Using a HDF5 file as Zarr v3
Shard

Mark Kittisopikul, Ph.D.

Software Engineer |

Scientific Computing Software
Janelia Research Campus
Howard Hughes Medical Institute

HDF5 User Group, May 26, 2025



Why combine multiple file formats?

HOW STANDARDS PROLIFERATE:
(<65 A/C CHARGERS, CHARACTER ENCODINGS, INSTANT MESSAGING, ETC)

e Avoid dataduplication
o  Largedatasets could be
terabytes, petabytes, or
exabytes in scale
o  We cannot afford to have
multiple copies
e Makeit easier for users toread

using their favorite APIs
o Users may have restricted
access to one API but still need
to access the same data

SITUATION:

THERE ARE
4 COMPETING
STANDARDS.

W7t RiDICULOLS!

WE NEED To DEVELOP

ONE UNIVERSAL STANDARD

THAT COVERS EVERYONES
WSE CASES, YERH!

SITUATION:

THERE ARE
15 COMPETING
STANDPRDS.

https://xkcd.com/927




Zarr v3 is a cloud optimized chunk-based
hierarchical array storage specification

e Metadataare stored as JSON zarr.json files for
each group and array

e Chunks are stored as individual keys (files) in

key-value store (a filesystem)
o  Onafilesystem, chunks are individual files.

e Forsmall chunks (e.g. 32x32x32) in a large array
(e.g. 4096x4096x4096), this could result in
millions of files

o  Efficient access requires optimized file systems
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Metadata
{

"zarr_format": 3,
"node_type": "array",
"shape": [6, 8],
"data_type": "<f8",
"chunk_grid": {
"name": "regular",
"configuration": {
"chunk_shape": [3, 4]
Grid of =

.
Churks "chunk_key_encoding": {

"name": "default",
"configuration": {
"separator": "/"

}
-

https://zarr-specs.readthedocs.io/en/latest/v3/core/index.html#



https://zarr-specs.readthedocs.io/en/latest/v3/core/index.html#

A Zarr v3 shard is a codec to subdivide a single
chunk into smaller inner chunks

e Many chunks can exist in a single file. array storage unit
e Therefore, we can reduce the number of files
required. Example: shard compressible unit
o Array size: 4096 x 4096 x 4096 B
o Shardsize: 1024 x 1024 x 1024 chunk

o  Chunksize:32x32x32
e Inner chunks can be individual compressed

https://zarr-specs.readthedocs.io/en/latest/v3/codecs/sharding-indexed/index.html



https://zarr-specs.readthedocs.io/en/latest/v3/codecs/sharding-indexed/index.html

A Zarr v3 shard chunk index exists at either the
beginning or end of the shard

The size of the chunk index can be calculated directly from information in the zarr.json file

°
o nChunks x 16 bytes + 4 bytes
o  The 4-byte checksum of the chunk index is calculated using CRC32c CRC32¢
o  Retrievable using a single HTTP GET request with a byte-range header. /
| chunk (@, ©) | chunk (0, 1) | chunk (1, ©) | chunk (1, 1) | |
| offset | nbytes | offset | nbytes | offset | nbytes | offset | nbytes | checksum |
I

| uint64 | uint64 | uint64 | uint64 | uint64 | uint64 | uint64 | uint64 | uint32



The Zarr v3 shard index is similar to a
HDF5 Fixed Array Data Block, differ by 14 or 18 bytes

Fields: Fixed Array Data Block

Field Name Description
The ASCII character string “ FADB " is used to indicate the beginning of a Fixed Array Layout: Data Block Element for Filtered Dataset Chunk
Signature data block. This gives file consistency checking utilities a better chance of
reconstructing a damaged file. byte byte byte byte
Version This document describes version 0.

The ID for identifying the client of the Fixed Array: H D F5

ID  Description

14 Rl 64-bits

Non-filtered dataset
bytes ClientID g chunks
1 Filtered dataset chunk . ) ) -bi
SRS S Chunk Size (variable size; at most 8 bytes) 32 bltS

2+  Reserved.

Header Address The address of the Fixed Array header. Principally used for file integrity checking. Fi H
L ilter Mask -DITS

A bitmap indicating which data block pages are initialized.

Rage Bitmap Exists only if the data block is paged.
Contains the elements stored in the data block and exists only if the data block is not
ID  Description | chunk (@, 0) | | CRC32c
Blements paged. There are two element types: o homfltered dataset Zarr | offset | nbytes | | checksum
3 | Filcered dataset chunks | uint64 | uint64 | | uint32

Jenkins

Checksum The checksum for the Fixed Array data block.



Formatting a HDF5 File as a Zarr v3 shard?

e Weneedto place the Zarr v3 shard index at the beginning or end of the file
e Options
o A:Putthe Zarr v3 shard index in the HDF5 User Block at the beginning of the file
o  B:Putthe Zarr v3shard index into a dataset at the end of the file
o  C:Relocate the HDF5 Fixed Array Data Block to the end of the file

Option A: Option B: Shared data chunks Option C: Shared data chunks

CRC32c

or

Jenkins
Checksum?

Shared data chunks




Zarr v3 sharding is similar a HDF5 Virtual Dataset

e Virtual datasets are a HDF5 feature that allows part of a
dataset to exist as a dataset in another file (~Zarr v3 shard)

e AZarrv3shardis analogous to a file with a single chunked
source dataset

Virtual Dataset
s

Dimensions: {10, 20, 20}

Figure 1: Mapping Source D. to Virtual Dataset




Combined Zarr Array as a HDF5 Virtual Dataset

c/0/0 c/0/1

Shared data Shared data
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Dimensions: {10, 20, 20}

Figure 1: Mapping Source Datasets to Virtual Dataset
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Index files:

arr hdf5 Shared data Shared data
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zarr.json




Combined Zarr Array as a HDF5 Virtual Dataset
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Combined Zarr Array as a HDF5 Virtual Dataset
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Summary

Zarr v3 shards partition chunks into small inner chunks.
The resulting arrangement is similar to a HDF5 Virtual Dataset.
A “file” could be both a valid HDF5 file and a Zarr v3 shard
o  The Zarr v3shard index could exist in a HDF5 file either as
m  Auserblock at the beginning of the file OR
m  Anextracontiguous dataset at the end of the file
o A merged FADB and Zarr v3 shard index would require alignment of 32-bit checksums
m HDF5 adopts CRC32c as a checksum
m Zarr adopts Jenkin’s lookup3 as a codec
Alternative: A Zarr v3 virtual file driver for HDF5?
Bonus (time permitting): Combining TIFF, HDF5, and Zarr v3

o  Jupyter notebook demonstration



Bonus topic: Combining TIFF,
HDF5, and Zarr v3



Could we combine TIFF, HDF5, and Zarr?

" TIFF ) HDF5 ) (Zarrv3Shard " Combined

Userblock
Can be determined by the user.
Used here for the TIFF Metadata
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04dsg
0o
0ds
0Oo#

Image Chunks
Jodgg
JoUgd




Can microscopists implement simply and efficiently?
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Demo: Reading the same file via
distinct packages

I've created a single file “demo.hdf5.zarr.tiff” that can be read by
distinct Python packages:

e h5py(HDF5)
o |ibtiff (TIFF)
e tensorstore (Zarr v3)

https://github.com/mkitti/simple image formats

In [6]:

Out[6]:

In [7]=

Out[7]:

In [8]:

Out[8]:

import hS5py

with hSpy.File("demo/demo.hdf5.zarr.tiff") as h5f:

hSdata = h5f["data"][:]

h5data
array([[ Q, o, [
0, 9, By ooy
[ 0, 0, | e

.
[32766, 32766, 32766, ...,
[32766, 32766, 32766, ...,
[32766, 32766, 32766, ...,

from libtiff import TIFF

tif = TIFF.open("“demo/demo.hdf5.zarr.tiff",

tiff_data = tif.read_image()
tif.close()

tiff_data
array([[ Q, o, 05 wuny
9, 0, [
[ 0, o, B

-
[32766, 32766, 32766, ...,
[32766, 32766, 32766, ...,
[32766, 32766, 32766, ...,

import tensorstore as ts

ts.open({
"driver": "zarr3",
"kvstore": {
"driver"”: "file",

"path": "demo/test.zarr/"

})
}).result().read().result()

array([[ o, 0, By g
[ O) a) 0) eee;
I o o, 0, ...,

I~
[32766, 32766, 32766, ...,
[32766, 32766, 32766, ...,
[32766, 32766, 32766, ...,

16382, 16382,
16382, 16382,
16382, 16382,

49150, 49150,
49150, 49150,
49150, 49150,

16382, 16382,
16382, 16382,
16382, 16382,

49150, 49150,
49150, 49150,
49150, 49150,

16382, 16382,
16382, 16382,
16382, 16382,

49150, 49150,
49150, 49150,
49150, 49150,

16382],
16382],
16382],

491507,
49150],
49150]], dtype=uintl6)

"p)

16382],
16382],
16382],

49150],
49150],
49150]], dtype=uintl6)

16382],
16382],
16382],

49150],
49150],
49150]], dtype=uintl6)


https://github.com/mkitti/simple_image_formats

We can modify the data with hspy (via HDF5) ...

In [9]: import h5py

import shutil .
with h5py.File("demo/demo.hdf5.zarr.tiff", “r+") as h5f:
hSf["data"][:128,:128] =
h5f["data"][:128,128: ]
hSf["data"][128:,:128]
hSf["data"][128:,128:]

n n
B WN e

# copy to the zarr shard, consider a symlink on Linux systems
shutil.copyfile(“demo/demo.hdf5.zarr.tiff", “demo/test.zarr/c/0/0")

Out[9]: 'demo/test.zarr/c/0/0’



.. Then read the modified data
from all three libraries as a TIFF,
HDF5 file, or a Zarr v3 shards

We can make the latest standards cooperate rather than compete.

Is this the best approach? Should we address this via file systems
(FUSE), APIs (N5), or services?

In [10]: with hS5py.File("demo/demo.hdf5.zarr.tiff") as h5f:

print(h5f["data"][:])

Liraa....2:2:2]
(a1 ....:2:242]
(3 Y 2:2:2]
[333...44414]
[333...444]
[3:3:3 e 4:4]]

i tif = TIFF.open("demo/demo.hdf5.zarr.tiff", "r")
print(tif.read_image())
tif.close()

[0 52202
[ .. . 520202
(L2 v 5262052
[333 ...444]
1303130 oo 044 ]
[3:3:3 e 4:4:4]]

In [12]: ¥s.open({

"driver": "zarr3",
“"kvstore": {
"driver": "file",

"path": "demo/test.zarr/"

T
}).result().read().result()

Out[12]: array([[1, 1, 1, ..., 2, 2, 2],
[1) 1) 1) i ] 2) 2) 2])
[1) 1,1, ..., 2, 2, 2])

ey
[3) 3) 3) S ] 4) 4) 4])
[3, 3,3, ..., 4, 4, 4],
[3, 3, 3, ..., 4, 4, 4]], dtype=uintl6)



Implementation details..

e HDF5 metadata can be consolidated by using a large enough meta_block_size
e HDF5 chunk information (offset and nbytes) can be extracted efficiently using H5chunk_iter



