘
L p=—=] L

7)) B (7))

v

Either way is fine!

* Icicle layout helps avoid scrolling

when starting at the top /

e Letthe end-user choose Source: https://learn.microsoft.com/en-us/visualstudio/profiling/flame-graph

Current View: Flame Graph v

DomainBoundILStubClass.IL_STUB_COMtoCLR(lo

BoggkSe RDADTADD on _ADD ola
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Differential Flame Graphs

Hues:
— red == more samples
— blue == less samples
Intensity:

— Degree of difference

Other examples
— flamegraphdiff

This spectrum can show other metrics, like CPI.

Remember to show elided frames!

Differential
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Poor Man’s Differential Flame Graphs

Flame Graph 1

Toggle between tabs in
your browser

- Like searching for Pluto!

Or flip between slides

- Cue exciting demo!
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Poor Man’s Differential Flame Graphs

Flame Graph 2

Toggle between tabs in
your browser

- Like searching for Pluto!

Or flip between slides

- Cue exciting demo!

Iﬁl
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System CPU Profilers

°* Linux
— perf_events (aka "perf")
— bcc profile (eBPF-based)

* Windows
— XPerf, WPA (now has flame graphs!)

* OSX

— Instruments

* And many others...

Tip: use system profilers
whenever possible. Runtime
profilers (e.g., Java JVMTI-based)
are user space and typically
don't include kernel CPU time or
kernel stacks.
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Linux CPU Flame Graphs

Linux 5.8+ via perf for simplicity (2020):

— Generates flamegraph.html. One command! Thanks Andreas Gerstmayr.

Linux 4.9+ via eBPF for efficiency (2016):

~apt-get install bpfcc-tools
'git clone https://github.com/brendangregg/FlameGraph
profile-bcc.py -dF 49 30 | ./FlameGraph/flamegraph.pl > perf.svg

— eBPF (no longer an acronym) is the name of an in-kernel execution environment, used in this
case for aggregating stack samples in kernel context

— Most efficient: no perf.data file, summarizes in-kernel

Some runtimes (e.g., JVM) require extra steps for stacks & symbols (next section)
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Older Linux CPU Flame Graphs

Linux 2.6+ via perf.data and perf script (2009):

'git clone https://github.com/brendangregg/FlameGraph; cd FlameGraph
perf record -F 49 -a -g -- sleep 30
perf script | ./stackcollapse-perf.pl |./flamegraph.pl > perf.svg

Linux 4.5 can use folded output (2016):

—  Skips the CPU-costly stackcollapse-perf.pl step; see:
http://www.brendangregg.com/blog/2016-04-30/linux-perf-folded.html
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Linux Profiling Optimizations

Linux 2.6

capture stacks

perf record

l write samples
( perf.data )

l reads samples

perf script

l write text

Linux 4.5

capture stacks

perf record

l write samples

perf.data )

l reads samples

perf report —g
folded

stackcollapse-perf.pl

l folded output
flamegraph.pl

l folded report

awk

v folded output

flamegraph.pl

Linux 4.9
count stacks (BPF)

profile.py

folded
output

A 4

flamegraph.pl
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GUI Automation

There are many options nowadays. |I've worked on five:

Netflix Vector (now retired!):

Kernel CPU Flame Graph: Linux build

Netflix FlameScope (covered later)

Netflix FlameCommander (continuous profiling; not open source yet)
I’'m now helping with Intel vTune and Intel gProfiler

Open source examples include Granulate gProfiler, Eclipse TraceCompass, Grafana flame graphs, Firefox
profiler, and more (see implementation slides). Build your own!
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Flame Charts (2013)

Inspired by flame graphs: https://bugs.webkit.org/show_bug.cgi?id=111162

Ilya Tikhonovsky 2013-03-01 04:33:26 PST Description

Flame Chart may give to the developer a better clue what is going on with the performance without expanding the entire tree.

http://dtrace.org/blogs/brendan/2011/12/16/flame-graphs/

Ilya Tikhonovsky 2013-03-01 04:35:00 PST Comment 1

Created attachment 196933 [details]
screenshot

Ilya Tikhonovsky 2013-03-01 04:37:34 PST

Created attachment 196934 [details] i i
Patch = i




Chrome DevTools Flame Charts (2022)

[x ﬂ Elements  Console Sources Network Performance Memory  Application Security Lighthouse Recorder & Performance insights &
®@ C O | =+ * (J Screenshots (J Memory ([J Web Vitals
- 1000 ms 2000 ms 3000 ms 4000 ms 5000 ms 600 rIs ?DGCI‘ws -5 - SOQDImsI - l 9000 ms —
- - Al L T W R 74 e
I | 1
50 ms 6000 ms 6050 ms 6100 ms 6150 ms 6200 ms 6250 ms 6300 ms 6350 ms 6400 ms 6450 ms 6500 ms 6550 ms 6600 ms 6650 ms 6700 ms
» Network ttern-test-d7c7d9d93dae229e90 | | adsct (analytics.twitter.cor linkid.js (www.go... collect p.gi... t tnalytics.com]
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Total blocking time: 2152.88ms (estimated) Learn more



Firefox Profiler Flame Graph (2022)
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Flame Charts
X-axis: time

Flame Graphs
X-axis: population

alphabet sort or another frame merging algorithm
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3. STACKS AND SYMBOLS

And Other Issues



Broken Stack Traces are Common

# perf record -F 99 -a -g - sleep 30

# perf script

i[m]

~java 4579 cpu-clock:

| 7£417908c1l0b [unknown] (/tmp/perf-4458.map)

ijava 4579 cpu-clock:

7£41792£fc65f [unknown] (/tmp/perf-4458.map)
a2d53351£f£f7da603 [unknown] ([unknown])

should probably have more frames
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... as a Flame Graph

Illlll'lllll
T T e s o G 0 (10) ()
—  —=—mm ll'
g

“‘II'I'I'---"

llllll.l..-a

broken java stacks
“grass”
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Fixing Stack Walking

A. Frame pointer-based

—  Fix by disabling that compiler optimization: gcc's -fno-omit-frame-pointer
—  Pros: simple, supported by many tools
—  Cons: might cost a little extra CPU (usually <1%)

B. Debug info (DWARF) walking

Cons: costs disk space, and not supported by all profilers, expensive for real-time tracing

C. JIT-provided runtime walkers

—  Pros: include more internals, such as inlined frames (e.g., JVMTI stacks)
—  Cons: limited to application internals: no kernel

D. Last branch record (LBR)
E. Add-on walkers (eBPF)
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Fixing Java Stack Traces

§ # perf script

[..]

. java

. java

| prototyped JVM frame pointers. Oracle
rewrote it and included it in Java as

4579 cpu-clock:

7£417908cl0b [unknown]

4579 cpu-clock:

7£41792fc65f [unknown]
a2d53351££7da603 [unknown]

(/tmp/...

(/tmp/...
([unkn...

-XX:+PreserveFramePointer
(JDK 8 u60b19)

3 # perf script

[..]

java 8131 cpu-clock:

T7£££76£f2dcel
7£d3173£7a93
7£d301861e46
7£d30184def8
7£d30174£544
7£d30175d3a8
7£d30166d51c
7£d4301750£34
7£d3016c2280
7£d301b02ecO
7£d43016£9888
7£d3016ecel4
7£d30177783c
7£d4301600aa8
7£d301a4484c
7£d43010072e0
7£d4301007325
7£d4301007325
7£d43010004e7
7£d3171df76a
7£d3171dce44
7£d3171dd43a
7£d31721bé6ce
7£d3175389e0
7£d317538cb2
7£d3173£6£52
7£d317a7e182

[unknown]

os::javaTimeMillis ()

[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]
[unknown]

([vdso])

(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131
(/tmp/perf-8131

(/usr/lib/jvm..
.map)
.map)
.map)
.map)
.map)
.map)
.map)
.map)
.map)
.map)
.map)
.map)
.map)
.map)
.map)
.map)
.map)

JavaCalls::call helper (JavaValue¥*,..
JavaCalls::call virtual (JavaValue*..
JavaCalls::call virtual (JavaValuex*..
thread entry(JavaThread*, Thread*)..
JavaThread: :thread main inner() (/..
JavaThread: :run() (/usr/lib/jvm/nf..
java_start(Thread*) (/usr/lib/jvm/..
start thread (/1lib/x86_64-linux-gn..
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Java stacks
(but no symbols, yet)

Fixed Stacks Flame Graph
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Fixing Native Symbols

A. Add a -dbgsym package, if available
B. Recompile from source
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Fixing JIT Symbols (Java, Node.js, ...)

Just-in-time runtimes don't have a pre-compiled symbol table
So Linux perf looks for an externally provided symbol file

3# perf script
' Failed to open /tmp/perf-8131.map, continuing without symbols

L]
~java 8131 cpu-clock:
| T7£££76£f2dcel [unknown] ([vdso])
7£d3173£7a93 os::javaTimeMillis() (/usr/lib/jvm..

7£d301861e46 [unknown] (/tmp/perf-8131.map)

— This can be created by runtimes; e.g., Java's perf-map-agent
— Not the only solution; can also integrate with JIT-based walkers, or have an external symbol
translator (perf script, or eBPF-based).
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Fixed Symbols (zoom)



2014: Java Profiling (broken stacks)

Kernel, Java
libraries,
JVM l

—
O
LY
5

JVM

g L R

|
tp ek |
| | g |
rm )
a
B B inet_sendmsg
]
sv.
I [ systern_cadl_fa..
;:_ i ged
| MR Jarvn_java_ret_So.. |

Java Profilers System Profilers



2018: Java Profiling (fixed stacks)

Kernel Y

CPU Mixed-mode Flame Graph
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Mixed-Mode Case Study

Lperf/test/TestCaseAServlet:.get

Ljava/util/concurrent/FutureTask:.run

Ljava/util/concurrent/ThreadPoolExecutor:.runWorker

Ljava/util/concurrent/ThreadPoolExecutor$Worker:.run

Ljava/lang/Thread:.run

callstub

JavaCalls::call_helper
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Other Issues
* JIT Symbol churn

— Take before and after snapshots, or use perf’s timestamped symbol logs.

* (Containers

— Are symbol files read from the right namespace? Should now work.

* Stack Depth limits

— Linux perf had a 127 frame limit, now tunable. Thanks Arnaldo Carvalho de Melo!

A Java microservice
with a stack depth
of > 900

>

perf _event_max_stack=1024

. s

e

d——
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Inlining

Many frames may be missing (inlined)

Flame graph may still make enough sense

Inlining can often be be tuned

e.g. Java's -XX:-Inline to disable, but can be 80% slower

Java's -XX:MaxInlineSize and -XX:InlineSmallCode can be tuned
a little to reveal more frames: can even improve performance!

Runtimes can un-inline on demand

So that exception stack traces make sense
e.g. Java's perf-map-agent can un-inline (unfoldall option)

/—-P

rx/0bs..
rx/Obs..
rx/Obs..
rx/0bs..
rx/lan..
org/co..
org/co..
org/co..
falcor..
sun/re..
sun/re..
java/l..
org/co..
groovy..
org/co..
groovy..
groovy..
groovy..
com/ne..
com/ne..
rx/0bs..
rx/int..
rx/int..
rx/int..
rx/int..
rx/Sub..
rx/int..
rx/int..
rx/Obs..
rx/int..
rx/int..
rx/Obs..
rx/int..
rx/int..

il I Rt Il (! RSl =l Y 55T ) Rl DSl ) R

99



Language/Runtime Issues

Each may have special stack/symbol instructions

— Java, Node.js, Python, Ruby, C++, Go, ...

— See: https://www.brendangregg.com/FlameGraphs/cpuflamegraphs.html
— Check if flame graphs are already in the “official” profiler

— Try an Internet search
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4. ADVANCED FLAME GRAPHS



Flame graphs can visualize any stack trace collection

On Linux, stacks from any of

these events. Dynamic Tracepoints PMCs
. syscalls:
Tracing
extd: . sock: sched: cycles
Operating System / task: instructions
signal:
VAN Applications / / tir?ler ] branch-*
) L1-*
uprobes workqueue:
P System Librarieﬁ / ki LLC-*
X System Call Interface / 4 / CPU l
VFS Sockets y Scheduler / Interconnect oPU
I File Systems TCP/UDP A 1
kprobes _ kmem:
4 Volume Manager 1P Virtual <« vmscan: Memory
Block Device Interface Ethernet 4 Memory, writeback: Bus
Device Drivers
£\ / . / - DRAM
jbd2: / f net: 1rqg: T
block: scsi: skb:
mem-load
mem-store
Software Events cpu-clock page-faults
cs migrations minor-faults
major-faults
1
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Page Faults

Show what triggered main memory (resident) to grow:

"fault" as (physical) main memory is allocated on-demand, when a virtual page is first populated

— Low overhead tool to solve some types of memory leak

Page Fault Flame Graph

g

RES column in top(1) Srows
VIRT RES COMMAND because

859858 85
S3353
3830803

3972756 376876 java
344752 231344 ab

0 @ kworker/1:1
1069716 44032 evolution-calen

0 @ ksoftirqd/2 . Wi

ara..
Coll.. P.. CollectedH.. InstanceKlass..

[SERRE InstanceKla.. CardTableExt..

OptoR.. O.. OptoRuntime::new_in.. OldToYoungR.. )avaThread: :thread_main_inner

_new_.. _.. _new_instance_Java GCTaskThread::.. JavaThread::run

[unknown] Javastart
[unknown] start_thread 1
vl eeeeeeeeeeeeeeeeeeeeeeeeeeee———_—_—_—_—_—_——
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Application

Allocator
(libc)

1. malloc()
free()
realloc()
calloc()

Virtual Memory

Heap
brk() —— i
T
mmap ( )
munmap () Mappings

>

Other Memory Sources

Physical Memory

lookup

Process Address Space

4. page
fault

MMU

http://www.brendangregg.com/FlameGraphs/memoryflamegraphs.html

-
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Disk I/O Requests

Shows who issued disk I/O (sync reads & writes):

Reset Zoom Block I/O Flame Graph

GC? This JVM has swapped out!

JavaCalls: :call_helper
JavacCalls: :call_virtual
InstanceKlass::oop_.. JavaCalls::call_virtual
ParCompactionManager: :push_objarray CardTableExtension::.. [fAread_entry
MarkFromRootsTask::do_it ‘OldToYoungRootsTas.. JavaThread::thread_main_inner

[y

GCTaskThread::run Thread::run

Q
<
1)
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Context Switches

Show why Java blocked and stopped running on-CPU:

— ldentifies locks, 1/0, sleeps

—  If code path shouldn't block and looks random, it's an involuntary context switch. | often filter these, but I've
usually already solved this type of issue (CPU load) long before trying advanced flame graphs.

E.g., analyzing framework differences:

epoll futex

v \

aaaaaaaaaa

rxNetty Tomcat
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TCP Events

TCP transmit, using eBPF:

— For eBPF, can cost noticeable overhead for high packet rates (test and measure)
— For perf, can have prohibitive overhead due to the trace, dump, post-process cycle

— Note that TCP receive is async, so stack traces are meaningless. Trace socket read instead.

Can also trace TCP connect, accept

—  Lower frequency, therefore lower overhead TCP sends
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CPU Cache Misses

In this example, sampling via Last Level Cache loads:

# perf record -e LLC-loads -c 10000 -a -g -- sleep 5; jmaps
# perf script -f comm,pid,tid,cpu, time,event,ip,sym,dso > out.stacks

— -cis the count (samples once per count)

— Can also sample hits, misses, stalls

Needs PEBS for IP accuracy

—  Precise Event Based Sampling for Instruction Pointer
accuracy. Not yet enabled in AWS EC2 VM.

I
1
1 [
[T 1] [
LI 1 a
teprecvmsa | | 1.
inet_recvmsg | oy .
0 sock_aio_rea.. | sock_poll |
) orgr.. n sock aioread  ep send even.
S org/vertx.. _’:—" do_sync_read [ ~ep_scan_ready_..
_wsresd . eppol
org/vertx/javajcore/m. = sysread  sysepolwat
 orgjvertc/sa ) — system_call_fastpath | system_cal_fastpatn
org/vertx/sava/core/net/i iofnett.. 1. | unknownl — . funknownl
Sun/mio/ch/FileDisp.. | sun/niofch/ERollAT..
L s,
. 1
reect sun/nio/ch/Selectorlmpl: loc..
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CPI Fla

me Graph

Cycles Per Instruction (CPI)

zoomed:

netty/ha ndler/cadac/httn/HitnOhiactNacades

:/http/HttpObj

red =
blue == cycle heavy
(likely memory stall cycles)

= instruction heavy

ja..

io/netty/han..

in/net..

io/netty/buffer/
AbstractByteBuf:.forEachByteAsc0 (211

samples, 2.03%; +4.75%)

Reset Zoom

CPI Flame Graph

tep..
tep_ack te..
tcp_rev_establ.
tep_v4_do_rcv
top_ve_
ip_local_deliver_fin..
ip_local_deliver
ip_rev_finish
ip_rcv
__netif_receive_skb_c..
__netif_receive_skb
process_backlog
net_rx_action
__do_softirg
do_softirg_own_stack
do_softirg
d.. local_bh_enable
ip_finish_output
_output
_local_out
ip_queue_xmit
tep_transmit_skb
tep_write_xmit
__tcp_push_pending_frames
tep_sendmsg
inet_sendmsg
sock_aio_write
do_sync_write

VEs_write
sys_write
system _call_fastpath
[unknown]
iofn.. sun/nio/eh/FileDispatcherImpl: .writed
io/nett. sun/nio/ch/SocketChannellmpl: .write tep..
iofnett.. i hannel: .doWrite ine..
org/ver.. Insafe: flush0 s0¢..
iofnetty/. DefaultC pelines! flush soc.
org/vertx.. i/netty/channel/DefaultChannelHandlerContext: flush
org/vertx/jav.. iofnetty, dapter:.flush vis_r...
LServers1:.handle io/netty/channel/DefaultChannelHandlerContext:.flush sys_read e.
org/vertx/java/core/http.. iofnetty/channel/ChannelDuplexHandler: flush syste. Sy..
org/vertx/java/core/http/.. El o DefaultCt landlerContext:.flush [unkn.. SYS..
org/vertx/java/core/net/imp. io/netty/hand... org/vert/. impl/VertxHandler: mplet sun/nio [u..
i y DefaultChan.. iofnetty, io/netty DefaultCl ontext:.fireCH mplet i b suny..
netty/handler/cod Decoder: io/netty/handler/codec/ByteToMessageDecoder:.channelReadComplete io/netty/buffer/..  sun/..
DefaultC ontext:.fireC [ . I ntext: fireCl mplet io/netty/channel..  sun/ni
sun/nio..
io/nett.

io/netty/channel/nio/NioEventLoap:.run
Interpreter
Interpreter

call_stub

JavaCalls: :call_helper

JavaCalls: call_virtual

JavaCalls: call_virtual

thread_entry

JavaThread: :thread_main_inner




Off-CPU Analysis

running
(on-CPU)

off-CPU

Kernel

preemption or
time quantum expired

schedule

swap out

Runnable

resource I/O © wakeup
> Wait
acquire lock acquired
> Block
slee wakeu
wait work
for work arrives
> Idle

swap in

Off-CPU analysis is the study of blocking states,
or the code-path (stack trace) that led to them
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Off-CPU Time Flame Graph

—

Off-CPU time

_——

. . . . | ! — . e — —— e

More info http://www.brendangregg.com/blog/2016-02-01/linux-wakeup-offwake-profiling.html
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Off-CPU Time (zoomed): tar(1)

fstat from disk

path read from disk
pipe write

directory read file read
from disk from disk

Illllli{II‘II

all

Only showing kernel stacks in this example
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ing

Hot Cold Flame Graph

Everything
(All thread time)

See Everyth

|
| i
IIenz | §
-—
[Waloc_pages.. | @ filem.. 1] Xemzha|

- __do_page_fault

Kernel CPU Flame Graph: Linux build
3l

Kernel Off-CPU Time Flame Graph: Linux build

CPU + Off-CPU Flame Graphs
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Off-Wake Time Flame Graph

e
i o
o
4
HES
e
0

Waker stack(s)

Wokeup

Blocked stack

Uses Linux enhanced BPF to merge off-CPU and waker stack in kernel context
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Chain Graphs

Waker stack(s)

deme - as

Walking the chain of wakeup stacks to reach root cause
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FlameScope

Flame graphs can hide time-based issues of variation and perturbations.

FlameScope uses subsecond-offeset heat maps to show these issues.
They can then be selected for the corresponding flame graph.

@FLAMESCOPE  Home  Heatmap (stacks.perl_prod01.50)

@ FLAMESCOPE  Home Heatmap (perf.stacks01) ~ Fiam

'SRl n
|
I -
i . s |.time (milliseconds)l

[ 3. See flame graph
) b for that range

https://brendangregg.com/blog/2018-12-15/flamescope-origin.html
https://www.brendangregg.com/HeatMaps/subsecondoffset.html
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FlameScope Example

How many patterns can you see?

1.0 B ]

v
)
o
m
T o
c u
8 |
]
%)
el n
A n
o
u [ | - »
]
e
|
[ [

0 Time (s) 60

https://www.brendangregg.com/blog/2018-11-08/flamescope-pattern-recognition.html
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Agenda Recap

W s
B~ e

-

7y

1. Implementations

2. CPU Flame graphs

CEmREENAN
EEEm:NEN

m...kﬂ..w_ﬁ_.——————————

4. Advanced flame graphs

3. Stacks & Symbols
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Take Aways

1. Interpret CPU flame graphs
2. Understand runtime challenges

3. Why eBPF for advanced flame graphs

A new tool to lower your cost, latency, and carbon
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Links & References

Flame Graphs
- "The Flame Graph" Communications of the ACM, Vol. 56, No. 6 (June 2016)
- http://queue.acm.org/detail.cfm?id=2927301
- http://www.brendangregg.com/flamegraphs.html
- http:/lwww.brendangregg.com/flamegraphs.html#Updates
- http://www.brendangregg.com/FlameGraphs/cpuflamegraphs.html
- http://www.brendangregg.com/FlameGraphs/memoryflamegraphs.html
— http://www.brendangregg.com/FlameGraphs/offcpuflamegraphs.html
- http://techblog.netflix.com/2015/07/java-in-flames.html
- http://techblog.netflix.com/2016/04/saving-13-million-computational-minutes.html
- http://www.brendangregg.com/blog/2014-11-09/differential-flame-graphs.html
- http://www.brendangregg.com/blog/2016-01-20/ebpf-offcpu-flame-graph.html

- http://www.brendangregg.com/blog/2016-02-01/linux-wakeup-offwake-profiling.html

- http://www.brendangregg.com/blog/2016-02-05/ebpf-chaingraph-prototype.html
- https://brendangregg.com/blog/2018-12-15/flamescope-origin.html

- https://github.com/brendangregg/FlameGraph
- https://github.com/spiermar/d3-flame-graph

- https://github.com/Netflix/flamescope

- http://corpaul.github.io/flamegraphdiff/

- https://W\r/]vvr\]/iinEeI.com/content/www/us/en/develop/documentation/vtune-help/top/reference/user-interface-reference/window-fla
me-graph.htm

- https://gprofiler.io/

Linux perf
- https://perf.wiki.kernel.org/index.php/Main_Page
- http://www.brendangregg.com/perf.html

Linux eBPF
- https://ebpf.io/ https://www.brendangregg.com/ebpf.html

These slides: https://www.brendangregg.com/Slides/YOW?2022_flame_graphs.pdf
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BONUS SLIDES



More Implementations

These are in addition to the earlier examples.
(Note: This is not an an endorsement of any company/product or sponsored by anyone.)
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Java: SPF4J (2012)

N Min,Max,Avg chart for testd generated by spfdj [

|' (& rusgrs,'zowm?z@zm‘ﬁ

» ([ (counters,X0) 500
* [ (bla.x0)
» [ largevals 475
* (B (counters,X1)
» (@ (blax1) 450

425

375
350

35

275
250
25
200
175

125
100

Source: http://zolyfarkas.qgithub.io/spf4j/# 1ou



OSX: Instruments (2012; converter)

(- NaNs] Instruments -]
(W(@)@) (Mmorosgen __:] (O O O | 00:00:21 JES mecive S
Run 2 of 2

. Al Cores, :|[___ ANlProcesses Tnreads |
Ingtruments Bb&o'[ TTTIaT [ualo o TTTTTT |é!a-| TTTTTET |£’AU" L I I ) ]é:gu'l LB ]ol_éul TTreTr ]‘0} )

[l &
& Time Profiler =
w Sample Perspective Symbol Name
All Sample Counts 20917.0ms wmain_thread_handler Ox3feBbl
=) Running Sample Times 154B81.0ms 58.1% 0.0 vOx100badcdf
w Call Tree  15473.0ms SB.1¥ 27.0 Y wmono_ge_alloc_obj mono-sgen
[ Separate by Thread L4581.0ms S54.8% 0.0 F§ wmono_ge_alloc_obj_nolock
|| Imvert Call Tree 14580.0ms 54.7% 0.0 By vsgen_ensure_free_space
|| Hide Missing Symbals 14580.0ms 54.7% 1.0 FY wsgen_perform_collection
) Hide System Libraries 12345.0ms 46.3% 6.0 §§ ¥eollect_nursery m ¥
(1 Shaw Obj-C Only 112100ms 42.1%  a476.0 [} wsgen_drain_gray_stack mono-sgen
[ Flatten Recursion 10710.0ms 40.2% 2380.0 §N wiimple_nursery_serial_scan_object
(1 Top Functions 7057.0ms 26.6% 1170.0 [ weopy_object_no_checks mono sgen
w Call Tree Constraints 4236.0ms walloc_for_promotion m
Min Max 3852.0ms wmajor_alloc_objec
[ Count ] = 3555.0ms valloc_obj o
1] Time {ms) ® = 1018.0ms wms_allec_block mono-sgen
w Specific Data Mining 18L.0ms wms_get_empty_block mo
33.0ms wsgen_alloc_os_memary_aligned
32.0ms wmono_valloc_aligned mono-sge
26.0ms ¥mono_valloc mono-sgen
26.0ms __mmap st nel.dylib
6.0ms wmono_viree o
Symbal Library Restore 6.0ms —munmap libsystern .lr.--r.cl dylib
£ h - 2.0ms InterlockedCompareExchangePointer n
L.0ms InterleckedCompareExchange o5
91.0ms wsgen_alloc_internal sge
74.0ms wmono_lock_free_alloc mono-sgen
53.0ms walloc_from_new_sb mono-sgen
36.0ms wvalloc_sb

Source: https://schani.wordpress.com/2012/11/16/flame-graphs-for-instruments/ 125



Ruby: mini-profiler (2013)

Jsean Soum ce MasProfiles Fooby bbmin_profler profler 1027 T "call (148 samples - 99 33%5)

Source: https://samsaffron.com/archive/2013/03/19/flame-graphs-in-ruby-miniprofiler 126



Julia: ProfileView.jl (2013)

Source: https://github.com/timholy/ProfileView.jl (Tim Holy) o7



Windows: Xperf (2013; converter)

:
=t
||

Source: https://randomascii.wordpress.com/2013/03/26/summarizing-xperf-cpu-usage-with-flame-graphs/

(Bruce Dawson)
128



Perl: NYTProf (2013)

Performance Profile Index Run on Sat Apr 6 15:30:17 2013

Faor /Usersfimbo/pedSiperdbrew/pers/perl-5. 14 2bin'padoritic Reported on Sat Apr 6 15:32:30 2013

Profile of /Users/timbofperiSiperibrew/peris/perl-5. 14. 2fbin/pericritic for 1.11s (of 1.26s), executing 455860 statements and 141878 subroutine calls in 421 source files and 185
string evals,

[ fUsers/timbo/perlS /perlbrew perls {perl-5.14.2 /bin/ perlcritic %]

Flame Graph

|

TR L {1 SR

[ 1N ROME A |
[t 1 T I B

Source: https://blog.timbunce.org/2013/04/08/nytprof-v5-flaming-precision/ (Tim Bunce) 129



Eflame (2013)

Erlang

"

filename:do_flatten/2 (1 samples, 0.0

(0.90.0)

= IHMMMMI1-I

7
— ==
= mﬂl.M
=

——r==szEl

s_each/5 (5,269 samples, 86.19%)

re:proces:

: rebar_col

tion:
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Source: https://github.com/proger/eflame (Volodymyr Ky)



Ruby: ruby-prof-flamegraph (2014)

Flame Graph

Source: https://github.com/oozou/ruby-prof-flamegraph 121



Node.js: flamegraph (2015)

‘ Callgraph: EeWENIIIW No file chosen E Sl Choose File JNRIEETEE

Frame Height Min Function Width  Show Inten

— O

Search for function name

|
[ |
[ ] node::AsyncWra.. n..
I [ node::TCPWrap::OnC..

L w_severdo  w_sweamdo T T
libsystem_pthread.. .. MYAZIOLPOII
libsystem_pthread..

libsystem_pthread..

iojs

Source: https://github.com/thlorenz/flamegraph (Thorsten Lorenz) -



Haskell: ghc-prof-flamegraph (2015)

Flame Graph

= Input.Hoogle.parseHoogle.f

General.Store.storeWriteFile.\,

Source: https://www.fpcomplete.com/blog/2015/04/ghc-prof-flamegraph/ (Francesco Mazzoli) -



Differentials: Flamegraphdiff (2015)

DFGL: DFG2:

Flame Graph Flame Graph

dispersy/uatabase py-elose(1}

DFG_dift:
Flame Graph

dispers..

dispers..

dispers..  dispers.. (S
d.. dispers.. dispers.. dispersy/dispersy.py:store_update_forward(0)
d.. dispersy/databas.. dispers.. dispers.. dispersy/tests/debugcommunity/community.py:create_full _sync_text(0)
dispersy/dispersy.p.. dispers.. dispersy/t.. dispersy/tests/test_sync.py:test_performance(0)

dispersy/callback.py:_loop(0)
fhome/jenkins/venv/inst/lib/python2.7/threading.py:run(0)
/home/jenkins/venv/inst/lib/python2.7 /threading.py:__ bootstrap_inner(0)
/home/jenkins/venv/inst/lib/python2.7 /threading.py:_ bootstrap(0)

Source: http://corpaul.github.io/flamegraphdiff/ (Cor-Paul Bezemer) ™



Java: jfr-flame-graph (2015)

Flame Graph

Source: http://isuru-perera.blogspot.com/2015/05/flame-graphs-with-java-flight-recordings.html

(M. Isuru Tharanga Chrishantha Perera) 135



Clojure: Flames (2015)

136

clojure.spec.alphagexplain_out invokeStatic [alpha.clj]

clojure.spec.alphagexplain invokeStatic [alpha.clj]

umﬂ"-ﬁ“m________u _______
|||||||||||| llllllII---m ®

||||||| wiills;
|||||| ---——
g — ettt ——]
===a" " mai:QIGNE: NN —
_Emzmeg
i)
.n7
.C
[
WA e
=
i3
m o
---ai——
[ |

Source: https://github.com/|stepien/flames/ (Jan Stepien)



Python: python-flamegraph (2015)

yCanta PDF

CP Servel

Server T.
[CFSeverT. ]
Tl
Server T.

Source: https://github.com/evanhempel/python-flamegraph (Evan Hempel) .



Strongloop: Arc (2015)

AprEsLaproto handle s trem prefog

anpressfproto handle »neat = vl proces_param

FADIELAPDIOTD [OCELE D A (L]

Fapees1apeoto handis > ne st 1

ERPIRL TRy - GUTY

enpreviihandle

‘expresiBprote handie trm_piefin

PRprR L RETOtD handle > me s w0l DIOCELL DATEmLTH IR argumen

eapee s L Bt PrOCELE Par ey aap e

€xDre1100r010 handle > neat . proce

Source: https://es.slideshare.net/jguerrero999/nodejs-transaction-tracing-root-cause-analysis-with-
strongloop-arc 138



Java: perfj (2015)

Flame Graph

Lorg/ig80,/leveldb/imply.

- | |lorgfig80/.. java/util/concurrent/locks/AbstractQueuedSynchronizers CenditionGbject:.signalAll in

==c= unll
m

\\lllllllmm

.
T
2
!
i

2

3
3

u-nnu||-______------w
m
\\\IIIHIHWWNH".
- .“mm
||mwmwmmmwmmmmmm-|
llumwmwm.._____________
‘|||||-
l-””“"mmmmmwmmmmmmmmmm.
—— bl
||nnnmmmwwwwwmwwmwmwmwl m m
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Source: https://github.com/coderplay/perfj (Min Zhou)



Golang: Uber go-torch (2015)

Flame Graph
runtim.. runtim... runtim.. [runtim.... runtim.. [FUngim.]
rruntime.mallocge (489 .. ‘runtime.mallocge (489 .. runtim...

run.. runtime.newarray (489 .. runtim.. runtime.rawstring (648 samples, ..

runtime..

.. W runtme.n.. S
runtime.concatstring2.. .. [funt [l runtime.slicebytet.. st..

L)
| b.. [ (FURERRENE strings.Replace (1,784 samples, 53.73%)

‘Bl github.com/uber/go-torch/graph..pathAsString (7.49s) (3,276 samples, 98.67 %)

Source: https://github.com/uber-archive/go-torch 0



) [ screen_fill (3 sample x "‘\ iy

141

Flame Graph

mmnnmm.

[ file:///home/ak/pmu/x.svg

w
g

Intel: processor trace converter (2015)

Source: http://halobates.de/blog/p/329 (Andi Kleen)



perftools (2015)

Nylas

0.001&from=-15minutes

C [} stacks.nylas.net/?threshold

17 et synenbo evens e wrappedtnnor sl conc

Filer: sqlalchemy

|
|

tari_new_foll

der_syn;

_run_implinbax sync.bast s

243547 samples)

o LGRS 0 605 SO O (30605 25T W v s oo i

el

i s

_norify.
runfgevent hu

run(inbox. syne.base_syn

243547 samples)

1€ _run(inbox

<motule=(__t run(gevent greenle) (88 841%, 502414 samples)
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IlIwww.nylas.com/blog/performance/ (code by Eben Freeman)

https:

Source



Django: djdt-flamegraph (2015)

Flamegraph

143

Source: https://github.com/blopker/djdt-flamegraph (Bo Lopker)



NodeSource: Nsolid (Node.js; 2015)

CPU Profile

Flame Graph

Source: https://nodesource.com/blog/understanding-cpu-flame-graphs ™



D3: d3-flame-graphs (2015)

[{il D3 flame graph plugin  Actions ~ €) GitHub

Source: https://cimi.io/d3-flame-graphs/ (Alex Ciminian) "



Golang: Goprofui (2015)

146

Source: https://github.com/wirelessregistry/goprofui (Srdjan Marinovic, Julia Allyce)



Rust: flame (2016)

Source: https://github.com/llogig/flame (Ty Overby) 7



Dell Cloud Manager: Gumshoe Load Investigator (2016)

e.getDes|

.toDescrptn

ek Sytemservce 1o0R Pt StackF acton
emSenice.getsto; rﬂ = ‘sunchiuy
emSenice.getDesenption:172  Tal .;.1.;.- cudautnc] rterruptibleT afaunchSerdnt, it erm e Task feeter
AeiSptemEanice gatDescrption 157 dentt Feaue fedutro terrupLD 3 rterUptibieT ask gt e o
ontroner S “tCont|cents) AhEntordros rterruptibleT ak. perdormatops:1007 ntemuptilel ask. perfornterruptl| EasoA foq]
|Fearatommororimoie 52 Aronterdatnan: jrtormuptibioTask. rur8e1 Coudsfiiou] Logjo
AInQTaskServer ExRcLngTask 1256 3 E | Statement. executei118 StofTransaction.commit:247
1 1 |
— e e
fcotect =] > Faer > [ Ouptengm] > Somre | [FatalogDAO getitembetalls: 118 Paymentiznager. confir
Operation-
[u read () write ® roadewrie |
ShoppingRequestHandle]
|O ops U bytes U ume(ms) |
@ show called methads (fame graph) (U show callers (root graph) I
J“m.
e

: : 1
"This haystack is looking more like a needle every minute" -- source: https://youtu.be/GGIFZfwXJ44?t=225

[ collect = | —= Filter > [ —= Display > | —= Examine |
Seledt statistic to display

For sample type | socketlo v

Operation: (® read ) write () read+write
Measurement: @ opsicount ) bytes U time{ms)

Source: https://github.com/worstcase/gumshoe (Jonathan Newbrough) "



Uber: pyflame (Python; 2016)
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Source: https://www.uber.com/en-AU/blog/pyflame-python-profiler/



Android: erlang-atrace-flamegraphs (2017)

main

-.n.@....___

150

Source: https://blog.rhye.org/post/android-profiling-flamegraphs/ (Ross Schlaikjer)



Java: grav (heap allocations; 2017)

i
e

= ll.l

java/util/HashMap (35,767 samp

Function: java/util/HashMap (35,767 samples, 8.56%)
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Source: https://epickrram.blogspot.com/2017/09/heap-allocation-flamegraphs.html (Mark Price)



Nudge: APM (for Java; 2017)

@ Overview Omps-m- A User Sessions

Overview Profiling NEW Emors D Details

SELECTED ITEM
Class: pem. sudge  sgm dat Segmes bwev oW Method: o vy e Line: 200
Local time; 0.00 % otal time: 60.07 %

CALL GRAPH

TRANSACTION
Executions: 609428
Samples: 387347

Class
sun.misc.Unsafe
java.lang.Class
java.lang.System

sun.nio.ch.Native...

java.util. ArrayList

sun.nio.ch.EPollA...
org.HdrHistogram...
Y sun.nio.ch.FileDis...

sun.misc.Unsafe
java.lang.Object
java.lang.Object

} java.utiLregex.Pat...
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Java: clj-async-profiler (2017)

| r ——

Source: http://clojure-goes-fast.com/blog/profiling-tool-async-profiler/ (Alexander Yakushev) 153



.NET: codetrack (2017)
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Node.js: Flamebearer (2018)
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Opsian: always-on flame graphs (2018)
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Speedscope: left heavy view (2018
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AppDynamics: flame graph (2018; now Cisco)

O Do

Source: https://docs.appdynamics.com/appd/20.x/en/application-monitoring/troubleshooting-applications/

event-loop-blocking-in-node-js#EventLoopBlockinginNode.js-FlameGraph 158



Inferno: flame graph (Rust port; 2019)
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Source: https://github.com/jonhoo/inferno (Jon Gjengset)



SAP: HANA Dump Analyzer (2019)

Mixed Concurrency Flame Graph
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Flame Graph

S/ Backtrace
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Backtrace: flame graph (2019)
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Source: https://support.backtrace.io/hc/en-us/articles/360040515971-Flame-graphs



Instana: flame graph (2020; now IBM)
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ej-technologies: JProfiler Flame Graph (for Java; 2020)
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Samsung: QA-Board (2020
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Microsoft Visual Studio: vscode-js-profile-flame (for JavaScript; 2020)
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Pyroscope: flame graph (2020)
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Uber: pprof++ (2021; for Golang)

167

Source: https://www.uber.com/en-AU/blog/pprof-go-profiler/ (Pengfei Su)



Lightstep: flame graph (2021)
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Dynatrace: allocation flame graph (2021)
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Pixie Labs: pod performance flamegraph (2021)
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Apache Flink: flame graphs (2021)
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Embrace: Application-Not-Responding flame graph (2021)
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Polar Signals: parca Continuous Profiling (2021)
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Dockyard: Flame On (for Elixir apps; 2022)

Source: https://dockyard.com/blog/2022/02/22/profiling-elixir-applications-with-flame-graphs-and-flame-on

(Mike Binns)
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OpenResty: Xray (2022)
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ngx_master_process_cyele [/useloca| apenresty-phus/nirskinnginx]
__libc_start_main [/us/libs4libc-2.17.50]
—start {fusr/local/openresty-plus/ngin/ sbin/ ngimx ]
3 13

C-land off-CPU Flame Graph

Process Whole application s

Sampling time: 14.47 seconds

1000 Samples

Click on the bars to see the
highlighted region in the flame
graph.

C-land off-CPU Flame Graph

Rasot Zoom

__epoll_weit_nocancel [/usr/[ib84/libc-2.17.50]
ents [fuse/local/openresty

Syscall epoll 165

Percentage

Source: https://openresty.com/en/xray (Yichun Zhang) -



Elastic: universal profiling (2022)

= . Observability

41 Observability

Overview
Alerts

Cases

Logs
Stream
Anomalies

Categories

Infrastructure
Inventory

Metrics Explorer

APM

Services
Traces
Dependencies

Service Map

Uptime
Monitors

TLS Certificates

C} Find apps, content, and more. Ex: Discover

Universal Profiling Flamegraphs Flamegraph
- LY
Universal Profiling
Elamegraph Differential flamegraph

& (U container.name:"vmedia"

@ v Sep 20,2022 @ 04:00:00.000 = Sep 20, 2022 @ 06:00:00.000 G Refresh

% Show information window

root: Represents 100% of CPU time.

Pythan: _handle_and_close_when_done() in baseserver py #34
Pythen; handie() in ggevent.py #119

Pythan: handle() in base_async.py #55

Python; handle_request() In ggevent.py #127

Python: handle_request() in base_async.py #108
Pythan: sentry_patched_wsgi_sppi) in flask py #80
Pythan: _eall__[) in wsgi.py #4122

Python: <lambda () in flask.py #85

Pythan: _call__[} in app.py #2086

Python: wrapper(} in helpers.py 820

Pythan: traced_wsgi_app() in patch.py #255

Pythan: wsal_appl) in app.py #2073

Python; full_dispatch_request() in app.py #1616
Pythan: wrapper() in helpers.py #20

Python; _traced_request() in patch py #458

Pythan: dispatch_request() in app.py #1480

Pythan: trace_funci) in wrappers.py #19

Python: _wrapper() in metric_collector.py #403
Pythan: wrapper() in flask_vauth_clisnt.py #271
Python: _wrapper() in decoratars.py #61

Pythan: submit_segments(} in segment_retention.py #33
Python: get_latest_video() in video_manager.py #578
Pythan: query() in video_manager.py #77

Python: put_
Python: do_i

Python: put_media_key() in
video_key_manager.py #46

Inclusive CPU: 11.65%
E: ive CPU: 0.00%

r'y Search string

Samples: 12370

Source: https://www.elastic.co/observability/universal-profiling
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... and more

Pulls Issues Codespaces Marketplace Explore

[ flamegraph OR "flame graph” ] Search

Repositories
Code
Commits
Issues
Discussions
Packages
Marketplace
Topics

Wikis

@ Connect from an allowed IP address to see search results within the intel-innersource organization.
@ Connect from an allowed IP address to see search results within the intel-sandbox organization.

@ Single sign-on to see search results for organizations within the Intel enterprise.

Sort: Best match ~

407 repository results

3 brendangregg/FlameGraph
Stack trace visualizer
1’:{ 139k @ Perl Updated on Oct 4

-
© -0 :

— : (Dec 2022)

Thanks for all the open source contributions!
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