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Machine Characterization

Cori/ KNL

= “Theoretical Performance”
numbers can be highly optimistic...

« Pin BW vs. sustained bandwidth o x

+ TurboMode / Underclock for AVX e | SUMmMItDev / 4GPUs

« compiler failings on high-Al loops. e o
= | BL developed the Empirical

Roofline Toolkit (ERT)... &

« Characterize CPU/GPU systems

 Peak Flop rates

« Bandwidths for each level of memory o

« MPI+OpenMP/CUDA == multiple GPUs

https://bitbucket.org/berkeleylab/cs-roofline-toolkit/ "
A
https://qgithub.com/cyanquwa/nersc-roofline/ 4 rr/rml "“|
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https://bitbucket.org/berkeleylab/cs-roofline-toolkit/
https://crd.lbl.gov/departments/computer-science/PAR/research/roofline/
https://crd.lbl.gov/departments/computer-science/PAR/research/roofline/

ERT Configuration

Kernel.c
loop over ntrials
distribute dataset on threads and each

computes ERT FLOPS

Kernel.h

ERT FLOPS=1l: a b + c
ERT FLOPS=2: a = a x b + ¢

config. txt

ERT FLOPS 1,2,4,8,16,32,64
ERT MPI PROCS 2,4,8,16,32,64
ERT OPENMP THREADS 1-256

ERT MEMORY MAX 1073741824

ERT WORKING SET MIN 1

ERT TRIALS MIN 1

Driver.c (uses some Macros from config.txt)

initialize MPI, OpenMP
loop over dataset sizes <= ERT MEMORY MAX
loop over trial sizes >= ERT TRIALS MIN
start timer
call kernel
end timer

Job script

./ert config.txt
ert (Python)
create directories

loop over ERT FLOPS, MPI_PROCS/OMP_THREADS
call driver, kernel

https://bitbucket.org/berkeleylab/cs-roofline-toolkit/

https://qithub.com/cyanguwa/nersc-roofline/

https://crd.lbl.gov/departments/computer-science/PAR/research/roofline/
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https://bitbucket.org/berkeleylab/cs-roofline-toolkit/
https://crd.lbl.gov/departments/computer-science/PAR/research/roofline/
https://crd.lbl.gov/departments/computer-science/PAR/research/roofline/

ERT Caveats

= Nominally, ERT runs a series of benchmarks
Read-modify-write Polynomial of degree-K on a vector of size N
Trivially auto-vectorized

1:1 Read:Write ratio
Varies both K and N

* From these it extrapolates cache capacities and bandwidths
o By convention it labels the largest/slowest ‘DRAM’ and the smallest/fastest ‘L1’
If N<LLC size, then it will identify the LLC ‘DRAM’ (e.g. on KNL, N>16GB)
On architectures that don’t cache writes in the L1 (or are WT), ERT will label L2 as ‘L1’

On architectures that have a 2:1 read:write cache bandwidth, ERT will underestimate
aggregate cache bandwidth (it uses a 1:1 benchmark)

https://bitbucket.org/berkeleylab/cs-roofline-toolkit/

~
: A
https://qgithub.com/cyanquwa/nersc-roofline/ 6 rr/r>| ‘"'|
BERKELEY LAB

O
O
o Demands a unroll-and-jam or large OOO window to hit peak.
O
O

o O O

https://crd.lbl.gov/departments/computer-science/PAR/research/roofline/



https://bitbucket.org/berkeleylab/cs-roofline-toolkit/
https://crd.lbl.gov/departments/computer-science/PAR/research/roofline/
https://crd.lbl.gov/departments/computer-science/PAR/research/roofline/
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Measuring Al

» To characterize execution with Roofline we need...

o Time

o Flops (=> flop’s / time)

o Data movement between each level of memory (=> Flop’s / GB’s)
= \We can look at the full application...

o Coarse grained, 30-min average
o Misses many details and bottlenecks

= or we can look at individual loop nests...

o Requires auto-instrumentation on a loop by loop basis
o Moreover, we should probably differentiate data movement or flops on a core-by-core basis.
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How Do We Count Flop’s?

Manual Counting Perf. Counters Binary Instrumentation

» Gothrueachloopnestand = Read counter before/after = Automated inspection of
count the number of FP v More Accurate assembly at run time
operations v Low overhead (<%)==can ¥ MostAccurate

v Works best for deterministic run full MPI applications v FMA-, VL-, and mask-aware
loop bounds v' Can detect load imbalance v Can count instructions by

v or parameterize by the

number of iterations X Requires privileged access Class/type
(recorded at run time) X Requires manual v' Can detect load imbalance
X Not scalable instrumentation (+toverhead) v° Can include effects from
or full-app characterization non-FP instructions
X Broken counters = garbage v° Automated application to
X May not differentiate multiple loop nests
FMADD from FADD X >10x overhead (short runs /
X ..... Noinsightintospecial ................................ reducedconcurrency) .............................
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How Do We Measure Data Movement?

Manual Counting Perf. Counters Cache Simulation

» Gothru each loop nestand = Read counter before/after = Build a full cache simulator
estimate how many bytes v Applies to full hierarchy (L2, driven by memory
will be moved DRAM. addresses

= Use a mental model of v Much more Accurate v" Applies to full hierarchy and
caches | v Low overhead (<%) == can multicore |

v" Works best for simple loops run full MPI applications v' Can detect load imbalance

that stream from DRAM

- v Can detect load imbalance ¥ Automated application to
istenalls, FEIS, spare, .. X Requires privileged access multiple loop nests
X N/A for complex caches | X Ignores prefetchers
X Not scalable X Requires manual
instrumentation (+overhead) X >10xoverhead (shortruns /
or full-app characterization reduced concurrency)

- A
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Performance
Counter Issues




Performance Counter Limitations

= Capture aspects architects (not programmers) think are important
= May lack important detail

= Not standardized (vendor-specific)

= Not required to be functional or correct (not part of the ISA)

12




Performance Counters and SIMD

= SIMD instruction sets are ever evolving.

= Today, they can incorporate...
o Different Vector Lengths (VL)... 128b, 256b, 512b, ...
o Different precisions... double, single, half, ... 8x64b, 16x32b, or 32x16b
o Use of FMA (1 or 2 flops per element)
o Use of masks (predicates) to disable execution on certain lanes.

= Thus, a performance counter might be:
VL-aware (#operations scales with VL)

Precision-aware (#operations increases with reduced precision)
FMA-aware (FMAs are 2 flops per element vs. 1)

o O O O

Mask-aware (#operations only incudes unmasked operations)

— A
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LIKWID

= LIKWID provides easy to use wrappers for measuring performance

counters...

Works on NERSC production systems

Distills counters into user-friendly metrics (e.g. MCDRAM Bandwidth)
Minimal overhead (<1%)

Scalable in distributed memory (MPI-friendly)

Fast, high-level characterization

No timing breakdowns

xX X N X X X

Suffers from Garbage-in/Garbage Out
(i.e. hardware counter must be sufficient and correct)

https://qgithub.com/RRZE-HPC/likwid
http://www.nersc.gov/users/software/performance-and-debugqging-tools/likwid

= A
. Py
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https://github.com/RRZE-HPC/likwid
http://www.nersc.gov/users/software/performance-and-debugging-tools/likwid

LIKWID Tools

likwid-topology node topology

likwid-pin process/thread affinity
likwid-memsweeper cleanup memory & LLC
likwid-powermeter power measurements
likwid-setFrequencies CPU/uncore frequency manipulation
likwid-perfctr hardware counter measurements
likwid-mpirun hardware counter + MP|
likwid-bench micro-benchmarking

likwid-agent system monitoring
likwid-genTopoCig generate and store topology file

N X
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likwid-topoloc

Intel(R) Xeon Phi(TM) CPU 7250 @ 1.40GHz
Intel Xeon Phi (Knights Landing) (Co)Processor
CPU stepping: 1

%k 3k %k 3k %k %k %k %k %k %k %k %k %k %k %k %k 3%k %k %k 3k %k %k %k %k %k 3k %k %k %k %k %k 3k 3k 3k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k 3k %k %k %k %k %k %k %k 3k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k *k

Hardware Thread Topology

% %k 3k %k %k %k %k %k 3k %k %k %k %k 3k %k 3k %k %k %k 3k %k 3k 3k %k %k %k %k %k 3k 3%k 3k %k %k %k %k %k %k 3k 3%k %k %k %k %k %k %k %k %k %k %k %k %k %k 3%k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k Kk %k %k %k k¥ %k %k %k %k

Sockets: 1
Cores per socket:
Threads per core:

HWThread Available

0]
1
P
3
4
5
6
7
8
%

oNoNoNoNoNoNoNoNoNOoNONONONONO,
oNoNoNoNoNoNoNoNoNoNOoONONONONO,
* X X X X O F O O H K K K K K *




likwid-topoloqgy (cache, NUMA

% % % %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k 3k %k %k 3k %k %k %k %k %k %k %k %k %k %k %k %k %k %k 3%k % %k %k %k %k %k %k %k %k %k % %k %k % %k %k %k %k % %k %k % % %k %k %k %k %k %k % % %k % % %k %k %k %k %k k k k ¥

Cache Topology

% %k %k %k %k %k %k %k %k %K %k K K Kk %k Kk Kk %k %k %k %k 3k %k %k 3k %k %k 3k 3k %k 3k 3k 3k 3k 3k 3k 3k %k %k 3k %k %k %k %k %k %k %k %k K K %k K XK %k %k %k %k %k %k %k %k 3k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %

Level: 1

Size: 32 kB

Cache groups: (068 136 204 ) (1 69 137 205 ) ( 2 70 138 206 ) ( 3 71 139 207 ) ( 4 72 140 208 ) ( 5 73 141 209 ) ( 6 74 142 210
) (7 75 143 211 ) ( 8 76 144 212 ) ( 9 77 145 213 ) ( 10 78 146 214 ) ( 11 79 147 215 ) ( 12 80 148 216 ) ( 13 81 149 217 ) ( 14 82 150 218
) (15 83 151 219 ) ( 16 84 152 220 ) ( 17 85 153 221 ) ( 18 86 154 222 ) ( 19 87 155 223 ) ( 20 88 156 224 ) ( 21 89 157 225 ) ( 22 90 158 2
26 ) ( 23 91 159 227 ) ( 24 92 160 228 ) ( 25 93 161 229 ) ( 26 94 162 230 ) ( 27 95 163 231 ) ( 28 96 164 232 ) ( 29 97 165 233 ) ( 30 98 16

6 234 ) ( 31 99 167 235 ) ( 32 100 168 236 ) ( 33 1601 169 237 ) ( 34 162 170 238 ) ( 35 163 171 239 ) ( 36 104 172 240 ) ( 37 165 173 241 ) (
38 106 174 242 ) ( 39 107 175 243 ) ( 40 108 176 244 ) ( 41 109 177 245 ) ( 42 110 178 246 ) ( 43 111 179 247 ) ( 44 112 180 248 ) ( 45 113
181 249 ) ( 46 114 182 250 ) ( 47 115 183 251 ) ( 48 116 184 252 ) ( 49 117 185 253 ) ( 50 118 186 254 ) ( 51 119 187 255 ) ( 52 120 188 256
) (53 121 189 257 ) ( 54 122 190 258 ) ( 55 123 191 259 ) ( 56 124 192 260 ) ( 57 125 193 261 ) ( 58 126 194 262 ) ( 59 127 195 263 ) ( 660 1
28 196 264 ) ( 61 129 197 265 ) ( 62 130 198 266 ) ( 63 131 199 267 ) ( 64 132 200 268 ) ( 65 133 201 269 ) ( 66 134 202 270 ) ( 67 135 203 2

Cache groups: ( © 68 136 204 1 69 137 205 ) ( 2 70 138 206 3 71 139 207 ) ( 4 72 140 208 5 73 141 209 ) ( 6 74 142 210 7 75 143 211
) (8 76 144 212 9 77 145 213 ) ( 10 78 146 214 11 79 147 215 ) ( 12 80 148 216 13 81 149 217 ) ( 14 82 150 218 15 83 151 219 ) ( 16 84 152
220 17 85 153 221 ) ( 18 86 154 222 19 87 155 223 ) ( 20 88 156 224 21 89 157 225 ) ( 22 90 158 226 23 91 159 227 ) ( 24 92 160 228 25 93 161
229 ) ( 26 94 162 230 27 95 163 231 ) ( 28 96 164 232 29 97 165 233 ) ( 30 98 166 234 31 99 167 235 ) ( 32 160 168 236 33 101 169 237 ) ( 34

102 170 238 35 103 171 239 ) ( 36 104 172 240 37 105 173 241 ) ( 38 106 174 242 39 107 175 243 ) ( 40 108 176 244 41 109 177 245 ) ( 42 110
178 246 43 111 179 247 ) ( 44 112 180 248 45 113 181 249 ) ( 46 114 182 250 47 115 183 251 ) ( 48 116 184 252 49 117 185 253 ) ( 50 118 186 2
54 51 119 187 255 ) ( 52 120 188 256 53 121 189 257 ) ( 54 122 190 258 55 123 191 259 ) ( 56 124 192 260 57 125 193 261 ) ( 58 126 194 262 59

127 195 263 ) ( 60 128 196 264 61 129 197 265 ) ( 62 130 198 266 63 131 199 267 ) ( 64 132 200 268 65 133 201 269 ) ( 66 134 202 270 67 135
203 271 )

% %k % 3%k %k % %k %k %k %k %k %k %k %k %k 3k %k %k %k %k %k %k %k %k %k %k % %k %k % %k %k %k %k %k %k %k %k %k %k %k %k 3k %k % %k %k %k %k %k %k %k % %k %k % %k %k %k %k %k %k %k % %k % % %k % %k % % %k % % %k %k %k %k %k

NUMA Topology

% %k % 3%k %k % %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k %k % %k %k %k %k %k %k %k 3k %k %k %k %k %k %k %k %k %k % %k % %k %k %k %k %k % %k %k % %k %k 3k %k %k %k %k % %k % %k %k % %k %k % %k % % %k %k %k %k %k

NUMA domains:

Domain:

Processors: ( 068 136 204 1 69 137 205 2 70 138 206 3 71 139 207 4 72 140 208 5 73 141 209 6 74 142 210 7 75 143 211 8 76 144 21
2 9 77 145 213 10 78 146 214 11 79 147 215 12 80 148 216 13 81 149 217 14 82 150 218 15 83 151 219 16 84 152 220 17 85 153 221 18 86 154 222
19 87 155 223 20 88 156 224 21 89 157 225 22 90 158 226 23 91 159 227 24 92 160 228 25 93 161 229 26 94 162 230 27 95 163 231 28 96 164 232 2

9 97 165 233 30 98 166 234 31 99 167 235 32 100 168 236 33 101 169 237 34 102 170 238 35 103 171 239 36 104 172 240 37 105 173 241 38 106 174
242 39 107 175 243 40 108 176 244 41 109 177 245 42 110 178 246 43 111 179 247 44 112 180 248 45 113 181 249 46 114 182 250 47 115 183 251 4

8 116 184 252 49 117 185 253 50 118 186 254 51 119 187 255 52 120 188 256 53 121 189 257 54 122 190 258 55 123 191 259 56 124 192 260 57 125
193 261 58 126 194 262 59 127 195 263 60 128 196 264 61 129 197 265 62 130 198 266 63 131 199 267 64 132 200 268 65 133 201 269 66 134 202 27

® 67 135 203 271 )

Distances: 10

Free memory: 93294.1 MB

Total memory: 96563.2 MB




likwid-pin

= likwid-pin -c N:0,8,16,24 ./xthi.x
= likwid-pin -c S0:0,8@S1:0,8 ./xthi.x HSW

Hello from rank 0, thread 0, on nid00028. (core affinity = 0)
Hello from rank 0, thread 1, on nid00028. (core affinity = 8)
Hello from rank 0O, thread 2, on nid00028. (core affinity = 16)
Hello from rank 0, thread 3, on nid00028. (core affinity = 24)
" likwid-pin -c E:N:128:2:4 ./xthi.x KNL

Hello from rank 0, thread 0, on nid02308. (core affinity = 0)
Hello from rank 0, thread 1, on nid02308. (core affinity = 68)
Hello from rank 0, thread 2, on nid02308. (core affinity = 1)
Hello from rank 0, thread 3, on nid02308. (core affinity = 69)

* snip *

Hello from rank 0, thread 126, on nid02308. (core affinity = 63)
Hello from rank 0, thread 127, on nid02308. (core affinity = 131)

" likwid-perfctr takes the same specification as 1its
oo PEOCEBSSOL . L LS oo

= A
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Profiling with LIKWID

= likwid-perfctr (threaded) + likwid-mpirun (MPI/hybrid)

= no GUI

= |ow overhead -> SDE, VTune, etc
= no code instrumentation required -> CrayPat-tracing
= no root access required -> VTune

= no extra modules required to be installed -> VTune

= use Linux ‘msr’ module to access MSR (Model Specific Register) files

= Cori:

module load vtune
sbatch/salloc --perf=1likwid
module load likwid

- A
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Profiling with LIKWID (2)

= Alternately, one can construct a script and monitor only process 0

srun -n8 -c32 ./a.out args
srun -n8 -c32 ./perfctr.sh ./a.out args

where perfctr.sh 1s

#!/bin/bash

let SLURM MPI_RANK=$SLURM PROCID

if [ $SLURM MPI RANK = 0 ];then

# only process 0 runs likwid and it monitors only logical CPUs 0-31
likwid-perfctr -C 0-31 -g CACHES $@

else

$@
fi

— A
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Group name

HBM_OF FCORE
TLB_INSTR
FLOPS_SP
BRANCH
L2CACHE
ENERGY
FRONTEND STALLS

ICACHE
TLB_DATA
MEM

DATA

L2

FLOPS_DP
CLOCK
HBM_CACHE
HBM
UOPS_STALLS

Description

Memory bandwidth in MBytes/s for High
L1 Instruction TLB miss rate/ratio
Single Precision MFLOP/s

Branch prediction miss rate/ratio

L2 cache miss rate/ratio

Power and Energy consumption

Frontend stalls

Instruction cache miss rate/ratio

L2 data TLB miss rate/ratio

Memory bandwidth in MBytes/s

Load to store ratio

L2 cache bandwidth in MBytes/s

Double Precision MFLOP/s

Power and Energy consumption

Memory bandwidth in MBytes/s for High
Memory bandwidth in MBytes/s for High
UOP retirement stalls

Bandwidth Memory (HBM)

Bandwidth Memory (HBM)
Bandwidth Memory (HBM)




Using LIKWID for Roofline

= GPP kernel from BerkeleyGW

= Arithmetic Intensity @ =FLOPS /Bytes (= SDE/ VTuneT)
= FLOPS/sec / Bytes/sec
= FLOPS_DP / Bandwidth

Peak Flop/s

= AI(DRAM)  =FLOPS DP/Bandwidth (DRAM)

= Al (MCDRAM) =FLOPS DP /Bandwidth (MCDRAM) 00
= Al(L2) = FLOPS_DP / Bandwidth (L2)
= Al(L1) = FLOPS_DP / Bandwidth (L1)

Attainable Flop/s

= Performance =FLOPS DP

- A
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GFlop/s

= GPP kernel on KNL: 171.960 GFLOPS/sec

o UOPS_RETIRED_PACKED_SIMD
o UOPS_RETIRED_SCALAR_SIMD

= |ikwid-perfctr -C 0-63 -g FLOPS _DP ./gpp.knl.ex 512 2 32768 20
o 8*UOPS_RETIRED PACKED_SIMD+UOPS_RETIRED_SCALAR_SIMD

Runtime (RDTSC) [s] STAT
Runtime unhalted [s] STAT
Clock [MHz] STAT

CPI STAT
DP MFLOP/s (SSE assumed) STAT
DP MFLOP/s (AVX assumed) STAT .
DP MFLOP/s (AVX512 assumed) STAT 171960.
Packed MUOPS/s STAT 21250
Scalar MUOPS/s STAT

-~
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MCDRAM and DDR GB/s

kernel on KNL: DDR 2.59GB/s + MCDRAM 63.71GB/s

o MC_CAS_READS/ MC_CAS_WRITES
o EDC_RPQ_INSERTS/ EDC_WPQ_INSERTS
o EDC_MISS_CLEAN/ EDC_MISS_DIRTY

likwid-perfctr -C 0-63 -g HBM_CACHE ./gpp.knl.ex 512 2 32768 20

Runtime (RDTSC) [s] STAT : 14.0068
Runtime unhalted [s] STAT . 6.0393
Clock [MHz] STAT : 1499.6763
CPI STAT : 1.2985
MCDRAM Memory read bandwidth [MBytes/s] STAT
MCDRAM Memory read data volume [GBytes] STAT
MCDRAM Memory writeback bandwidth [MBytes/s] STAT
MCDRAM Memory writeback data volume [GBytes] STAT
MCDRAM Memory bandwidth [MBytes/s] STAT
MCDRAM Memory data volume [GBytes] STAT
DDR Memory read bandwidth [MBytes/s] STAT
DDR Memory read data volume [GBytes] STAT
DDR Memory writeback bandwidth [MBytes/s] STAT
DDR Memory writeback data volume [GBytes] STAT
DDR Memory bandwidth [MBytes/s] STAT
DDR Memory data volume [GBytes] STAT

loNoNoNoNoNoNoNoNoNoNONO




L2 GB/s

= kernel on KNL: L2 96.80GB/s
o L2 REQUESTS REFERENCE
o OFFCORE_RESPONSE 0 OPTIONS

= |ikwid-perfctr -C 0-63 -g L2 ./gpp.knl.ex 512 2 32768 20

Runtime (RDTSC) [s] STAT
Runtime unhalted [s] STAT
Clock [MHz] STAT
CPI STAT

L2 non-RFO bandwidth [MBytes/s] STAT
L2 non-RFO data volume [GByte] STAT
L2 RFO bandwidth [MBytes/s] STAT
L2 RFO data volume [GByte] STAT 0]
L2 bandwidth [MBytes/s] STAT 96803.9243
L2 data volume [GByte] STAT 1.354528e+Ub

-~
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L1 GB/s

= kernel on KNL: L1 170.77GB/s
o MEM_UOPS _RETIRED ALL_LOADS
o MEM_UOPS RETIRED ALL_STORES

= |ikwid-perfctr -C 0-63 -g DATA ./gpp.knl.ex 512 2 32768 20
o (MEM_UOPS RETIRED_ALL LOADS + MEM UOPS_RETIRED_ALL STORES)*64/runtime
o -g DATA is for load-to-store ratio, but can be used to estimate L1 bandwidth (assume all loads are vector loads)

- A
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Resultant Roofline

Al (DRAM): 66.39
= Al (MCDRAM): 2.70
Al (L2): 1.78
= Al (L1): 1.01
= Performance: 171.960 GFLOPS/s

Attainable Flop/s

28



LIKWID on AMReX apps

= Used LIKWID to characterize AMReX - AR O aracterzation
applications =0
o |
» Measured cache and DRAM bytes. @ 256 —
o Averaged over 30min executions and 32 processes a 128
o Only 2 applications (not counting HPGMG proxy) used g y
>50% of memory bandwidth on average S
©
o Used this data to estimate average Al for each level of @
the memory hierarchy 16
o Used this data to infer requisite cache tapering 8

MFIX (32Px1T)
Nyx (32Px1T)
Nyx (4Px8T)

l_
h a
<
(Al
N
L2
=
4
Q<
o)
o

HPGMG (32Px1T)
HPGMG (4Px8T)
Combustor (32Px1T)
Combustor (4Px8T)
WarpX (32Px1T)
WarpX (4Px8T)

- A
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Likwid-mpirun

" srun -n 2 -c¢ 32 —--cpu-bind=cores likwid-perfctr -C 0,8 —-g MEM
-0 test $h %p %r.txt ./xthi.x
%h hostname

%p process ID
%r  MPI rank

* likwid-mpirun -pin S0:0,8 S1:0,8 -g MEM ./xthi.x HSW

Hello from rank (0, thread 0, on nid00191. (core affinity = 0)
Hello from rank 0, thread 1, on nid00191. (core affinity = 8)
Hello from rank 1, thread 0, on nid00191. (core affinity = 16)
Hello from rank 1, thread 1, on nid00191. (core affinity = 24)

= Uncore counters are measured on a per-socket basis

- A
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Marking Specific Regions

#include <likwid.h>

LIKWID MARKER INIT;
fpragma omp parallel {
LIKWID MARKER THREADINIT;
}
fpragma omp parallel {
LIKWID MARKER START ("foo") ;
#pragma omp for
for(i = 0; 1 < N; i++) {

e T L resa nmy, [T fOCUS ON specific code regions
}

LIKWID MARKER STOP("foo") ;
}
LIKWID MARKER CLOSE;

cc —gopenmp -DLIKWID PERFMON —I$LIKWID_INCLUDE —L$LIKWID_LIB
-1llikwid -dynamic test.c -o test.x

" Jikwid-perfctr -C 0-3 -g MEM -m ./test.x

- A
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FLOP Roofline vs. VUOP Roofline

= Nominally, Roofline is based on Flop/s, GB/s, and Flop/Byte
= Such metrics make sense from the user perspective.

= On SIMD machines, one might consider vuop/s instead of flop/s
v vuop/s (scalar + vector) can easily be mapped to vector unit utilization
v" 100% vector unit utilization can bottleneck performance

v Performance counters give vuop/s and not flop/s
X 100% vector unit utilization does not imply 100% of peak (FMA, scalar vs. vector)

— A
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FLOP Roofline

= With performance counters alone, its

hard to deduce why performance is i
well-below the FLOP Roofline.
o VL? Peak Flop/s
o Precision? Q E
o FMA? o) ' /Performance)is
o Masks? % X well-below'the
o Non-FP vector instructions o '\ (nominal Roofline
. Q ' |lbound
= Moreover, one might conclude a code I
is memory bound when in reality is < ;
compute-bound '__Usual Al
. (Flop:DRAM bytes)
3.0 g

Arithmetic Intensity (Flop:Byte)

"
b
rrrrrrr ‘ |
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VUOP Roofline

= |na VUOP KNL Roofline
o machine peak (VUOP/s) is 16x lower ?

o machine balance is 16x lower (0.375)
= Consider an example where all flops Peak VUOP/s
are scalar adds (VADDSD) @ & Performance
o 1FLOP/VUOP @) | ' (VUOR/s)is/very
o Al =3 FLOPs/Byte = 3 VUOPS/Byte S 1 closetothe
= Although FLOP/s was far from its = . WECPReolne
Roofline, VUOP/s is 16x closer to its s o
peak < Machine :
Balance | . New
. ! VUOP Al
> Need source code analysis to 5375 30
understand VL, FMA, ... issues Arithmetic Intensity (VUOP:Byte)

- A
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FLOP Roofline VUOP Roofline

= Use of FMA doesn’t change Arithmetic = Use of FMA cuts Arithmetic Intensity in
Intensity (FMA == FMUL+FADD == 2 FLOPs) half (half the number of VUOPS)

= Use of SIMD doesn’t change Arithmetic = Use of SIMD reduces Arithmetic Intensity

Intensity by a factor of Vector Length (e.g. cuts
number of VUOPS by 8x)

= Presence of vector integer operations = Presence of vector integer operations
doesn’t change Arithmetic Intensity increases Arithmetic Intensity

= Moving from 64b to 32b data types = Moving from 64b to 32b data types
doubles Al doesn’t change Arithmetic Intensity

= High fraction of Roofline implies high = High fraction of Roofline implies high
performance vector unit utilization (but not

necessarily high performance)

- A
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Why isn’t LIKWID good enough?

= LIKWID counts vector uops

= KNL vuop counters aren't...
o VL-aware
o precision-aware
o mask-aware
o FMA-aware

= Counters don't differentiate instruction types (FP, int, shuffle, ...)
= Flop counters were broken on Haswell.
= Thus, LIKWID might be a good starting point, but its not perfect.

» Need tools that actually count flops correctly and ones that can be
used to understand nuances of instruction mixes.
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Intel Software Development Emulator (SDE)

= Dynamic instruction tracing
v Accounts for actual loop lengths and branches
v Counts instruction types, lengths, etc...
v" Can mark individual regions
v Support for MPI+OpenMP
v Can be used to calculate FLOPs (VL-, FMA-, and precision-aware)
X Post processing can be expensive.

X No insights into cache behavior or DRAM data movement
X X386 only

https://software.intel.com/en-us/articles/intel-software-development-emulator

38



https://software.intel.com/en-us/articles/intel-software-development-emulator

Compiling with SDE at NERSC

= Makefile...

MPICC = cc

CFLAGS = -g -03 -dynamic —-gopenmp -restrict -gopt-streaming-stores always \
-DSTREAM ARRAY SIZE=400000000 -DNTIMES=50 \
-I$ (VITUNE AMPLIFIER XE 2018 DIR)/include

LDFLAGS = —L$(VTUNE_AMPLIFIER_XE_ZOl8_DIR)/lib64 —littnotify

stream mpil.exe: stream mpil.c Makefile
$ (MPICC) S (CFLAGS) stream mpi.c —-o stream mpil.exe $(LDFLAGS)

clean:
rm -f stream mpil.exe

= module load sde
make

https://bitbucket.org/dwdoerf/stream-ai-example.qit

- A
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https://bitbucket.org/dwdoerf/stream-ai-example.git

Running with SDE at NERSC

srun -n 4 -c¢c 6 sde -ivb -d -iform 1 -omix
my mix.out -i -global region -start ssc mark
111l :repeat -stop ssc mark 222:repeat -- foo.exe

-ivb is used to target Edison's lvy Bridge ISA (for Cori use -hsw for Haswell or -knl for KNL processors)
-d specifies to only collect dynamic profile information

-iform 1 turns on compute ISA iform mix

-omix specifies the output file (and turns on -mix)

-i specifies that each process will have a unique file name based on process ID (needed for MPI)
-global_region will include any threads spawned by a process (needed for OpenMP)

http://www.nersc.qov/users/application-performance/measuring- N
arithmetic-intensity/ 40 ,,/,\l ‘...|
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http://www.nersc.gov/users/application-performance/measuring-arithmetic-intensity/

Parsing the Output

$ ./parse-sde.sh sde 2plé6t*

. When the jOb COmpleteS, yOU,” have a Search stanza is "EMIT GLOBAL DYNAMIC STATS"

elements fp single 1 = 0

series of files prefixed with “sde_". clenents_fp single 2 - ¢
= Parse the output to summarize the crements e omare 80
elements fp double 1 = 2960
rEBE;LJItE;.. . elements:fp:double:2 =0
./parse-sde.sh sde_2plét* lemente fo dowle s - 0

--->Total single-precision FLOPs = 0
-—-->Total double-precision FLOPs = 4000000400

= Use the "Total FLOPs" line as the o R e

mem-read-2 = 1232

numerator in all Al's and performance  ren-reaa-s - 157296433

mem-read-8 = 149329207

= Use the "Total Bytes” line as the men-read-16 = 1999995720
denominator in the L1 Al men it 1 - 264992
. . . mem-write-2 = 560
= Can infer vectorization rates and nen-urite-4 = 285974
preCISlon Eiﬁ:XEiti:ég Z 299999680
mem-write-64 = 0

-—-->Total Bytes read = 33752339756
-—-->Total Bytes written = 16117466472

- A
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Marking Regions of Interest for SDE

// Code must be built with appropriate paths for VTune include file (ittnotify.h) and
library (-littnotify)
#include <ittnotify.h>

SSC_MARK (0x111); // start SDE tracing, note it uses 2 underscores

for (k=0; k<NTIMES,; k++) {

#pragma omp parallel for

for (j=0; j<STREAM ARRAY SIZE; j++)
al[j] = b[j]+scalar*c[]];

}

___SSC MARK (0x222); // stop SDE tracing

http://www.nersc.qov/users/application-performance/measuring- "
arithmetic-intensity/ 49 r:\l

BERKELEY LAB

A
I



http://www.nersc.gov/users/application-performance/measuring-arithmetic-intensity/

LIKWID vs. SDE

= Recall, LIKWID counts vector uops while SDE counts instructions

= Why does this matter?

o VL-aware KNL has scalar but treats 128b, 256b, and 512b as 512b
precision-aware User has to know which precision they use
mask-aware KNL counters ignore masks
FMA-aware LIKWID assumes 1 flop per element
KNL counts vector integer, stores, NT stores, and gathers as vector uops (and
thus as potential flop/s)

O O O O

» LIKWID’s and SDE’s counts of #FP ops and Gflop/s can be
different (very different for linear algebra).
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LIKWID vs. SDE/VTune

= SDE FLOPS:

o sde64 -knl -d -iform 1 -omix my_mix.out -global region -- ./gpp.knl.ex 512 2 32768 20
o ./parse-sde.sh my_ mix.out

o --->Total FLOPs =2775769815463 A
LIKWID error
2527.81 GFLOPS ~8.9%
N )

= VTune Bytes:

o amplxe-cl -collect memory-access -finalization-mode=deferred -r my_vtune/ -- ./gpp.knl.ex 512 2 32768 20
o amplxe-cl -report summary -r my_vtune/ > my_vtune.summary
o ./parse-vtune.sh my_vtune.summary ™
o DDR --->Total Bytes = 35983553088 LIKWID error
o HBM --->Total Bytes = 963486016448 DDR: 36.28 GB ~0.8%
HBM: 892.44 GB ~7.4% y

= http://www.nersc.gov/users/application-performance/measuring-arithmetic-intensity/

— A
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Roofline with
LIKWID + SDE



Initially Cobbled Together Tools...

= Use tools known/observed to work on NERSC’s _

Login

Site Map | My NERSC | < Share

: R
O rI Powering Scientific Discovery Since 1974
] = = owm

HOME  ABOUT  SCIENCEATNERSC ~ SYSTEMS WiULIN:N NEWS GPUBLICATIONS R&D  EVENTS  LIVESTATUS  TIMELINE

Home » For Users » Application Performance » Measuring Arithmetic Intensity

FOR USERS

« Used Intel SDE (Pin binary iInstrumentation + oyl MEASURING ARITHMETIC INTENSITY

My NERSC
[ Getting Started Avithmetic intensity is a measure of floating-point operations (FLOPs) performed by a given code (or code section) relative to the
Connecting to NERSC amount of memory accesses (Bytes) that are required to support those operations. It is most often defined as a FLOP per Byte
Accounts & Allocations ratio (F/B). This note provides a for arithmetic intensity using Intel's Software Development
R Emulator Toolkit (SDE) and VTune Amplifier (VTune) tools. A tutorial on using SDE on Edison can be found here, and a tutorial

Storage & File Systems
Application Performance

NESAP Historically, processor manufacturers have provided counters for FLOPs and/or Bytes and profiling tools to support the F/B

. Application Porting and calculation. Some modern processors such as Intel's vy Bridge (used in Edison) and Haswell (used in Cori Phase 1) do not
i provide counters for FLOPs. However, Intel's SDE can be used to count floating-point instructions in addition to core-level
IXPUG memory accesses, and VTune can be used to count data accesses to the uncore (off-chip DRAM DIMMs).

Performance and Debugging
Tools.

on using VTune can be found here. This method can also be used to determine arithmetic intensity for use in the Roofline
Performance Model.

The SDE dynamic instruction tracing capability, and in particular the mix histogram tool, captures dynamic instructions executed,

Measuring Arithmetic instruction length, instruction category and ISA extension grouping. Intel has developed a methodology for calculating FLOPs
with SDE. In general the following uses the method “Instructions to Count Unmasked FLOP" from Intel, which is applicable for
Data & Analytics

Edison and Cori Phase 1.

Job Logs & Statistics
Training & Tutorials This application note provides additional instruction on how to only capture traces around certain key segments of a code. This is
Software critical for real applications as both SDE and VTune collect traces that can use large amounts of disk space if tracing is enabled for
L) Policies more than a few minutes. And maybe more importantly, post-processing the traces can take an intractable amount of time.
» Accurate measurement of Flop’s (HSW) and
NERSC Users Group An example command line for SDE is:
Help

Staff Blogs i $ srun -n 4 -c 6 sde -ivb -d -iform 1 -omix my_mix.out -i -global_region -start_ssc_mark 111:repeat -stop_ssc_mark 222:repeat -;

DRAM data movement (HSW and KNL

» Used by NESAP (NERSC KNL application
readiness project) to characterize apps on Cori...

.

-d specifies to only collect dynamic profile information

-iform 1 turns on compute ISA iform mix

-omix specifies the output file (and turns on -mix)

i specifies that each process will have a unique file name based on process ID (needed for MPI)

~global_region will include any threads spawned by a process (needed for OpenMP)

An example command line for Vune is:

http.//www.nersc.gov/users/application-performance/measuring-arithmetic-intensity/

NERSC is LBL’s production computing division
CRD is LBL’'s Computational Research Division S Sy
NESAP is NERSC’s KNL application readiness project 46 |
LBL is part of SUPER (DOE SciDAC3 Computer Science Institute) BERKELEVEAR
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More Recently...

= Use tools known/observed to work on NERSC'’s T

nersc.gov.

Login

Site Map | My NERSC | < Share

: 2 F
O rI Powering Scientific Discovery Since 1974
] = = owm

HOME  ABOUT  SCIENCEATNERSC ~ SYSTEMS WiULIN:N NEWS GPUBLICATIONS R&D  EVENTS  LIVESTATUS  TIMELINE

Home » For Users » Application Performance » Measuring Arithmetic Intensity

FOR USERS

« Used Intel SDE (Pin binary iInstrumentation + oyl MEASURING ARITHMETIC INTENSITY

My NERSC
[ Getting Started Avithmetic intensity is a measure of floating-point operations (FLOPs) performed by a given code (or code section) relative to the
Connecting to NERSC amount of memory accesses (Bytes) that are required to support those operations. It is most often defined as a FLOP per Byte
Accounts & Allocations ratio (F/B). This note provides a for ing arithmetic intensity using Intel's Software Development
R Emulator Toolkit (SDE) and VTune Amplifier (VTune) tools. A tutorial on using SDE on Edison can be found here, and a tutorial

Storage & File Systems
Application Performance

NESAP Historically, processor manufacturers have provided counters for FLOPs and/or Bytes and profiling tools to support the F/B
. Application Porting and calculation. Some modern processors such as Intel's vy Bridge (used in Edison) and Haswell (used in Cori Phase 1) do not
i provide counters for FLOPs. However, Intel's SDE can be used to count floating-point instructions in addition to core-level

on using VTune can be found here. This method can also be used to determine arithmetic intensity for use in the Roofline
Performance Model.

IXPUG memory accesses, and VTune can be used to count data accesses to the uncore (off-chip DRAM DIMMs).
Performance and Debugging

Tools

Measuring Arithmetic instruction length, instruction category and ISA extension grouping. Intel has developed a methodology for calculating FLOPs
with SDE. In general the following uses the method “Instructions to Count Unmasked FLOP" from Intel, which is applicable for
Data & Analytics

The SDE dynamic instruction tracing capability, and in particular the mix histogram tool, captures dynamic instructions executed,

Edison and Cori Phase 1.

Job Logs & Statistics
Training & Tutori This application note provides additional instruction on how to only capture traces around certain key segments of a code. This is
Software critical for real applications as both SDE and VTune collect traces that can use large amounts of disk space if tracing is enabled for
L) Policies more than a few minutes. And maybe more importantly, post-processing the traces can take an intractable amount of time.
» Accurate measurement of Flop’s (HSW) and
NERSC Users Group An example command line for SDE is:
Help

Staff Blogs i $ srun -n 4 -c 6 sde -ivb -d -iform 1 -omix my_mix.out -i -global_region -start_ssc_mark 111:repeat -stop_ssc_mark 222:repeat -;

DRAM data movement (HSW and KNL) —_—

« -ivb is used to target Edison's Ivy Bridge ISA (use -hsw for Cori's Haswell processors)

« -d specifies to only collect dynamic profile information

« -iform 1 turns on compute ISA iform mix

» Used by NESAP (NERSC KNL application
readiness project) to characterize apps on Cori...

http.//www.nersc.gov/users/application-performance/measuring-arithmetic-intensity/

NERSC is LBL’s production computing division
CRD is LBL’'s Computational Research Division S Sy
NESAP is NERSC’s KNL application readiness project 47 |
LBL is part of SUPER (DOE SciDAC3 Computer Science Institute) BERKELEVEAR
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Hierarchical Roofline vs.
Cache-Aware Roofline

...understanding different Roofline
formulations in Intel Advisor



There are two Major Roofline Formulations:

= Hierarchical Roofline (original Roofline w/ DRAM, L3, L2, ...)...

Williams, et al, “Roofline: An Insightful Visual Performance Model for Multicore Architectures”, CACM, 2009
Chapter 4 of “Auto-tuning Performance on Multicore Computers”, 2008
«  Defines multiple bandwidth ceilings and multiple Al's per kernel

« Performance bound is the minimum of flops and the memory intercepts (superposition of original, single-metric Rooflines)

= Cache-Aware Roofline

 llic et al, "Cache-aware Roofline model: Upgrading the loft", IEEE Computer Architecture Letters, 2014
«  Defines multiple bandwidth ceilings, but uses a single Al (flop:L1 bytes)

 As one looses cache locality (capacity, conflict, ...) performance falls from one BW ceiling to a lower one at constant Al

= Why Does this matter?

« Some tools use the Hierarchical Roofline, some use cache-aware == Users need to understand the differences
« Cache-Aware Roofline model was integrated into production Intel Advisor
«  Evaluation version of Hierarchical Roofline! (cache simulator) has also been integrated into Intel Advisor

'Experimental Feature, the look and feel and exact behavior is S
subject for change 49 ,\I
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Hierarchical Roofline

>
b
rrrrrrr ‘ |

Captures cache effects

Al is Flop:Bytes after being filtered by
lower cache levels

Multiple Arithmetic Intensities
(one per level of memory)

Al dependent on problem size
(capacity misses reduce Al)

Memory/Cache/Locality effects are
observed as decreased Al

Requires performance counters or
cache simulator to correctly measure Al

50

Cache-Aware Roofline

Captures cache effects

Al is Flop:Bytes as presented to the L1
cache (plus non-temporal stores)

Single Arithmetic Intensity

Al independent of problem size

Memory/Cache/Locality effects are
observed as decreased performance

Requires static analysis or binary
instrumentation to measure Al

BERKELEY LAB



Example: STREAM

= |1Al.. #pragma omp parallel for
. 2ﬂ0ps 'FOI"('I=0;'I<N;‘I++){

z[1] = X[1] + alpha*Y[i];

2 x 8B load (old) }
1 x 8B store (new)

= 0.08 flops per byte
= No cache reuse...

lteration i doesn’t touch any data associated with
iteration i+delta for any delta.

= ... leads to a DRAM Al equal to
the L1 Al

— A
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Example: STREAM

Hierarchical Roofline

Attainable Flop/s

i

! Peak Flop/s

Performa/nce is bound'to
the/minimum/of the 'two
Intercepts.--

Al * L1/ GB/s
Alpram *DRAMIGB/s

«— Multiple Al’s....

: 1) Flop:DRAM bytes

. 2) Flop:L1 bytes (same)

' >
0.083

Arithmetic Intensity (Flop:Byte)

Cache-Aware Roofline

Attainable Flop/s

i

! Peak Flop/s

Obsernved performance
IS gorrelated with DRAM
bandwidth

«—— Single Al based on flop:L1 bytes

' >
0.083

Arithmetic Intensity (Flop:Byte)

>
b
rrrrrrr ‘ |

BERKELEY LAB



Example: 7-point Stencil (Small Problem)

0 |_1 Al #pragma omp parallel for

for(k=1;k<dim+1;k++){

* Tflops for(j=1;j<dim+l;j++){

7 x 8B load (old) for(i=1;i<dim+1;i++){
new[k][j][1] = -6.0%old[k 1[j J[1 ]
1 x 8B store (new) 4 old[k 1[5 J[i-1]
= 0.11 flops per byte old[k 1[j J[i+1]
some compilers may do register shuffles to reduce the old[k 1[J-11[1 ]
number of loads. old[k 1[j+11[1 1]
old[k-1][J 1[1 ]

= Moderate cache reuse... old[k+11[j 1[i 1;

old[k][j][1+1] is reused on next iteration of i.
old[k] [J+1][1] is reused on next iteration of j.
old[k+1][j][1] is reused on next iterations of k.

= ... leads to DRAM Al larger than
the L1 Al

" )
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Example: 7-point Stencil (Small Problem)
Hierarchical Roofline Cache-Aware Roofline

! ! Peak Flop/s Peak Flop/s
2 : ; 2
a ! ! a
o : ! O
T ! T
ko) , i ko)
'cgs : ' Performance bound is 'cgs
© : | sthe minimum/of the 'two ©
< . <
: Multiple Al’s....
«— 1) flop:DRAM ~ 0.44
% ' 2) flop:L1 ~ 0.11
9 ' ' > >
0.11 0.44 0.11
Arithmetic Intensity (Flop:Byte) Arithmetic Intensity (Flop:Byte)

— A
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Example: 7-point Stencil (Small Problem)

Hierarchical Roofline Cache-Aware Roofline
1 1

Peak Flop/s

Peak Flop/s

Obseweddnce

is bet}ve/en L4 and DRAM lines
some)cachelocality)

Berformance boundis
the/minimum)of the 'two

Attainable Flop/s
Attainable Flop/s

: Multiple Al’s....

«— 1) flop:DRAM ~ 0.44
— 2) flop:L1 ~0.11
0.11 0.44

Arithmetic Intensity (Flop:Byte) Arithmetic Intensity (Flop:Byte)

>

= A
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Example: 7-point Stencil (Large Problem)

Hierarchical Roofline Cache-Aware Roofline
1 1

Peak Flop/s

Peak Flop/s

Obseweddnce

is closef to DRAM line
7 :
lessicachelocality)

Capacity misses/reduce
BRAM Aland performance

. Multiple Al’s....
'!«—— 1) flop:DRAM ~ 0.20

Attainable Flop/s
Attainable Flop/s

Single Al based on flop:L1 byt
& — 2) flop:L1 ~ 0.11 hgie Al based on Hiop-L1 bytes
I > >
0.11 0.20
Arithmetic Intensity (Flop:Byte) Arithmetic Intensity (Flop:Byte)

= A
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Example: 7-point Stencil (Observed Pert.)

Hierarchical Roofline Cache-Aware Roofline
1 1

Peak Flop/s Peak Flop/s

Obseweddnce

is closef to DRAM line
7 :
lessicachelocality)

: Actual observed performance
_ CI) is/tied to'the bottlenecked resource

Attainable Flop/s
Attainable Flop/s

and/can be'well belowacache
Roofline/(e/g. L1).

0.11 0.20
Arithmetic Intensity (Flop:Byte) Arithmetic Intensity (Flop:Byte)

= A
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Example: 7-point Stencil (Observed Pert.)

Hierarchical Roofline Cache-Aware Roofline
1 1

! Peak Flop/s ! Peak Flop/s
2 : n | /
a ! a !
O ' [e) l
LL : ™ I
= i = Observedfperformance
3 . © is clogef’to DRAM line
© . /Actualobserved performance ® lessicache)locality)
< 7’ is'tiedto'the bottlenecked resource <
. [and/can be'well belowa/cache
 Roofline/(e.g, L1). Single Al based on flop:L1 bytes
I > >
0.11 0.20
Arithmetic Intensity (Flop:Byte) Arithmetic Intensity (Flop:Byte)

= A
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BERKELEY LAB



.| BERKELEY LAB

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

Roofline with
Intel® Advisor

slides from Zakhar Matveeyv (intel)



* Includes Roofline Automation...
v Automatically instruments applications

(one dot per loop nest/function)

v" Computes FLOPS and Al for each 1% Memory-b
funCtiOn (CARM) W & T2z B @ O StartSurveyAnalysis | v| & @

Welcome | €000 X Start Survey Analysis
Start Trip Counts and FLOP Analysis

j ) csaine Gex-
AVX_5 1 2 S u p po rt th at I n CO rpo rates m aS kS FILTER:E; Start Memory Access Patterns Analysis  Threads v|| Loads and stores ~
B Summary % Survey & Start Dependencies Analysis /

AN

v" Integrated Cache Simulator’ B oo riors, I (G s vesnaroon
1000 f 8 £--8 & ST
100

M Fean
R Rt ":f»}@ S(’uw Kk
OO‘ e 'Q‘,r ‘1

(hierarchical roofline / multiple Al’s)

14 Y
0-1"\
. 0.01 - T T T T T T T T
0.001 0.01 0.1 1 10 100 1000 10000 1.0e+5
v Automatically benchmarks target system | setinnate
.y [ Source ITopDown I Code Analytics | Assemnbly |9Recommendations & Why No Vectorization?
(calculates ceilings)
Address | Line Assembly Total Time % Self Time
\/ . . . . . . [function ) 0x4107d0 Block 1: 146029716
0x4107d0 492 9 0.020 0.020:
Full integration with existing Advisor SO i s
0x4107d4 492 sub $0x210, %rsp

capabilities
http://www.nersc.gov/users/training/events/roofline-training-1182017-1192017

'Experimental Feature, the look and feel and exact behavior is S
subject for change 60 /\I
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http://www.nersc.gov/users/training/events/roofline-training-1182017-1192017

il Advisor: Components

What's new in
“2019” release

& P |ssue: Peeled/Remainder loop(s) present
ve performance by moving
ore at Vector Essentials,

Function Call Sites and Loopsa

[#[loop in runCForallLambdal oops)
[#loop in runCForallLambdal oops]
&V [loop in std:: Complex_base<double,struct C.

Performance (GFLOPS)

- - Roofline for INT OP/S

S S « Integrated Roofline (exp)

s — e | M - Interactive(!) HTML export

Vectorized $5E; S3EZ loop processing
Peeled loop; loop stuts were reordey

(loop in stebasic_string<char struct stdichar_trai
(loop in stebasic_string <char struct stdichar_trai

[#{loop in std:num_put<char,class std:ostreambuf |

R w— 0,097 50,0% =
0,768 &2 0,125 79.2% =D
0113 375% 3
0,125 79.2%

Step 4. Memory Access Patterns Analysis

* MAC OS viewer
 Function call counts

(] P th O n A P I Site Name Site Function Site Info Loop-Carried Dependencies Strides Distnibution Access Pattern
== loop_site_203 runCRawloops runCRawLoops.coc1063 @ RAW:1 No information available No information available
Sources Modules State loop_site_ 139 runCRawloops runCRawlLoops.coc622 No information available 13996/ 36% / 25 Mixed strides
Y~ loop_site_160 CRawlLoops CRawLoops.coc925  No information available 100% /0% /0% All unit strides
@ Parallel site info dqtest2.cpp dqtest2 v Not a problem ||~ ——— e = = = ——
P2 © Read afer wiite dependency site2 dates2cpp  dgtest2  RNew Memory Access Patems |
@ Read after write dependency site2 dqtest2.cpp dqtest2 R New D | O g Stride Type Source Modules | Alignment
. =pP22 0;0;1 Unit stride runCRawloops.coc637 Icals.exe
*.  |Wirite after write dependency | site2 |dqtest2 cpp dqtest2 New 635 32 = ( 32 & 64-1 ) :
PS @ Wiite after write dependency site2 dqtest2.c dqgtest2 R New e LIS - v 2-22);
P Y q -Cpp qt 637 plip] [1] += z[32+32];
B L 638 i2 += e[i2+32]:;
P6 @ Wiite after read dependency site2 dqtesQ.cpp dqtest2 R New €39 32 4= £{32432]¢
P7 ° Wirite after read dependency site2 dqteSQ.Cpp; idle.h dqteSQ R New ®=P23 0;0 Unit stride runCRawLoops.coc638  Icals.exe
=P30 @ -1575;-63; -26; -25; -1; 0; 1; 25; 26; 63; 2164801 Variable stride runCRawloops.coc628 Icals.exe
626 il &= 64-1;
627 J1l &= 64-1;
................................................ 628 ... . RIERII2) +=DOIAIMANI: il

~
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Intel® Advisor: 2-pass Approach

Roofline:
X-Axis (Al): #FLOPs / #Bytes
Y-Axis (FLOP/s): #FLOP(mask-aware)/time Overhead
Step 1: Survey (-collect survey) 1x

« Records run times
 User-mode sampling; non-intrusive
* No need for root access

Step 2: FLOPs (-collect tripcounts —-flops) 3-5x

 Record #FLOPs, #Bytes, AVX512 masks

* Precise, instrumentation-based count of the number of (8-37x)1
Instructions

 No need for root access

"With Integrated Roofline (Cache Simulator) enabled. g
62 rr/r>| ‘m|
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Intel® Advisor: Roofline Automation

Perfomance (GFlops/sec) Q) « X

A1AE~ .1 =)

Each Ceiling provides peak

¥ mﬁl

CPU/Memory throughput
of your PLATFORM (benchmarked)

Each Dot represents loop or
function in YOUR APPLICATION

(profiled)

6.3921e-3

0.0015
Seff Time: 10.918 s Total Time: 10.918s

Source  TopDown Loop Analytics Loop Assembly ¢ Recommendations & Compiler Diagnostic Details

Roof Name Visible Selected
DRAM Bandwidth
L1 Bandwidth
L2 Bandwidth O
L3 Bandwidth ]
Scalar Add Peak ]
SP Vector Add Peak
DP Vector Add Peak O O
SP Vector FMA Peak
DP Vector FMA Peak ] ]
Loop Weight Representation Cancel Default
Size Color Visible
+ ® 4 green
Threshold Value | 0.2 %
+ O 6 yellow
Threshold Value | 2 %
+ @ s red

Automatic and integrated — first class citizen in Intel® Advisor

>
b
frrereeer
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NEW: Integrated Roofline

CARM (L1+NTS)
CPU perspective

DRAM (ORM)

optimized e L e \
| Not Memory
bound

All hotspots but 1
are not CPU- .
bound Some Locality

Full waveform Inversion. Seismic Workload

Data: Courtesy
Philippe Thierry

~
: 0
rrrrrrr H
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NEW: Integer, Float, Int+Float Rooflines

Summary & Survey & Roofine ™ Refinement Reports

kQ - B ~ | Cores: 1 2.y FLOAT: No Callstacks; CARM (L1 + NTS); L2; L3; DRAM; Loads+Stares * || °* 2 Compared Results ~

- Uperations

c 1 ';:.®°® ... .Aw . EBEAdecccccccccc e s ca e e e n---;
10045 " FLOAT & INT " INT+FLOAT

U" "l el el el el el el el el il il il il il il il il il il il il il il il il s

™ with Callstacks

AFAHENS

- Memory Level
WV CaRrmM LT +NTS) M L2 [ L3 ™ DRAM

Memory Operation Type
" Loads (" Stores (¢ Loads+Stores

Default | Apply | Cancel

0.01

I I |

|
0.01 ) 01 1 10
Physical Cores: 4 hd App Threads: 1 “ o gelf Elapsed Time: 7.524 s  Total Time: 7.524 s

= A
.- Py
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NEW: Memory Traffic in Survey Grid

Summary & Survey & Roofine ™ Refinement Reports " 5L R20'|9
= - : ¢ Perfarmance ! ) Memory BE ]
a M RFnctioniCallsit=s ancligoss Lie Issues ALY A UEE AL Type Self L2 Loaded GB | Self L2 Stored ¢ Show L1 Memory Metrics Efficiency
=N [~/ [loop in stencil_2d at tiling.cpp:41] [l @ 3Possible ... 1.030s @@ 1.030s @@ Inside vel| b... 21.626 0.833 Show L2, Memory Metrics
il 5 [loop in stencil_2d at tiing.cpp:41] [l @3Possblein.. 0.200s@ 0.200s@ Scalar 2.546 0.138 )
%D [loop in main at tiing.cpp:61] [l @ 1Datatype...0.060s) 0.060s) Scalar 1.283 0.071 Show DRAM Memory Metrics
4O [loop in main at tiing.cpp:101] [l @ 1Datatype...0.0495) 0.059s) Scalar 1.283 0.071
4D [loop in main at tiing.cpp:82] [l @ 1Datatype...0.0405) 0.050s) Scalar 1.283 0.071 Show Memory Loads Operations
4/ [loop in main at tiing.cpp:120] [] @ 1Datatype...0.030s) 0.030s1 Scalar 1.283 0.071 Show Memory Stores Operations
5 [loop in ma?n at tfl?ng.cpp:lol] O 0.010s1 0.010s1 Vector?ze ® Show All Memory Operations (Loads and Stores) [ @
.= [loop in main at tiling.cop:82] O 0.010s1 0.010s1 Vectorized [8... [&%%
5 f _tmainCRTStartup O 0.000s | 1.469s Function Hide Column
4 f stencil_2d O 0.000s| 1.240; @  Inlined Fu show All Colurnns
= f main O 0.000s1 1.469s Function g epEs Lol
40 [loop in stencil_2d at tiling.cpp:41] O 0.000s1 1.030s @@ Inside vec @ outer loop was n... tiling.cpp:41
4O [loop in stencil_2d at tiling.cpp:38] ] 0.000s1 1.230s @@ Scalar @ inner loop was alr ... tiling.cpp:38
4D [loop in stencil_2d at tiing.cpp:176] [l  @1Datatype...0.000s| 1.240; @@ Scalar @ inner loop was alr... tiling.cpp:176
4O [loop in stencil_2d at tiling.cpp:41] O 0.000s1 0.200s @ Scalar @ outer loop was n... tiling.cpp:41
u f printf O 0.000s | 0.0405) Function printf.c:49
4O [loop in output_| at output.c:1073] O 0.000s 1 0.040s) Scalar output.c:1073
o F oAbt | [~ N NNNe 1 N Nanc Finrtinn it - 074 ;I
< | 2 2l
Source | Top Down | Code Analytics | Assembly | 'y Recommendations | B ¥Why No Vectorization?
Loop in stencil_2d atfiling. pp:47 Average Trip Counts: @ 128 ()  Statistics for FLOP~ ®
And Dats Transtars Self Total
1 -0?)0S _ Per loop Per lteration Per Instance
inside vectorized  Total time GFLOP™ 966250  4.80000e-08  £.14325e-06

Data Transfers and Bandwidth GFLOPS 9.38121 4.66027e-08 5.96441e-06
a5~ 0.25532 1.26834e-09 1.62328e-07
_ Per Loop Per Instance Per Iteration Float Al sk Qf/ﬁ?&ﬂbn“ﬁ -

b Static instruction Mix Summan L1 Gb 37.84478 0.00002  1.88000e-07  0.255319 76b 37.84478  1.38000e-07 0.00002
Y Dunamic instruction Mix Summaps L2 Gb - 2245959 0.00001  1.11572e-07 0430217 1 6o _ 326.74306

» Memory 44% (2214322176, 11) (IED L3266~ o 2245991 0.00001  1.11573e-07 0430211 lapsed Time 1.02998s

» Compute 12% (603906048, 3) @ DRAM Gb~ 113457  7.21340e-07 5.63616e-08  8.51644

* Mixed  20% (1006510080, 5) B
Other 24% (1207812096, 6) 0D Self bandwidth by memory levels

AV AVX2: FMA 1.030s

Instruction Sef  Selffime

ode Optimizations ®

0P Total Time i; gﬁf 216;3:18 ompiler: Intel(R) C++ Intel(R) 64 Compiler for applications running on
&3 J
5.11661e-09s  6.54846e-07s L3 Gbis 21.8061
Per fferafion | Perinsfance DRAM Gbls 1.10154

~
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Integrated Roofline Model

Old Approach...

source advixe-vars.sh

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

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

New Approach (but not compatible with MPI)...

source advixe-vars.sh

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

(optional) copy data to your Ul desktop system
advixe-gui ./your_project

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

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

Advisor on NERSC’s Cori

= http://www.nersc.gov/users/software/performance-and-debugging-tools/advisor/

module load advisor/2018.integrated roofline
cc —g —-dynamic -openmp -02 -0 mycode.exe mycode.c

= Best to run advisor only on rank O... srun calls a script like...

#!/bin/bash

if [[ $SLURM PROCID == 0 ]];then

advixe-cl -collect=survey —--project-dir knl-result -data-limit=0 -- ./a.out
else

sleep 30

./a.out

fi

- A
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http://www.nersc.gov/users/software/performance-and-debugging-tools/advisor/

Exporting Roofline Figures

= Advisor can directly export a
HTML Roofline figure ...

Summary % Survey & Roofline ™ Refir

rQ - » D || |Number«
1000 || ® Copy To Clipboard

AJAHNS

Save To File
Exportas HTML

= Alternately, you can output directly from the command line (no GUI
needed)...

advixe-cl -report roofline --project-dir ./your project > roofline.html

- A
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Summary

= |n this talk, we discussed several approaches to constructing
Rooflines on CPUs...

Machine Characterization
Using LIKWID to access performance counters
Using SDE to get more accurate FLOP counts

O O O O

Using Advisor to provide a single tool that integrates cache simulation and accurate FLOP
counts.

= A
- Py

BERKELEY LAB



SH%% U.S. DEPARTMENT OF

i BERKELEY LAB ) ENERGY

BERKELEY LAB LAWRENCE BERKELEY NATIONAL LABORATORY

Backup



