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Abstract

This document is a release of a primer manual for using the Hierarchical Data Format (HDF)
and extensions (HDF-EOS) in Earth Observing System (EOS), Version 1 and later. We confine
our discussion in this document to HDF V4 and the versions of HDF-EOS (V2), which are based
on that version of HDF. A new version of HDF (V5) has been released. Additional materia for
HDF5 and versions of HDF-EOS, based on HDF5 will be provided in a separate document.

Comments and suggestions should be sent to:

Larry Klein
Emergent Information Technologies
9315 Largo Dr. West, Suite 250
Largo, MD 20774 USA

Email: larry @eos.hitc.com
Phone: (301) 925-0764
Fax: (301) 925-0321
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1. Introduction

1.1 Purpose of this Document

The purpose of this document is twofold. The first purpose is to introduce the Earth Observing
System Data and Information System (EOSDIS) Version 1 (V1) community to the HDF file
format that has been chosen as the EOSDIS Core System (ECS) Standard Data Format Our
intention is to provide enough background information so that EOS personnel that need to use
HDF today can do so as easly as possible. Additional and more detailed information is
provided in referenced Users Guides.

The second purpose of this document is to discuss extensions to HDF, developed for the ECS
program. These extensions are called HDF-EOS and are primarily used to provide project-wide
standards for attaching geo-spatial and temporal information to science data. The format isalso a
container for inventory and product specific metadata, the information also stored in ECS
databases, used for search and order functions.

1.2 Organization of this Document

Section 2 presents an overview of the HDF file format, and how the current file format maps to
EOS data. In particular, we go over basic HDF concepts such as general philosophy and core
data types. We next discuss NCSA HDF library routinesin detail.

Section 3 presents the HDF-EOS format. This new format consists of the HDF standard with
EOS conventions. We discuss the overal philosophy of HDF-EOS and the HDF-EOS data types
that we support.

In Section 4, related and supplemental reference material is presented. ECS metadata and browse
data are discussed. In addition we discuss EOSView, our ‘HDF-EOS cracker tool.’

A section on related and supplemental reference materia is provided
Appendix A provides information on how to obtain the software libraries.

Appendix B discusses issues related to HDF and HDF-EOS usage.

1.3 HDF and EOS: Introduction

The Hierarchical Data Format (HDF) was selected by the NASA ESDIS Project as the format of
choice for standard product distribution. HDF was originally developed by the National Center
for Supercomputing Applications (NCSA) at the University of Illinoisto help with the storage of
supercomputer simulation results.

Documentation on the disk format of HDF files is readily available. Thisisin contrast to other
general scientific formats, such as network common data format (netCDF) and common data
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format (CDF), where the emphasis on the data model is strong and documentation on the disk
format is limited.

At the most basic level, an individual HDF file consists of a directory and a collection of data
objects. Every data object has a directory entry, containing a pointer to the data object location,
and a flag defining the datatype for that data object. NCSA has defined around a hundred
different datatypes; users can define additional datatypes.

Many of the NCSA defined datatypes map very well to EOS datatypes used to store remotely
sensed Earth science data products. Examples would include raster images, multi-dimensional
arrays, and text blocks. There are other EOS datatypes that do not map as well to NCSA
datatypes. Examples would include gridded data.

The HDF format is known for its generality, in that there are a very large number of legal ways
to organize data in an HDF file. But this generality comes at a price: there is no guarantee that
all data producers will store particular information such as geolocation in a particular way in the
HDF files. Likewise, temporal information associated with science data could be stored in a
variety of ways.

There were two ways to solve this problem: one way would be to explicitly define the layout of
every EOS standard data product, and then incorporate these layout decisions in a subroutine
library. The other method, and the one that we implemented as HDF-EOS V2, is to define new
EOS specific datatypes such as Grid, Swath, and Point, that contain information in a specific
structure. That way, the HDF-EOS library has to know only about these structures, and not about
every single data product.

The goal is to make HDF-EOS files completely self-describing, so no outside information will
be needed to display the information contained in the files. The HDF-EOS library is intended to
make data access much more convenient for both producers and users.

NOTE: In this document, we discuss HDF V4 and versions of HDF-EOS (2.X), based on
HDF4. Current Landsat 7, TRMM and EOS Terra instrument data, now being processed and
archived in ECS Distributed Active Archive Centers (DAACS) are based on HDF4 and HDF-
EOS 2 formats. Data from instruments on EOS Aqua, to be launched in 2001, are also based on
those formats. Many EOS ancillary data products, such as Digital Elevation Model (DEM) data
and converted NOAA GIRD and BUFR data are also written in HDF-EOS 2.

NCSA has released HDF5, which is a nearly complete rewrite of HDF4. HDF5 has a different
user interface and underlying data model. HDF-EOS V5, based on HDF5 is available to EOS
instrument teams and is the format of choice for EOS-Aura teams. Aura is scheduled to be
launched in 2003. HDF-EOS 5. is designed to be very similar to HDF-EOS 2, supporting the
same Grid, Swath, and Point data structures. Access to and conversions between both formats
will be provided. It isanticipated that the HDF standard will migrate to HDF5-based filesin the
future. It is not anticipated however, that conversions will be done on EOS standard products
until several years following public releases in 2000. It will be our goal with HDF-EOS 5.
development, to make the differences between the underlying HDF4 and HDF5 formats, as
transparent to users as possible. HDF5 and HDF-EOS 5 will be discussed in a separate Primer.
References to HDF in this document refer to HDF4 and HDF-EOS 2.
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1.4 HDF and EOS: General Philosophy

For reference, we include the initial NASA direction concerning EOS and standard formats for
EOS standard products. The following is a statement from the Earth Science Data and
Information System (ESDIS) office concerning HDF:

“The Earth Science Data and Information System Project has undertaken an analysis of
available data format standards over the last 4 years. This analysis received input from
Distributed Active Archive Centers (DAACs), EOS Instrument Investigators, related
earth science projects, international investigators, computer scientists, and other members
of the EOS community.

As a result of this study, the ESDIS Project selected the National Center for
Supercomputer Applications Hierarchical Data Format (HDF) as the Standard Data
Format (SDF) for Version 0 System distribution of science data.

Based on successful experience in Verson 0, including use by ECS DAACs, the
Pathfinder project, and associated earth science projects, the ESDIS Project plans to
adopt HDF as the baseline EOSDIS Standard Data Format for science and science-
related data. In 1994, HDF was adopted as a baseline standard for EOSDIS Core System
development of standard data product generation, archival, ingest, and distribution
capabilities.

The ESDIS Project will support the evolution of the EOSDIS SDF as needed to meet the
requirements of science data users and producers. ”

This statement provided for the beginning of HDF and HDF-EOS development for the ECS
Project.
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2. An Introduction to HDF

The purpose of this part of the primer is to give a conceptual overview of HDF, and how EOS
data may fit into the existing HDF structure. This material is not meant to be a replacement for
the HDF manuals available from NCSA, but as a help in the comprehension of the concepts
presented there. (See documents and software at: http://hdf.ncsa.uiuc.edu)

2.1 HDF Concepts

The Hierarchical Data Format, or HDF, is a multi-object file format for storing scientific datain
a distributed environment. HDF was created at the National Center for Supercomputing
Applications to serve the needs of diverse groups of scientists working on projects in various
fields. HDF was designed to address many requirements for storing scientific data, including:

» Support for the types of data and metadata commonly used by scientists.

» Efficient storage of and access to large data sets.

» Platform independence.

* Extenshility for future enhancements and compatibility with other standard formats.

HDF is a disk format and subroutine library for storage of most kinds of scientific data. HDF is
intended for use in the storage of any kind of scientific data, although support is strongest for
multi-dimensional arrays and raster images. It aso contains very good support for the
organization of datainto hierarchical layers.

The HDF disk format is strictly binary, although ASCII text annotations are supported. There is
avery strong emphasis on portability and machine independence, unusual for a binary format. A
strength of HDF is that a single data file can contain several different types of objects. A color
image of a molecule may be stored in the same file as the data object containing the actua
positions of the atoms in space. The file may also contain an ASCII text annotation notebook
describing the molecule.

At itsmost fundamental level, an HDF file consists of a directory and an unordered set of binary
data elements. For the most part, the directory entries match up one-to-one with the binary data
elements that follow. Each directory entry describes the location, the type, and the size of the
corresponding element. We discuss the disk format in depth in Section 2.3.

The HDF subroutine library is designed to be very easy for C and FORTRAN programmers to
use. Many simple HDF reads and writes can be accomplished with a single subroutine call. For
example, to write a C character array that represents an 8-bit color image to an HDF file, the
following HDF call isall that isrequired (the FORTRAN example is similar).
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r et =DFR8addi mage(" nyfil e. hdf ", i nagel, r ows, col s, 0);

Figure 2-1. HDF call to write an 8-bit image

This single call to the routine DFR8addi nage creates the file ‘nyfile. hdf’, opens it, initializes
‘nyfile. hdf’ asan HDF data file, writes the image to ‘nyfil e. hdf’, adds an HDF directory
entry in the file for the image, and closes the file. The last argument in the call specifies the
compression method, here 0 (no compression).

The HDF library is accessible from both C and FORTRAN programs because it contains a set of
‘wrapper’ functions that make the underlying C code callable from FORTRAN. Some
FORTRAN compilers only accept function names that are eight or fewer characters. HDF
therefore provides two names for each function; one for use in C programming and a shorter
version for use in FORTRAN programming. For example, d8ai ng is the FORTRAN equivalent
for DFR8addi nage. We discuss the HDF subroutine library in depth in Section 2.2.

Among widely used general scientific data formats, HDF may be unique in that the HDF
libraries and manuals are in the public domain. This means that the HDF software and
documentation can be used in commercial products without any licensng or even
acknowledgment. The best source for HDF materials is via the NCSA anonymous file transfer
protocol (ftp) server (See Appendix B).

2.2 Overview of the NCSA HDF Library

The HDF library can be thought of as three interface layers built upon a physical file format.
The first interface layer, or the low level layer, is reserved for software developers. It provides
support for things like file I/O, error handling, memory management, and physical storage. It is
essentially a software toolkit for skilled programmers who wish to make HDF do something
more than what is currently available through the higher level interfaces.

2-2 175-WP-001-002



NV NV ﬁ

| HDFUiIiS /] NCSAAIications /1 3rdPﬂ@w‘
v

HDFLow Level Layer

e R

‘ HDF Physical File Format &

Figure 2-2. The HDF physical file format supports three levels of interaction

Above the low level interface layer is the HDF single file and multi-file application layer. The
application layer includes routines designed to ssmplify the process of storing and accessing data.
Most HDF developers spend the majority of their time working with the application interface.
Although each interface module requires some programming, all the low level details can be
ignored.

At its highest level, HDF includes utilities, NCSA applications, and a variety of third party
applications. Applications developed by NCSA, as well as applications contributed by HDF
users, are freely available on the NCSA ftp server. In addition, severa software vendors also
support HDF.

The HDF library consists of callable routines in the low level layer and in the application layer.
Underneath each layer, the routines are grouped into interfaces. Each interface addresses a
particular HDF function or a particular HDF data structure. All the callable routines within a
particular interface begin with the same letters. The different interfaces are therefore known by
these letters. Table 2-1 below lists al the HDF interfaces, grouped by layer. Examples of
callable routines from each interface are given in the last column of the table.
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Table 2-1. The HDF Interfaces

Interface Description Example Routines (long names)
Low Level Layer Interfaces

H low level I/O, directory, query Hopen, Hread, Hwrite, Hcreate
HDF new version of low level routines HDFopen, HDFclose

HE low level error reporting HEreport, HEprint

Single File Application Layer Interfaces (old)

DFRS8 read, write 8-bit raster images DFR8addimage, DFR8getdims
DFP read, write color palettes DFPaddpal, DFPgetpal

DF24 read, write 24-bit raster images DF24addimage, DF24setdims
DFSD single file scientific dataset DFSDputdata, DFSDsetdimscale
DFAN text annotation records DFANputlabel, DFANgetdesc
Multi-file Application Layer Interfaces (new)

SD multi-file scientific dataset SDstart, SDcreate, SDdiminfo

NC netCDF interface nccreate, ncopen, ncvardef

VS Vdata interface VSattach, VSfdefine, VSgetid
VSQ Vdata query VSQuerycount, VSQueryname
VF Vdata fields inquiry VFieldsize, VFfieldname

\% Access, Specify, Inquire Vgroups Vattach, Vstart, Vsetname, Vgetid
VH Simple Vdata, Vgroup creation VHmakegroup, VHstoredata

GR Generic raster image interface Grcreate, GRreadimage

Note the HDF APIs are divided into two categories. multifile interfaces (new) and single-file
interfaces (old). The multifile interfaces are those that provide simultaneous access to severa
HDF files from within an application, which isan important feature that the single-file interfaces
do not support. The new interfaces should be used at al times since they are an improvement
over the old interfaces. The old interfaces remain ssimply for backward compatibility.

The most important of these interfaces include the scientific dataset interfaces, the vdata
interfaces, and the Vgroup interfaces. They are described below.

2.2.1 The Scientific Dataset Interfaces (DFSD, SD)

There are two HDF interfaces that support multidimensional arrays. The older one isasingle-file
interface (known as the ‘DFSD’ interface, because al the associated subroutines start with
‘DFSD’) which permits access to only one file at atime. The newer one is a multi-file interface
(known as the *SD’ interface), which permits simultaneous access to more than one file. We
recommend the use of the newer multi-file interface for ECS users.

The single-file DFSD interface provides a collection of routines for reading and writing an array
of arbitrary rank and type. The array, along with its associated information, is known as a
Scientific Data Set, or SDS for short.
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The multi-file SD interface alows concurrent operations on more than one file and data object.
The interface is also interoperable with the netCDF interface. By interoperable, we mean the
netCDF interface as implemented in HDF can read both netCDF files and HDF files. Like the
single-file DFSD interface, a data object written with the multi-file SD interface includes the
normal SDS data element, DFTAG_SD. This data element specifies a unique tag-reference for the
data object. However, the multi-file SD interface also includes many additional attributes that
are not part of the single-file interface.

In either interface, the multi-dimensional array in the SDS can contain 8-, 16-, 32-, or 64-bit
signed or unsigned integers or 32- or 64-hit floating point numbers. (64-bit representations are
supported only if the particular platform supports 64-bit operations.) The SDS can also contain
the following attributes:

Coordinate system: Identifies which coordinate system to use when displaying data.

Formatting: Specifiesthe format for displaying values for data and attributes.
» Label: Contains aname for each independent variable and the data.

* Ranges. Stores the maximum and minimum values in the data, as supplied by the data
producer.

» Cdlibration: Describes the scale to use along each axis. E.g. specifies alinear scaling for axis
values.

* Fill Value: Defines the value to fill areas of no data or bad data at the users discretion.
+ Units Identifies the unit associated with each dimension and the data.

» Section 2.3.5 of this document shows examples of SDS data objects in HDF files. The multi-
file SD interface subroutines are divided into the following categories:

e Access routines that intialize and close the SD interface.

» Create, read, and write SDS routines for defining and reading array dimensions, rank,
number type, fill value, data range, calibration information, and data values.

» Dimension attribute routines for defining and reading SDS attributes such as dimension
name, format, unit, label, or scales. All attributes are optional.

» Genera attribute routines for managing local attributes (attributes assigned to a data object)
and global attributes (attributes assigned to a file). Predefined loca attributes include the
coordinate system, format, labels, max/min values, scales, and units.

In EOS, we have given a strong emphasis to the multifile SD interface.

2.2.2 The Vdata Interfaces (VS, VSQ, VF)

The HDF Vdata model, which includes the VS, VSQ, and VF interfaces, makes it easy to store
tables of data in HDF files. Each table consists of a series of records, each of which contains a
series of fields. By field, we mean a grouping of data elements within a record. Each field can
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support its own number type. However, every record in a Vdata must contain the same fields.
Vaid number types include 8-, 16-, 32-, 64-bit signed and unsigned integers, 32- and 64-bit
floating point numbers, and ASCII characters.

Vdata tables use three kinds of identifying information: a name, a class, and a set of individual
field names. A Vdatanameisalabel that typically describes the origin and contents of atable. A
Vdata class typically identifies the meaning of data. Finaly, Vdata field names identify the
individual fieldsthat make up arecord.

Vdata Name Temperature Table
Vdata Class Class
Field #1 Field #2 Field #3
Field Names Latitude Longitude Temperature
Record #1 8-bit Int 8-bit Int 32-bit Float
Record #2 8-bit Int 8-bit Int 32-bit Float
Record #3 8-bit Int 8-bit Int 32-bit Float

Figure 2-3. A Typical Vdata

There are three Vdata interfaces. The VS Interface provides a collection of routines for reading
and writing tables. The VS functions are divided into five categories:

» Access routines which initialize and terminate access to a Vdata, and seek record position in
aVdata

» Fileinquiry routines provide information on how aVdatais stored in afile.

* Read/Write routine which define new Vdata fields, assgn names and classes, and initialize
read and write permissions.

» Vdata inquiry routines which check if a Vdata exists, and return a Vdata's class name or
field names, its size, and whether it exists as a lone entity. By lone entry, we mean the it isa
stand-alone object and not part of another object in thefile.

* Read/Write routines which retrieve and store Vdata records in HDF files.
The VSQ and VQ interfaces are described in the HDF Users Guides.

2.2.3 Vgroup interface (V)

The Vgroup interface provides a collection of routines for reading and writing groupings of HDF
data objects in a particular HDF file. Each Vgroup may contain any number of other HDF data
objects, even other Vgroups. In addition to its members, a Vgroup may also be given a VVgroup
name and Vgroup class. The Vgroup name must be unique within a particular grouping of
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objects that includes other V groups. Names don't have to be unique across stand-alone groupings
of objects. AN HDF file can consist of many Vgroups, plus stand-alone Vdatas and SDS's.

Every function on a Vgroup begins with the prefix V. The Vgroup functions are divided into
five categories:

» Access/Create routines that begin and end access to V groups.

* Manipulation routines modify Vgroups characteristics, and add and delete Vgroups
members.

» Vgroup inquiry routines obtain information about V groups.
* Member inquiry routines obtain information about members of V groups

» Attributes routines provide information about Vgroups' attributes.

2.3 Overview of the HDF Disk Format

It iseasier to understand the HDF software if you first have a general understanding of HDF disk
formats. An HDF data file consists of three main things: a magic number, a directory that points
to data elements, and the data elements themselves. We start by describing the HDF file header.

2.3.1 The HDF File Header

The first component of an HDF file is the file header, which takes up the first four bytes of the
HDF file. Specifically, it consists of four one-byte values that are ASCII representations of
control characters. the first is acontrol-N, the second is a control-C, the third is a control-S and
the fourth isa control-A ("N*C*S*A). The directory beginsimmediately after the file header.

Note that, on some machines, the order of bytes in the file header might be swapped when the
header is written to an HDF file, causing these characters to be written in little-endian order. To
maintain the portability of HDF file header data when developing software for such machines,
this byte swapping must be counteracted by ensuring the characters are read and written in the
desired order.

The HDF definition of the term file header is in contrast to the more traditiona view of afile
header as a block of metadata at the beginning of afile. To avoid confusion over this point, we
will not use the term *file header’ in this document.

2.3.2 The HDF Directory

An HDF directory, called a DD lit, is usually broken up into a series of components known as
DD blocks. Each DD block contains just three things: the number of directory entries (known as
Data Descriptors, or DDs) in that block, the byte location of the next DD block (or O if thisis
the last DD block), and then the actual directory entries.

The first two bytes of each DD block contain a count of the number of entries in the block. The
next four bytes contain the byte location of the next DD block. The actua DDs follow
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immediately. Every DD is always exactly 12 bytes long. The layout of an HDF file with asingle
DD block containing two DDs is shown below.

Table 2-2. Organization of the beginning of an HDF file

Location Value Comment

Oto3 ANACASMA Unique HDF Number ("N = control-N, etc.)
4t05 2 Number of DDs in DD Block

6t09 0000 Location of next DD Block (none here)
10to 21 |--- Data Descriptor #1

22t033 |- Data Descriptor #2

Note that the location of the next DD Block entry is given in bytes from the beginning of the
HDF file. In fact, all locations within the HDF file are given in terms of bytes from the
beginning of the file. This contrasts with some other disk formats which locate items solely by
record numbers. There are no records, as such, in HDF. Since al locations are given in 32-bit
signed integers, the maximum size of a self-contained HDF file or of a single data element is
therefore around 2 X109 bytes, or 2 GigaBytes.

2.3.3 HDF Data Descriptors

The single most important HDF concept is that of the Data Descriptors. Every single data
element (e.g., image, array, annotation,Vgroup, etc.) in the HDF file has an associated Data
Descriptor (DD) in the DD list. We will keep returning to this statement throughout the
discussion.

Every DD isof fixed length with four fields: a Tag field, which defines the data element type, a
Reference Number field (Ref), which is unique for every data element with the same Tag, an
Offset field, which gives the location of the data element in bytes from the start of the file, and a
Length field, which gives the length of the data element in bytes.

Table 2-3. HDF data descriptor layout
Data Descriptor
1 ]2 /3 /4[5 |6 |7 [8 |9 |10]11 |12
Tag Ref Offset Length

2.3.3.1 HDF Tags

The Tag field is defined as a 16-bit unsigned integer, which means there are 65535 possible
types of data elements. (O is not a legal tag number.) The possible tag values are divided into
three ranges, as shown below.
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Table 2-4. Ranges of possible tag values

Tag Value Range Comment
00001 to 32767 Assigned by NCSA
32768 to 64999 Defined by user
65000 to 65535 Reserved for future use

User-defined and NCSA-defined data element types can be freely intermixed in the same file.
NCSA has defined utility tags for general data descriptions, raster image tags for descriptions of
pseudocolor and color images, scientific dataset (SDS) tags for describing multi-dimensional
arrays of numbers, the Vdata tag for defining tables of values, and the Vgroup tag for grouping
data elements. A selection of these tagsis shown below.
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Table 2-5. A selection of NCSA defined HDF tag types
Tag Name | Tag # Comments

Utility Tags

DFTAG_RLE |011 Specifies the Run Length Encoding used for image
DFTAG_TID | 102 Tag Identifier: text string of user defined tag
DFTAG_DIL |104 Data Identifier Label: used for titles of elements
DFTAG_DIA | 105 Data |D Annotation: lengthy text annotation block
DFTAG_NT 106 Number Type: values are float, integer, text, etc.
DFTAG_MT | 107 Machine Type: specifies IEEE or local computer type
Raster Image Tags

DFTAG_ID 300 Image Dimension: gives X and Y size of assoc. image
DFTAG_LUT |301 Lookup Table: color lookup table for assoc. image
DFTAG_RI 302 Raster Image: points to actual image data
DFTAG_RIG | 306 Raster Image Group: lists all DDs assoc. with image
DFTAG_LD 307 LUT Dimension: size of color lookup table
DFTAG_CFM | 311 Color Format: grayscale, Pseudocolor, RGB, HSI, etc.
Scientific Dataset Tags

DFTAG_SDD | 701 SDS Dimension: dimension sizes of scientific dataset
DFTAG_SD | 702 Scientific Data: points to actual scientific dataset
DFTAG_SDS | 703 Scientific Data Scales: Arrays for X,Y,Z locations
DFTAG_SDL | 704 SD Labels: text describing data and dimensions
DFTAG_SDU | 705 SD Units: text with units for data and dimensions
DFTAG_SDF | 706 SD Format: text with format code for displaying data
DFTAG_SDM | 707 SD Max/Min: minimum/maximum valid values for data
DFTAG_SDC | 708 SD Coordinate System: text string defining CS
DFTAG_NDG | 720 Numeric Data Group: lists all DDs assoc. with SD
Vgroup/Vdata Tags

DFTAG_VG 1965 | Vgroup: provides general purpose grouping of DDs
DFTAG_VH 1962 | Defines the structure of a Vdata data element
DFTAG_VS 1963 | Points to Vdata data element using DFTAG_VH format

2.3.3.2 HDF Reference Numbers

If you store two raster images in an HDF file, you will produce two DDs with the same tag
number (DFTAG_RI ). But this creates a problem: how does one know which DFTAG R iswhich?

The answer is that a Reference number is assigned, usually by the HDF library, to each data
object as it iswritten to the file. The library keeps track of the reference numbers that have been
used in the file and guarantees that there will never be two data objects with the same tag and
reference number in the same file. It is allowable for two objects to carry the same tag (such as
our two raster images) or for two objects with different tags to carry the same reference number
(such as araster image and an SDS).

2-10 175-WP-001-002



Although many DDs can have the same Reference number, the HDF standard demands that there
isonly oneinstance of a particular Reference number for a particular Tag. This means that every
Tag/Ref combination is unique within a single HDF file. A Tag/Ref pair can then be used as a
unique ID (known in HDF terms as a ‘ data identifier’) to unambiguoudly identify particular data
elements.

It is important to note at this point that, with only one exception that we will discussin a later
section, one must take care not to infer meaning on the library’s choice of reference numbers. It
will often be the case that some number of data objects in a file will have the same reference
number. The only information that can be gleaned from this similarity in reference numbers is
that the library is miserly in doling out new reference numbers. It reuses reference numbersin all
cases where it can easily ascertain it to be safe to do so. Coincidentally, such cases often occur
when writing out groups of data objects such as Raster Image Groups and Scientific Data Sets.
However, this behavior is not an official part of the specification of HDF and it should never be
relied upon.

Although it would be tempting to use Reference numbers to group data elements, that method of
associating data objects is lacking in that it does not support sharing of data objects between
groups. Instead HDF uses Groups to define relationships.

2.3.4 HDF Groups

The HDF libraries support explicit grouping of data elements using one of three group tags. The
Raster Image Group Tag (DFTAG RIG) is used to group all data objects associated with a
particular raster image. The Numeric Data Group Tag (DFTAG _NDG) is used to group all data
objects associated with a particular scientific dataset. The Vgroup tag (DFTAG VG) supports a
generalized grouping of all types of data objects, even other Vgroups.

Table 2-6. HDF group tags
Tag Name | Tag # Comments

DFTAG_RIG | 306 Raster Image Group: lists all DDs assoc. with image
DFTAG_NDG | 720 Numeric Data Group: lists all DDs assoc. with SDS
DFTAG_VG 1965 | Vgroup: provides general purpose grouping of DDs

The data contained within these groups is a list of Data Identifiers associated with the group.
Since the groups do not contain the offset values of the data elements, a DD is still needed in the
DD list with this information. So again, all data elements must have a DD in the DD list. In
addition, most will also have their Data Identifiers listed in some group.

Both Raster Image Groups (RIGs) and Numeric Data Groups (NDGs) consist of nothing but a
list of Data Identifiers, each four bytes long (Vgroups are more complicated; see below). The
number of Data Identifiers in aRIG or NDG isjust the length field divided by four.
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In the table below, we show an HDF example file that uses Raster Image Groups (RIGS) to
define two images of identical size. Note how, in this example, both raster image groups use the
same image size data el ement.

Table 2-7. Organization of an HDF file with two raster image groups

Location Length Value Comment
0Oto 3 4 ANACASMA|Unique HDF Number
4t05 2 5/Number of DDs in Block
6t09 4 0000|Loc. of next DD Block

Tag Ref Offset Length

10to 21 12 300 |001 |70 4 DD #1 (Image Size)

221033 12 302 |001 |90 60000 |DD #2 (Ptr to Image#l)

34 to 45 12 302 |002 |60090 [60000 DD #3 (Ptr to Image#2)

46 to 57 12 306 |005 |74 8 Ptr to 1st raster group

58 to 69 12 306 |006 (82 8 Ptr to 2nd raster group

X Size Y Size
70t0 73 4 | 300 | 200  |Size of both images
Tag/Ref#l Tag/Ref#2
74 to 81 8 300/001 302/001 First raster group
82 to 89 8 300/001 302/002 Second raster group
Image Data
90 to 60089 60,000 02h......... 23h Data for first image
60090 to 120089 60,000 7Ah......... 19h Data for second Image

RIGs can contain only raster image and related tags, and all the Data Identifiers in a particular
group must relate to a single image. The same holds true for an NDG; only numeric data group
tags (and some utility tags such as number type) are allowed, and they must all relate to a single
numeric array.

Vgroups do not have this limitation: they can contain any collection of Data Identifiers,
including a Vgroup Data Identifier. This last feature means that you can construct a directory
structure inside a single HDF data file, with directories containing data elements and/or sub
directories.

There is, however, a mgjor difference between Vgroup organization and disk directories. In an
HDF file, all groups including Vgroups contain Data Identifiers only, not full DDs. This means
that a DD must still be in the main DD list for every single data element in the HDF file,
regardless of how deeply it isreferenced in aVVgroup hierarchy.

For example, consider the HDF file shown below. (We have simplified a bit in this table,
because the structure of Vgroup data elementsis a bit more complicated than what is shown.)
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Table 2-8. Organization of an HDF file with two Vgroups

Location |Length Value Comment
Oto 3 4 ANACASMA | Unique HDF number
4105 2 3|Number of DDs in block
6t09 4 0000|Loc. of next DD block

Tag Ref Offset Lth
10to 21 12 300 | 001 | 46 4 |DD #1 (Image size)
2210 33 12 |1965| 001 | 50 | 22 |DD #2 (Vgroup #1)
34 to 45 12 1965 002 | 72 | 22 DD #3 (Vgroup #2)
X Size Y Size

46t049 | 4 | 300 200 |Image size
Name Tag/Ref

50to 71 22 ‘Vone' 1965/002 |First VGroup

72 to 93 22 'Vtwo' 300/001 |Second VGroup

How this file is organized may not be immediately obvious. The graphic below may help. Here
we show that the main DD list contains the ‘Vone’ Vgroup, which contains a single Data
Identifier, a reference to the ‘vtwo’ Vgroup. This Vgroup in turn contains a single Data
Identifier reference to the Image Size entry.

DD List
Y
Vgroup 'Vone
\

Vgroup 'Vtwo'

Y

Image Size

Figure 2-4. Organizational Levels for Dataset Shown in Table 2-8

The confusion is that every Data Identifier, even the one for ‘vt wo’, isalso listed in the DD list.
How does someone know which Vgroup is a what level? The answer is that there is no unique

way.
Y ou can use the HDF utility “*Vshow’ to display alist of the contents of each directory. But what
should the utility do if ‘Vone’ contained ‘Vtwo’, and ‘vt wo’ contained ‘Vone’? Can a directory

contain a directory that contains the original directory? Again, it is the responsibility of the data
producer to ensure that the directory structure makes sense.
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2.3.5 HDF Scientific Datasets

The most important data objects in HDF files are known as Scientific Datasets (SDS). A
scientific dataset is a multidimensiona array of numbers. The array can have any dimensionality
up to 32767, and can consist of floating point or integer values. Since the release of HDF version
3.3 there have been two separate interfaces for SDSs: the ‘DFSD’ interface (old) and the ‘SD’
interface (new). Each interface corresponds to a different physical organization of the SDS and,
therefore, has dightly different capabilities. The most significant new features of the ‘SD’
interface are its ability to concurrently deal with multiple SDSsin multiple files, its ability to put
arbitrary attributes on SDSs, and its compatibility with the netCDF interface.

Although the ‘SD’ interface is the preferred interface for reading and writing SDSs in ECS, its
physical implementation is a bit too complex to describe here. Therefore, we will discuss the
physica implementation of the older ‘DFSD’ interface in order to illustrate the basic
organizational concepts of the HDF library, then briefly touch on the differences between the
two implementations.

2.3.5.1 The ‘DFSD’ Interface

An SDS, whether created by the ‘DFSD’ or ‘SD’ interface, consists of several data objects that
are associated with the SDS. These data objects are attributes, numerical scales, the actual data,
and so on. In the ‘DFSD’ interface, all the DDs of the data objects associated with a particular
SDS are listed in a numeric data group (DFTAG_NDG). In some old HDF files with 32-bit floating
point SDSs, you may run across an SDS that uses the roughly equivalent scientific data group
(DFTAG_SDG) to collect its members. In either case, only scientific data set tags (Table 2-5) and a
few utility tags are allowed in a numeric data group. An example of the data contained in an
SDS is shown below.

Neutron Star Accretion Simulation
Time (sec)
1. 67 1. 68 1.69 1.70
32.11| 0.5872 0.5872 0.5872 0.5872
31.96| 0.5872 0.5872 0.5872 0.5872
31.81| 0.5872 0.5872 0.5872 0.5872
€131.66| 2.4226 2.3604 2.4282 2.4117
< [31.51| 1.9976 1.9957 1.9963 2.0018
5 31.36( 1.8119 1.8102 1.8107 1.8153
B |31.20| 1.6768 1.6726 1.6745 1.6796
o 31.05( 1.5762 1.5736 1.5742 1.5802
30.90( 1.4981 1.4942 1.4956 1.4997
30.75| 1.4356 1.4319 1.4319 1.4352
Density (gm/cm3)

Figure 2-5. Example SDS
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The data identifiers stored in the NDG for this SDS are shown below, aong with the information
pointed to by the data identifiers. In this list we ignore the actual format of the data identifiers,
and concentrate instead on the information contained that they point to. Note also that the Ref,
Offset, and Length fields for each DD are not shown.

Table 2-9. Data Objects for the SDS shown in Figure 2-4

Tag Name Value(s) Comments
Data Dim1 Dim2
DFTAG_DIL ‘Neutron Star Accretion Simulation' Title for SDS Array
DFTAG_SDD 2 Dimensions SD Dimension record
4 10 Size of dimensions
Float32 Float32 Float32 Number types
DFTAG_SDS 1.67...1.70 30.75...32.11 | SD Numerical scales
DFTAG_SDL 'Density’ Time' 'Radius’ SD Labels
DFTAG_SDU ‘gm/cm”3' 'sec’ 'km' SD Units
DFTAG_SDF F7.4 F5.2 F5.2 SD Numerical Formats
DFTAG_SD '0.5872,0.5872,......, 1.4319,1.4352' Actual data

The DFTAG SDD tag says that the data set consists of two dimensions, sized four and ten
elements, respectively, where the data and both scales consist of floating-point numbers. The
numerical scales are set by DFTAG SDS, with a four-element array for the first dimension and a
ten-element array for the second dimension. As mentioned before, all of these data identifier
entries are listed both in the main DD list directory, and in the NDG that defines the SDS.

2.3.5.2 The ‘'SD’ Interface

The basic ideas behind the SD version of the SDS are the same as those in the DFSD SDS, but
some changes were needed in order to achieve the maor design goal: compatibility with
netCDF. Thisdriver gave rise to three distinct differences between the two implementations.

First, rather than using a specialized tag such as DFTAG NDG to group its elements, the SD
interface uses a general purpose Vgroup. Using a Vgroup alows for more flexibility in the
organization of the SDS without a complete redesign. Second, the handling of dimensions has
changed considerably, in that they can now have their own attributes. Third, the SD interface
allows the use of user-defined attributes, not just the ones that are pre-defined.

Below isalist of the different styles of SDS, in order of their adoption into the HDF library.

Scientific Data Groups (SDG)—Originaly, al SDSs were written in SDG groups. An SDG
group (tag value = DFTAG_SDG) can contain any of the tags that are currently used for NDGs. The
only difference between SDGs and NDGs is that SDGs only support 32-bit floating point arrays,
whereas NDGs can support several types of floating point and integer number types.
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SDGs are considered obsolete, although the HDF libraries will write out both an SDG and a
NDG for the same array, if that array is made up of 32-bit floating point values. Application
programs that are linked with versions of HDF before 3.2 will only recognize SDGs as SDSs.
We will not discuss SDGs further, since they will not be used in ECS.

Numeric Data Groups (NDGs)—What we have just described in detail is the disk format for
NDG groups (tag value = DFTAG NDG). The NDG tag was new with HDF version 3.2.
Application programs linked with version 3.2 of HDF will recognize SDGs and NDGs as SDSs.
They are referred to in the latest documentation (3.3) as the “Old Style” HDF subroutines that
deal solely with NDGs and SDGs are prefixed with “DFSD".

Multifile SDSs—The recommended interface for SDSs in the current version of HDF (4.1) is
known as the “Multifile SDS’ interface, or the ‘SD' interface (after the prefix of the subroutine
cals). The Multifile SDS interface defines a set of conventions and a set of library subroutines
that uses Vgroups, Vdatas, and many of the parts of the NDG to create structures that are
compatible with netCDF data structures.

The package is called Multifile SDS because the new subroutines allow several HDF files to
remain open simultaneously, something not possible with the earlier libraries. Another
significant advantage of the interface is the ability to assign arbitrary attributes to SDSs. In the
documentation they are also referred to as “New Style” SDSs, or (confusingly) just SDSs. The
multifile interface will recognize all older forms of the SDS. The Multifile SDS interface is
used exclusively for EOS data.

2.3.6 HDF Vdatas

HDF aso supports the storage of tables that are organized as named columns known as Vdatas.
Storage of a Vdata table requires the use of two tags. DFTAG VH for defining and naming the
columns of values; and DFTAG VS for pointing to the actual Vdata data itself. There is no explicit
grouping needed for Vdatas, although they can be included in aVgroup (and usually are).

For example, consider the table of values shown below:

Table 2-10. Example Table of Values

ID. No Flux Name
1 2.34 CygX1
2 -89.43 HerX1
3 0.0023 CygX3
4 1.115 Vela

The tags needed to define this table as a VVdata data object are shown below. Again, we focus on
the information pointed to by the tags and ignore the actual binary formats. In particular, we
have assigned names to the various fields defined in the data record pointed to by DFTAG VH.
These field names are also used in the HDF documentation.
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Table 2-11. Vdata tags for dataset shown in Table 2-10

Tag Name Field Name Values Comments
Coll Col2 Col3

DFTAG_VH <nvert> 4 Number of records
<isize> 11 Row width in bytes
<nfields> 3 Number of fields
<type> int16 float32 char[5] | Field number types
<isize> 2 4 5 Field size in bytes
<offset> 0 2 6 Byte offset of field
<fldnmlen> 5 4 4 Length of field Name
<fldnm> 'ID.No' 'Flux' ‘Name' | Field names
<namelen> 19 Length of Vdata name
<name> 'Vdata Example Table' Vdata name

DFTAG_VS 1,2.34,'CygX1,...,'Vela' Actual data

In this example, the information in the DFTAG_VH data element defines a Vdata with three fields
(columns) and four Vdatarecords (rows). The values in these fields are defined as short (2-byte)
integer, 4-byte floating-point, and five-character ASCI| text, respectively. In addition, each field
has an ASCII text name. Note, by the way, how the entire Vdata definition can be named
(<name>). Thisis unusual, in that most HDF data objects require a separate tag (DFTAG Di L) to

get aname.

The actual data pointed to by the DFTAG Vs tag is stored, packed as tightly as possible. The total
width of every record istherefore 2 + 4 + 5 = 11 bytes. The four records of this table take up 11
oo 4 = 44 bytes. This packing is shown below. Here the DFTAG Vs record associates itself with a
DFTAG_VH record by having the same Ref number. This is the only case where the HDF libraries

use the Ref numbers explicitly to associate two data el ements.

Table 2-12. Disk layout of Vdata described in Table 2-11

Record #0
Record #1
Record #2
Record #3

Byte Position
1 2345678910 11
Integer Floating Point Text String
1 2.34 C y g X 1
2 -89.43 H e r X 1
3 0.0023 C y g X 3
4 1.115 \ e I a

2.3.7 HDF Extended Tags

The organizational features of HDF are so powerful that it is usually possible to store a complete
data product granule in a single HDF file. There are, however, a couple of problems with very

large single file data products.
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The first problem, which we have aready mentioned, is that HDF files are limited to 2
Gigabytes in size. The second problem is that HDF data elements were not initially designed to
be appendable. Normally, data elements are required to be in contiguous storage and they are
packed right next to each other. Therefore, to make a data element bigger, it needs to be copied
to the end of the file where there is room to grow, leaving agap in thefile.

To get around these limitations, NCSA has defined extended tags. An extended tag allows a data
element to be spread among multiple locations in the HDF file or even in a completely separate
file. A data element corresponding to any NCSA defined tag value can be converted to an
extended tag, although this functionality is currently only supplied for SDSs and Vdatas.

An extended tag DD does not point directly to the data, as the normal tags do. It instead points to
a data object defining where the data is and how it is stored. This data object may point to the
beginning of a linked list of data blocks that contain the entire data record. This way, a data
record can be lengthened just by adding an additional data block; the entire HDF file does not
need to be rewritten.

Alternatively, the extended tag record could define the data element as being stored in an
external element in another disk file. This feature (which isalso found in CDF), allows a user to
get around the two-gigabyte limitation on total file size. It may also make a large HDF ‘file
easer to handle. Severa 100-megabyte files are sometimes easier to handle than a single
gigabytefile.

2.4 HDF Examples

The following sections contain sample C code for writing and reading a selection of basic HDF
data objects. For now, we have kept to some very simple code that, for the most part, has been
copied from NCSA’ s HDF documentation.

2.4.1 8-bit Raster Image Output

The C program below writes an 8-bit raster image to the file “example.hdf”. This program takes
no input.

#i ncl ude "hdf. h"
#defi ne W DTH 5
#defi ne HEl GHT 6

mai n(i nt argc, char *argv[])
{
/* Initialize the image array */
static uint8 raster_datal HEI GHT] [W DTH =
{1, 2, 3, 4, 5,
6, 7, 8, 9, 10,
11, 12, 13, 14, 15,
16, 17, 18, 19, 20,
21, 22, 23, 24, 25,
26, 27, 28, 29, 30 };

/* Wite the 8-bit raster image to the file */
DFR8addi mage( " exanpl e. hdf", raster_data, W DTH, HElI GHT, 0);
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2.4.2 8-bit Raster Image with Palette Output

The program below writes an 8-bit raster image and its associated paette to the file
“example.hdf”. This program takes no input.

#i ncl ude "hdf. h"
#defi ne W DTH 5
#defi ne HEl GHT 6

mai n(i nt argc, char *argv[])

uint8 palette_data[ 768];
intn i;

/* Initialize the inmage array */
static uint8 raster_data[ HEI GHT] [W DTH =
{1 2, 3 4, 5
6, 7, 8, 9, 10,
11, 12, 13, 14, 15,
16, 17, 18, 19, 20,
21, 22, 23, 24, 25,
26, 27, 28, 29, 30 };

/* Initialize the palette to standard |inear grayscale */
for (i=0; i<256; i++) {

palette _data[i*3] =1i;

pal ette_data[i*3+1]

pal ette_data[i*3+2]

/* Associate the palette with the inmage */
DFR8set pal ette(pal ette_data);

/* Wite the 8-bit raster image to the file */
DFR8addi mage( " exanpl e. hdf", raster_data, W DTH, HElI GHT, 0);

}
2.4.3 8-bit Raster Image with Palette Input

The program below reads an 8-bit raster image and its associated palette from the file
“example.hdf” created by the program in the section above. This program produces no outpui.

#i ncl ude "hdf. h"
#defi ne W DTH 5
#defi ne HEl GHT 6

mai n(i nt argc, char *argv[])

uint8 raster_data[ HEl GHT] [ WDTH], pal ette_data[ 768];
i ntn haspal ;
int32 width, height;

/* Get dimensions and check for palette */
DFR8get di ns( " exanpl e. hdf ", &wi dth, &height, &haspal);

/* Read the 8-bit raster image and palette fromthe file */
if ((width == WDTH) && (hei ght == HEIGHT) && (haspal == 1))
DFR8get i mage("exanpl e. hdf", (uint8 *) raster_data, w dth,

hei ght, palette_data);

[
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2.4.6 Scientific Data Set Output

The programs in this section make use of the new SDS interface introduced with HDF 3.3. We
recommend that people use this interface rather than the older interface. The program below

writes a Scientific Data Set to the file “example.hdf”. This program takes no input.

#i ncl ude "hdf. h"

#i ncl ude "nfhdf.h"

#defi ne LENGTH 3

#define HEIGHT 2

#defi ne W DTH 5

mai n(int argc, char *argv[])

/* Initialize the image array */
static float64 scien_data[ LENGTH] [ HEI GHT] [ WDTH] =
{21, 2., 3, 4., 5.,
6., 7., 8., 9., 10.,
11., 12., 13., 14., 15.,
16., 17., 18., 19., 20.,
21., 22., 23., 24., 25.,
26., 27., 28., 29., 30. };
i nt 32 di ns[ 3] {LENGTH, HEI GHT, W DTH};
i nt 16 scal eO[ LENGTH| {2, 4, 6};

{1234567, 2345678} ;

{2.2, 4.4, 6.6, 8.8, 11.0};

n
n

i nt 32 scal el[ HElI GHT]
| oat 32 scal e2[ W DTH]|
I
n
n

SO an

oat 64 avg 15. 0;
int32 start][ 3] {0, 0, O0};
int32 fid, sdid, dimd di md1l, dinmdz;

/* Open file and initialize SD interface */
fid = SDstart ("exanpl e. hdf", DFACC_CREATE);

/* Create nanmed data set */
sdid = SDcreate(fid, "Sanple Data Set", DFNT_FLOAT64, 3, dinms);

/* Set up dinmension zero */

di mi dO = SDgetdi m d(sdid, 0);

SDset di mane(di m d0, "Di mension 0");

SDset di nstrs(di m d0, "The zeroth di nension", "mi', "2d");
SDset di mscal e(di mi dO, LENGTH, DFNT_I NT16, (VO DP)scal e0);

/* Set up dinmension one */

dim dl = SDgetdi m d(sdid, 1);

SDset di mane(di m d1, "Di mension 1");

SDset di mstrs(di nmidl, "The first dinmension", "cni, "8d");
SDset di mscal e(di mi d1, HEI GAT, DFNT_I NT32, (VO DP)scal el);

/* Set up dinmension two */

di m d2 = SDgetdi mi d(sdid, 2);

SDset di mane(di m d2, "Di mension 2");

SDset di nstrs(di m d2, "The second di nension", "m', "4.1f");
SDset di nscal e(di mi d2, W DTH, DFNT_FLOAT32, (VO DP)scal e2);

/* Wite the data array to the data set */
SDwri tedata(sdid, start, NULL, dinms, (char *)scien_data);

/* Add one local attribute */
SDsetattr(sdid, "Average", DFNT_FLOAT64, 1, (char *)&avg);

/* Add one gl obal attribute */
SDsetattr(fid, "Date", DFNT_CHAR8, 9, "10/29/93");

/* Close the data set, file, and interface */
SDendaccess(sdi d);
SDend(fid);
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2.4.7 Scientific Data Set Input

The program below reads a Scientific Data Set from the file "example.hdf" created by the
program in the section above. This program produces no outpuit.

#i ncl ude <string. h>
#i ncl ude "hdf. h"
#i ncl ude "nf hdf.h"

#defi ne MAXRANK
#defi ne LENGTH
#defi ne HEl GHT
#defi ne W DTH
#defi ne DATESIZE 9

aNwWw

mai n(int argc, char *argv[])

fl oat 64 sci en_dat a[ LENGTH] [ HEI GHT] [ W DTH] ;
i nt32 di ns[ MAXRANK] ;

i nt16 scal eO[ LENGTH] ;

i nt 32 scal el[ HElI GHT] ;

fl oat 32 scal e2] WDTH]

fl oat 64 avg;

int32 start[ MAXRANK] = {0, 0, O0};

int32 fid, sdid, dlmd

int32 i, |ndex rank, nattrs, ndatasets, nglobals;
int32 nt, count, status;

i nt n si ze;

char nane[ 80], date[80];

/* Open file and initialize SD interface */

fid = SDstart( exanpl e. hdf ", DFACC_RDONLY) ;

status SDfi | ei nfo(fid, &ndat aset s, &ngl obal s);

/* Read gl obal attribute */
if (nglobals == 1) {
status = SDhattrinfo(fid, 0, name, &nt, &size);
if ((strcnp(nane, "Date")) && (nt == DFNT_CHAR8) &&
(size == DATESI ZE))
SDreadattr(fid, 0, date);

}

/* Open first data set */

i ndex = SDnanet oi ndex(fid, "Sanple Data Set");
sdid = SDsel ect(fid, index);

SDget i nfo(sdid, nane, &rank, dinms, &nt, &nattrs);

/* Read in data if everything | ooks okay */

if ((rank == MAXRANK) && (dinms[0] == LENGTH) && (dins[1l] == HEl GHT)
&% (dins[2] == WDTH) && (nt == DFNT_FLOAT64))

SDr eaddat a(sdid, start, NULL, dins, scien_data);

/* Read local attribute */

status = SDattrinfo(sdid, 0, name, &nt, &size);

if ((strcnp(nane, "Average")) && (nt == DFNT_FLOAT64) &&
(size ==
SDr eadattr(sdid, 0, &avg);

/ Read di nensions */

dimid = SDgetdi mi d(sdid, 0);

Sbdi i nf o(di mi d, name, &count, &nt, &nattrs);

if ((nt == DFNT INT16) && (count == LENGTH))
SDget di nscal e(di m d, scal e0):

dimid = SDgetdi m d(sdid, 1);

SDdi mi nf o(di m d, name, &count, &nt, &nattrs);
if ((nt == DFNT_I NT32) && (count == HElI GHT))
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SDget di nscal e(di m d,