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Performance analysis is (inherently) complex

» Performance analysis at multiple levels / dimensions among

Advanced Hotspots Hotspols ~ INTEL VTUNE PROFILER

Analysis Cor CollectionLog  Summary  Botom-up  CalleriCallee  Top-down Tree. . Platiorm

flamegraph / brendandgregc

— System-wide:memory, I/O (network, disk,...), uncore/offcore

— Application-wide
» Programming models (OpenMP, MPI, CUDA, HIP, OpenCL, LO,...)

Intel® VVtune ™

= Application performance specifics (e.g. FoM)

= CPU core-focused performance analyses — for quickly identifying bottlenecks in processors
= |tanium (~2001 - Chamberlain et al.), ltanium2 (~2006 — Levinthal et al.)
» Core2Duo (2005 - Levinthal etal.)
» IBM Power 5/ CPlstack (2005 — Maron et al.)
= Top Down Methodology [TMA] (2014 - Yasin)

Intel® Platform Profiler

core @ ectrans-benchmark-sp.profet.prv

* |deally, CPU core-focused analysis shall be used once:

— Tuned hardware (production system, performance configuration)

Paraver

— Completed algorithmic tuning (parallelism, ...)

@ ectrans-benchmark-sp.profet. prv




Let's go to the basics

2.3.1 Golden Cove Microarchitecture Overview

John L. Hennessy The basic pipeline functionality of the Golden Cove microarchitecture is depicted in Figure 2-1.
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CPU uarchitecture background

Simplified
CISC CPU operation

Retrieve the next block of code /instructions

Break blocks of code into instructions and
if instructions are complex further break into uops

Perform the instructions/uops

Execute

intel =



CPU uarchitecture background
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CISC CPU operation
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2.3.1 Golden Cove Microarchitecture Overview

The basic pipeline functionality of the Golden Cove microarchitecture is depicted in Figure 2-1.
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CPU uarchitecture background
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2.3.1 Golden Cove Microarchitecture Overview

The basic pipeline functionality of the Golden Cove microarchitecture is depicted in Figure 2-1.
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CPU uarchitecture background
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2.3.1 Golden Cove Microarchitecture Overview

The basic pipeline functionality of the Golden Cove microarchitecture is depicted in Figure 2-1.
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Making the HW taster!

Simplified
CISC CPU operation

Fetch

Execute

2.3.1 Golden Cove Microarchitecture Overview
The basic pipeline functionality of the Golden Cove microarchitecture is depicted in Figure 2-1.
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Making the HW taster!

Simplified
CISC CPU operation

Execute

Keep instructionsina cache to prevent

fetching from main memory in the future

2.3.1 Golden Cove Microarchitecture Overview
The basic pipeline functionality of the Golden Cove microarchitecture is depicted in Figure 2-1.
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Making the HW taster!

Simplified
CISC CPU operation

Fetch

Execute

2.3.1 Golden Cove Microarchitecture Overview
The basic pipeline functionality of the Golden Cove microarchitecture is depicted in Figure 2-1.
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Making the HW taster!

Simplified

C I SC C PU Op era tl on 2.3.1 Golden Cove Microarchitecture Overview
The basic pipeline functionality of the Golden Cove microarchitecture is depicted in Figure 2-1.
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... what about SW?

Simplified
CISC CPU operation

Fetch

Execute

2.3.1 Golden Cove Microarchitecture Overview
The basic pipeline functionality of the Golden Cove microarchitecture is depicted in Figure 2-1.
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.. what about SW?

Simplified
CI SC C PU Operation 2.3.1 Golden Cove Microarchitecture g
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.. what about SW?

Simplified
CISC CPU operation 23.1

Golden Cove Microarchitecture g

The basic pipeline functionality of the Ggld
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Whatis Top Down?
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Top Down Methodology (TMA)

» Top Down (TMA) is a hierarchical performance analysis technique
foridentifying software bottlenecks that occurin the core

= TMA categorizes CPU pipeline slots into high-level categories

Top-down* parch Analysis: TMA 4.4 tree. 4-levels [ADL, SPR]
— Retiring: Useful work slots (maximizes IPC, ideal ~100% on peak

t h ro u g h p ut) | Retiring s;%.:d.a Frontend Bound ‘ Backend Bound
- . . . 7 . : He“; ‘g% e » Fetch | Feen || Core | )
— Bad Speculation: Wasted slots from branch mispredictions or | tsoperon % ency | | Boum|_ MomomBowd |
exceptions : T

— Frontend Bound: Delays fetching/decoding instructions (e.g., I-
cache misses)

width | |
ency 1‘ DRAM Bound

i
S Switches
ecoder0 Alone |

| MEM Late

[MEM Bandwidth | [

* Reference paper: A. Yasin, “A Top-Down Method for Performance Analysis and Counters Architecture”, ISPASS 2014

— Backend Bound: Execution stalls (e.g., memory, core bound
subcategories)

= TMA drills the hierarchy down iteratively using performance
counters until narrowing the bottleneck

= Low-cost & Comprehensive

intel 7



Top Down Key Concepts

In TMA, the coreis abstracted into

— Frontend:includes all the logic for
fetch and decode

— Allocation/issue: logic sitting in
between the frontend and backend

— Width: how many uops/instructions

can be operated at once (either
Allocation or Retirement stages)

:includes all the execution and

retirement logic

2.3.1 Golden Cove Microarchitecture Overview
The basic pipeline functionality of the Golden Cove microarchitecture is depicted in Figure 2-1.
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Top Down Key Concepts

* The novel concept that Top Down introducesiis called Pipeline Slot

= A pipeline slotis an abstraction representing the HW resources available to oneuop as it
travels through the pipeline, percycle

= Allocation width determines the number of Pipeline Slots

— Allocation width = 6 on GoldenCove / SapphireRapids

intel



Top down issue classification

» Performance issues are classified to what happened to each pipeline slot

[uop allocated }

in the BE?
NIo | Yes
Allocation Did Uop
Stall? Retire?
No | Yes No | Yes

Frontend Bad Retirin The top 4 categories of Top Down
Bound Speculation & (TMA Level 1)

intel 20



Visualizing Top Down (L1)

Frontend
(fetch&decode)

Backend

(execute)

Frontend
Bound

Frontend does not provide a uop
while backend is not stalled

Frontend
(fetch&decode)

Backend
(execute)

Frontend has 1+ uops ready
but backend is stalled

Frontend

(fetch&decode)

Backyar [ )
(execute)

Bad
Speculation

uops are allocated,
but later cancelled

Frontend
(fetch&decode)

|
Baclllrlt(lh/

(execute)

Retiring
(good!)

uops complete execution
and instructions retire

intel
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Visualizing Top Down (L1), 4 hypothetical cycles

Cycle N

Frontend
(fetch&decode)

P-Pﬂﬁﬁgg(

4 slots FE bound
2 slots Retiring

Summary:
Allocation width =6
9 slots FE bound

6 slots BE bound

2 slots BS

7 slots Retiring

Cycle N+1

Frontend
(fetch&decode)

Backen
u<u:eu-lfzdh/

3 slots FE bound
2 slots Retiring

Cycle N+2

Frontend

(fetch&decode)

Rackend

AT ]

6 slots BE bound
2 slots Retiring

37.5%
Frontend Bound

8.3% 29.2%
Bad Speculation Retiring

Cycle N+3

Frontend
(fetch&decode)

2 slots FE bound
2 slots Bad Speculation
1 slot Retiring
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oW is 1 op

Down used?
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4 tree. 4-levels [ADL, SPR]
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1S

The complete TMA “tree”
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4 tree. 4-levels [ADL, SPR]
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The complete TMA “tree”
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4 tree. 4-levels [ADL, SPR]

TMA 4.

11
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The complete TMA “tree” — now focusing on Memory Boundness

Top down* parch Analysis: TMA 4.4 tree. 4-levels [ADL, SPR]

______________________________________________________________________________________________________________________________________________________________

-------------------------------------------------------------------------------------------------------------------------------------------------------------------

......................... Non-stalled e —
. . Bad
Retiring specula | Frontend Bound Backend Bound
tion
- s ™ “ y
Light Operations Opera 5 3 ) Bandd|| o Memory Bound
. v atency width
tions &
p b 4
w
w 0 clo s i 0
g e E 2w g -8 g 0 § 0 E E -g © g o
Fp Int =2/Es§ | B8a alsl S o |8lolS| wlml. | Ports 5 5 5 =
Operatio | 5|9 8|5 253 = <8 I3[CIE| Elv 2| Utilizati es o 0 o
. p |3 S|Lel =0 o @+ UlE =|Qv = ilizati
Arith g/lE@m(S € 0= 0 al<]| =9 (03la ERf-] |2 w o0 a] o0
ns i ols W = n v om o o0 o on b - ~ .
o c @l = = | ®© 1%2] e | 1 -
N= || @ — ([ L2 = n
Llgls— o o 1 (m}
EI2% 85 3 =
92§20 3 ol [a " " »
2 © 2"z o glel2 g 2 ™ oo 18| | [5Z|2]0 g
=5 ~ |10 ) A O = +=|5|S 1S & - clcelslel (B2 e|a| é
<52 |2YEE — glels < N i SE R REEE g
A2 S SxE A 2 = = SGE|1E2] al= 22 e 2
B |22EG 3% |8 5 ol 2|2 viol=E3 E|SEES| |3
z2 HEIE g 5 £ sEgle| &S 7
== o LN | = Q
EE 55|2 il 5| g
= O

* Reference paper: A. Yasin, “A Top-Down Method for Performance Analysis and Counters Architecture”, ISPASS 2014

intel

30



The complete TMA “tree” — now focusing on Memory Boundness

Top down* parch Analysis: TMA 4.4 tree. 4-levels [ADL, SPR]
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Workload characterization
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Top Down L1 applied to real workloads

TMA Category Retiring Bad Speculation Frontend Bound Backend Bound
Ideally the highest
percentage Ideally below 5%; Client: <5% =0
What to expect category; can beupto10% Server: <20% 25-50%
~25-50%
Poorusage of
What kinds of Small data footprint compiler Web-, containerized
workloads will have workloads with good optimizations, or virtualized Large data footprint,
high % in this locality, optimized interpreted workloads, large poor locality, I/O

workloads, many
small tight loops

category binaries

code footprints

intel
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Insights on Retiring

Non-stolled

Retiring
Heavy
Light Operations Opera
tions
\ A J
| |
What it tells us about the Software: What it tells us about the Software:
* CPU resources are being used efficiently * Optimization potential may exist: Find source of
* Optimization potential may exist: Vectorization, instructions triggering microcode assist
Power Reduction (for OS)
What it tells us about the Hardware: What it tells us about the Hardware:
* CPU resources are being used efficiently » If seeing significant heavy ops patternsincreasing
* Consider hardware optimizations favoring 1Tuop across workloads, consider accelerating that
instructions instruction

intel
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Insights on Bad Speculation

What it tells us about the Software:

What it tells us about the Software:
* Some of the CPU's resources are wasted due to mispredicted « Software causes some undesired behavior for the
branches N _ N CPU, investigate it Machine Clears and Bad Spec
*  Optimization opportunities exist: Use PGO/advanced compiling Lo
techniques, reduce branches, use predicated instructions

Potentially false sharing, SMC

What it tells us about the Hardware:

What it tells us about the Hardware:
* Potential exists to improve branch prediction

* More actionable on the software side

intel
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Insights on Frontend Bound

Pipeline Slots

Frontend Bound

; Fetch Fetch
; Band-
i Latency width
\ | J
| |
What it tells us about the Software: What it tells us about the Software:
* Optimization opportunities exist: reduce code footprint, * Optimization opportunities exist: reduce code
reduce iTLB footprint, investigate source of resteers / footprint, reduce iTLB footprint
switches if high
What it tells us about the Hardware: What it tells us about the Hardware:
* Ifincreasing across workloads, consider increasing * Ifincreasing across workloads, consider increasing
icache or iTLB sizes icache or iTLB sizes

* Consider improvements in decode/uop pipelines

intel
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Insights on Backend Bound

Stolled

Backend Bound

Core
Bound

, _= Bl

Memory Bound

L1 Bound
L2 Bound
L3 Bound

-
c
=
[=]
[==]
=
=T
o
=

What it tells us about the Software: E E
* If high, software is compute-intensive F
- Optimization potential: increase \ =5 )
parallelism and vectorization; |
investigate leaf issues if high What it tells us about the Software:
* Use L3 to determine the memory bottleneck, try to reduce
What it tells us about the Hardware: code or data footprint/spatial locality/temporal locality
« Ifincreasing across workloads, accordingly
consider adding execution What it tells us about the Hardware:
units/ports Use L3 to determine the memory bottleneck, consider

increasing cache sizes

* |fworkload is DRAM bound, use L4 to understand if workload
would scale with more memory/more channels or would be
better to have low latency
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TMA In MNS?

« BSC /Performance tools

— BSC - TopDown Visualizer

— Extrae/Paraver (WIP on MN5, already available for
otherarchitectures)

Backend bound

= Intel® VVtune™ Profiler

"‘.* Bad Speculation

= Linux/perf

intel =9



Demo / Hands-on session on BSC tools

BSC - TopDeown
@ Feinrg -1 | @ Froriond soun . e . e Ecund .
26.0% 39% 0.0% 70.1%
. o Fo .
200% Ere
20% 0
TIMELINE - 547 samgies 10788 (5smgie 277 . =

Topdiown Losd 1 s 8re -

Topown Lo 2 Bruakdowe of Rt meirics

TopDown Leved 2 Breakdove of rontand Bousd metris

TopDwn Lieved 2 Breakcdone of Bad Speulabion metics

Topiom Level 2 Breabebome of Backend Bowesd et

Topioun Lived 3 Brasisoe of Memory Bousd

epoum Lived 4 Breskion of DRAM Bousd metrics

A= | Dpen Mew Trste

BSC - TopDown
Bottleneck Navigator =
Cick an aslce on the chart 10 see detaled at categary . - e : . - .
ican a slce an the ch d hat ca S o

or mare hlp understanding the topdown model check this | Leam More = = =

R I : .
TIMELINE CHARTS 3% 0sx a s
The Level 1 chart abways shaws 0-100% of total pipeline sk, Level 2 e - .
maiches the parent's rande) or as a percentage of al pipeline siots. oaz
[atrami ]|t psins s

TIMELINE - 462 sampies 1188 (Ssmpie 2311 - =

Topoown Levet 1 srers b @ tusSpecuntcn @

TepOGwn Level 2 Seakdn of Retiing metrics

TopDown Levs! 2 Sreabdon of Frantend Bound metrics

TopDown Lovs 2 Beakiown of d Speculition matics
\

B0 B Wi2Bouns B0 8 A

TopDown Leve! 3 reakdown of Memory Bourd melrics

TopDown Lovl 4 Beakidown of DRAM Bound mtrics 18 sty Earmctn, @ imoryency

Open New Trace

TopDowm

Bottleneck Navigator
Click om a sice on the chart t see detalled analyss of that category
For more help understanding the topdosn model check this | Leam tire
TIMELINE CHARTS

The Level 1 chart ahways shows 0-100% of total pipeline slots. Level 2 charts can be scaled relaive to their parent metric fso the ¥-axis
matehes the parent’s range) or a5 percentage of al ppeline sios.

ool Paremt ] % of Fpeiine Sios
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Also available in Intel tools

* Top Down Methodology is also included in Intel® Vtune™ Profiler

— https://www.intel.com/content/www/us/en/docs/vtune-profiler/cookbook/2025-4/top-
down-microarchitecture-analysis-method.html

AnalysisConfiguration  Collectionlog  Summary Gottom-up  EventCount  Platform P N o
Gruupins:i Function f Call Stack w iﬂﬁ _! Microarchitecture Usage: 27.0% R of Pipeline Slots
' Back-End Bound "
Function / Call Stack | Memory Bound
L1 Bound '* | L2 Bound L3 Bound *' | DRAM Bound *

» grid_intersect 11.4% 0.0% 13.9% A.3%

sphere_intersect

+ grid_bounds_intersect 100075 0.0% 20.2% .05 I —
- func@m%?beam | L 0L0% O 0.0% Memary Bound: 34.98%
» pos2grid 0% 0L0% 0.0 0.0% This part of UPipe is fraction of Memary

Bound

w tri_intersect | 0.0 0.0% ke 0.0% The metnd value s fugh. The canindicsts
w func@x14016b34% 0L Qe OuDag 005 that the significant fraction of exsowtion
| o 1 - pipedine slots could be stalled due to demand

» Raypnt — 0.0% 0.0% 0.0% memory load and stores. Liss Memory
¢ func@0x10046130 | 0L0r% Du0% . Access analysis to have the metric
- ) A 1 breakdown by memory hierarchy. memary

func@x 10076012 | B! 0.0% : 0.0% bandwadth information, carrelation by
» libm_sse2_sqrt_precise 0,013 94.7% 0.0% 0.0% memary objects.
» libm_sse2_pow preciss  100.0% 0.0% 0.0% 100.0% RA e 27.0%  of Pipetine Slots
v func@ini40148968 £ Fr 008 0 0,08 Front-End Bound: 0%  of Pipeline Slots
» [TBE Scheduler Internd 007 0.0% 0.0 0.0% Bad Speculation: 14.4% B of Pipeline Slots
» shader 0% 0.0% 00 0.0% Branch Mispredict: 0.0%  of Pipeline Slots
b func@0xsb102230 | 0005 0L0% (05 0.0% Machine Clears: 14.4% % of Pipeline Slots
» light_intersect [ 1001 L0 00 0L01% Back-End Bound: 53.6% R of Pipeline Slots
» intersect objects | 100.0% 0.0% D.0% 0.0% ¥ Memory Bound: 35.0% R of Pipeline Slots
< L > L1 Boand: 14.6% R of Clockticks
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Software optimization examples

* Netflix VTune Case Study

— https://netflixtechblog.com/seeing-through-hardware-counters-a-journey-to-threefold-
performance-increase-2721924a2822

— Vadim Filanovsky and Harshad Sane
= PyTorch Case Study

— https://pytorch-cn.com/tutorials/intermediate/torchserve with ipex 2

— Ming Jean Cho, Jing Xu, Mark Saroufim
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Pointers, contacts, documents and other architectures

= TMA metrics vb.1 _ ® ) _
(https://github.com/intel/perfmon/blob/m g‘til 64 and lAI\ 32 Al‘ChlteTtures
ain/ TMA_Metrics-full.xlsx) oftware Developer Manuals

(https://www.intel.com/content/www/us

[en/developer/articles/technical/intel-
= Extrae/Paraver (tools@bsc.es) sdm.html)

= Intel® Vtune™ Profiler , .
(https://www.intel.com/content/www/us/e * AgnerFog's optlmlzat_lor_l manuals
n/developer/tools/oneapi/vtune-profiler- (https://agner.org/optimize/#manuals)
download.html)

« BSC - TopDown Visualizer (mess@bsc.es)

= uops.info (https://uops.info/)
= perf-tools
(https://qgithub.com/aayasin/perf-tools)

= toplev (https://github.com/andikleen/pmu- - Alsoimplementedin AMD Zen4, ARM

tools)
Neoverse, and at least one RISC-V

vendor (Ventana Micro)

Linux 6.2 Adds AMD Zen 4 Pipeline Utilization Data To Help Find
Performance Bottlenecks

Written by Michael Larabel in AMD on 22 December 2022 at 01:00 PM EST. 1 Comment

« perf(https://perfwiki.github.io/main/top-
down-analysis/)
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Thank youl

Questions?
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