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Top-Down Microarchitecture Analysis Method (TMAM)

= Top-Down Microarchitecture Analysis Method (TMAM) — mMeTOoq aHanM3a n ONTUMMU3ALUMK NPUSTOXKEHUI
oNns MUKpoapxuTekTyp Intel no pesynbTatamMm NnpodUANMPOBAHMS C MMNONb30BAHMEM CYHETUYMKOB NPOM3BOAUTENIBHOCTU
(Performance Monitoring Unit — PMU)

= MeToA NO3BONSET ONPENENUTb ANS 3a43aHHOIO NPUNOXKEHUS Y3KME MeCTa CynepcKkansipHoro saapa ¢ BHeEOYepeaHbIM
BbIMO/IHEHUEM MHCTPYKLMI

= OCHOBHbIE NOHATUSA:

O

©)

©)

O

Pipeline — coBokynHOCTb BCcex 6nokoB npoueccopHoro y3na (Frontend + Backend)
Frontend: BoibupaeT u pekogupyet CISC nHcTpykumm Intel 64 B oaHy nnm Heckonbko RISC Mmukpoonepauuit (uop)

Backend: oTcnexuBaeT roTOBHOCTb ONepaHA0B MUKpPOONepaumu 1 BbINOHSAET €e Ha AOCTYMHbIX MOAYNSX
(nopTax)

Allocation: npouecc nepepayn Mukpoonepaumm B Backend
Retirement: npouecc 3anmMcun pe3ynbTaTtoB MMKPOOMNEepaLUnm B apxXUTEKTYPHOE COCTOSIHME (B perncTpbl, NaMsTh)
Pipeline slot — COBOKYMHOCTb annapaTHbIX pecypcoB ga4pa A/19 BbINOAHEHS O4HOW UOp

= HekoTopble onepauumn MOryT He AoMTK 00 a3kl Retirement, HanpMMep OTMEHeHbl 13-3a HENPaBUILHOIO
HanpaBneHUs CNeKkyNaTUBHOIO BbINOMHEHUS

o Intel 64 and IA-32 Architectures Optimization Reference Manual, Appendix B.1
o Ahmad Yasin et al. A Top-Down method for Performance Analysis and Counters Architecture // ISPASS, 2014, DOI: 10.1109/ISPASS.2014.6844459



https://doi.org/10.1109/ISPASS.2014.6844459

Top-Down Microarchitecture Analysis Method (TMAM)

Front-End Pipeline
(in-order)

Intel 64 CISC
instructions

Execution Engine
(out-of-order)

RISC uops

Intel 64 CISC macro-instructions

Instruction Fetch & Pre Decode

Decode

1
1
1
1
: Instruction Queue (1Q)
:
1
1
1

Rename/Alloczite

Retirement Unit
(Re-Order Buffer)

I
I
1
1
I
I
1
1
I
I
1 T A 4
1
I
I
1
1
I
I
1
1
I

Scheduler
Reservation Stations

]

—+ Execution Units

TMAM

Frontend

Allocation

————— SO H st || s2 H s3 |====—+

|

|

Pipeline slots (4) :
Pipeline Width = 4 :
|

|

|

|

Backend

Retirement

Ha kaxkgoMm TakTe

Cnot moxeT 6bITb 3aH4T (filled) nnn ceobogeH (empty)

CnoT nepexoamT B COCTOSIHME "npocTanBaeT” (stall)
ecnu cBobofEeH Ha NPOTSKEHMM OAHOIO TaKTa



Top-Down Microarchitecture Analysis Method (TMAM)

: = TMAM no3BongeT BbISIBUTb NPUYMHY NPOCTOS C10Ta KOHBENepa
Frontend : = (C/I0Ty Ha3HavaeTcs Knacc:
Alocat i o Front-End Bound — Frontend He MOXeT (He ycrneBaeT) 3an0/HUTb CNOT
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Top-Down Microarchitecture Analysis Method (TMAM)
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[*] Ahmad Yasin. How TMA Addresses Challenges in Modern Servers and Enhancements Coming in Ice Lake // Scalable Tools Workshop, 2018



Pe3ynbTaTbl NpOGUAMPOBAHUA NPUNTOKEHUN PA3/IMYHBIX K1ACCOB
Top Level for SPEC CPU2006

Average 47.1% 9.9% 8.2% 34.8% 1.8
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59.GemsFDTD
465.tonto
482.sphinx3

400.perlbench

u-arch bottlenecks do greatly vary across workloads
SPEC CPU2006 v1.2, rate 1-copy, Intel Complier 14 targeting AVX2, Skylake @ 3 GHz

IDF

INTEL DEVELOPER FORUM

Ahmad Yasin. Performance Analysis in Modern Multicores // Practical Parallel Programming Course, CS @ Haifa University, 2017



Top-Down Microarchitecture Analysis Method (TMAM)

Pe3ynbTaTbl NpOPUANPOBAHUS MPUNTOXKEHMIN PA3NUYHDBIX KNACCOB
(opneHTupbl ona Lenem onTMMmU3aunm)

Expected Range of Pipeline Slots in This Category, for a Hotspot in a Well-Tuned:
Category
Client/Desktop Server/Database/Distributed High Performance Computing
Application application (HPC) application
Retiring 20-50% 10-30% 30-70%
Back-End Bound 20-40% 20-60% 20-40%
Front-End Bound 5-10% 10-25% 5-10%
Bad Speculation 5-10% 5-10% 1-5%

https.//www.intel.com/content/www/us/en/develop/documentation/vtune-cookbook/top/methodologies/top-down-microarchitecture-analysis-method.html



[lpumep: cymmupoBaHue 31IeMeHTOB MAaCCUBA

enum {N = 1000000007} ;

int vec_sum(int *vec, int n)

{
int s = 0;
for (int 1 = 0; 1 < n; i++) {
s += vec[i];
3
return s;
3
int main()
{
int *vec = malloc(sizeof(*vec) * N);
for (int 1 = 0; 1 < N; i++) {
vec[i] = 1,;
3

double t = wtime();
int s = vec _sum(vec, N);
t = wtime() - t;

printf("Time %.6f, sum %d\n", t, s);
free(vec);
return 0;



[pumep: cyMmmupoBaHue 3n1eMeHTOB MacCUBa
(6e3 onTummusaumu, level 1)

$ gee -g -fopt-info -o prog ./prog.c

$ toplev --user --core SO-CO -11 -v --no-desc taskset -c 0 ./prog
Time 0.201130, sum 100000000
# 4.4-full-perf on 11th Gen Intel(R) Core(TM) i7-1160G7 @ 1.20GHz [tgl/icelake]

FE Frontend_ Bound % Slots 2.0 <
BAD Bad Speculation % Slots 1.2 <

BE Backend_Bound % Slots 71.3 <==
RET Retiring % Slots 25.5 <
MUX % 100.00

Run toplev --describe Backend Bound”® to get more information on bottleneck
Add --run-sample to find locations
Add --nodes '!+Backend Bound*/2,+MUX' for breakdown.

= -1  # cbop u aHanu3 cyetunkos TMAM yposHa 1
" --user # yyeT COObITUM NPOCTPAHCTBA NOb30BATENS

" --core # BbIBOA, Pe3Y/IbTAaTOB TOJIbKO 419 YKA3aHHbIX COKEeT-94p0-annapaTHbin NOTOK (SX-Cx-TXx)

= /1% cnoTtoB 3a BpeMs BbIMOJHEHUS NpOrpaMmbl BblIn KnaccmbuumposaHsl kak Backend Bound



Mpumep: cyMMMpoBaHue 31IeMEHTOB MAacCMBA

(6e3 onTummusauuu, level 2)

$ toplev --user --core SO-CO -12 -v --no-desc taskset -c O ./prog

Time 0.201266, sum 100000000

# 4.4-full-perf on 11th Gen Intel(R) Core(TM) i17-1160G7 @ 1.20GHz [tgl/icelake]

FE Frontend_Bound

BAD Bad_Speculation

BE Backend_ Bound

RET Retiring

FE Frontend Bound.Fetch_Latency
FE Frontend Bound.Fetch_Bandwidth
BAD Bad_Speculation.Branch_Mispredicts
BAD Bad_Speculation.Machine_ Clears
BE/Mem Backend Bound.Memory Bound
BE/Core Backend Bound.Core_ Bound

RET Retiring.Light Operations

RET Retiring.Heavy Operations

MUX

warning: 2 results not referenced: 9 10

Run toplev --describe Backend Bound” to get more information on bottleneck

Add --run-sample to find locations

%
%
%
%
%
%
%
%
%
%
%
%
%

Add --nodes '!+Backend Bound*/2,+MUX' for breakdown.

Slots
Slots
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Slots
Slots
Slots
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Slots
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Slots
Slots
Slots

P PRPOO0OOFRPOOFRLPOOCORFPL, NP, DN
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VANIVAN

" 34% CcnoToB 3a BpeMs BbIMOJHEHUS KnaccuduuupoBaHbl kKak Backend Bound/Memory Bound
" 34% CcnoToB 3a BpeMs BbINOAHEHUS KnaccuduumnpoBaHbl Kak Backend Bound/Core_Bound
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Mpumep: cyMMMpoBaH1e 31IeMEHTOB MAacCMBA

(6e3 onTummusauuu, level 2)

$ toplev --user --core SO-CO -12 -v --no-desc taskset -c O ./prog

Time 0.201266, sum 100000000

# 4.4-full-perf on 11th Gen Intel(R) Core(TM) i17-1160G7 @ 1.20GHz [tgl/icelake]

FE Frontend_Bound

BAD Bad_Speculation

BE Backend_ Bound

RET Retiring

FE Frontend Bound.Fetch_Latency
FE Frontend Bound.Fetch_Bandwidth
BAD Bad_Speculation.Branch_Mispredicts
BAD Bad_Speculation.Machine_ Clears
BE/Mem Backend Bound.Memory Bound
BE/Core Backend Bound.Core_ Bound

RET Retiring.Light Operations

RET Retiring.Heavy Operations

MUX

warning: 2 results not referenced: 9 10

Run toplev --describe Backend Bound” to get more information on bottleneck

Add --run-sample to find locations

%
%
%
%
%
%
%
%
%
%
%
%
%

Add --nodes '!+Backend Bound*/2,+MUX' for breakdown.
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" 34% CcnoToB 3a BpeMs BbIMOJHEHUS KnaccuduumnpoBaHbl kKak Backend Bound/Memory Bound
" 34% CcnoToB 3a BpeMs BbINOAHEHUS KnaccuduunpoBaHbl Kak Backend Bound/Core_Bound
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[25.
[25.
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[pumep: cyMMHpoOBaHUE 31€MEHTOB MacCcuBa
(6e3 ontumusaumm, level 3)

$ toplev --user --core S0-CO -13 -v --no-desc taskset -c @ ./prog

Time 0.200856,

sum 100000000

# 4.4-full-perf on 11th Gen Intel(R) Core(TM) i7-1160G7 @ 1.20GHz

FE

BAD

BE

RET

BE /Mem
BE/Core
BE /Mem
BE /Mem
BE /Mem
BE /Mem
BE /Mem
BE/Core
BE/Core
RET

RET

RET

RET

RET

RET

RET

MUX
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.Heavy Operations

Retiring.
Retiring.
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%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
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[pumep: cyMMHpoOBaHUE 31€MEHTOB MacCcuBa
(6e3 ontumusaumm, level 3)

$ toplev --user --core S0-CO -13 -v --no-desc taskset -c @ ./prog

Time 0.200856,

sum 100000000

# 4.4-full-perf on 11th Gen Intel(R) Core(TM) i7-1160G7 @ 1.20GHz

FE

BAD

BE

RET

BE /Mem
BE/Core
BE /Mem
BE /Mem
BE /Mem
BE /Mem
BE /Mem
BE/Core
BE/Core
RET
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Backend Bound.
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Retiring
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ivider
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Other_Light Ops
Few_Uops_ Instructions
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Mpumep: cyMMUpoBaHUE 3N1€eMEHTOB MaCCUBA
(-02, level 1)

$ gee -g -mavx512f -mtune=native -02 -fopt-info -o prog ./prog.c
./prog.c:32:13: optimized: Inlining vec_sum/40 into main/41l.

./prog.c:18:23: optimized: loop vectorized using 32 byte vectors
./prog.c:27:23:. optimized: loop vectorized using 32 byte vectors

$ toplev --user --core SO-CO -11 -v --no-desc taskset -c 0 ./prog
Time 0.019192, sum 100000000
# 4.4-full-perf on 11th Gen Intel(R) Core(TM) i7-1160G7 @ 1.20GHz [tgl/icelake]

FE Frontend Bound % Slots 13.3 <
BAD Bad Speculation % Slots 5.2 <
BE Backend_Bound % Slots 62.4 <== @
RET Retiring % Slots 19.1 < . B

MUX % 100.00



Mpumep: cyMMUpoBaHUE 3N1€eMEHTOB MaCCUBA
(-02, level 2)

$ toplev --user --core S0-CO -12 -v --no-desc taskset -c 0O ./prog
Time 0.019184, sum 100000000
# 4.4-full-perf on 11th Gen Intel(R) Core(TM) i7-1160G7 @ 1.20GHz [tgl/icelake]

FE Frontend_Bound % Slots 9.1 < [26.8%]
BAD Bad_Speculation % Slots 10.4 < [26.8%]
BE Backend_Bound % Slots 66.3 [26.1%]<==
RET Retiring % Slots 14.2 < [73.2%]
FE Frontend Bound.Fetch Latency % Slots 6.3 < [26.8%]
FE Frontend_Bound.Fetch_Bandwidth % Slots 2.9 < [26.8%]
BAD Bad_Speculation.Branch Mispredicts % Slots 0.5 < [26.8%]
BAD Bad_Speculation.Machine Clears % Slots 9.9 < [26.8%]
BE/Mem Backend_Bound.Memory Bound % Slots 33.5 [26.1%]
BE/Core Backend_Bound.Core_Bound % Slots 32.8 [26.1%]
RET Retiring.Light_Operations % Slots 9.1 < [26.8%]
RET Retiring.Heavy_Operations % Slots 5.1 < [26.8%]
MUX % 26.14



Mpumep: cyMMMpoBaH1e 31IeMEHTOB MAacCMBA
(-03, level 1)

$ gece -g -mavx512f -mtune=native -03 -fopt-info -o prog ./prog.c

./prog.c:138:13: optimized: Inlining vec_sum/40 into main/44.

./prog.c:18:23: optimized: loop vectorized using 32 byte vectors

./prog.c:18:23: optimized: loop with 6 iterations completely unrolled (header execution count 46365075)

$ toplev --user --core SO-CO -11 -v --no-desc taskset -c O ./prog
Time 0.019268, sum 100000000
# 4.4-full-perf on 11th Gen Intel(R) Core(TM) i17-1160G7 @ 1.20GHz [tgl/icelake]

FE Frontend Bound % Slots 10.2 <
BAD Bad_Speculation % Slots 5.9 <
BE Backend_Bound % Slots 68.2 <==
RET Retiring % Slots 15.7 <

MUX % 100.00



Mpumep: cyMMMpoBaH1e 31IeMEHTOB MAacCMBA
(-03, level 1)

$ perf stat --topdown -- taskset -c O ./prog
Time 0.022320, sum 100000000

Performance counter stats for 'taskset -c @ ./prog':

retiring bad speculation frontend bound backend bound
29,0% 4,3% 17,3% 49,4%

0,124534287 seconds time elapsed

0,056246000 seconds user
0,068299000 seconds sys



# 11th Gen Intel Core i7 1160G7 [tgl/icelake], GNU/Linux 5.19.0-23-generic

Mpumep: ymHOXeHue MmaTpuu (DGEMM)

$ gcc -mtune=native -fopt-info -g -Wall -o dgemm ./dgemm.c

#define N 1024
__attribute ((target('"sse"), optimize("00")))

void dgemm_def(double *a, double *b, double *c, int n)

{

for (int 1 = 0; i < n; i++) {
for (int j = 0; j < n; j++) {

for (int k = @; k < n; k++) {

c[i *n+ j] +=a[i *n + k] * b[k * n + J];

by
by
Backend Bound.Memory Bound % Slots 35.9 <==
Backend_Bound.Core_ Bound % Slots 23.9
Bpems Frontend . Backend ..
Bepcusa (cex) GFLOPS | IPC | CPI YcKkopeHue Bound Bad Speculation Bound Retiring
Default (-00, sse) 4.9458 0.43 2.08 | 048 1.0 1.6 1.2 59.6 37.6




Mpumep: ymHOXeHue MmaTpuu (DGEMM)

__attribute_((target("sse"), optimize("00")))
void dgemm_loop_xchg(double *a, double *b, double *c, int n)
{
for (int 1 = 0; i < n; i++) {
for (int k = 0; k < n; k++) {
for (int j = 0; j < n; j++) {
c[i *n+ Jj] +=a[i1 *n + k] * b[k *n + J];

3
3
3
3
Backend Bound.Memory Bound % Slots 13.7 <

Backend Bound.Core_ Bound % Slots 23.5 <==

Bpems Frontend . Backend ..
Bepcus (cex) GFLOPS | IPC | CPI | YckopeHue Bound Bad Speculation Bound Retiring

Default (-00, sse) 49458 0.43 2.08 | 048 1.0 1.6 1.2 59.6 37.6

Loop Interchange (-00, sse) 2.7932 0.77 2.57 | 0.39 1.8 2.6 0.8 48.5 48.1




Mpumep: ymHOXKeHue MmaTtpuy, (DGEMM)

__attribute ((target('"sse"), optimize("02", "-ftree-vectorize")))
void dgemm_vec(double * a, double *b, double *c, int n)
{
for (int 1 = 0; i < n; i++) {
for (int k = 0; k < n; k++) {
#pragma GCC ivdep
for (int j = 0; j < n; j++) {
c[i*n+ j] +=a[i *n + k] * b[k *n + j];

b
by
by
} Backend Bound.Memory Bound % Slots 20.5
Backend Bound.Core_ Bound % Slots 30.8 <==
Bpems Frontend . Backend ..
Bepcus (cex) GFLOPS | IPC | CPI | YckopeHue Bound Bad Speculation Bound Retiring
Default (-00, sse) 4.9458 0.43 2.08 | 0.48 1.0 1.6 1.2 59.6 37.6
Loop Interchange (-00, sse) 2.7932 0.77 2.57 | 0.39 1.8 2.6 0.8 48.5 48.1
Vectorized 55E 03451 | 622 |195|051| 143 2.0 12 58.8 38.0
(-02, sse, —ftree-vectorize)




__attribute_((target("avx2"), optimize("02",
void dgemm_vec_avx2(double * a, double *b, double *c, int n)

{

Mpumep: ymHOXKeHue MmaTtpuy, (DGEMM)

for (int 1 = 0; i < n; i++) {

for (int k = 0; k < n; k++) {
#pragma GCC ivdep

for (int j = 0; j < n; j++) {

"-ftree-vectorize")))

c[i *n+ Jj] +=a[i *n + k] * b[k *n + j];

3
3
3
Backend_Bound.Memory_ Bound % Slots 18.5 <
Backend_Bound.Core Bound % Slots 33.7 <==
Bpems Frontend . Backend ..
Bepcus (cex) GFLOPS | IPC | CPI | YckopeHue Bound Bad Speculation Bound Retiring
Default (-00, sse) 4.9458 0.43 2.08 | 0.48 1.0 1.6 1.2 59.6 37.6
Loop Interchange (-00, sse) 2.7932 0.77 2.57 | 0.39 1.8 2.6 0.8 48.5 48.1
Vectorized 55E 03451 | 622 |195|051| 143 2.0 12 58.8 38.0
(-02, sse, —ftree-vectorize)
vectorized AVX2 02111 | 1017 | 1.98 | 0.51 234 2.0 0.8 62.0 35.3
(-02, avx2, —ftree-vectorize)
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