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Data Challenges — Simulations

Climate simulation -

« Climate and Earth System Model: a fully coupled o AT
numerical simulation of the Earth system consisting = &= * %0 % |
of atmospheric, ocean, ice, land surface, carbon = = = = _: & = =
cycle, and other components " R A
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Seasonality of observed (upper) an
simulated (lower) streamflow at
stream gauge stations in major rive

e 2 basins around the world in E3SM [1
v Onx > Acqu1re thousands of high-resolution spectra every day and can cost a

o WRIDGE - |ong time to transmit/retrieve for observation data
wmissourt S = Requirements to follow FAIR data principles will help scientists re-use
N LI and analysis results of data and help with reproducibility.

1] Golaz, Jean-Christophe, et al. "The DOE E3SM coupled model version 1: Overview and evaluation at standard resolution.” Journal of
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Data Challenges — Simulations

Fusion simulation

« Enables fusion reactor operation using magnetically
confined plasma

« Long enough confinement of D-T plasma at ~15keV

is key

Simulation by Ku, visualization by Pugmire

“Streamer” and “blob”
edge turbulence eddy
patters from XGC kinetic
particle code

}?ﬁ.\( E > Slmulatlon data will be Exa-Bytes per day

asoum &gy > Various synthetic diagnostics data from simulation and thousands of
N LT sensors from experiment need to get married with dynamic multiscale
L interaction in mind



Computing vs Storage and /O
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o2 e Limited storage capacity upgrade
; * 3¢ OAK > Titan -> Summit: 4x in storage vs 6x in computing
HRCE . High computing-to-1/0 ratio
Mssour SEF > Summit: 150 PF/s, 1 TB/s /0O - 1M FLOPS per double

NJILT e
e > Much more severe when data reside in secondary storage




Lossless Compression: Challenges

Cannot do much for scientific data

* Mantissas are like noise...

» Compression ratio is usually less than 2

 Far from what is desired!

the selected predicted value with the actual value, and
leading-zero compresses the result.

Secheme Transformation Algorithm Compression
Applied Ratio
it first predicts values sequentially using two predic-
tors (FCM and DFCM), and subsequently selects the
FPC [8] not used closer predicted value to the actual. Lastly, it XORs 1.02x~1.96x

ISOBAR [30]

divide
byte-columns into
compressible and
incompressibles

Dettaaigorithm
apply| gz%%l “pzip. FPC) on all compressible (af-
ter arding noisy byte-columns). zlib is the main com-
pression algorithm; others are for comparison purposes

Trequency based

ALACRITY [19]

floating-point
values into sign,
exponent, and

significands

unique-value encoding of the most significant bytes (as-
suming high-order bytes (sign and exponents) are easy
to compress); low-order bytes are compressed using ISO-

BAR peflate algorithm

PRIMACY ([31] permutation of ID applﬂol transformed data 1.13x~2.16x
values flate algorithm
split

1.19x~1.58x

- d OAK

XOR on A of
neighboring data

: cc (g neghboring date | apply zero-filled run length encoding up to 2.13x
A . RIDGE —— ::;:i:::; integration of LZO, bzip2 Fithin the 1/0 forward- o
: P - ing lgyer Defl orithm -
' . Niles - - — - —— R - ————
Binary Masking (3] bit masking apphy| zlibJon bit masked data in order to parially 4o ||7 110wy 350

(XOR)

creases the entropy level  Deflate algorithm

MCRENGINE [18]

© - MISSOURL S,

variable merging
in the same group

apply parallel|gzipjon the merged variables across pro-
cesses Deflate algorithm

up to 1.18x

NJLLL

Data compression for the Exascale Computing Era Survey.
S. Son et al. (Supercomputing frontiers and innovations 2014)

Floating point data set
(numerical simulation
of the brain):

Sign+
Exponent

Random
(noise)

, Mantissa ﬂ

—aZ - .

Source: Leonardo Bautista Gomez (BSC)




Lossy Compression: Advantages

« Tradeoff accuracy for compression ratio !ﬁ‘: e Pl
« The data is altered during compression:
some piece of information is removed,
the original data cannot be retrieved
Tunable ratios
« High compression ratio is achievable
Multiscale representation
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Lossy Compression: Requirements

* Error control S
» The difference between original data and decompressed data is
bounded by user-specified tolerance
* Progressive
» Ability of providing up to near lossless data with incremental
update to allow for reproducibility with high efficiency
« Adaptable
» To resolution: Ability of adjusting resolution for fast computation
« To analysis: Ability of prioritizing data based on target analysis

OAK
RIDGE
- MIssOURL S&f
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Error-Controlled Lossy Compressors

* Add error control to general lossy compression
techniques to ensure “trust”
« The distortion of decompressed data and
original data is bounded by some metric

NO/ Weak prog re55|.veness . Varying compression ratio from 10:1 on the
NOi' qdaptc:b|e to CInCIIYSIS/I'eSOIUhon left to 250:1 on the right for scientific data

with error-controlled lossy compressor ZFP.
, ' ' Figure from P. Lindstrom (LLNL)

}?.'\ K MGARD error-controlled
o2 TCNIDGE lossy compression for
- MissOUR SeT unstructured data

N |/ LT Figure from B. Whitney (ORNL




Progressive Compressor

- JPEG/JPEG2000 BRI

« Wavelet methods with mixed No/weak error control
precision and resolution Not adaptable to analysis
* Precision-resolution trade-off
with varying data streams '
« Adaptive representations Adaptive Multilinear Meshes (figure from H. Bhatia et al)
using multilinear wavelets

« Task-optimized streaming
« Adaptive Multilinear Meshes v.

OAK
Rm('l-
© - MISSOL u_,&[

N l l_l G0 by Sl (B L bk e [Fy 42) Ly wanwwn rionin (3000 1) by aveaatnefv 1n] &y =3 - )
Task- optlmlzed streammg (figure from D Huang et al )




MGARD: Multilevel Data Reduction

Add Correc tion

—e— Q,u (Original Data)
--- Linear Interpolation

 MGARD provides multilevel representations
with error control
« Works for non-uniform data grid

« Offers multi-resolution representation °,
« Supports most error-control metrics .
e L-infinity: |u — 4|~ <7 0
L |u - fble ST 0 1 2 3 4
* Qol: [Q(u) - Q)| <7 1D Decomposition in MGARD
original orthogonal hierarchical
Rt tbtet ¢ — ‘—-__:'_a
------- l MGARD Decomposition
}?;}.-,\(.,, £=2 - B (orthogonal)

versus

L MISSOL u_,a.T ¢=3 IS Multilinear Decomposition
NLLT oo ey MR e !




Bit-Plane Encoding

* Represent data in sign-magnitude format S
* Progressive in precision/accuracy

Prioritized in information

Automatic error control

Works with floating-point data with exponent align

SINIRARN Precision 111 ]I] Bit-plane 11117
15:01111 Decomposition (1111 Composition 01111
12:/01100 O[]l 01100
BESEEEEIE 07:/00111 001/1/1 00111
Oas - 05:(00101 00101 00101
| ;,.,,,h;l,,:-,;,' S&T Bitplane representation
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* Coupling MGARD decomposition with bit-plane (BP) encoding S

« Derivable error control

« Combine error controls in MGARD and BP encoding
* Progressive

* In accuracy thanks to MGARD error control and BP encoding

* In computation thanks to MGARD decomposition and BP formats
« Adaptable

» To resolution thanks to MGARD decomposition

« To analysis by bit-plane segmentation with on-demand retrieval

OAK MGARD (Datz) Bit-plane (precision)

T RIDGE decomposition ™ decomposition .
SHE Data = —_— (D
- MIssOURL S&f — -
. Nl/ll S

Combine MGARD with bit-plane encoding



Derivable Error Control

 Collect error information using auxiliary arrays S
Ar=[11by] = l|Aju = Aga® || A2 [11[by) = | Au - Aa® |12,

« Translate MGARD error control to number of required BPs

L
MGARD:  ||lu —il|p~ < Cp= ZIIAzu — il MGARD:  lu=allf, < ) vol(P)l|Aju — Ayl 2

[f/1r~ E:[\/jr~

=0
L P
MGARD-BP: ||u — il]|j~ < Cpe ZA,_NIIIII),I MGARD-BP: |lu—al[7, < > wvol(P)Ap2[1][b)]
1=0 [=0
........ .
i }’):\:\' MGARD:  ||Q(u) - Q(u)| = I;(Q)z(z 2%t vol (Pp) (| Aju — Ayil)?,)
haa RJIDGE 1=0

- MIssOURL S&f

L
CNJLT MGARD-BP: ||Q(u) - Q(i)||* < 1;(62)2(2 22190l (P ALz 1) [B])

[=0




Progressive Reconstruction

 Incremental update to save reconstruction cost S
* Current representation (with b BPs from level |):

L
up = Z(I — Q1) A

[=0

* Next representation (with by BPs from level ):

L L
uy = ) (1= Q) A = )" (1= Q) (AP + Aui~)

=0 =0
........ L L
L O - Z“ - Q) A + Z” ~ Q) A
B A0 1=0 1=0
RIDGE = =
- - - MIssOURI S&l b, —by
= =uy + Z(l ~ Q1) A
NJLL =




Refactoring Phase

Data Precision ~
decomposition ™. decompositian -
Data > EEES » OHIED
—) —
Table 2: Metadata recarded during refactoring/writing
Name Type Swe Description
[[Aslly | domble L Viaximum livel-wise coeftiodent value
Ag2 double LA[B+1) Squared L° srror matrix,
s amiteyer Ll s ol encoded Li-planes s eads luvel,

Algorithm 2 Multlevel dali relactonny with bit-plane encoding

Toput: g peal b e mes s lvow! 5 namber o eno b biteplaes B
1 Qe » initialization

OAK
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Kades compet e
i end o

+wrte metadata o FFS
ot datate FFS

“1%e 1 A Loostadata)
i Te_te_FFS sreans)

: . V l I 1w
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Select & keap

Metadata collection
For error-controlled retrieval
Level-wise segmentation
For adaptable retrieval to
given data analytics




Retrieval Phase: Size Interpretation

For M € {L‘\“ L2 } U {S} , define: Algorithm 3 Tnterpretation of bit-plane retrievil for required eror
tolerance.
€] ( 1, k) = CL“‘ AL\“ [1] [kl Input: required error toleranze 1, current recampossd level L) total number of
- decompasition levels Ly number of hir planes fetehsd by now fndex|t © L]
mumber of reenedod Bitalanes B: errcemetse M o |17 D5} )2} lewel simes
61 2 (1, k) = UOI( PI )AI 2 'I] l kl 5, error matnx Ay [Ac = Ayl (the last fives are read from metadata)
’ : -2ad stadita) w read metadata

? Fon b 0 g < D may_heap 4

es(la k) - ]_;(Q)zzleUOI(PI )AL'.! [1] [kl ‘x fari=0 - I do ’ » Initinlize index and heap

4 dmin = reim * S LB = curgrube tie achivvable minmal v
Make greedy decisions on demand based on: ©  mon hrap oSk imaotrdexlIl I poth miplane 1o heop
LK) = emI][k] = em|l] [k +1] : w:m.-:u.vmn "mi‘lli':n‘ l;)e;u‘l_ll:l‘;e:ﬁ..mlt:rlr:..:c.'nill.-lrr:uwcr;nbfmel
nm(l k) = S[1][k] . il
ier
Key difference with existing approaches ..‘1. S cops :3"“ ,Z'.' et e g i

===+ Enables error control 3 el indrl] 1 mevmen e et sl i.:?i

Coliiiiin ] ; max_heap.pusnd inatd, index i |1, 1))

¥4 0ax * Accuracy checking o3

RIDGE -« For resolution adaptability =«

"‘\J"W"I“‘&T- On-demand retrieval based on s
NILL «  For analysis adaptability



Retrieval Phase

ow resolution data famsna

with precision 1, S

. \ wJ Precision Data
‘ TN [an s 18] - it (| i
) recompaosition . .'efompos’ﬁon

‘ Recompasition
retriever . mHIQh resolution data
Greedy-basgd w High resolution delta with precision .

retneval | I  Precision - Daro 2= R i
- wm recomposition L recompasition fl A r

(| - . S e
e ===t~ Add

Algorithm 4 Progressive data re-composition

Reput! sequined errr Selerance 7. corrent duta srpresestation i’ corses
Features bevel L total momber of decomposition levels L. mummber of Mi-planes fesched
for carrendt repersentalion index 0 L)

wext _dndew LT o= size_imtergretationir L', index) » lderpret sine

.-.---...» Error control for all supported metrics in & L
‘%01 MGARD
:VYRIDGE.  Progressive in both precision and R LSO o
CmsowmSd recomposition B i
N'/"I .+ Adaptable to both resolution and analysis -

Wty rgeed

s ML
0 Lo

- inde t e y
) retem ¥ s g » add Selia vo carvent data




Optimizations

« Adaptive encoding algorithms = Fon =f il
 General BP encoding i L S

« Negabinary encoding " barmms oy T

« Adaptive lossless compression e
 Skip hard-to-compress BPs o A P N

« Adaptive BP aggregation D L B A

3
s M

 Merge adjacent BPs to one file =~ L e

L) PSNE

Adaptive encoding
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Evaluation: Setup

« Platform: Andes @ OLCF
» 704 nodes with AMD EPYC 7302
« 32 cores/node with 256 GB memory
« Alpine IBM Spectrum Scale Filesystem
« HPSS Data Archival System

« Datasets

« Climate, cosmology, weather, quantum MC Andes cluster

Table 3: Datasets for evaluation

Dataset #Fields Dimension/core Size/core
R (')' \'f\. Hurricane Isabel 13 100 X 500 x 500 1.21 GB
LU RIDGE NYX 6 512 X 512 X 512 3 GB
- MissOUR SET SCALE-LETKF 12 98 x 1200 x 1200 6.31 GB

NJTLT QMCPACK 1 288 X 115X 69x69 | 0.59 GB




Evaluation: Error Control

NTYX vmlon Ry 1 . OMCPACK
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(b) PSNR (using negabinary encoding)

Guaranteed error control



Evaluation: Progressiveness

Table 4: Retrieval percentages for one precision .

- Error control — — PR SEEES
s Lo s - e a0 2 80 100 120 140 R

¢ L-]nﬁn]ty norm '“m“” [ MCGARD | 026%  L48% | 5585 | 1509% | 2126% | 28535

' PMGARD | 0%  L75% | 6925 | 1241% | 1815% | 21545

¢ L2 norm MGARD | o085  0.41% | 8045 | 1539% | 2T40% | 36045

NYX ' - '
: PMGARD | <nni%  028% | 506% | 114%% | 2306% | 30 fa%

* Retr]eval percentage SCALE-LETKF MCARD | 0ag% .l.s:i-‘.j'.:r, 12.5U% | U534% | 34.45%
""" o PMGARD | 0.06%  L00% | 450% | IL66% | 1846% | 25835

¢ S]ngle preC]Slon OMCPACK MCARD 0.13%  0.64% | 235 | 17.05% | 30.13% | 41855
° PrOgI’eSS]VG prec.ls.lon PMGARD | o= 4% | 113% [ 00e% | 27 70% | 30 %%

« Parallel evaluation _ . l
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Evaluation: Progressiveness

* Error control s = o 7
o L-infinity norm Em =IE
e L2 norm ,
« Retrieval percentage ||I| “ I I

ULE ]
"3

« Single pr.ecision N SepP R Ty
* Progressive precision 4 \'—Jgummwgn &
* Parallel evaluatlon . Refactoring and writing
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Evaluation: Adaptability

Table 5: Performance of iso-surface analysis when target - -

* Error control PSNR is 60 (NYX velocity_x)

° L-]nf]n]ty norm Ml e vantage Besdut Decompression | Analvsis | Analvaas
B o R e (s) time (s eror
* L2 norm 57 210% | 512 %512 % 512 0.9% 50.83 | 2.25%
: 7F 178% | S12% 512 % 512 0.5 0.9 | 580%
« Retrieval percentage | L% | S12w 512X 8] -
. . . MGARD 10025 237 x 297 x 257 n79 1N.99 5.08%
L S]ngle preC]S'lon PMGARD? | 081% | 257 x 257 x 257 0.46 11.15 | 567%

* Progressive precision s ——

« Parallel evaluation  :" .~ . =
« Adaptabilit % | ol +
P y R L s i i« Impact of smooth

» Resolution . parameter s on
. {al ISNR ; .
S Ana[yS]s v ekt s . P different analysis

' 1
0\\ Ex . ot | bg a
RIDGF ot PN N =2 H-
. . L 1L R 4l -
e Libeme E3 e 53 -
- -~

- MissOURL S&]
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Extension to other decomposition algorithms S
« Exploration of other progressive formats

« Extension to more analytics

« Extension to error-controlled AMR representation
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ANY QUESTIONS?




