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Lossy Compression for Scientific Data

Karshilov

A Tour of Error-Bounded Lossy Compression
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BRI EEERT ALK

The Data Deluge in HPC & Instruments

Exascale BMLEITEEEN

Application Data scale To reduce

> “URE (SOREAM): 3.25 km DI, LTI
45TB/X CESM wsvs 50% 10x
Climate simu lation of h/w budget for storage In need
> FHF (Nyx): 163843 M1&, £ checkpoint HACC 2008 10x
Cosmology simulation per one-trillian particle Inneed
N1o PB simulation

> SR (LCLS-I): EFFIFENIZE 1 TB/s
> DFENFE: KBS E) NI,
FHEEKFERT B L T <

FHER 2 & 1/0 HEAM AR FE L IR
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AT AFEZT/HEYE?

Lossless << Lossy for Floating-Point Data

T (Lossless): F R ZHIREES LLIBE RE ~2x
> EREHUEME = E4mES L FE TR

B (Lossy): AFZITIRE, E45LL AT 10-1000 x
> XENLS: Error Bound(IRE5R)

> Absolute bound: |x; — X;| < e / Relative bound: |x; — X;|/|x;| < &,

> RBREFIE, TEONERNABN

Eg8tt  IREEH

Gzip / Zstd (FT5iR) ~2X o)
sz /zFP (BiR) 10-100x  FHF1ERE
TTHRESH (1) 100-1000x  L2-norm
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Six Compression Models
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Tend to be falster but Tend to Ae slower but

lower quality higher ﬁualitx -

MEEIA: REER, B8 EE(K

2026.07

. Decimation/Filtering —

RIF/BEAE

. Bit Manipulation — & #7111,

IR

. Transform — /|\E/IER T
4. Prediction — T+ =2 L +4RE5
5. HOSVD/Tucker — iKE iR,

stk
Deep Learning — AE/VAE
FEE2))
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Prediction-based [E 47
SZ AR5 — R ZERBBIGE
%10 Pipeline:

Predict . Quanti . Encod .
Data —— Residual ——=% BinID ——, Bitstream

T2 (Predictor) 2 + 5
» Lorenzo: 3P E S (d-46) > BB bin =26
> £fE[OY3 (sz2) > BEE s pin IDERTE 0 HHA)
> Spline f{E (SZ3,Q02) > Huffman/ Zstd Rf5
KHLYER Rk
> WA ERE TN (E/ AR —EE) + = E4ELL + AR ER

> IR AT IS (RRS Polioy) - SRARIIHE GPU F1T
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Transform-based [£4&
ZFP & SPERR

ZFP (Lindstrom, LLNL)
> 49 DHRIER TR
» Embedded coding(iX bit-plane)
» 243 fixed-rate / fixed-precision /
fixed-accuracy 12T},
> GPU LI
+ DPRHITRYF
+ random access 2§
- pointwise error | R0 sz
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SPERR (Li, NCAR)
> CDF9/7/|\EZ it
> SPECK {REZGZEEEM)
» Outlier B2 Jh b I8
> [EZELLRlIA RS KF
+ RS EZELL G IBEIR)
- TERARE
-GPU X FHATE

TR T AR O FEEMRE RIS — REBIFER — SR
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H 77/ 5R %

Tucker Decomposition, Deep Learning, Bit Manipulation

HOSVD / Tucker Deep Learning Bit Manipulation
{3R: TTHRESH 1X%%: AE-SZ, CoordNet X3R: SZx, cuSzZp
> KE - DKE + > AE/VAE > EHETERERAL
EF HhemAD 23S TN 2% > AR IR
> EHRERKIZAEENY > Online vs. Offline 1/l £k > cuSZp: A100
> CRE[iA1000x + > BAOK BIGEHFES 200-400 GB/s
> BEIEAKEEIERE > IREITH i FR U > CRIEXIIE
FiE RE E4atk REES
Prediction (SZ) * %k 2.0.0.0. G .0.0.0.¢
Transform (ZFP) 0 8 & 0. ¢ 0. 6.0 . ¢ 0. 0.0.¢
HOSVD (TTHRESH) * 1.0, 0.0.8. ¢ 2.8, 8.

Bit Manip (cuSZp) 2.0.0.0.0.¢ * % kK
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How Modern Compressors Are Built
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Q

ion (QT)

Decimation/ ||| O
sampling | | [ Transform (OWT)

coding

Fixed-length encoding | |

[Domain Trans.| [Data Prediction (PDP)|

pusme | (OO

Filtering (FTR)

Entropy encoding

Exponentalgn]

Dictionary encoding

[ "Becimation/sampiing model
[ Prediction-based model ~ [__]

[ HOSVD-based model

Bit-manipulation model
Transform-based model
DNN-based model

B ISR LibPressio: —31Z[
» Predictor (PDP) > —E API X RFIEESa28
» Quantization (QT) » H&If error bound B0 E
» Wavelet / Orthogonal Transform > 1BE4F7E: C/C++/Python/Fortran
»> Bit-Plane Coding (BPC) > Provenance iC 3%
> Lossless Encoding (Huffman, Zstd) > BE4EasEaEIT Y

Takeaway: LU Eaas SRR WA S, Z T EABEEHE
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From Climate to Quantum Circuits

2026.07

M Xzhh BfRCR WHhHER HEFEZEES
Climate =i 2-3x, >1x, SzZ(MSZ)
Combustion =i 2-5x — Sz(Cliz), ZFP
Cosmology FE+ET  >10x >1x,  SZ(ROIBIN-SZ),LC
Fusion FE+HET  >5x — SZ(cuSZ), ZFP,LC
Light Sources &t >10x 1TB/s SZ(cuSZp), ZFP
Seismology Ht+7F6E  >20x >1x, SZ,ZFP, MGARD
MolecularDyn.  7Zfi# >8x > 1x MGARD

System Logs &t >10x > 10x, SZ(cuSZx)
Quantum Circuit PITF 2-10x 25GB/s HiTlE

x, = AN R THEIEERAIE R
FREMFFRERER: ENERB CR, BN ELIHR
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Qol: BIFREIEXRIOMHA?

Quantities of Interest Preservation
{X{RIE pointwise error bound EE R ——REFER K ODNETES

=2 Qol T3K:
1. Derived quantities
dSSIM (SUE), ST &, 1B E

2. Topological features
Halo (F &%), IR{E/L5) (RE)

3. Distributional features .

S E 9375 (MD), Fidelity (2F) iy I \- F(or,de) = |(forlad]

9 NI 8 MRININE [E4a28 '
M EIZRIFH Qol

Gap: pointwise error - Qol preservation — XEEEH open problem
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Beyond Storage: GPU, Queries, In-situ, and More

GPU NiEESE E4aiE L&
> cuSZ, cuSZp: CUDA R4 SEH] > BEREESEHIELES
> cuSZp 7E A100 _H3X 200-400 GB/s R REREN
> Bkt Huffman 4RE97E GPU 31T > BRLEBREBEIINTTH
> B E: fixed-length encoding (cuSZp) > 5 postanalysis RELS
M rIE Y In-situ & Streaming
> GPUEZE — CPURECERHZENR) > RINEITH BT ESE 170 EiiE
> FPGA LIGLESDATER) > Checkpomt/Restart hniE
> FETABA—HKIERED EEMRRERINER

> LEm%*ﬂGEE?ﬁ&J_ £
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A Practical Guide
BRERFHE $Z3/QoZ = CR + IR EITH
ZE=3 random access  ZFP (fixed-rate) SRS, 00) BRIE
WEELELL SPERR/ TTHRESH /N /Tucker, CR B2 5
REBGRE (GPU) cuSzZp 200-400 GB/s
AHRE A LibPressio S—iEO, —EXEL

1. BUBYHIE: Y8 — THRSEEIF; BEUIRIR — prediction B4
2. IRETFENK: strict pointwise — SZ; L2 norm — MGARD/TTHRESH
3. W4 53EE: GPU 328Y — cuSZp/cuSZ; CPU batch — SZ3/SPERR

1
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FRURIES SRR T3 [
What’s Next?

1. Qol-native E4
BERUREIZFE(MIEX pointwise error)—— K EB 453 4lig FINIZE
2. EF RSB E
GPU/CPU/FPGA BB &R, BA—EE(RIE
3. A5 ELHES
1TB/s JEREIE, FEAEFIEMN ——— BE us KIER
4. Deep Learning fi&
AE/INR BB HIK, BillhHFHESIREERNE R
5. £S5 A
LibPressio 17/ 1Y, HDF5/NetCDF 51§,

XE—RG + &+ WS ERX X
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