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Our Tools
Since 1991
Based on traces
Open Source
http://tools.bsc.es

Core tools:

Paraver (paramedir) — offline trace analysis
Dimemas — message passing simulator

Extrae — instrumentation

Focus

Detail, variability, flexibility

Behavioral structure vs. syntactic structure

Intelligence: Performance Analytics
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Paraver — Performance data browser

Raw oat | Trace visualization/analysis

+ trace manipulation

Timelines
Goal = Flexibility
No semantics
Programmable
2/3D tables

(Statistics)

Comparative analyses
Multiple traces
Synchronize scales




From timelines to tables

MPI calls profile  |..ccw

0 e MP P e MPI_Recv P e P e MPI_Bcast Pl_Red

MPI calls | \ —

THREAD 1.113.1

THREAD 1.115.1 8
THREAD 1.116.1
THREAD 1.117.1
THREAD 1.118.1

2DP - MPI call rofile @ Gromacs_bilayer_mpi_MT_120t.c.

)& WM

THREAD 1.119.1 =
THREAD 1.120.1 [
Total 8,012.4546 % 7.3174 % 1,370.5276 % 288.6168 % 253.0137% 54
Average 66.7705% 00690%  11.4211% 24051%  2.1084%
Maximum 75.6821% 04390%  212505% 29706%  2.6369 %
Minimum 405200% 0.0129% 8.8583%  1.1489% 1.0077%
StDev 11.3685% 0.0474% 4.0613%  05984% 0.5406% =
Avg/Max 08822 01572 05374 0.8096 07996 —
\( ) =
\,
|MPITeena THREAD 1.107.1 MPI_Sendrecv = 11,3412 %
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Analyzing variability

Science

.

$C2003 IGNITING INNOVATION

. 4

Useful Duration @ Specfem3D_192. chopl.prv.gz U Sefu | D u ratl O n

g
ar
wo

THREAD 1,35.1 [1.49196e+006.,1,51085e+006) =0 us

THREAD 1.19.1 [0.26..0.265) =D us

chopl.prv

Instructions L2 miss ratio

o = ]
. g o
- '-
1,251,379,754 us 1290, 782,156 us .
e
ST
*
1,290,782,156 us H L
' o
- 1]
. -
THREAD 1,90.1 [1,30461e+009,,1,32113e+009) =0 us THREAD 1,27.1 [1.11.1.14) =0us
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Analyzing variability

* By the way: six months later ....

Useful Duration

HREAD 1.48.1 [2.0963e+006..2.11519e+006) =0 us

BEX

Instructions L2 miss ratio o




From tables to timelines

5 2DH - Useful Duration ... (el e |

CESM: 16 processes, 2 simulated days & B 0| [C)iR | (W[H] k< 10
]
1] | Il |

e Histogram useful computation duration shows
high variability

e How is it distributed?

b [t |

|
THREAD 1111 [2,555e+005# 58e+006) =0 u

* Dynamic imbalance
* Inspace and time

=

i ' Useful Duration 20Zcorg range [1.705e+006,3.45524006) @ cesm.exe.filter2.prv I. |E| |i:h

* Day and night.
¢ Season? ©

-

# " Useful Duratig om range [1.705e+006,3.455e+006) @ cesm.exe.filter2.prv
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Trace manipulation

* Data handling/summarization capability

. . . WRF-NMM
Fllterlng 570s Peninsula 4km
. b f d . . . | 2.2GB 128 procs
Subset of records in original trace MPL HWC

* By duration, type, value,...

* Filtered trace IS a paraver trace and can be oo MWR ‘
analysed with the same cfgs (as long as
needed data kept)

* Cutting

* All records in a given time interval

ation @ Iberia-128-CAprv. fillered. prv EE®

¥ Flushing © lheria-128-CA.prv.fillered.prv E=
CA.pry.2.0.1.leveL p ]

* Only some processes AR

e Software counters ”“““ L
A

* Summarized values computed from those in
the original trace emitted as new even types

* #MPI calls, total hardware count,...
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Extrae features

e Platforms -
* Intel, Cray, BlueGene, MIC, ARM, Android, Fujitsu Sparc...

Parallel programming models
 MPI, OpenMP, pthreads, OmpSs, CUDA, OpenCL, Java, Python..

No need
to

Performance Counters
* Using PAPI interface

recompile
/ relink!

Link to source code
e Callstack at MPI routines
* OpenMP outlined routines
» Selected user functions (Dyninst)

Periodic sampling

User events (Extrae API)
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Extrae overheads

Event 150 - 200 ns
Event + PAPI 750 ns—1.5 us
Event + callstack (1 level) 1 us

Event + callstack (6 levels) 2 us
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How does Extrae work?
* Symbol substitution through LD_PRELOAD

» Specific libraries for each combination of runtimes
* MPI Recommended
* OpenMP

* OpenMP+MPI

* Dynamic instrumentation

* Based on Dyninst (developed by U.Wisconsin / U.Maryland)
* Instrumentation in memory
* Binary rewriting

e Alternatives
 Static link (i.e., PMPI, Extrae API)

13



Extrae XML configuration

<mpi enabled="yes">
<counters enabled="yes" />
</mpi>

<openmp enabled="yes">
<locks enabled="no" />
<counters enabled="yes" />
</openmp>

<pthread enabled="no">
<locks enabled="no" />
<counters enabled="yes" />
</pthread>

<callers enabled="yes">
<mpi enabled="yes">1-3</mpi>
<sampling enabled="no">1-5</sampling>
</callers>

Trace the MPI calls

(What's the program doing?)

Trace the call-stack

(Where in my code?)
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Extrae XML configuration (1)

<counters enabled="yes">
<cpu enabled="yes" starting-set-distribution=“1">

<set enabled="yes" domain="all" changeat-time="500000us">
PAPI_TOT_INS, PAPI_TOT_CYC, PAPI_L1 DCM, PAPI_L2_DCM, PAPI L3 TCM

</set>

<set enabled="yes" domain="all" changeat-time="500000us">
PAPI_TOT_INS, PAPI_TOT_CYC, PAPI_BR_MSP, PAPI_BR_UCN,
PAPI_BR_CN, RESOURCE_STALLS

Select which

</set>
<set enabled="yes" domain="all" changeat-time="500000us">

PAPI_TOT INS, PAPI_TOT CYC, PAPI VEC_DP, PAPI VEC_SP, HW counters

AR ERe are measured
</set>

' . .

<set enabled="yes" domain="all" changeat-time="500000us"> (How’s the machine doing?)

PAPI_TOT INS, PAPI_TOT CYC, PAPI LD INS, PAPI SR_INS
</set>

<set enabled="yes" domain="all" changeat-time="500000us">
PAPI_TOT_INS, PAPI_TOT_CYC, RESOURCE_STALLS:LOAD,
RESOURCE_STALLS:STORE, RESOURCE_STALLS:ROB_FULL, RESOURCE_STALLS:RS_FULL
</set>
</cpu>
<network enabled="no" />
<resource-usage enabled="no" />
<memory-usage enabled="no" />
</counters>
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Extrae XML configuration (lIl)

<buffer enabled="yes">

<size enabled="yes">500000</size> Trace buffer size
<circular enabled="no" /> (Flush/memory trade-off)
</buffer>

<sampling enabled="no" type="default" period="50m" variability="1em" />

<merge enabled="yes"

synchronization="default" Enable Sampling

tree-fan-out="16" (Want more details?)
max-memory="512"

joint-states="yes"
keep-mpits="yes” Automatic
sort-addresses="yes" 5
. we e post-processmg
overwrite="yes
N to generate the

$TRACE_NAME$ Paraver trace
</merge>
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Dimemas — Coarse grain, Trace driven
simulation

e Simulation: Highly non linear model
* MPI protocols, resource contention... B

L
[ [ cpu] D
* Parametric sweeps -- -- --
. -l [ cu [ cpu)
* On abstract architectures
* On application computational regions

* What if analysis
* Ideal machine (instantaneous network)
* Estimating impact of ports to MPI+OpenMP/CUDA/...
* Should | use asynchronous communications? impact of BW (L=8; B=0)
* Are all parts equally sensitive to network?

* MPI sanity check
* Modeling nominal

——NMM 512
—B— ARW 512
A NMM 256

ARW 256
—l—NMM 128
—e— ARW 128

* Paraver — Dimemas tandem | -
* Analysis and prediction S e
* What-if from selected time window

R Detailed feedback on simulation (trace)
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Network sensitivity

* WREF, Iberia 4Km, 4 procs/node mpactof mtency (BW-256: 520

* Not sensitive to latency

[u

* NMM
* BW —256MB/s

——NMM 512

—B—ARW 512
A NMM 256

0.998

N

Speedup vs. Nominal Latency

0.996
\ ARW 256
1+1 1 d NMM 128
* 512 - sensitive to contention 0.994 -
—— ARW 128
« ARW
0.99 . . . .
° BW - 1G B/S 0 2 4 8 16 32
* Sensitive to contention
Impact of BW (L=8; B=0) Contention Impact (L=8; BW=256)
1.20 12
1.00 z '
——NMM 512 E 08 —o— NMM 512
5, 080 //,/ / —@— ARW 512 g /./'/ —B— ARWS12
3 2 A NMM256
E 0.60 - A NMM 256 E 06 ARW 256
E A / / ARW 256 ﬁ —=— NMM 128
040 —B-NMM 128 3% —e—ARW128
= —o—ARW 128 & o,
0.20
0.00 7 T T T T T T T T T 4 8 12 16 20 24 28 32 36
1 4 16 64 256 1024 Commectivity (B)
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Would | will benefit from asynchronous
communications?

SPECFEM3D
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S$C2003 Gordon Bell Award
California Institute of Technology

A 14.6 Billion Degrees of Freedom, 5 Teraflops, 2.5
Terabyte Earthquake Simulation on the Earth Simulator

Real

Ideal

Prediction
MN

Prediction

100MB/s

Prediction ||

10MB/s

Prediction ||
5MB/s Ll

Prediction
1MB/s

MPI call @ Specfem3D_192.chopl.prv

TITT?

PN

=

MPI call @ ideal.prv

BEREERE

T

MPI call @ D.MN.10MB.prv

AT, EH .

MPI call @ D.MN.5MB.pr

MPI call @ D.MN.1IMB.prv

0%,




Ideal machine

The impossible machine: BW =0, L=0

 Actually describes/characterizes Intrinsic application behavior
* Load balance problems?
* Dependence problems?

Allgather alltoall
GADGET @ Nehalem cluster + allreduce sendrec
256 processes sendrecv
"B MPI call @ GADGET_A.25%.iCE trace.chop1.prv.g-. waitall
Real
run
Ideal
network
Barcelona
Supercomputing . .
( Comter Impact on practical machines?




Impact of architectural parameters

* |deal speeding up ALL the computation bursts by the CPUratio
factor

* The more processes the less speedup (higher impact of bandwidth
limitations) !!

GADGET
Speedup

Speedup

Speedup

140
120 -
100 -

80

60 1
40
20

Bandwidth (MB/s) Bandwidth (MB/s)

Bandwidth (MB/s)
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Hybrid parallelization

Profile

40

* Hybrid/accelerator 8
parallelization R

* Speed-up SELECTED regions by . \
the CPUratio factor 5 N

e\

128 procs.

% Computation Time

: Bt

\‘\._.;¢AA

1'2'3'1'5'6'7'3 9 10 11 12 |3 Coderegons

code region
Speedup
20
99.11%
15
10
5
64
0 8
<
SEES sy o
va33$g§$ ratio
Bandwdith (MB/s) Bandwdith (MB/s) Bandwdith (MB/s)
(- Barcelona (Previous slide: speedups up to 100x)
Supercomputing
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Efficiency Models
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Parallel efficiency model

Computation

. MPI_Send Do not blame MPI
— ! !
MPI_Recv LB Comm

* Parallel efficiency = LB eff * Comm eff




Parallel efficiency refinement:
LB * uLB * Tr

. MPI_Send MPI_Recy Do not blame MPI
I P

A
Y

!
Lt}

MPI_Recv  MPISend LB uLB | Transfer

* Serializations / dependences (uLB)

* Dimemas ideal network = Transfer (efficiency) = 1

MPI_Send MPI_Recv
— =

MPI_Recv  MPI_Send




Why scaling?

o= LB * Ser *Trf

CG-POP mpi2s1D - 180x120

Good scalability !!
Should we be happy?

speed up

o
o
o

100 150 200 250 300 350 400

Barcelona
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egum Parallel eff
——LB

—<—uLB

—x— transfer

0 100 200 300 400

e Efficiency
—&— Parallel eff
instr. eff

—x—|PC eff

0 100 200 300 400




Some examples of efficiencies

Code Parallel efficiency | Communication Load Balance
efficiency efficiency
Gromacs@mt 75.68 88.22
BigDFT@altamira 78.97 75.52
CG-POP@mt 80.98 98.92 81.86
ntchem_mini@pi 92.56 94.94 97.49
nicam@pi 87.10 75.97 89.22
cp2k@jureca 75.34 81.07 92.93
icon@mistral 79.86 84.02 95.05
k-Wave@salomon 89.08 92.84 95.96
fleur@claix 76.22 90.66 84.07
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Same code, different behaviour

Code Parallel efficiency | Communication Load Balance
efficiency efficiency
lulesh@mn3 90.55 99.22 91.26
lulesh@Ileftraru 69.15 99.12 69.76
lulesh@uv2 (mpt) 70.55 96.56 73.06
lulesh@uv2 (impi) 85.65 95.09 90.07
lulesh@mt 83.68 95.48 87.64
lulesh@cori 90.92 98.59 92.20
lulesh@thunderX 73.96 97.56 75.81
lulesh@jetson 75.48 88.84 84.06
lulesh@claix 77.28 92.33 83.70
lulesh@jureca 88.20 98.45 89.57
lulesh@mn4 86.59 98.77 87.67
lulesh@inti 88.16 98.65 89.36
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Analytics
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Using Clustering to identify structure

TASK 1

TASK B

TASK 16
TASK 24
TASK 32
TASK 48
TASK 48
TASK 56
TASK B4
TASK 72
TASK BB
TASK BB
TASK 96
TASK 184

Completed Instructions

TASK 72
TASK BB
TASK BB
TASK 06

IPC

2,199,498 us

2,199,498 us

5e+08 T

4.5e+08 -

4e+08 -

3.5e+08 |-

3e+08 -

2.5e+08 -

2e+08 -

1.5e+08 |-

Instructions Completed

TASK 1
TASK B
TASK 16
TASK 24
TASK 32
TASK 48
TASK 4B
TASK 56
TASK 64
TASK 72
TASK BB
TASK BB
TASK 96

TASK 128 8 ns

Instructions Completed

5e+08

4.5e4+08

4e+08

3.5e+08

3e+08

2.5e+08

2e+08

1.5e+08

le+08

P

7
4
A
3
2%
¥

bk

Ak b

i

2,199,498,286 ns

I I I I I
0.6 0.65 0.7 0.75 0.8 0.85 0.9

IPC

le+08 . ‘ . . .
(\ 0.6 0.65 0.7 0.75 0.8 0.85 0.9
e IPC Automatic Detection of Parallel Applications Computation Phases (IPDPS 2009)



Instructions Completed

iicte Aggregative Cluster Refinement
1e+08 —
9.5e4+07 | ]
L 9ses07 |
9e+07 - 2
Q. 9e+07 -
8.5e407 | £
O 8.5e+07 | |
8e+07 | [ Noise
Cwn  8e+07 | 1 Elus(er%
7.5e+07 | < uster
O 7.5e407 {
7e+07 - ©
8 rer07
6.5e+07 S
B 65407 |
Gesop ——t ] £ T 8 ns
05 055 0.6 065 07 075 0.8 085 09 0.95 +07 - g - . N : . . . .
IPC 05 055 0.6 065 07 075 0.8 0.85 09 0.95

What should | improve?

What if ....

Aggregative Cluster Refinement

. we balance Clusters 1 & 27?

ia”

782,231,912 ns

. we increase the IPC of Cluster1?

PEPC

13% gain

IPC

' ’x!l.l"‘l
Ll W :
Iinl!1.’=’ L das
an Ry
"l R U P

°=

Eur:ulnnu

Cmm Macional de Suparcamgulaciin

782,233,912 ns

9% gain

782,233,912 ns



Tracking scability through clustering

* OpenMX (strong scale from 64 to 512 tasks)

384 - 512




Tracking scability through clustering

* OpenMX (strong scale from 64 to 512 tasks)

‘" *.‘ 101}

_H Region7 512
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Folding

* Instantaneous metrics with minimum overhead
* Combine instrumentation and sampling
* Instrumentation delimits regions (routines, loops, ...)
* Sampling exposes progression within a region
* Captures performance counters and call-stack references

v ¢

N
7

Initialization Ilteration

%

eration #3 Finalization

~
7

Synth Iteration
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“Blind” optimization

* From folded samples of a few
levels to timeline structure of
“relevant” routines

Recommendation without
access to source code
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Stalls (% over total cycles)

Evolution for Stall distribution model
Appl * Task * Thread * - Group_0 - Cluster_2

] I
55 2 2 top
g B F
B ' n'g S £
=l o = =
g8 2 EEEEE ¢
! 2 -3 g8 | 8
a ! = h_
S Stesnsesese e ———— | |\ ottom
90.00 L L 9000
80.00 8000
70.00 7000
60.00 6000
50.00 5000 .,
5
40.00 4000 =
30.00 3000
20.00 2000
10.00 i~ . - 1000
- : il : —l
0.00 12.59 25.18 37.78 50.37 62.96
Time (in ms)
Stalls == Stalls:LB == Stalls:SB == Stalls:RS Stalls:ROB MIPS ==
. 2 o
[ o o
g % T B ]
8 o' 3—:"“ Sz ] £
ca P a'm =
g8 cR N 22 ] 2
=24 b= ) ) i 3
! z .z B d S
= = o =1 2
ml el S | om
90.00 = = 00
80.00 - 8000
__ 70.00 - 7000
@
L]
:;, 60.00 - 6000
8
8 50.00 - 5000 P
5 o
3 40.00 {4000 =
®
= 30.00 - 3000
B
“ 20,00 - 2000
10,00 |- /\--,.---._,_.,, e gz
0.00 L L — - 0
0.00 10.39 20.78 31.16 41.55 51.94 62.96
Time (in ms)
Stalls == Stalls:LB == Stalls:SB == Stalls:RS Stalls:ROB MIPS ==



CG-POP multicore MIN3 study

e Same code
e Different duration

Different performance

ClusterID @ cgpop.linux_icc.186x120.chop2.clustered.prv
THREAD 1.13.1 | IS DN DS D N e

THREAD 1.14.1 | NN SN S S s s - >

THREAD 1.15.1 | N s s s s e e
THREAD 1.16.1

THREAD 1.17.1 || I N O (S E E—
THREAD 1.15.1 | IR I B B B B

Unbalanced MPI application

—

9.983.628.171 ns
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Instruction type Instruction type

Instruction type

Instruction mix model for the unbalanced CGPOP
on different cores of the same hexacore chip

Cluster_10 (core #4)

1.00

0.80
0.80

0.40 W
0.20

0.00

MPI call

0.00 3.37 6.74 10.11 13.48 16.85
Time (in ms)

Cluster_g8 (core #1)
1.00

0.80

0.40
0.20

0.00
0.00 4.50 9.00 13.49 17.99 22.49

Time (in ms)
Cluster_4 (core #5)
1.00
0.80
0.60
0.40
0.20

0.00
0.00 5.45 10.91 16.36 21.82

Time (in ms)

FF s
VEC sp+dp s

uncond BE  mm
cond BR

LD mm
ST

MPI call 7

3000
2500
2000
1500
1000
500

3000
2500
2000
1500
1000
500

Others mm
MIFS  —

MIPS

MIPS

MIPS



Methodology
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Performance analysis tools objective

Help generate hypotheses

Help validate hypotheses

Qualitatively

Quantitatively




First steps

Parallel efficiency — percentage of time invested on computation
* |dentify sources for “inefficiency”:
* load balance
¢ Communication /synchronization

Serial efficiency — how far from peak performance?
* |PC, correlate with other counters

Scalability — code replication?
* Total #instructions

Behavioral structure? Variability?

Paraver Tutorial:
Introduction to Paraver and Dimemas methodology




BSC Tools web site

* tools.bsc.es

* downloads

— Sources / Binaries

— Linux / windows / MAC
e documentation

— Training guides

— Tutorial slides

* Getting started
e Start wxparaver
* Help - tutorials and follow instructions

* Follow training guides

* Paraver introduction (MPI): Navigation and basic understanding of Paraver
operation
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