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Data movement will dictate performance and power usage at
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Uneconomical floating types and excessive precision are
contributing to data movement

= |EEE 754 takes “one size fits all” approach when balancing range and precision
— Insufficient precision for some computations, e.g., catastrophic cancellation
— Insufficient dynamic range for others, e.g., under- or overflow in exponentials

= Single vs. double precision dichotomy = super sizing floats

— Do we really need 11 exponent bits?
+ Allows representing 10 quattuordecillion googol googol universes measured in Planck lengths!

— Many fraction bits are contaminated by error (round-off, truncation, iteration, ...)
* Pushing error around and computing on it is wasteful!

= Spatial correlation leads to redundancy in representation
— Physics fields are usually continuous/smooth

To reduce data movement cost, we must make every bit count
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Most exponents are close to zero—PosITsS use variable-length
coding of exponent [Gustafson & Yonemoto ‘17]

16%

14%

frequency
N D o o ©o 0
R X I3 IS X R

o
SN

Combined exponent distribution from 32 data sources

_64

_56

_48

il
_40

| |I|IIII|III|I|III|‘| ‘|‘
24 -16 -8

_32 -

| ol
0 8 16

base-2 exponent

24

32

40

48

56

64

LLNL-PRES-842277

L Lawrence Livermore National Laboratory

EOP NS4



Variable-length exponents lead to tapered precision: 6-9 more
bits of precision than IEEE 754 for numbers near one
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IEEE 754 consistently is the least accurate floating-point
representation in numerical calculations (64-bit types)
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[Lindstrom et al., “Universal Coding of the Reals: Alternatives to IEEE Floating Point,” CONGA 2018]

S .
L Lawrence Livermore National Laboratory = \(\C ) P N A‘ S&’o‘i
LLNL-PRES-842277 ) — National Nuclear Security Administration



PosiTs and other scalar representations do not account for
spatial correlations in continuous fields

PosIT16 bit planes
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PosiTs and other scalar representations do not account for
spatial correlations in continuous fields

» Observation #1: Consecutive bit planes are often correlated (low dynamic range)

» Observation #2: Adjacent grid points are often correlated (spatial smoothness)

Redundancy in representation wastes storage, sacrifices accuracy

PosIT16 bit planes
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(64-bit) floating-point data does not compress well losslessly

g
o

=
(o)

=
o))

IS

—_
N
N
c
-
-

1.07 1.07 1.05 1.04 1.03 1.02 1.01

compression ratio (uncomp./comp. size)
°© o o o
- [e)) (o] o

o
N

0.0 -

fpzip BLOSC zfp FPC gzip szip SPDP bzip2

‘ Lawrence Livermore National Laboratory = \(E = NUYSE o
LLNL-PRES-842277 \h— dministration

National Nucioar Security A



Lossy compression enables greater reduction, but is often met
with skepticism by scientists

= Large improvements in compression are

possible by allowing even small errors

— Simulation often computes on meaningless bits

* Round-off, truncation, iteration, model errors abound
* Many trailing floating-point bits are effectively random noise

0.27 bits/value
240x compression

= Still, lossy compression often makes scientists nervous

— Even though other forms of lossy data reduction are ubiquitous
« Decimation in space and/or time (e.g., store every 100 time steps)
* Averaging (hourly vs. daily vs. monthly averages)
« Truncation to single precision (e.g., for analysis files)

— State-of-the-art compressors support error tolerances
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Can lossy-compressed in-memory storage of numerical

simulation state be tolerated?

/ Ideal implementation \

Update nodes Update elements
‘, Decompress
block
Update
elements Faiai
v kernel(s)
*
Compute time / Compress /
constraints block
I | v

\ Simulation Outer Loop /

/Our Approach\

v

Decompress
all state

J

v

Update nodes

4

Update
elements

s

constraints

Compute time

v

Compress
all state

J

\_I

/

[Laney et al., “Assessing the effects of data compression in simulations using physically motivated metrics,” SC 2013]
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Using lossy FpzIP to store simulation state compressed, we
have shown that 4x lossy compression can be tolerated

16 bits/value 20 bits/value uncompressed

Lagrangian shock hydrodynamics
* Qol: radial shock position

* 25 state variables compressed over 2,100 time steps
* At 4x compression, relative error < 0.06%

Laser-plasma multi-physics
* Qol: backscattered laser energy
* At 4x compression, relative error < 0.1%

High-order Eulerian hydrodynamics ]
* Qol: Rayleigh-Taylor mixing layer thickness
* 10,000 time steps 10
* At 4x compression, relative error < 0.2% :
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What is zrP?

= Answer #1: An efficient floating number format for tiny tensors
— Alternative to IEEE/SSE/AVX/tensor core registers, bfloats, posits, flexpoint, ...

20

» Answer #2: An implementation of multidimensional arrays
— Alternative to std::vector, Eigen/GSL/Kokkos/NumPy arrays, ... ¥
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= Answer #3: A fast, streaming compressor for numerical data «1oom7,,j’,,oroo,fomié‘i‘;;‘;;gy‘:,“‘ﬁ:;;
. q q q 7070707007 101010104 hiid 2
— Alternative to gzip, bzip2, blosc, fpzip, JPEG, ... 50,
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ZFP is a compressed number format for multi-dimensional
floating-point arrays

= zrp compactly represents small blocks of real values
— Encodes d-dimensional block of 49 values as variable-length bit string

— Fixed-length code obtained via bit string truncation
 Analogous to Fp rounding: 1/5 = 0.001100110011... = 0.0011
+ “Common’” blocks have shorter codes = less or no round-off error

— H/W friendly: integer additions and bitwise operations

= zrp replaces IEEE 754 as format for numerical computations
— Less storage for same accuracy
— Higher accuracy for same storage
— Fine-grained precision selection

[Lindstrom, “Fixed-rate compressed floating-point arrays,” IEEE TVCG 2014]
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zrP multi-dimensional arrays offer in-memory compressed
storage with high-speed read and write access

= zFp provides C++ classes for multi-dimensional arrays

— Read & write random access at block granularity
» Block decomposition is transparent to user

— User specifies memory footprint or error tolerance

— Conventional API: C++ operator overloading hides complexity of (de)compression
 double a[n] < std::vector<double> a(n) < zfp::array<double> a(n, bits_per_value)
+ C, experimental NumPy APIs available

20

A
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ZFP’s C++ compressed arrays can replace STL vectors and
C arrays with minimal code changes

/| example using STL vectors /| example using zFP arrays
std::vector<double> u(nx * ny, 0.0); zfp::array2<double> u(nx, ny, bits_per_value);
u[xo + nx*yo] = 1; u(xo, yo) = 1;
for (double t = 0; t < tfinal; t += dt) { for (double t = 0; t < tfinal; t += dt) {
std::vector<double> du(nx * ny, 0.0); zfp::array2<double> du(nx, ny, bits_per_value);
for(inty=1;y<ny-1;y++) for (inty=1;y<ny-1;y++)
for (int x = 1; x < nx - 1; x++) { for (int x = 1; x < nx - 1; x++) {
double uxx = (u[(x-1)+nx*y] - 2*¥u[x+nx*y] + u[(x+1)+nx*y]) / dxx; double uxx = (u(x-1, y) - 2*u(x, y) + u(x+1, y)) / dxx;
double uyy = (u[x+nx*(y-1)] - 2*u[x+nx*y] + u[x+nx*(y+1)]) / dyy; double uyy = (u(x, y-1) - 2*u(x, y) + u(x, y+1)) / dyy;
du[x + nx*y] = k * dt * (uxx + uyy); du(x,y) = k * dt * (uxx + uyy);
} }
for (inti=0; i< u.size(); i++) for (inti=0; i< u.size(); i++)
ufi] += du[i]; uli] += du[i];
} }

W required changes
m optional changes for improved readability
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ZFP arrays limit data loss via a small write-back cache

virtual array

. . software cache
- -

compressed blocks

application

bit  index uncompressed blocks

dirty block

w Lawrence Livermore National Laboratory = \(\C\Y ~ N S&{jii 17

LLNL-PRES-842277



ZFp supports fast, parallel (de)compression of whole arrays

= ZFP supports streaming compression for I/O, communication, storage, ... ADI@S
— Supports absolute and relative error tolerances and lossless compression

— Serial, OpenMP, CUDA, HIP, SYCL, AVX, NEC VE, and FPGA back-ends

+ Up to 700 GB/s parallel throughput CONDUIT
— C, C++, Python, Fortran bindings L =
N k’1

« 3™ party Julia & Rust bindings available
intel)

= ZFPis supported by numerous tools and applications

L~
— 1/O: ADIOS2, BLOSC, HDF5®, OpenZGY, Silo, Zarr MVﬁCH
— Serialization: Conduit (zFp array classes only) .
— Cf)mmunlcatlon: MVAPICHZ-GDR . \VM('?M
— Viz & data analysis: ArcGIS, Open Inventor™, ParaView, TTK, VTK-m
— Other: Intel® IPP, STRUMPACK .
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The zrP encoder is comprised of three distinct components

Encode one bit plane at a time
from MSB using group testing

Align values in a 49 block to a
common largest exponent
Each bit increases quality—can

Transmit exponent verbatim
P truncate stream anywhere

Raw floating- Block floating-
point array point transform

Orthogonal Embedded Compressed
block transform coding bit stream

Lifted, separable transform using
integer adds and shifts

Similar to but faster and more
effective than JPEG DCT
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Got artifacts?
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ZFP shows no artifacts in derivative computations
(velocity divergence)

ISABELA

13.0 bits/value

5:1
26.6 dB
12 MB/s|

z uncompressed

64 bits/value

331
66.8 dB

514 MB/s

. . N
Lawrence Livermore National Laboratory = \(C )
LLNL-PRES-842277 \

> NIS4

‘Security Adminis




ZFP shows no artifacts in derivative computations
(velocity divergence)

VAPOR

2.18 bits/value

zf uncompressed

64 bits/value

331
66.8 dB
514 MB/s
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ZFP shows no artifacts in derivative computations
(velocity divergence)

sQ

2.02 bits/value

571.4.8

3P =4 31:1
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6 MB/s| 120 MB/s|
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64 bits/value
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zrP shows few artifacts in 2"9, 374 derivative computations

(Laplacian and highlight lines)

IEEE half
16.00 bits/valu
8.1dB

ISABELA
23.87 bits/value

14.1dB

zfp uncompressed (Af) uncompressed (f) “==)
5.91 bits/value 64.00 bits/value 64.00 bits/value
100.2 dB
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zrP shows few artifacts in 2"9, 374 derivative computations
(Laplacian and highlight lines)

SZ0.5.14
10.24 bits/value
26.5dB
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100.2 dB
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64.00 bits/value

uncompressed (f)
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zrP shows few artifacts in 2"9, 374 derivative computations
(Laplacian and highlight lines)

VAPOR pzip IEEE float
6.25 bits/value —— 5.91bits/value 32.00 bits/value
77.5dB 80.3dB 86.3dB

-\\ o
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Contrary to conventional floating point, finite-difference

accuracy using zrp increases with grid resolution

1E-04

1E-05 .

1E-06
1E-07
1E-08
1E-09
1E-10

1E-11

L, error in u,(x, y, z)

1E-12

S tesenaes
®ecces, I
Sevesei
.

=e=32-bit float -=-64-bit double 28-bit zfp
O
o O(h?54) compression error
_ .-;_..
| ..'"
e ..r'é(hs) truncation error
........ .’..
Heeesos Fre—— = ...,-°
""" Bitenennn......... O(h™) roundoff error
28 277 26 275 -4
grid spacing h

273

L Lawrence Livermore National Laboratory
LLNL-PRES-842277

ECP NS4 77



8-bit zrp yields 2 orders of magnitude higher accuracy than
32-bit floats in Poisson equation solver

Poisson equation Au(x, y, z) = (x> + y? + 22)"> on 256 x 256 x 256 grid
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¢ ’ T float
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‘“Pepsi Challenge”: Fpzip systematic rounding toward zero
leads to occasional issues in climate data analysis

Mean Surface Energy Imbalance 1920-2005
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[Baker et al., “Evaluating Lossy Data Compression on Climate Simulation Data within a Large Ensemble,” GMD 2016]
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ZFP error correction ensures unbiased errors
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[Hammerling et al., “A Collaborative Effort to Improve Lossy Compression Methods for Climate Data,” DRBSD 2019]
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We have developed rigorous error bounds for zrp, both for

static data and in iterative methods

error
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[Fox et al., “Stability Analysis of Inline ZFP Compression for Floating-Point Data in Iterative Methods,” SIAM SISC 2020]
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PDE computations using 16-bit zFp are qualitatively identical to
64-bit IEEE double precision

double

S
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zrP variable-rate C++ arrays allocate bits where needed

. 8 bits/value . 16 bits/value . 32 bits/value 64 bits/value

rate = 21.8

rate = 19.4
prec = 40.0

rate = 12.5 . rate = 16.0
prec = 40.0 . prec = 40.0

rate = 8.1
prec = 40.0
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Adaptive-rate zFp increases accuracy over IEee float by 6 orders
of magnitude while using less storage

— -lIEEE (32-bit) — - posit (32-bit) ——zfp (32-bit) ----adaptive zfp (28-bit)
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zFP reduces 1/O by 30x in cm1 tornado simulations

[Work done by Leigh Orf, UW-Madison]
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zrP HDF5 plugin enables 250x compression in sw4 seismic code

[Work with David McCallen et al., LBL]

DRM application
\ locations

. HDF5 data container of ZFP compressed
Full regional-scale grid point motions for the near-surface layer
computational domain across the entire regional domain

o —— uncompressed disp_z
GE) —— compressed disp_z
o 0.04
(9}
©
o
]
©
—0.1 A
0 20 40 60 80
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|Work b¥ Denis Jarema & Frank Jenko, MPI]

mean( < Qes >)

Inline compression: zFp reduces 5D simulation state in GENE
fusion code by 10x with acceptable loss in accuracy
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ZFPOLY generalizes zFp to continuous polynomials bases for use
in MFEM finite-element computations

= Interior DOFs of quad/hex elements can be compressed by zrp as “tiny grids”
— Finite-element polynomial order, p, dictates grid size—may require expensive padding

= ZFPOLY: ZFP generalization to continuous finite-element polynomials
— L, space: Legendre polynomials (no continuity across elements)

— H, space: integrated Legendre polynomials (C° continuity on element boundaries)
* DOFslive on vertices, edges, and elements
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On H, finite element space, zFPoLY uses integrated Legendre
polynomials to avoid DOF duplication on element boundaries
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Compared to IEEE float, zFroLy reduces storage by 2.5x or
accuracy by 6 orders of magnitude in 3D Laghos Sedov L, data
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L, error relative to float
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rate (bits/DOF)

Energy field
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Compared to IEEE float, zFpoLY reduces storage by 3x or
accuracy by 8 orders of magnitude in 3D Laghos Sedov H, data

Mesh x position
H, space, p = 4 H, space,p=5
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ZFP is being used in production in numerous petascale
applications

Equation of State and Opacity Tables

* Constant material tables consume a large fraction of memory !mm"”"

temperature ()

* zFP arrays enable random access to compressed tables
* 4x compression ensures thermodynamic consistency

-

densiy (gim) densiy(gim)

With P. Sterne @ LLNL

Simulated X-ray diagnostics

* Trinity runs generated 4 PB of uncompressed data

* 15 months to transfer to LLNL; 2 months of disk space available
* 10x compression allowed for successful data transfer

Full-3D Seismic Tomography

* Adjoint-wavefield competitor uses 200 GB

* Scattering-integral formulation uses 1.8 PB

* 40x compression, 6x less I/O time

* 10 compression error < 10 observation noise

With P. Chen @ UW  With S. Langer @ LLNL

Johns Hopkins Turbulence Database

* Trinity runs use 8K3 grids = 2 TB/field/time step

* Without compression, only selected features saved
* zrp allows retaining full fields

» Compressed data server being considered

With R. Burns @ JHU

Lawrence Livermore National Laboratory
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Many array operations can work on partially decompressed
data without full decompress, compute, re-compress steps

-+ x 4 floats

uncompressed block of 4 x 4 x -

1

2. block floating-point transform

0o e dot

I

decorrelation

3. decorrelating transform
4. sequency ordering

\

neg

N i add, a-dot, dfdx

s

5. negabinary conversion
6. Boolean matrix transposition

coding

7. embedded coding

8. bit stream truncation

compressed bit stream

W

full block
L_J negation
fast block
'j negation
1019
\010100107:00 11015, Q@\ .

01000 700 77, N
11001 1070 7oy, 70, 1010100 ®®
07770 007 010101010 © AN
7 1o 11100““0 o
70070 21010101110010101" ‘,:

07077 00 70 00110010M111"
07 00100191010010"
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Optimized path results in speedups up to 7x over element-
wise array computations with IEEE 754 arithmetic

block sum

—o—element-wise —o—block-wise —o—optimized

rate (bits/value)

-e--speedup

32

speedup

1600

1400

1200

o
o
o

running time (ms)
[e)} (o]
o o
o o

400

200

block negation

—o—element-wise —o—block-wise —o—optimized --e--speedup

1.75

rate (bits/value)
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zFP GPU compression achieves up to 700 GB/s throughput

zrP CUDA fixed-rate compression throughput

-~-A100 -©0-v100 -0O-P100
1000

100

throughput (uncompressed GB/s)

N
(@]
©
i
N
N

4 8 16 32 64
rate (compressed bits/value)
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ZFP’s in-memory compressed arrays improve accuracy per bit
stored and reduce time to solution

compressec
0.68 bits/value
2.29 hours

uncompressed
32.00 bits/value
2.44 hours
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We have developed zHw, an FPGA implementation of zFp

1Y edt search Time Markers View Help

% Q @ 9 kel | €8 & | From:fo sec Toi[19795 ns & | Marker: 0 sec | Cursor: 64 ns |
> ssT Signals Waves
Time

c_driver_fp
c_dut_enc

B u_dut
u_block_buffer
u_encode_block
u_encode_ints
u_encode_stream
u_find_emax

Type |Signals

wire clk

wire  maxbits[15:0]

wire maxprec[15:0]
wire minbits[15:0]
wire minexp[15:0]

wire reset

Filter:
Append| Insert [ Replace

planes|

m_flus
tdata[63:

tlast=

G T 2]
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Our zHW FPGA encoder outperforms zFp on a comparable CPU

Throughput (B/s)

2D Encode Throughput by Data Set and ZFP Rate 2D Decode Throughput by Data Set and ZFP Rate
S —— Dual Gb phy S — = Dual Gb phy
Nc/oz\ I CESM-ATM S - CESM-ATM
S I [sabel S - Isabel
«Yg E NYX =8 NYX
S B QMCPACK a " QMCPACK
S [ S3D 2 - S3D
S 3 =N A53
'\’§ [ A53 core £ 5 core
S S & = ofpb
S £
S "
S S
S N -
" O
S - 9
~
Q o - L
6 8 16 24 32 40 48 56 64 1 2 3 4 6 8 12 16 24 32 40 48 56 64
ZFP rate ZFP rate

[Barrow et al., “zHw: A numerical CODEC for big data scientific computation,” FPT 2022]
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Conclusions: zFP makes every bit count

= ZFP compression enables substantial savings in storage
— 4-10x reduction in numerical state (e.g., PDEs)
— 10-250x reduction in data analysis and visualization

= ZzFP provides continuous knob that allows trading accuracy and storage
— No half/float/double dichotomy as in mixed-precision computations
— 1,000,000x less error using similar storage

= What about performance?
— (De)compression introduces latency
— In general, compression improves end-to-end CPU-GPU transfer, communication, I/O speed
— In certain cases, compression improves on-node performance (we’re doing this in software!)
— Ultimately, we want compression on a chip (cf. h/w compression on cell phones, GPUs)

= What about data movement?
— More work needed to quantify actual data movement + performance models

L=
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ZFP is available as open source on GitHub:

https://github.com/LLNL/zfp

Search or jump to. Pullrequests  Issues

(9)

B LLNL/zfp  public

<>Code () lssues 23 [ Pullrequests 1 ) Discussions

©

develop ~ ¥ 54 branches © 13tags Go to file

GarrettDMorrison add missing zfp field and stream tests

githubjworkflows Change name of actions workflow

array Make array::set(0) zero-initialize array
cfp Add size_bytes() to cfp

cmake Remove Travis Cl files

docs Make array::set(0) zero-initialize array

examples silence const compiler warnings in ppm

fortran Update Fortran API to support 64-bit indexing
include Add mask parameter to header.size_bytes()

python add missing zfp field and stream tests.

st Bug fix: overflow due to subnormals (resolves #119)
tests add missing zfp field and stream tests

utils Update examples and utils to use size_t array dimen...

ignore Build wheel with setup.py

CHANGELOG.md Replace ieeecodec with generic codec templated on

CITATION.cff Complete citation record

CMakeLists.txt Suppress CMake warning about unused ZFP_OMP_T...

CONTRIBUTING.md Addjrename top-level files for E4S compliance

]
]
]
]
&3
]
]
]
]
]
]
]
s}
s}
s}
s}
s}
s}
s}
s}
s}
s}
s}
s}
s}

CTestConfig.cmake added small ixes for zfp testing, new gitlab CI functi...
Config Bug fix: overflow due to subnormals (resolves #119)
LICENSE Update license info per LLNL guidelines

Makefile Add Fortran Makefile

NOTICE Update license info per LLNL guidelines

README.md Move status badge from travis to actions
SUPPORT.md Addjrename top-level files for E4S compliance
appveyorsh Appveyor: build zfpy on MSVC release builds with py...

® Actions

v 4a33aab 8daysago O 910 commits

Marketplace Explore

@® Unwatch 23

3 Projects

15 days ago
2 months ago
2 months ago

16 days ago
2 months ago
15 days ago
7 months ago
6 months ago
8 days ago
6 months ago
8days ago
7 months ago
2 years ago
2 months ago
6 months ago
5 months ago
3 months ago

14 months ago

6 months ago
2 years ago
3 years ago
2 years ago
17 days ago

3 months ago

3 years ago

¥ Fork 105 ¢ Star 5122 -

mMwiki - © Security

2 citet
W 512 stars

® 23 watching
% 105 forks

Releases 4

© 055 (Latest)
on May 5, 2019

+3 releases

Packages

No packages published
Publish your first package

Contributors 24

— l

+13 contributors

Languages

.

——— —
® Coraa2 @ CH13%
® CMake58% @ Cuda34%
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https://github.com/LLNL/zfp
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