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) TECHNISCHE
UNIVERSITAT
DARMSTADT

Parallel
I Programming

I/O are more and more complex to track in HPC systems as associated performance metrics
are spreading the whole HPC stack

There is a need to understand and predict potential I/O bottlenecks to further optimize the 1/O
subsystem

We consider malleable payloads, able to collaborate with the storage back-end to further
optimize /O

In the ADMIRE project, which serves as the framework for this work, we aim at defining
a holistic I/0 optimization framework based on monitoring and fine-tuning of the I/O
stack, including the use of ad-hoc file systems

Development of a versatile monitoring tool (the Metric Proxy)
Use of its output data (among others) to generate online performance

predictions (i.e., models) from profiles and traces _ ]
- Continuous Modelling
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malleable data solutions for HPC Performance
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Monitoring Granularities

Parallel
I Programming

PerformanceTrace

TBON
Performance measurements are always a
: Event-Based compromise between verbosity and
e Sampling
= Dynamic Profile measurement/storage overhead.

- Inspired by the "Cube Model"
Profile

Spatial Resolution
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Using the Metric Proxy for Flexible [ Ui
Measurements e o oiing
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Temporal Resolution

TBON

Profile

We gathered in a single tool:

» TBON for real-time reduction of
performance data using LIMITLESS
= Resampled performance traces for

temporal series

PerformanceTrace

Event-Based

Sampling » Profiles to describe each run
Dynamic Profile ) _ » Prometheus storage for historization
‘ = Real-time summative profiles (a.k.a
Prometheus snapshots) for current state

Spatial Resolution
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Metric Proxy’s Architecture Sy
R e 52

Real Time
LIMITLESS 1 Counters

MPI Processes TBON

Node State Sampled Trace

Root

Metric Proxy Metric Proxy

Storage State Alarms

Lustre State

Prometheus

Exporters Profiles

N/

Node Exporter

------------------------------------ - Prometheus
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Each metric proxy on
. . R I | each node provides
Metric Proxy is a powerful tool for managing and analyzing metrics in your application. It provides a convenient way to proxy and .
aggregate metric data from various sources. an H TTP en d pOI nt on
Get Started port 1337 by default.

To start using Metric Proxy, please refer to our documentation for setup and configuration instructions.

About Metric Proxy

Read Documentation

© 2023 The Metric Proxy has received funding from the European Union’s Horizon 2020 JTI-EuroHPC research and innovation

programme, n°® 956748
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Monitoring the TBON and Scrapes —:..

The proxy reduction tree is W

built automatically by
«pivoting» the nodes on a root
server which then returns the
address of one of the proxy.

Here an example with 32
nodes, seen from the root.
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Sample Profile Snapshot
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Job Description

Key

jobid
command
size
nodelist
partition
cluster
run_dir
start_time

end_time

Counters

mpi___hits___mpi_cartdim_get
mpi___hits___mpi_publish_name

mpi___time___mpi_type_ub

JOB DETAILS

Value

535363585
/IMB-MPI1

3

tmp/IMB/src
1702039102

0

Number of function calls for MP1_Cartdim_get
Number of function calls for MP1_Publish_name

Total seconds spent for MPI_Type_ub
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Sample Profile Snapshot (cont’)
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mpi___hits___mpi_cartdim_get
mpi___hits___mpi_publish_name
mpi___time___mpi_type_ub

mpi___hits___mpi_send_init
mpi___hits___mpi_status_set_elements_x

mpi___time___mpi_comm_set_attr
mpi___time___mpi_cart_create

mpi___hits___mpi_raccumulate
mpi___hits___mpi_type_create_subarray

mpi___time___mpi_win_delete_attr
proxy_memory_swap_used_percent

mpi___hits___mpi_win_fence
mpi___hits___mpi_allreduce
mpi___time___mpi_allgatherv
mpi___time___mpi_dist_graph_create
mpi___time___mpi_comm_split_type
mpi___time___mpi_file_call_errhandler
mpi___hits___mpi_comm_rank
mpi___hits___mpi_file_write_at
mpi___time___mpi_get_elements
mpi___hits___mpi_group_intersection
mpi___time___mpi_group_union
mpi___hits___mpi_info_create

mpi___time___mpi_type_create_darray

Documentation

Number of function calls for MPI_Cartdim_get
Number of function calls for MPI_Publish_name
Total seconds spent for MPI_Type_ub

Number of function calls for MPI_Send_init

Number of function calls for
MPI_Status_set_elements_x

Total seconds spent for MPI_Comm_set_attr
Total seconds spent for MPI_Cart_create
Number of function calls for MP1_Raccumulate

Number of function calls for
MPI_Type_create_subarray

Total seconds spent for MPI_Win_delete_attr

Total swap usage on the system in percent

Number of function calls for MPI_Win_fence
Number of function calls for MP1_Allreduce

Total seconds spent for MPI_Allgatherv

Total seconds spent for MPI_Dist_graph_create
Total seconds spent for MPI_Comm_split_type
Total seconds spent for MPI_File_call_errhandler
Number of function calls for MPI_Comm_rank
Number of function calls for MPI_File_write_at
Total seconds spent for MPI_Get_elements
Number of function calls for MPI_Group_intersection
Total seconds spent for MPI_Group_union
Number of function calls for MPI_Info_create

Total seconds spent for MPI_Type_create_darray

0
0
0

AVG: Min:
23.154901660001453 23.154901660001453

0

147047
20.255583867873455
0

0

75

Max:
23.154901660001453
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Sample Trace View
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= A maximum fixed size of 32MB per job,

filled with sample every one second and
: slowing down by a factor 2 on

Visualizations

resampling.
A e | | = This maintains full-range traces by
- dynamically decreasing resolution and
SARARARALN ‘ il bounded size.
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Trace Resampling
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Period 1
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SO

Introducing the Metric Proxy for Holistic /0O Measurements | HPC-IODC 2024 | Dr. Ahmad Tarraf | Department of Computer Science

13




Trace Resampling
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Period 1
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SO

ST
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Trace Resampling
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Period 1
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SO

ST S2
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Trace Resampling
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Period 1
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SO

ST S2

S3
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Trace Resampling
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Period 2
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S0+S1 || S2+S3 Resampling
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Trace Resampling
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Create New Alarm

Target: main ~

Metric:  proxy_cpu_load_average_percent

Add Plot

Visualizations
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I proxy_cpu_load_average_percent

=

Create New Alarm
Target:  main v

Metric:  proxy_cpu_load_average_percent

Add Plot

Visualizations
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/
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Proxy

Time Series of sample values
are accumulated over time:
 For nodes

* For global state

Prometheus
Database
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= Proxy examines MPI and I/O
information simultaneously

= Example: Nek5000

B {function="mpi_allreduce"} . {functlon 'mpi_bcast' } | {functlon 'mpi_file_read_all"} . {function=" mp| file_write_all’ } . {functlon 'mpi_irecv"} ] iS faSt a nd Sca I a ble Open
B {function="mpi_isend"} [l {function="mpi_recv"} [l {function="mpi_scan"} [l {function="mpi_send' } e e
source CFD solver

= turbPipe test case (round
turbulent pipe flow)
running on 10 nodes (360
MPI ranks)

- 2m5s 2023-08-11 09:42:02 X Res. (s) & = Show Exemplars

B {instance="broadwell-005:9999"} [l {instance="broadwell-006:9999"} [l {instance="broadwell-007:9999"} [l {instance="broadwell-008:9999"} « w:
multiple
B {instance="broadwell-009:9999"} [l {instance="broadwell-010:9999"} **"*
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IMB-MPI1 with 50 Nodes (1800 7 e
Processes) i o i

« Comparison between the Prometheus view and Select Plot Source

the trace view inside the proxy (GUI) for the total =~ V
number of MPI|_Barriers over time summed
over 50 nodes with a 1 second resolution Visualizations

* |tis possible to see the various steps of IMB

...........................................
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LULESH (MPI) 1728 Processes
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Graph  Console

= 10m + 4« Until » Res. (s)  stacked

2M

1.5M

Stacked view of the
number of calls for
various MPI functions,
timesteps are visible

M

500k

mpi____hits mpi_waital{instance="localhost:1337",job="proxy"}
mpi____hits _mpi_wait{instance="localhost:1337",job="proxy"}
mpi____hits__mpi_isend{instance="localhost:1337",job="proxy"}

mpi____hits __mpi_irecv{instance="localhost:1337",job="proxy"}
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Performance Modeling
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Modeling From Profiles

File View Plots Model Help
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| ] "mpl_Ffile_iread_at"

| ] "mpl_Ffile_iread_shared"

] "mpl_Ffile_iwrite"

| ] "mpl_Ffile_iwrite_at"

] "mpl_file_iwrite_shared"

] "mpl_Ffile_open"

"mpi_Ffile_read"

"mpl_File_read_all"

"mpl_Ffile_read_all_begin"

] "mpl_Ffile_read_all_end"
"mpl_Ffile_read_at"
"mpl_file_read_at_all"

| "mpl_file_read_at_all_begin"

| "mpl_file_read_at_all_end"
"mpli_Ffile_read_ordered"

] "mpl_Ffile_read_ordered_begin"

| "mpi_file_read_ordered_end"
"mpi_Ffile_read_shared"

] "mpi_file_seek”

| "mpli_Ffile_seek_shared"

| "mpl_file_set_size"

| | "mpl_file_set_view"

4
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Selection R ———
Line graph B3
Model: | Default Model - |
9.7x10°
Metric: | Time (s) - | "mpi_file_read"
Se Callpath An Value RSS* ::QPE_E:S_::gg_ZItI:"
(] "mpi_file_iread” -0.571+0.036 * Pr... 7.6( ptre.

"mpi_file_read_ordered”
"mpi_file_read_shared"
"mpi_file_read_at_all"

» Final state of job counters are
saved by the metric proxy

Time (s)

4.8x10°

= Profiles can be gathered by
command line for various scales

= The Metric Proxy can leverage
Extra-P to generate and expose

—

o performance models for all

metrics of a given trace

»

553.0

691.2

S — 0 138.2 276.5 414.7
| All v | v/ show model | Show parameters Processes
Processes | 1 [sPCF
Color Info @ Graph Limits
0.000 B | 130x10°> P | Processes ~ | max.| 691,20
3 June 2024
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wo 3060492741632.313 + 64355661391.892494 *

proxy_network_receive_bytes_total{interface="10"} sizen(2/3) 5.77e+23
proxy_component_temperature_celcius{compone = 22.561957780017977 + 0.48225689512319364 * 30
nt="coretemp Core 9"} (In(size)/In(2))*(2)

- o *
strace__size__read 1.2131179788106714e-05 + 3758116134.0 4.566-8

size(1)

proxy_cpu_frequency_ghz{name="cpu32" vendor
="Genuinelntel",model="Intel(R) Xeon(R) CPU E5- 3089.0000000000023 1.86e-22
2697 v4 @ 2.30GHz"}

proxy_component_critical_temperature{componen
t="coretemp Core 9"}

200 000 000 000

180000 000 000

160 000 000 000

140000000 000

120000000 000

100000000 000

80000000 000

60 000 000 000

40000000 000

20000000 000

0
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0.0 0

strace__size__read (Profile Data) T " " "*

strace___size___read (ExtraP Model)

0 5 10 15 20 25 30 35 40 45

‘ Display Model

Model Projection:

- 12
Display ExtraP Model
Scale in Megabytes (MB) O
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The proxy has functions for
various metrics and can use
Extra-P interpolate values at
scales not yet run

This information can be valuable
for dimensioning burst buffers
or controlling ad-hoc file
systems
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Predicting Temporal Behavior Using © ° U
Frequency Techniques (FTIO) s oo ing

- Periodic I/O is often encountered in HPC!

Information about applications’ periodicity, even if not perfectly
precise, leads to good contention-avoidance techniques [1, 2, 3]

60k 10k
50k 8k
40k

—->Frequency Techniques for I/O:
= Examine the I/O behavior in the frequency domain

30k 2k

20k ° 14 16 18

Bandwidth (MB/s)

= Describes the t&gporal behavior of the I/O phases through a single “’ZJ u u LJ RN J
metric, name T ) oo T s) oo "

= Online (predictiC on) realizations with low
overhead

= Additional metrics gffe in the results and further Period (T};) of I/O phases:

The time between the start of
consecutive I/O phases
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/ 1 Frequency (f,) = 0.04
> Period (7)) 524} Rence (c;) = 64.9%
S + Average bytes per phase ...

\ Slgnal x(t) _/ 8 ==0riginal signal

w7 ==Discrete signal
JOb S 6 —3.2e-01cos(2m*0.04*t}2.52)

N\ S s

< 4
T +
=

© 2
c

. g 1]

\_ Compute nodes Trace File 0

20 40 60 80 100 120 140 166 180 200
Time (s)
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FTIO: The Core
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_____________________

Application-level

-

BaAdwidth

[REp e —— S

Trace file:
* Bandwidth per==
» Bandwidth per node

——— -

Frequency f;

""“"H“' ‘

Discretizatie

1000
Lag (samples)

Peak Detection

3

u )

12 12

10 10
8 8
6 6
4 4
oAl :
R ST

2 25 3 35 4 45 5 °
Frequency (Hz)

Discrete
Signal

Normed Power (%

\Discrete Fourier Transformation .

I
|
|
== oo

Power
Spectrum

0.4 0.6 0.8 1
Frequency (Hz)

Z-Score

- Z-Score

- DBSCAN

- Isolation Forest
- LOF

with a confidence ¢,

- Peak Detection

Outlier Detection

=

3 June 2024
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FTIO: Required Input

Supported Formats/Tools for online prediction:

Parallel
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= TMIO (JSONL, MessagePack, ZeroMQ) .
= Metric Proxy :
Supported Formats/Tools for offline detection: -

/TMIO: \

Tracing MPI-10

C++ library that uses the PMPI interface
Flushes I/O data online

Can be easily attached to existing code
Will be made publicly available

)

= Darshan

= Recorder (folder) ®

demo.json

"bandwidth": {

= TMIO (JSON, JSONL, MessagePack, ZeroMQ)
= Metric Proxy

3 June 2024

"b_rank_avr": [1.496276, 2.013454, 2.062243, ...],
"t_rank_start": [1.950272, 1.964889, 1.975749, ...],
"t_rank_e": [1.964871, 1.975739, 1.986342, ...]
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FTIO: Required Input (cont’)

Trace file containing:
= Bandwidth per rank

= Time (start and end) when the bandwidth changed
—2FTIO calculates internally the application-level
bandwidth by overlapping the rank-level metrics

Application-level bandwidth and (start) time can also be
provided directly - Any level is ok!

- Metric Proxy provides the application-level

bandwidth!

3 June 2024
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Time (s)
. J
Trace File
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FTIO: User Interface

Dominant fr

Precision of
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Frequency (Hz)

Binary decision boundary
of IsolationForest
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FTIO and the Metric Proxy:

= The paper shows a basic prediction for the total bytes for a small benchmark
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= So far, the proxy provides the trace to FTIO, but this interaction could be enhanced

= We could also build a feedback loop to utilize FTIO’s predictions for:
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Enhanced modeling approaches

System components

— 3.57|==piscrete signal
@ 371|--9.0e-01*cos(2m*4.58e-03*t-0.14)
m B
@ 2.5
N—r 27
0z
e
S 1.5
3 1
ER Ji [
% @71 ‘-—l m.
m
-0.5-
T T T T T T T T
50 100 150 200 250 300 350 400
Time (s)
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Conclusion
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= \We describe the Metric Proxy, a machine-wide transversal monitoring
infrastructure able to generate several performance outputs:

Prometheus Integration (Both for scrape and as an exporter)

Performance trace and Profiles

Spatial aggregation with TBON

Job aware

= We listed associated performance prediction efforts:
» Performance models using Extra-P integrated in the Metric Proxy
» |/O Phase prediction using FTIO by using the traces from the Metric Proxy

= Contact: ahmad.tarraf@tu-darmstadt.de
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Future Work
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« Ultilize the phase detection for contention avoidance using live data
from the metric proxy coupled with FTIO analysis (feedback loop)

= Work on the TBON to evaluate alternative topologies and examine the
dynamics of the approach

= Work on enhancing integrations of the Metric Proxy with other tools
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Metric Proxy:

= https://github.com/besnardjb/proxy v2

» Rust: can be easily installed using cargo :
= Spack recipe is also available (contact us) E

FTIO:

= https://github.com/tuda-parallel/FTIO

Extra-P:

= Python: can be easily installed using pip

Parallel

I Programming

= https://github.com/extra-p/extrap

Users, contributions, and
collaborations are welcomed!
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Questions?

Thank you for your attention!
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