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Abstract

The Standard for the Exchange of Earthquake Data (SEED) is a commonly used
file format in the seismology field. Steim1 and Steim2 compression schemes, i.e. lossess
data compressions, are used in SEED format and are written in Data Description
Language (DDL), which has computational limitations making it difficult to implement
many standard compression algorithms. Steim1 and Steim2 are fixed compression
methods, which assign each incoming data sample to fewer bits than 32-bit, regardless of
the essence of the data. This project modified the Tunstall compression schemeto gain a
better compression ratio of seismic data and rewrote the compressed data inthe DDL of
SEED format file. This project pre-computed the statisticson seismic profile bases and,
accordingly, wrote the Modified Tunstall data compressiondescription This strategy
improves compression ratios over Steim1 and Steim2. The average compression ratio of
the Modified Tunstall Coding in this project was 3.18 when the length of the output
codeword was fixed at 10 or 11 bits. The Modified Tunstall Coding showed better
compressionthan Steiml by an average of 30.78% and Steim2 by an average of 5.16%.
When comparing the Modified Tunstall Coding withthe Linear Prediction Coding, which
is not possible to implement in DDL, the Modified Tunstall Coding wasonly 7.95%
WOrse on average.
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1. Introduction

Progress in computer technology has inspired and changed human life. In the last
decade, especially with the growth of the Internet, humans have gradually and principally
relied upon storing and transmitting information in electronic ways. Information
represented by bytes has gradually become more extensively used in adigital form.
Consequently, people can now gather information easily and quickly. Computer
technology’ s impact on humans and society is affecting and transforming life more than
we realize. However, it requires large electronic depositories. A prerequisite for this
mandatory memory storage is knowing how to store this information. One of the best
ways to resolve the escalating need for memory storage is to represent information within
a compact size. The Internet and networking are now commonly used far and wide, yet

the digital informational format is still limited by transmission speed.

A. Overview

This project applied the Tunstall compression scheme by observing the statistics
of the seismic data, which is a sequence of integers, and then, using the statistics, wrote
Modified Tunstall Coding. The compressed data was written in Data Description
Language (DDL), which is part of the Standard for the Exchange of Earthquake Data
(SEED) format (see Figure 0). The creation of Modified Tunstall Coding in DDL is
intended for the convenient of SEED users who may not know what underlies SEED or
DDL. The intention of this project was to improve the compression ratios of Steim1 and
Steim2 compression schemes The improvement resulted in a modification of Tunstall
Coding into DDL of SEED.

The description of this project includes three parts: 1. Introducing the background
of data compression and the innate of the seismic data; and then focusing attention on
DDL of SEED; 2. lllustrating the design of the modified compression scheme based on
the limitation of DDL; and 3. Measuring and comparing, through experimentation, the

compression performance, and writing the new compression scheme in DDL.
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Figure 0. Project Overview
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A brief introduction starts withdata compression and seismic data. It continues
with illustrations of acquiring and selecting seismic data to obtain an understanding of the
essence of the seismic data. Then the project focuses on the DDL of SEED format. A
description of these endeavors constitutes the first part of this paper: “1. Introduction” “2.
SEED Format,” “3. Acquiring and Selecting the Seismic Data” and “4. The Data
Description Language of SEED.”

SEED format is widely used in the seismic field. To be supported in SEED, the
data format must be expressible in SEED DDL. How would this project benefit the large
populations of SEED users? This question led to the fine tuning of this project. This led
to other questions: What can the DDL language of SEED do? How can this project
efficiently make the compression scheme of DDL represent the data? These inquiries
guided the design discussed in the second part of this project.

The compression scheme expressed in DDL requires simple computations to fit
the limitations of DDL. Tunstall coding was found to fit DDL. However, applying
Tunstall Coding may result in the use of alarge size of the Codeword Table, which needs
to be stored as part of the compressionand results in of a poor compression ratio.
Therefore, the deficiency of Tunstall Coding motivated this project to modify the existing
coding to fit the design criterions of this project. This paper details the encoding and
decoding of Modified Tunstall Coding, as well aswhy the Modified Coding was

designed by analyzing the seismic data. The second part of the paper comprises four
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sections: “5. Tunstall Coding,” “6. Encoding Modified Tunstall,” “7. Decoding Modified
Tunstall,” and “8. Why the Design of Modified Tunstall.”

Finally, the last part of this paper addresses the comparison of the compression
ratio of Modified Tunstall coding, the Linear Prediction Coding, and Steim1 and Steim?2.
The last Sectionof this project embedded Modified Tunstall Coding in DDL to make it
convenient for SEED users who may not know what underlies SEED or DDL. This part
of the paper collects four Sectiors: “9. Compression Ratio of Modified Tunstall Coding,”
“10. Comparing Modified Tunstall withLinear Prediction Coding,” “11. Comparing
Modified Tunstall with Steim1 and Steim2,” and “12. Writing Modified Tunstall in
DDL.”

B. Data Compression

Data compression is often referred to as coding. The primary objective of coding
isto minimize the amount of data transmissionand/or to conserve storage space. Most
source messages, such as text, image, and video, are naturally redundant. Normally, the
desired information is expressed in excess data amounts of the actual need. Data
compressionallows devices to perform (process) original data in reduced bits by
identifying the data’ s structure. Data compression, currently, is mainly classified as
lossless or lossy schemes. Lossless data compression retrieves information in the same
form as the original; while, lossy involves some loss of data[1]. When the original data
exactly equals the decompressed data, the processis called lossess compression, while
lossy compression shows the original data do not equal the decompressed data [2]. One
of the criteria to evaluate the performance of a compression scheme is to examine the
compression ratio. How to measure the compression ratio will be introduced in a later
sectionof this paper. Retrieving lossless data is required in certain fields, such as medical
research, geophysics, and telemetry data communication. Selsmograpls produce integer
values thet have unique characteristics. These characteristics differentiate seismographic
(seismic) data from the still images and video data that are the focus of most lossy
compression efforts. Seismographic data mainly requires |ossess compression. This

project only involves in the lossless compression scheme.
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C. Seismographic Data

A seismograph measures ground motion produced by earthquakes, volcanoes, and
other sources. Ground motions typically last from severa tens of seconds to many
minutes, depending on the size of the earthquake and the sensitivity of the selsmograph.
Seismogr aphy records and measures simply-processed or unprocessed earth motion data.
A seismograph station processes data twenty-four hours per day, seven days per week,
and then reports it to anywhere in the world. A seismograph laboratory simulates
seismograms that are routinely recorded during any 24-hour period of an earthquake
laboratory is functioning. The height of the recorded waves on the seismogram (wave
amplitude) greatly magnifies representation of the actual ground motion. A seismograph
produces seismogram records which report the ground motions over the passage of time.
The horizontal axis of a seismogram represents the time in seconds, and the vertical axis
corresponds to the ground displacement in millimeters. A straight line in a seismogram
caled “noise,” means no ground motion reading. Data from a seismograph registers not
only earthquakes; it may include other noise, such as rock falls, ice quakes, or electrical
noise from telephone lines. Such noise or vibration is usually easy to distinguish from an
earthquake.

A recording of an earthquake has recognizable characteristics. Typically, one can
recognize the arrival of different wave types. Primary waves (P-wave), the fastest
traveling waves; Secondary waves (S-wave), shear waves; and Surface waves.

Seismogr aphic data is composed of signed 32-bit integers. Each data sample
consists of four bytes binary storage under normal, non-compression conditiors. Without
compression, a seismic station with 3 components recoding at 20 samples per second,
exceeds 20 megabits per day. A network with 100 stations could produce 2 gigabits per
day. However, an analysis of the characters of the seismic data may allow the datato be
represented by fewer bits. In general, a seismogram shows that seismic data are highly
related within atime series. They are highly predictable in a sequence of consecutive
samples if the previous few samplesare known.

Seismic data are transferred from a station processor to a data collection center,
then to a data management center, and, finally, to an end user. One of the most important

organizatiors, the Data Management Center (DMC) at Incorporated Research Institutions
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for Seismology (IRIS), collects seismic data “from a variety of Data Collection Centers

and is responsible for the long term archive and distribution of al IRIS generated data”
[3].

2. SEED Format

The DMC of IRIS has adopted the Standard for the Exchange of Earthquake Data
(SEED) [4], which was defined by the Federation of Digital Seismographic Networks
(FDSN) to help earthquake research communities to exchange, between institutions,
unprocessed digital seismologic data. SEED format became an international standard for
the exchange of digital seismic data. The majority of seismic data, stored in or archived
from DMC, arein FDSN SEED format. SEED is the principal format for the DMC
datasets. Seismologists use SEED format to transmit seismic data by electronic means,
such as a packet switching network. SEED includes Steim1 and Steim2 data compression
schemes. Part of SEED includesa language, Data Description Language (DDL), which
parses and disassembles native data format. DDL commands are part of SEED format.
Large populations of the seismologic field depend on DDL, which is embedded in SEED
format, for their research on seismic data. If this project provides exactly the necessary
DDL commands asapart of a SEED file, then SEED’ s users do not need to change the
way they read the data; the users can still read the data. The intent is to make the process
convenient for the large populations and the SEED users who do not need to know DDL
language nor understand how DDL works. Consequently, this project’s intent was to
design a new compression scheme, embedded in DDL language, which describes how to
read this data.

The IRIS SEED reading program (RDSEED) [5] was developed to help
researchers convert their datasets into trace formats for which analysis tools already
existed. RDSEED isacommonly used tool that can extract many different types of data,
such as AH, CSS, and SAC ASCII, from a FDSN SEED format volume. This project
requested seismic data from the DMC of IRIS and extracted the data by applying
RDSEED. The target of this project was to create an efficient data compression scheme

and to replace the Steim1 or Steim2 compression schemesof DDL. Once the new scheme
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was expressible in DDL and replaced Steim1 or Steim2 of DDL, then the new DDL
would be able to decode data by SEED reading programs. This new scheme would enable
users of RDSEED to read data compressed using the new SEED format, whichwould
benefit all RDSEED users by conserving their storage space and reducing time to
transform data and/or computation time. The details of DDL are illustrated in the Section
“4. Data Description Language of SEED.”

3. Acquiring and Selecting the Seismic Data

One of the major tasks to perform a better data compression schemeis by
identifying the data' s structure. To do thisand prior to acquiring seismographic data, it is
best to understand and facilitate what type of seismographic data is available. A
seismographic networking organization may operate a heterogeneous mix of seismometer
types to monitor a variety of types of earthquake activities. A seismometer may measure
signals from 10" samples per second (Hz) to 80 Hz; it depends upon a variety of usage
purposes for seismographic data. The Broad Band type of data was chosen for this project
because it commonly applies to the field of seismology and usually includes a large range
of amplitudes. A Broad Band sensor records waveforms from regiona earthquakes and
teleseismic events for research purposes. The Broad Band type of data by the DMC of
IRIS is archived to most frequencies from 10 Hzto 80 Hz. The Broad Band files are
identified by suffixes: BHZ, HHZ, BHE, HHE, BHN, or HHN.

This project selected the Broad Band channel data from the DMC on four stations:
two stations in the I Network, DGAR (Diego Garcia, Chagos Ilands, India Ocean) and
PTCN (Pitcairn Island, South Pacific), and another stations, ANMO (Albuquerque, New
Mexico, USA), and MAJO (Matsushiro, Japan) in the IU Network. The chosen starting
time was 00 hours 00 minutes 00 seconds on January 1, 2006 and ended at 00 hours 00
minutes 00 seconds on January 2, 2006. (See Appendix 11 for the actual Seismic Data
request form)
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The requested files from the DMC, of this project are in SEED format. One
example of the WebRequest form for requesting data from DMC of IRIS s listed in
Appendix Il at http://www.iris.edu/data/\WebRequest.htm

Files formatted in SEED are usually compressed either in Steim1 or Steim2 of
DDL. To read SEED files for the further analytical purposes, this project ran all the files

in RDSEED 4.6 on a Unix computer specifying the parameter of the d options (retrieve
all selected data, selection by list of record numbers), the parameter of outputting the
SAC _ASC (SAC ASCII) format, and leaving other parameters as default. After running
the decompression files using RDSEED, the output files for the particular seismogram
were named by the first recoded data of the beginning time, station and component (see
Appendix I1) as yyyy.ddd.hh.mm.ss.ffff.SSSSS.CCC, where yyyy is the year, ddd is the
Julian day, hh.mm.ss.ffff is the starting recorded time of the day, SSSSSis the station
name, and CCC is the component name. For example: A SAC ASCII data output format
file named 2006.031.13.30.20.0104.1U. ANMO.10.BH1.Q.SAC_ASC reveals the datais
produced beginning from the year of 2006 at 13 hours 30 minutes 20:0104 seconds of the
31% Julian day at the location 01 of the BH1 component of the station ANMO of the 1U
network. The recovered files from a SEED-formatted file may be decompressed into
more then one file by RDSEED. The number of file depends on the initial recoding time
and the given components of the station. The recovered file includes data headers and
datarecords. Seismic data records are a sequence of integers

All the chosen channdls in this project were BHE, BHZ, BHN, BH1, and BH2
Broad Band files. The location in each channel might be recorded asa 00, 01 or 10
location 01 and 10 location involved 40 samples per second (Hz), and 00 location
involved 20 Hz.

4. Data Description Language of SEED

The actual seismic data in DDL language is represented as a sequence of integer
differences. If users correctly interpret DDL, the final output will be a sequence of code
which will turn out to be integer differences. DDL is alanguage, but part of SEED format
can include DDL. To be supported in SEED, the data format must be expressible in
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SEED DDL. Writing datain DDL isone part of SEED format. Readers can write datain
Data Description language, and then the language itself will descript how to decode the
data. SEED format includes DDL.

One of advantages of using DDL isintending to be convenient for users. DDL
commands are part of SEED format. The users of DDL do not need to change the way
they read the SEED data, and they can still use the new format and process the datain
their original way. This project’s intend was to provide the necessary DDL commands as
part of the SEED file. In addition to the mgjority of the researchers widely adapting
SEED format, this project aimed to develop the new compression scheme, which replaces
Steim1 and Steim2 in DDL and executes the decompression job for SEED. The SEED

users may not know the underlying of SEED format, nor DDL, but the users would gain a
better compression ratio. In order to be supported in SEED, the experimented-upon files
of this project were written and replaced in DDL of SEED.

DDL supports several different data families, suchas integer, integer differences
compression, and text. Any compression scheme expressed in DDL can be read by any
SEED reader. This paper only concentrates on the related coding, which is defined in
DDL as Family 50: integer differences compression. However, the language isasmple
assembling language. DDL cannot perform conditional looping for decoding data. 1t
supports only fundamental operations to resemble the Steim1 and Steim2 Compression
Algorithm in Family 50. To fit the limitations of the language, a thorough study of DDL
iscritical.

Family 50 of DDL, integer differences compression, is basically designed to
decode Steim1 and Steim2 compression algorithms. The Family is composed of several
records called keys. Keys descript how to decompress the seismic data. Two keys, key 1
and key 2, are specialy defined in the Family 50. A number of control type keys, after
the first two keysto a specified key, are designed to interpret the compressed data by all
possible compression key vaues (control codes) derived in key 2. Each key has a unique
number to provide different control code. Keys are separated by tildes, ~.

The first key, key 1, of the integer differences compression instructs to access the
forward integration constant (the first piece of the data) and the reverse integration

constant (the last piece of the data). Key 2 of the Family 50 provides information on how
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to interpret the control codes and how to carry out the request of the control codes. Key 3
to therest of the keys excludes the lag key and describes how to decompress data
according to the compression keys' value. The last key isan optional key. It is used for
cleaning up operations or actions that have to be done at the end of reading a block. This
project did not use the last key.

Each key of Family 50, excluding the first two keys, starts withan upper-case
alphabet (field) which is followed by the value of the control code. Each key provides a
couple of fields. A field in keys contains the actual parser information for operations to
carry out. Fields contain commands about how to interpret the actua data and how to
instruct and decode them. Each field has a single upper-case a phabet symbol followed by
numeric parameters separated by a comma. Fields within a specified key are divided by
one space.

DDL does not support many operations (primitives) in the fields. Especially, DDL
can not perform conditional looping for decoding data. This constraint makes it
impossible to implement many of the standard compression techniques in DDL, which
involve more complicated computations. The fields of DDL only contain operations, such
as copying/recording primitives, extraction primitives, sign primitives, and a few other
primitives. The copying/recording primitives copy bytes/bits from the input data stream
into a working buffer, while the extraction primitives extract specified bytes/bits from the
working buffer as numbers by applying offset and scale factors. DDL also includes
primitives of repeating successive fields and discardsthe results or the contents of the
working buffer.

The studying of DDL language helped this project to understand the following
fact: The design’ s criterion of the compression scheme expressed in DDL requires ssmple
computatiors to fit the limitatiors of DDL. The next section introduces Tunstall Coding,

and the sixth sectionexplains why this project modified Tunstall Coding to fit DDL.

5. Tunstall Coding

Tunstall Coding provides the lossless data compression scheme. A natural way to

compress the sequence of symbolsis to assign more frequent symbols to fewer codeword
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bits and less frequent symbols to more codeword bits. Tunstall Coding takes the natural
ideain adifferent way, which makes Tunstall Coding unique in the following way.
Tunstall Coding uses the natural idea in reverse order: assign a set of input strings, which
are about the same frequency, to fixed- length codeword bits. The set of input strings is a
prefix-free set of varying length strings.

It isimportant to be a prefix-free set to ensure unique encodeability on a sequence
of symbols that will be encoded. *“Encodeability” means to take any sequence of symbols
and to divide them uniquely into input strings. “Unigue encodeability” means that the
project is able to encode any sequence of symbol into input string in only one way.
Readers may note that “a sequence of symbols’ is not the codewords. This project intent
was to have a set of strings that could be used to encode any sequence of symbols, or any
sequence of symbols that are able to uniquely divide into input codewords (input strings)
from the set.

All output codewords of Tunstall Coding have an equivalent length One
advantage of the variable-to-fixed length code is error resilience. Unlike the fixed-to-
variable length codes, a single bit flip cannot destroy the variable-to- fixed- length code.
The errorsin fixed-length codewords do not propagate; a single bit flip only introduces
one error in the output.

A convenient way to represent a prefix-free set of input strings isto create atree.
To construct the prefix-free tree, begin from a single node (the root node) and then add
branches (edges) for each different symbol. Each edge corresponds to a symbol (different
symbol). These branches end in leaf nodes. Each leaf node of the tree represents an input
string which iscomposed from the symbols. To add branches and leaf nodes, repeat this
instruction to expand the tree to the desired number of leaves by exploring specific leaf
nodes, one at a time. Once expanded, the leaf node changes to an internal node. Be aware
that no input string is terminated at any internal node in the prefix-free tree. The input
string can be obtained by traversing the tree from the root to the internal node(s) and to
the desired leaf nodes; write respectively each corresponding symbol of the branches to
compose the input string. All the leaves of the tree represent the prefix-free set of input
strings. An example of the prefix-free tree is shownin Figure 1, where each leaf node

represents a prefix- free input string.
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A prefix-free tree can be built to help the Tunstall algorithm to represent the map
from sequence of symbols to the prefix- free set of input strings. The mapping of the
prefix-free Tunstall tree and the output Codeword Table will be illustrated in the last
paragraph of this section; meanwhile, the concept of drawing the prefix-free Tunstall tree
will be described in the following paragraph

Figure 1. Prefix-free Tree

9{ > @
Spepe S & @
,ga.s

S @ @

First, let m be the initial aphabet size of the sequence of symbols, which is
desired to be compressed. L et the length of the targeted output codewords be n, where 2"
>m. (Note: Carefully choose the length n: I n istoo big then the compression result
may be poor; if n istoo small, then the size of the codeword table may not be large
enough to represent all the symbols.) Calculate the probability of each symbol. Form a
prefix-free tree, as previously instructed, beginning with aroot and m leaves, where each
edge is labeled with the m alphabet size and each |eaf node represents the input string.
The probability of the input string is the occurrence of its associated symbols. While the
total number of leavesof thetreeis lessthan or equal to 2" — m, expand the highest
probability of the leaf node, which isthe highest probability of all of the current leaves to
have m children, where the new edges are labeled with the m symbols and each new

input codeword increases one symbol more than its parents. Stop when the number of
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leaves is greater than 2" - m. The probability at each leaf node is the probability of the
occurrence of its associated symbols. (Note: The next desired expanded leef is chosen
fromthe highest probability of al of the current leaves the probabilities of the m new
leave nodes equal each probability of their newly labeled edges times the previously
chosen highest probability.) Each path from the root to a leaf node produces the
probability of aninput string which is the product of each edge's probability. Each input
string on the tree will map to one unigque codeword.

An input string can be obtained by traversing the tree from the root to the internal
node(s) and to the desired leaf nodes. The collection of the input string introduces a
prefix-free set of input strings. The Codeword Table maps from input strings to output
codewords which have n-bit fixed length. Applying the Codeword Table transforms the
sequence of symbols into an output codeword to compress the desired data. For
decodeability, compressed output requires more than the codewords: The output
comprises the Codeword Table and the transformed n-bit length codewords.

The following example explains and clarifies the details of building the prefix-
free tree and the Codeword Table. Let the desired compressed sequence of symbols
containonly three symbols a, b and ¢, where the probabilities are p(a) = 0.1, p(b) = 0.4
and p(c) = 0.5. Form atree from the three symbols. Let the target length of the codeword
be 4-hit, and then expand the tree until the leaves reach, but not exceed 2* - 3. The first
level of the tree has three edges a, b and ¢ which respectively followstheir own codeword

which resides on each | esf.
p(@d =0.1

PO=05 S D

Since p(c) is greater than p(b) and p(a), explore the leaf with the highest probability p(c)
and begin to expand the c leaf to have three more childrenca, cb and cc. The probabilities
of these leaves are obtained from the highest probability p(c) times the new edges
probabilities p(c), p(b), and p(a).
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Each leaf node of the second level of the tree

p(ca) = p(c) * p(a@ =0.5* 0.1= 0.05 éad:;c
p(cb) = p(c) * p(b) =0.5* 0.4= 0.20 a7 b ¢

p(cc) =p(c) * p(c) =0.5* 0.5= 0.25 P
Choose the b leaf and follow the expanding procedure, since p(b) > p(cc) > p(cb) > p(a) >

p(ca). The probabilities of the new leaves are calculated as follows.

The new leaf nodes S
p(ba) =p() * p(a) =0.4* 0.1= 0.04 (\c

p(bb) = p() * p(b) =0.4* 0.4= 0.16

a b “c a b “c
p(bc) = p(b) * p(c) =0.4* 0.5= 0,20 I S D

In this stage, the tree has only 7 leaves whichare less than 2* — 3 = 13; the expanding
work needs to be continued. The next chosen leef is the cc string because p(cc) > p(bc)>
p(cb)> p(bb)> p(a)> p(ba). (Note: The nodes b and ¢, at the first level of the tree with
probability 0.5 and 0.4, are no longer identified as leaves; instead, they become internal
nodes.) The input string only terminates at the leaves instead of at the internal nodes.
Because the number of leaves are less than or equal to 13, apply the same processes to
expand the highest probability over all, where 13 is obtained from 2* — 3. Stop to
expanding the tree when the number of leaves reaches 15, where 15 > 2* — 3, as Figure 2

shows.

Figure 2. Tunstall Prefix-free Tree
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To make the Codeword Table, begin by choosing an arbitrary leaf fromthe Tunstall tree.
Example: Begin withthe bba string, which traverses from the root through the internal
nodes b and bb to the bba leaf (see Figure 2). Let the first explored output codeword be
0000 in binary. The input string bba corresponds to 0000 in the Output Codeword Table.
(Notice: The output codeword, 0000, has 4-bit length, which was defined initially in the
beginning of this paragraph) Follow the same procedure to complete the table by
developing any undiscovered leaf and assign each input string a consecutive binary

number (see Table 1).

Table 1. Output Codeword Table Corresponding to the Tunstall Tree

Input string bba | bbb |[bbc |bca | bcb |bcc | cha | chb
Output codeword | 0000 | 0001 | 0010 | 0011 | 0100 | 0101 | 0110 | 0111
Input string cbc |cca |ccb |ccec | a ba |ca

Output codeword | 1000 | 1001 | 1010 1011 | 1100 1101 | 1110

6. Encoding Modified Tunstall

The Modified Tunstall Coding® applied the Tunstall compression scheme by pre-
computing the statistics on the profile bases of the seismic data. This section illustrates
the basic design principles of Modified Tunstall Coding and gives an example to
demonstrate the design. The effects of these pre-computatioral statistics of Modified
Tunstall Coding are demonstrated on compressionand shown in the section “10.
Comparing Modified Tunstall with Steim1 and Steim2.”

In order to encode a sequence of integers using Tunstall Coding, each different
integer must be assigned to a unique symbol. It is impractical to represent every various
signed 32-hit integer into an assorted symbol, which may require up to 232 different
symbols. The modification of Tunstall for a sequence of integers, especialy for the

seismic data, is necessary. This project mainly modified Tunstall Coding as one symbol

! Edwin Hong, PhD, of the University of Washington, Tacoma provided initial guidance toward the idea for
this original work.
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representing a range of integers. If al input strings in a range have the same probability
of occurring, and the length of the range is a power of two then no further compression is
possible (assuming a memoryless model). Tunstall Coding is an optimal variable-to-fixed
length for a memoryless source and its achieved rate is close to the entropy. The ranges
of Modified Tunstal Coding are designed to be to the power of two. Therefore, each
integer’s datum is represented as one representing symbol and one residual. The absolute
value of the residual, a positive decimal number, is a number no larger than the size of
the range. For negative differences, the residual is negetive. (Note: The number in this
paper, unless specified, isin decimal.) When aresidual convertsto a binary number, it is
caled abit string. The conversions are shown in later paragraphs.) The length of the
corresponding bit string is displayed in Table 2. Because the representing symbol is
encoded, but the residual is not, each length of abit string is allocated the power of two;
it is expected that all lengths to the power of two will be used and that all of the different
combinations of the bit strings represent the different possibilities.

To accommodate the limitations of DDL and to gain a better integer seismic data
compression, this project modified Tunstall Coding in the following five processes (see

Figure 3):

Figure 3. Design of Modified Tunstall Coding
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(1). Read each piece of input data sample, a sequence of integers, which isdesired to
be compressed. Calculate the difference between current input data and previous

input datawhere

the difference = current input data— previousinput data.
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(2). Eachdifference is transformed to two parts of codewords: output codeword and
output bit string. Design the mapping from a range of integers to a corresponding
symbol and assign the length of the bit string to the symbol (see Table 2). (The
reason for designing the set of ranges of Table 2 isillustrated in the last paragraph
of the section“7. Acquiring and Selecting the Seismic Data.”) By applying Table
2, the reader can find the corresponding range wherein each difference fdls.
Represent each difference as the found symbol. Calculate the residuals by
subtracting the absolute value of the magnitude 2" for positive differences or -2

for negative differences, wherer is the length of the corresponding bit string.
If the difference is positive, then the residual = value of positive difference— 2" . (see Table 2)

If the difference is negative, thentheresidual = value of negative difference + 2'. (see Table 2)
(Note: The negative difference residuals are negative.)
Convert every absolute value of the residualsto a binary bit string where the
length of the bit string isr. Respectively, store the pair symbol and binary
sequence for further use.
A couple of examples for demonstrating the conversion of differencesto the
symbols withbinary sequences are as follows. The number of difference, 3, falls
into the range of 0 to 127 as defined by Table 2. Represent the difference, 3, by
the symbol “a” where the magnitude of the “a’s” range is 0. Now the residual 3
comes from 3 minus 0. Convert the value of residua 3 to the binary bit string
0000011. (Notice: The length of corresponding bit string is 7 by the design of
Table 2. Therefore, the binary sequence is coded in sevendigits 0000011 instead
of two digits11.) Clearly at this stage, number 3 is represented as the pair
(a, 0000011). Apply the same behaviors to convert differences 254 and -600 to be
the pairs (symbol, bit strings).

Ex.1. 254=128 + 126 =2 + 126

Convert 254 to=> (b, 1111110(binary))
Ex.2. -600 =- (512 + 88) = - (2° + 88)
Convert -600 to => - (D + 001011000(binary)) = (D, 001011000(binary))

Converting a negative number to a symbol with binary sequences may seem a bit
complicated in this project. But an equivalent way of converting them isto take
the absolute value of the negative number to the pair (symbol, bit strings) and
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change the lower-case symbol to an upper-case symbol. (Notice: If the converted

symbol is a lower-case symbol, then the lower-case symbol implies the number of

the difference is a non negative number (see Ex.1) by the design of Table 2;

otherwise, an upper-case symbol must correspond witha negative value (see

Ex.2).) Consequently, the negative number -600 can be represented as (D,

001011000) pair without a negative sign because of the upper-case D. Later in the

process of decoding, when an upper-case symbol is encountered, thenthe

negative sign should be applied to the decoded number.
(3). Calculate the probability of each symbol that is obtained from (2).
(4). Run the Tunstall algorithm.
(5). Transformthe original dataand yield the output codewords with their

corresponding bit strings; these are recorded in pairs. Each pair consists of one

codeword and a sequence of bit strings. (Note: If an output codeword is

transformed from the leaf of the first level of the Tunstall tree, then there is only

one single bit string in that pair; otherwise, the number of the bit strings depends

on the number of levels.) These regulations are defined according to Table 2. The

encoded output comprises two segments:. the codeword table and the combination

of the pairs (output codewords, bit strings).

Table 2. Partition Differences into Ranges

Number of bits

Number of bits

Rangesof Representing in Rangesof Representing in
Integers Symbol Corresponding Integers Symbol Corresponding
Bit string Bit string
0to(2"-1) a 7 -1to -(2"-1) A 7
2"t0 (2°-1) b 7 -2"to-(2-1) B 7
2 t0(2°-1) C 8 -2 to-(2°-1) C 8
2°to (2°°-1) d 9 -2to -(2'%-1) D 9
2 t0 (271-1) e 10 2" to-(2'-1) E 10
210 (21%-1) f 1 27 to -(2%-1) F 1
27 to (25-1) q 12 -2 to-(2°-1) G 12
27 to (2%-1) h 13 -2 to-(2%-1) H 13
2% to (27°-1) i 14 -2 to-(2"-1) [ 14
2710 (2°-1) i 15 -2° t0 -(2°°-1) J 15
2°to (2'7-1) K 16 -2°to-(2'-1) K 16
2 t0 (2°5-1) | 17 -2 t0-(2%-1) L 17
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The following example clearly illustrates the processes of compressing a sequence
of databy using the previously defined Modified Tunstall Coding and then producing a
compressed data which includes a codeword table, codewords, and bit strings.
(1). Read a sequence of data, which in this project is a sequence of integer seismic
data,
8704, 8507, 8438, 8444...

and calcul ate the differences
8507 - 8704 =-197

8438 — 8507 = -69

8444 — 8438 = 6
(Notice: The differences are 8704, -197, -69, 6... instead of -197, -69, 6....
Because of the decodeability, one must copy the first datum 8704 as the first
difference, rather than —197; without recording the first piece of data, it would be
impossible to retrieve the original sequence of data.)

(2). Look up Table 2 to transform the differences. The difference 8704 falsin the
range of 8192 to 16383, and the representing symbol is “h” as shown in Table 2.
Convert the residual, 8704 — 8192 = 512, to the binary sequence as
0001000000000.

8704 = 8192 + 512 = h + 0001000000000(binary) => (h, 0001000000000(inary))-
The second difference, -197, fallsin the range of -128 to -255 and the
representing symbol is “B.”

-197 =- (128 — (-69) ) =- (2 — (-69) ) => (B, 100010 pinary))-
The number of the difference, -197, isrepresented by the pair (B, 1000101). The
third difference, -69, is represented by the pair of (A, 1000101). Number 6 is(a,
0000110) and so on Subsequently, follow the previously Modified Tunstall
explanations, found in preceding steps (3) and (4), to make a Tunstall tree by
calculating probabilities of the symbols.

(4). Using the last step, create the Codeword Table according to the Tunstall tree,
where the size of the Table is not greater than 2" - m. (Note: Each alphabet
symbol is assigned as an n-bit length codeword, see Table 1.)

(5). Finally, transform the sequence of data and yield the output codewords with
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bit strings. To be clear, the encoded output includes the Codeword Table
described in step (4) and output codewords combined with bit strings.

7. Decoding Modified Tunstall

Decoding Modified Tunstall requires the Codeword Table and the output
codewords combined with bit strings. Initially, read one n-bit length codeword at atime,
where n is the default length of the codeword, look up the range of integer of Codeword
Table, and then find the representing symbol. Take one representing symbol of the input
string a a time and convert it to the absolute value of the magnitude of the matching
range by the following conditions:

(0). Define the Modified ASCII Vaue as

Modified ASCII Vaue = ASCII value of the symbol — 97 (for lower-case character) ...(1)
or Modified ASCII Value = ASCII value of the symbol — 65 (for upper-case character) ...(2)

(2). If the result of the ASCII vaue of this symbol minus the ASCII vaue of symbol
a, 97, isa non-negative number, then the symbol must be a lower-case character
which means the Modified ASCII Value is a nornnegative number (see formula
(1))
(2). Otherwise, the symbol must be an upper-case character which determines that the
Modified ASCII Value is a negative number (see formula (2)).
(Keep in mind: After retrieving the upper-case ASCII value of the absolute value
of the magnitude matching range, a negative sign is required to perform the
retrieving value, which will be negative.)
Recall that the lengthof the bit string in Table 2 starts at the basic length 7. Therefore, for
the first step, retrieve an output codeword as the input string; then locate the symbol(s) of
the input string to the absolute value of the magnitude matching range(s). Because the
basic length of bit string is 7, therefore 6 (7 minus 1) has to be added to Modified ASCI|
Value (see formula (1) and (2)), if the ASCII vaue of the symbol does not equal 0;
otherwise, the Modified ASCII Vaue is7. The Modified ASCII Vaue in this stage is not
the final difference data yet because the bit string binary code needs to be transformed
into a decimal number.
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if lower-case Modified ASCII Value = 0 return bit string in decimal

dseif  upper-caseModified ASCII Value= 0 return  -bit string in decimal

eseif lower-case Modified ASCII Value> 0

return  bit string in decimal + 2 Medified ASCI Value

dse return - (bit string in decimal + 2Mcdfied ASCII Valuey
(Be aware: An upper-case character represents a negative number by the design of
Modified Tunstall Coding. Therefore, the returning value needsto be modified as a
negative number by adding a negative sign for the entire number

(bit string in decimal + 2 Vaue of upper-ca) )

If the difference is not the very first piece of data, the difference needs further recovering.

Apply the same processes to continuously read every pair of the output codeword
and the bit string(s), if any exist. Continuously, transform them to symbol(s); then
convert the symbol(s) to the absolute value of the magnitude in the matching range and
thenadjust it as previoudly instructed with the decimal value of bit string to obtain
differences. The final adjustment is the decoded number added to a negative sign when
an upper-case symbol isencountered; otherwise, the retrieved values remain positive or
zero. In this stage, the differences of the original data have been retrieved. To obtain the
sequence of the original data from the differences, smply copy the first data as the
previous-data. Take the next data and set it as the current-data. Add the previous-data and
the current-data; copy the result as the next decoded data. Then, the current-data becomes
the previous-data; the next data of the encoded output becomes the current-data. Repeat
the processes until the end of the encoded output. The copied sequence of numbers will
belosdessly equal to the original data, if the processes are applied correctly.

8. Why the Design of Modified Tunstall

This project designed Modified Tunstall Coding based upon the pre-computed
statistics and rewrote the compressed datain DDL. The limitations of DDL restrained one
of the main design principles of Modified Tunstall Coding. This project then addressed
how to make DDL efficiently represent the differences of the seismic data and gain the

optimal compression ratio. The intention of this design is illustrated in this section. The
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Codeword Table of Modified Tunstall Coding needs to be stored as part of the
compression. This section aso clarifies other design principles of Modified Tunstall
Coding by giving the reasons for reducing the Codeword Table and grouping the ranges
of the differences onTable 2.

In order to work with DDL, as illustrated earlier in the section “4. Data
Description Language of SEED,” the design of this project requires simple computations
to fit the limitation of DDL. In general, a method using less computation results in poor
compression; a method using more computation, such as linear predictionwhich
performs a good compression, may not be handled by the ssmple primitives of DDL. To
accommodate the limitation of DDL, this project chose to modify Tunstall Coding and
made it efficient to represent data. Also, there were other reasons, such as keeping the
size of the Codeword Table small. These reasons for the design are illustrated in the
following paragraphs.

The differences in the sequence of integers of seismographic data between
consecutive samples are generally much smaller than a 32-hit integer. Typically, the
differences in the sequence of integers of seismic data require 13 bits or fewer to
represent them [4]. If each difference is a 13-bit integer, at the worst case, the total
differences may need 2*2 different symbols to encode them. If the reader expands the 212
different symbols to be the initial alphabet size of the sequence of symbolsin the Tunstall
tree, then alarge size Codeword Table can be expected. As introduced earlier in the
Sectionof “5. Tunstall Coding,” the size of the Tunstall tree, defined as 2", has to be
greater than the size of the different symbols m, where n is the desired length of output
codeword; therefore, the size of the Codeword Table may approximate 2", where nis
larger than 13.

The Codeword Table needs to be stored as part of the compression. It is
anticipated that an output with alarge size Codeword Table will introduce a poor
compressionratio. It is critica to reduce the table size in order to perform afair
compression ratio. The output of the unmodified Tunstall comprises approximately the
2"-size Codeword Table and the pairs (output codeword, bit strings). Obvioudly, if the
size of the different symbols exceeds 2*3, then the length of the output codeword must be

bigger than 13 in order to have enough codewords to represent all the input data. I n this
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circumstance, both the size of the Codeword Table and the encoded pairs will be
increased. When n increases by 1, it means the size of the Codeword Table will be
doubled, compared with its initial size; if readers were to use it, the unmodified Tunstall
would be destined to a poor compression ratio.

Tunstall Coding is known as an optimal variable-to-fixed length for memoryless
source. The compression rate of Tunstall is close to the entropy. Tunstall Coding assigns
aset of input strings, which are of similar frequencies, to fixed-length codeword bits.
Modified Tunstall Coding basically takesthe idea of the fixed-length codewords bits but
maps from the codeword to the bit strings to present a piece of difference data. According
to the SEED Reference Manual [4], 99 percent of the absolute value of the seismic
differences could be smaller than an 8-bit. Obtaining better data compressionrequires
further analysis on the differences’ frequency. How can this project distribute the 99
percent differences evenly into each range? To answer this question relates to obtaining
information about how to acquire and select the seismic data.

In Section “6 Encoding Modified Tunstall Coding,” the project created Table 2 to
map differencesto various length ranges. The length of ranges is designed as the power
of two with the intention of properly taking advartage of conserving electronic data
storage space. When all integers in a range have the same probability of occurring and the
length of ranges is a power of two then no further compression is possible. Thedesign’s
intention of Modified Tunstall Coding is to group similar but unequal frequencies of each
difference occurrence together. There were 28 files (see Appendix I1) chosen for this
paper. (The reasonfor choosing these files will be described in Section9.) When
observing one of these files, the frequencies of occurrence between -127 to 127 are
similar. Therefore, this project maps the initial differences in ranges (see Table 2). The
ranges are from -127 to -1, 0 to 127 and then the rest of the ranges are mapped based on
the size of 2, starting with the size of therange as 27, 28, 2°.... Typically, the differences
in the sequence of integers of seismic data require 13 bits or fewer to represent them [4].
The greatest tested difference encountered in these 28 files fell in the range of 2*° to
216 1. However, this project made (218 - 1) as the greatest tested difference and —(2*8 - 1)

as the lowest tested difference to ensure that all differences were included.
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9. Compression Ratio of Modified Tunstall Coding

This sectiondemonstrates in detail how to calculate the compression ratios of the
Modified Tunstall Coding over the previously chosen files The sectionalso records the
compression ratio experiments' results of Modified Tunstall Coding for each of the 28
files under various lengths, from 6 to 12-bit, of the fixed-length output codeword. The
average of the optimal compression ratios at each specific output codeword resultsin
3.19.

A way to measure the efficiency of Modified Tunstall Coding isto calculate the
compression ratio. The compression ratio for a particular file is the number of bits
required to represent the file before compressing it to the number of bits required to
represent the file after compression The compression ratio is expressed below:

Compression ratio = the number of bits required to represent the file before compressing
the number of bitsrequired to represent the file after compressing

This project requested seismic datain SEED format from IRIS's DMC center. In order to
practice on the uncompressed data, SEED files have to be converted to other formats,
such as ASCII or SAC, through RDSEED application. The SAC format was selected for
this project.

This project assumes that each piece of seismic data sample, which is an integer,
needs a 32-bit format. Consequently, the size of the file required to represent the file

before compressionis obtained from the total integer samplestimes 32 bits.

size of file before compressing = 32 * the total integer samples required

Thetotal size required to represent the compressed file, after Modified Tunstall
coding, needs to include the size of the Codeword Table and the combination of output
codewords and bit strings. Note, this project supposes every aphabet symbol in the
Codeword Table requires 8 bits storage space, and each output codeword size could be
st in the 5- to 12-bit range. (The reason of this paper only presents the length of the
codeword from 5 to 12 isillustrated in this Section in the paragraph following Table 3.)
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Since the output codewords are of a fixed length, simply total the number of the output
codewords and multiply the total with the fixed length bits. Measuring the size of the bit
strings requires the sum of the individual length of each corresponding bit string.

Therefore, the total size of afile after compression iswritten as follows:
size of file after compressing = size of Codeword Table + size of (output codewords, bit strings).

The compression ratio of Modified Tunstall coding is obtained with the following
equation:

compression ratio = size of file before compressing / size of file after compressing

However, this project only concentrated on seismic data samples and removed all
the data headers from each individua file. Therefore, after decompressing the files by
RDSEED and running them in this project’ s designed application, all the SAC headers
were removed, leaving only record numbers of the seismograms contained in each
volume. A file containing only record numbers without headersis called seismic data, in
this project. The seismic data is a sequence of integers. For practical reasons, this project
only targeted the large files. The experiments were performed only on large files, after
recovering from RDSEED, which are larger than 10 bits long. For the later experiments
on the compression schemes, 28 files, without headers and greater than 10° bits long,

were used (see Appendix Il). These 28 files are numbered from 1 through 28 for later use.
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Table 3. Compression

Newman

Ratios of Modified Tunstall

Files # of compression ratio at given codeword length Max.
# samples 6 7 8 9 10 11 12 || Ratio
1 17.33| 3.34| 351 3.60| 3.66 3.69( 3.70 || 3.68| 3.70
2 1729 || 246 || 257 || 2.62 | 2.62 | 2.64 | 2.66 || 2.64 | 2.66
3 1998 2.66 || 2.77 || 2.77 || 2.78 | 2.82| 2.80 | 2.81| 2.82
4 19.98 || 2.57 || 2.66 || 2.67 || 2.68 | 2.70| 2.71 || 2.69| 2.71
5 1729 (| 2.62 || 2.72 || 2.73 || 2.73 || 2.77 || 2.76 || 2.74 | 2.77
6 3456 | 3.37 | 3.52| 3.61| 3.66 | 3.70 || 3.73 || 3.73 | 3.73
7 34.56 || 3.37 || 3.53| 3.61| 3.67 3.70| 3.72 || 3.73| 3.73
8 3456 3.32 || 3.45( 3.52| 3.60| 3.64 | 3.66 || 3.63 | 3.66
9 17.28 || 3.83 || 3.86 | 3.88 | 3.89| 3.89 3.88 || 3.83 | 3.89
10 17.28 || 3.90 || 3.92| 3.93 | 3.93 3.92 3.90 || 3.85| 3.93
11 17.28 | 3.83 | 3.86| 3.88| 3.89| 3.89( 3.88 | 3.83| 3.89
12 17.28 | 3.34 || 3.50] 3.60 ] 3.66 3.69( 3.70 || 3.68| 3.70
13 17.28 || 3.35| 3.50| 3.59| 3.64 | 3.68( 3.69 || 3.67| 3.69
14 17.28 || 3.33 || 3.48 | 3.58 | 3.64 | 3.67 | 3.68 | 3.67 | 3.68
15 1999 (| 2.62 || 2.72 || 2.73 || 2.72 | 2.77 || 2.76 || 2.75| 2.77
16 17.28 || 2.43 || 253 | 2.57 || 257 | 2.58 | 2.60 || 2.59| 2.60
17 19.99 | 3.05 | 3.19 3.20 || 3.23 | 3.26 | 3.26 || 3.27| 3.27
18 19.99 || 3.09 || 3.18 | 3.23 | 3.27 | 3.30| 3.30 || 3.30 || 3.30
19 20.00 | 2.92 || 3.01 | 3.03| 3.05] 3.08 | 3.07 || 3.08 | 3.08
20 17.28 || 259 || 2.73 || 2.78 || 2.78 | 2.83 || 2.83 || 2.83| 2.83
21 1728 || 261 || 2.77 || 2.79 ] 2.80| 2.85( 2.85| 2.85| 2.85
22 17.28 || 251 || 2.64 | 2.69 | 2.69 | 2.72| 2.73 || 2.71| 2.73
23 1460 250 || 2.63 | 2.67 || 2.67 | 2.69 (| 2.70 || 2.68| 2.70
24 1459 || 2.68 || 2.78 || 2.78 || 2.79| 2.84 | 2.82 | 2.81| 2.84
25 1458 (| 2.63 || 2.73 || 2.74 || 2.74 || 2.78 || 2.77 || 2.75| 2.78
26 1457 || 2.87 || 2.95| 2.97 || 2.99 | 3.03 | 3.02 || 3.02| 3.03
27 1457 || 2.89 || 2.92 || 2.97 | 3.01 | 3.03 | 3.03 || 3.01 | 3.03
28 1456 || 2.74 || 2.82| 2.83 || 2.86 | 2.87 | 2.87 || 2.88| 2.88
Average 298 | 3.09 3.13 || 3.15] 3.18 3.18 | 3.17
Average compression ratio of each max ratio 3.19

The bold numbers highlight the maximum compression ratio.

Note: See Appendix Il for the list names of selected files.
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The main factors that influence compression ratios of Modified Tunstall Coding
include the data’ s inherent characteristics, the assigned length of the output codewords,
and the design of the ranges. Table 3 shows the experiments' results on the various
assigned lengths--from 5-bit up to 12-bit--of the output codeword. Notice Tunstall
Coding is designed so that the initial alphabet size of the sequence of symbols m has to
be less than 2", where n is the length of the targeted output codewords. Be aware that “the
sequence of symbols’ means the sequence of differencesin this project. A large, more
than 10° bits, seismic file normally has the initial alphabet size exceeding 2°. When the
length of the output codewords is assigned less than 5, the experiments result in a small
Codeword Table which istoo small to represent al the distinct differences. When the
length of the output codewords n is assigned greater than 12, the compression ratios for
the chosen 28 files decreased when compared to n = 12; the mgjority of the compression
ratios decreased whenn = 13, 14. When the output codewords are increased, the
Codeword Table size is increased, the compressed length of the file will increase, and
then the compression ratio decreases. Therefore, this paper only presents the length of the
codewords from 5 to 12.

In Table 3, the best compression ratio, according to the length of the output
codewords, results in the average of 4.22 when the output codewords are assigned to 10
or 11-hit lengths. This project chose the best compression ratio of each specified file and
recorded it in the last column of Table 3. The average compression ratio of each file's
optimal ratio, between 6- to 12-bit output codewords, is 3.19.

How is the performance of 3.19 compression ratio? This project took the
Modified Tunstall Coding results to compare with coding algorithm--the Linear
Prediction Coding in the section 11 and confirmed the quantities of the improvement of
Modified Coding from Steim1/Steim2 in section 10.

10. Comparing Modified Tunstall with Steim1 and Steim2

This section takes the results of Modified Tunstall Coding in the last section,
individually comparing them with Steim1 and Steim2. The results of the comparisons are
presented in Table 4. The average improvement of Modified Tunstall Coding is 30.78%
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over Steim1 and 5.16% over Steim2. The last paragraph of this Sectiondiscusses the
percentages of results.

The compressionalgorithms applied in DDL of SEED for seismic data are Steiml
and Steim2 compression schemes. This project has presented the new compression
scheme, Modified Tunstall Coding, to improve Steim1 and Steim2. To understand how
much improvement that Modified Tunstall Coding made with the other compression
schemes requires comparison. One common way to compare is to measure the
performances by comparing the compression ratios among the compression schemes.

To measure the compression performances, this project did not use Steim1 and
Steim2 compression algorithms that are used in SEED because they are not independent
applications for measuring the compression ratio. Steim1 and Steim2 compression
algorithms in SEED are writtenin DDL language. To rewrite them into an independent
application takes a tremendous effort. A convenient way to find an application that adapts
Steim1 and Steim2, steim123, is collected by the Quanterra Users Group (QUG) of the
Northern California Earthquake Data Center at http://www.ncedc.org/qug/software/. The
steim123 tar file downloaded from the Web site of the QUG consists of three main
classes: steim123.c, swrseed.c, and srdseed.c. Only the steim123.c isrelated, in this
project, to compressing integer seismic data. Level 1 and Level 2 of steim123 are

equivaent to Steim1 and Steim2 of the SEED format, respectively. This paper recodes
Level 1 as Steiml and Level 2 as Steim2 in the following descriptiors.

In general, a seismometer’ s output data under normal background are usually
highly-correlated integers. Steim1 and Steim2 use this highly- correlated characteristic of
seismic data to compress data. By applying this significant characteristic, Steiml1 and
Steim?2 calculate the differences of the sequence of integers, as well as of Modified
Tunstall Coding. A significant characteristic of the typical differencesof seismic datais
that integer differences are generally much small than 32-bit. Accordingly, Steim1 and
Steim?2 assign the first-differences into groups of numbersof variable bits long. Steim1
codes the first-differences as groups of 8-, 16-, or 32-bit. Steim2 improved upon Steim1
and codes groups of differences of 4-, 5-, 6-, 8, 10-, 15-, and 30-hit. Steim1 and Steim2
use the control codes, introduced in section “4. Data Description Language of SEED,” to

figure the configuration of the differences.
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To measure the relative increase or decrease of the compression ratios of
Modified Tunstall Coding (MTC), this project views the compression ratio of Modified
Tunstall Coding as the initial value; the compression ratio of the other schemes, such as
Steim1, Steim2, and Linear Prediction Coding, as the total which corresponds to 100%.

The percentage improvement in compression ratio between Modified Tunstall

Coding and the other compression scheme in each specified file is calculated as:

The percentage improvement in compression ratio (%)
= (MTC'sratio—other’sratio) * 100/ other’sratio

According to Appendix B of RDSEED V2.4, the best compression ratio of Steim2
is6.74 when all the differences can be compressed in 4 bits. The same file is only
compressed in theratio of 3.67 whenusing Steim1. This maximum improvement from

Steim1 to Steim?2 is 65.40%. The calculation is shown as follows:
((6.74—3.67) * 100/ 3.67 ) % = 65.40%
The average improvement from Steim1 to Steim2 of these chosen filesis 26.27% as

shownin Table 4. Recall: Steim2 groups 4-, 5-, 6-, 10-, 15- or 30-hits first-differences,
but Steim1 encodes first-differences into 8-, 16- or 32-bit. Thisis the main reason that
Steim2 performs better than Steim1. Another of the reasorsis that the compression ratio
of Steim2 was achieved from Steim1 on 20 Hz Broad Band data, but only 13 out of the
28 filesare 20 Hz data (see Appendix Il1).

Table 4 demonstrates that Modified Tunstall Coding compresses the 28 chosen
fileson an average of 30.78% better than Steim1. Each individually tested file confirms
that the compression ratio of Modified Tunstall Coding isthe worst at 1.00% and the best
at 54.22% compared with Steim1. Recall: Steim1 only uses the methods, which are the
first-differences of groups 8-, 16-, or 32-hit, but Modified Tunstall Coding encodes
differencesinto 7- to 17-hit (see Table 2). The reason that Modified Tunstall Coding
demonstrates the optimistic average percentage better than Steim1 is because Modified
Tunstall Coding covered all the Steim1’s coding methods.
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Table 4. Comparison of Steim1/Steim2 and Modified Tunstall

percentage improvement in
Compression ratios compression ratios ]
Fiet @ 1 @ T ®] @ © © | = Max.
] ] Steim2 over || MTC over || MTC over possible
Steiml || Steim2 | MTC Steim1 Steim1 Steim2 Entropy || compression
% % bits/symbol ratios
1 3.74 5.33] 3.70 4251 -1.00 -30.53 5.61 5.71
2 1.87 2.05] 2.66 9.63 42.32 29.83 11.60 2.76
3 1.89 2.33 | 2.82 23.28 49.26 21.07 10.90 2.94
4 1.88 213 2.71 13.30 44.10 27.18 11.40 2.81
5 1.88 224 | 2.77 19.15 47.29 23.62 11.12 2.88
6 3.64 3.85] 3.73 5.77 2.48 -3.11 7.72 4.15
7 3.65 3.87 ] 3.73 6.03 2.19 -3.62 7.71 4.15
8 3.39 3.69 | 3.66 8.85 7.90 -0.87 8.12 3.94
9 3.74 5,51 ] 3.89 47.33 4.05 -29.38 5.64 5.67
10 3.74 5.61] 3.93 50.00 5.04 -29.97 5.52 5.80
11 3.74 5.34 | 3.89 42.78 4.05 -27.13 5.88 5.44
12 3.71 5.33] 3.70 43.67 -0.20 -30.53 5.61 5.71
13 3.70 5.26 || 3.69 42.16 -0.20 -29.80 5.73 5.59
14 3.70 498 | 3.68 34.59 -0.42 -26.01 5.94 5.39
15 1.88 224 2.77 19.15 47.40 23.71 11.11 2.88
16 1.87 1.99 || 2.60 6.42 39.11 30.72 11.87 2.70
17 2.21 299 3.27 35.29 47.84 9.27 9.20 3.48
18 2.36 3.05] 3.30 29.24 40.01 8.34 9.05 3.54
19 2.00 2.78 || 3.08 39.00 54.22 10.95 9.85 3.25
20 1.90 2.38 | 2.83 25.26 49.12 19.05 10.73 2.98
21 1.90 244 2.85 28.42 50.22 16.97 10.61 3.02
22 1.88 2.15] 2.73 14.36 45.10 26.88 11.24 2.85
23 1.88 2.13] 2.70 13.30 43.65 26.79 11.34 2.82
24 1.89 2.35] 2.84 24.34 50.11 20.72 10.82 2.96
25 1.88 225 2.78 19.68 48.07 23.72 11.05 2.90
26 2.05 2.71] 3.03 32.20 47.56 11.63 10.11 3.17
27 2.10 2.74 | 3.03 30.48 44.24 10.55 10.05 3.18
28 1.94 251 2.88 29.38 48.22 14.56 10.65 3.00
Average 2.57 3.29] 3.19 26.27 30.78 5.16 9.15 3.77
(1) The compression ratio of Steim1.
(2) The compression ratio of Steim2.
(3) The compression ratio of Modified Tunstall Coding.
(4) Percentage improvement in compression ratio of Steim1 over Steim2
(5) Percentage improvement in compression ratio of MTC over Steim1.
(6) Percentage improvement in compression ratio of MTCover Steim2
Notice: the highlighted rows are DGAR or PTCN stations.
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Modified Tunstall Coding compressed the 28 chosen files on average 5.16%
better than Steim?2 (see Table 4). When compared with Steim2, Table 4 aso shows that
Modified Tunstall Coding isworst at 30.53% and best at 30.72%. One of the main
reasonsis that Steim2 encodes groups of differences of 4-, 5- and 6-bit but Modified
Tunstall Coding starts to encode small differences from 7-bit. When files include many
small differences under 7-bit, the inability of Modified Tunstall Coding obviously will
not have the optimistic average percentage. Recall: The frequencies of occurrence
between -127 to 127 are similar. This constraint is violated in the files of Steim2’s
compression ratios, which are better than Modified Tunstall Coding.

The first order entropy of the sequence of integer differences between successive
samplesis calculated in Table 4. Assuming Modified Tunstall Coding is coded at the first
order entropy ratio then the maximum possible compression ratio can be calculated (see
Table 4). No Modified Tunstall Coding can improve any more than its maximum possible

compression ratio.

Table 5 Comparison of Steiml, 2 and MTC at DGAR/PTCN Stations

percentage improvement in
Compression ratios compression ratios ]
Fies 0 | @ T @] @ 5) ©) o Max.
_ _ Steim2 over [ MTC over || MTC over possible
Steiml || Steim2 || MTC Steim1 Steim1 Steim2 Entropy compression
% % bits/symbol ratios
2 1.87 2.05] 2.66 9.63 42.32 29.83 11.60 2.76
3 1.89 2.33] 2.82 23.28 49.26 21.07 10.90 2.94
4 1.88 213 2.71 13.30 44.10 27.18 11.40 281
5 1.88 224 2.77 19.15 47.29 23.62 11.12 2.88
17 2.21 2.99| 3.27 35.29 47.84 9.27 9.20 3.48
18 2.36 3.05| 3.30 29.24 40.01 8.34 9.05 3.54
19 2.00 2.78] 3.08 39.00 54.22 10.95 9.85 3.25
20 1.90 2.38| 2.83 25.26 49.12 19.05 10.73 2.98
21 1.90 244 2.85 28.42 50.22 16.97 10.61 3.02
22 1.88 2.15] 2.73 14.36 45.10 26.88 11.24 2.85
26 2.05 2.71] 3.03 32.20 47.56 11.63 10.11 3.17
27 2.10 2.74] 3.03 30.48 44.24 10.55 10.05 3.18
28 1.94 251 2.88 29.38 48.22 14.56 10.65 3.00
Average 1.99 250 2.92 25.31 46.88 17.68 10.50 3.06
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An observing of the data of Table 4, shows all the compression ratios of Modified
Tunstall Coding of DGAR and PTCN stations are better than Steim2; mostly, other
stations are worse than Steim2. This project compiles DGAR and PTCN stations from
Table 4 into Table 5. Observing the results of Table 5, Modified Tunstall Coding
compresses DGAR and PTCN stations' files on average 46.88% and 17.68% better than
Steim1 and Steim2, respectively.

Steim1 and Steim?2 are less expensive in computation; however, they do not
perform optimal compression ratios. In contrast, obtaining a better data compression
scheme, in general, requires more expensive computation, such as linear prediction. It is
challenging to design a compression scheme that does not require heavy computation to
fit DDL requirements and limitations. Modified Tunstall Coding has suitable
computation to be handled by DDL. This project applied Modified Tunstall Coding by
looking at statistical differences of the seismic data. Steim1 and Steim2 simply applied a
fixed method to assign the data to fewer than 32-bits, regardless of the essence of the data.
The pre-computing of the statistics on profile bases made a remarkable improvement on

the compression ratios of Modified Tunstall Coding over Steim1 and Steim2.

11. Comparing Modified Tunstall with Linear Prediction Coding

One of the most powerful compression schemes is Linear Prediction Coding
(LPC). Linear prediction a mathematical operation, estimates upcoming values of a
discrete time signal as a linear function of previous samples. Indigital signal processing,
linear prediction is often called linear predictive coding. It is atool for representing data
in compressed form and uses the information as a linear predictive model.

To compare Modified Tunstall Coding with LPC, this project hastaken the
concept of the LPC application, Predictcode.m, from the textbook, Digital Sgnal
Processing with Examples in Matlab by Sammel D. Stearns [7], and rewrittenit to fit the
project’ s needs. Predictcode.m application (see Appendix 1) de-correlated data from the
input file, with a small residual, by choosing a weight vector. The residual is stored in a
separated file and is compressed by Arithmetic Coding [8]. Each compressed result is
compared with the compression ratio of Modified Tunstall Coding.
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Arithmetic Coding is commonly used in lossess compression schemes. Itisa
flexible statistical compression method and encodes at or close to entropy when the
probabilities of symbols are skewed. Arithmetic Coding compresses each input stream
into a unique interval in [0, 1) while other entropy encoding schemes replace codes to
each individual symbol. The method reads each input stream, symbol by symbol, and
appends significant bits to the code by inputting and processing each symbol. The
Arithmetic Coding [8] applied to this project is based on the article, “Arithmetic Coding
Revisited” [9]. It iswritten in C language.

A generd ideain compressing the chosen 13 filesat DGAR and PTCN stations,
asthis project has done using Modified Tunstall, and comparing them to the prediction
coding, is described as follows:

(2). Transform seismic data by applying the predictcode.m application (see
Appendix I). This process produces the weight vector b and writes the residual e
to anew file. (Note: The 6 values of the weight vector b require 20 bits each;
afterward, 8 bits are required per sample.)

(2). Apply Arithmetic Coding [8] for the residual e file, and then the result will be a
byte-unit file. Calculate the byte-unit file’s size in bit by multiplying by 8.

(3). Both weight vector and the byte-unit file in bit of the residua have to be stored as

compression. Therefore, the total number of bits of the compressed datais
Compressed bits = the weight vector bits + (2)’s Arithmetic Coding results

(4). Divide the bits of the origina file by the total number of bits of compressed data
to form the compression ratio of the prediction coding.

Compression ratio = # bits of the original file
# bits of compressed data

Table 6 demonstrates the 13 chosen files of compression ratios on Linear
Prediction Coding and Modified Tunstall Coding at DGAR and PTCN stations. The
average compression ratio of the Modified Tunstall Coding is lower than LPC coding at
7.95%. As this paper described earlier, Arithmetic Coding encodes data at or close to
entropy when the probabilities of symbols are skewed.

Table 6 also computes the sequence of differences first order entropies of the 13
chosenfiles. Recall: This project assumesthat each piece of seismic data sample needs a

32-bit format. After dividing 32-hit per symbol by the first order entropy of each file, the
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maximum possible compression ratios of each file are shownin Table 6. The
compression ratio of LPC can potentially achieve a higher ratio than the maximum
possible compression ratio of other schemes because LPC account for more sample-to-
sample correlation. Due to the maximum possible compression ratio, Table 6 results also
show that the Modified Tunstall can not improve any more than an average 4.65% for
these 13 files; even though, Table 6 shows that Modified Tunstall Coding is worse than
LPC coding at average 7.95%.

One advanced improvement for further research to improve the compression ratio
isto evenly rearrange the data differences into various ranges as was discussed in section
“8. Why the design of the range.” The advanced improvement remains for the readers for

further research

Table 6. Comparison of LPC and Modified Tunstall at DGAR/PTCN
Station

Compression percentage improvement in
ratios compression ratios
1) ) (©) “4)
Max
MTC over || First order possible MTC over
MTC LPC LPC Entropy ratios Entropy
% bits/symbol %
2 2.66 2.81 -5.29 11.60 2.76 -3.50
3 2.82 3.03 -6.90 10.90 2.94 -3.93
4 2.71 2.91 -6.91 11.40 2.81 -3.51
5 2.77 2.95 -6.13 11.12 2.88 -3.77
17 3.27 3.61 -9.50 9.20 3.48 -6.02
18 3.30 3.64 -9.22 9.05 3.54 -6.58
19 3.08 3.64 -15.26 9.85 3.25 -5.05
20 2.83 3.16 -10.34 10.73 2.98 -4.96
21 2.85 3.2 -10.81 10.61 3.02 -5.35
22 2.73 3.01 -9.37 11.24 2.85 -4.15
26 3.03 2.92 3.60 10.11 3.17 -4.46
27 3.03 3.32 -8.77 10.05 3.18 -4.87
28 2.88 3.14 -8.43 10.65 3.00 -4.29
Average 2.92 3.18 -7.95 10.50 3.06 -4.65

(1) The maximum compression ratios on the specified codeword length of MTC at DGAR/PTCN stations.
(2) The compression ratios of Linear Prediction Coding (LPC) at DGAR/PTCN stations.

(3) Comparethe compression ratios of LPC and MTC at DGAR/PTCN stations.

(4) Compare the compression ratios of MTC and the maximum possible ratios at DGAR/PTCN stations.
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12. Rewriting Modified Tunstall Coding in DDL

To ensure that Modified Tunstall Coding can be rewrittenin DDL and properly
run by SEED reader, the last part of this project rewrote the Modified Tunstall
compression scheme in DDL. This section outlines the essential organization the design
of DDL code for the Modified Tunstall Coding system, and the reedited relative portion
of DDL’s SEED format. Finally, the rewritten DDL of SEED is successfully tested by the
RDSEED application.

SEED format consists of four control headers: Volume Identifier Headers,
Abbreviation Dictionary Control Headers (ADCH), Station Control Headers, and Time
Span Control Headers. SEED also uses data recorder headers. Each control header,
containing information about complete a logical volume, is coded in a computer readable
hierarchy of data structures. Each header utilizes one or more data structures, which are
strung in specified order. The structure contains fixed and variable data fields. Figure 4

shows the view of a data structure example of the ADCH.

Figure 4. View of the Dictionary Header

Logical Record Blockette Length Data Format Number of
Sequence Number  Bjockette Type Identifier Code Decoder Keys
Type Code Short Description Data Family Type| Decode Keys
I ‘ I "AI I [ T T [T =
Non-edited ‘ J l
6 11 3
length (bytes)
Edited length 4 1~50 2  Variety length
(bytes)

Each data structure contains an identification code, a length specification, and a
sequence of related data fields. Formatted data structures are used in control headers and
unformatted data structures are used in the header portions of data records. The actual
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decoding command is defined in the ADCH, which abbreviates the ASCII data
description string. For more information on SEED, see the reference manual of SEED
format version 2.4[4].

SEED format allows for one or more volumes. This implies that a SEED file may
include one or more data records. To simplify the experiments, this project tested one
volume at atime on a single seismometer of a specified network station. In order to
specify the parameters of the stationList, Channel List, Network List, and the Location
ID in the SEED reader, this project smplified each individual SEED file that spanned
only one volume, on a single seismometer of a specified network station, by RDSEED.
The ssimplified processes could create one or more SEED- formatted files, which included
one volume on a single seismometer of a specified network station.

Towrite Modified Tunstall Coding in DDL, two portions of the SEED file, the
ADCH and the Data Record, had to be reedited. The ADCH had four sections that
required editing. Figure 4 depicts a view of the edited and non-edited sections of the
Dictionary Header. The ADCH is written as an a phanumeric ASCII string, which is
recorded as “A” Type Code in the Header as Figure 4. This project searched the control
header at the 7" byte that has “A” Type Code of the header, and then rewrote its
Blockette Length, according to the actual Iength of the entire control header without
counting the first eight bytes, at the 12'" to the 15" byte. The Short Description, which is
a short name describing the compression format applied in this file, needed to be
rewritten starting at the 16™ byte with the 50 bytes maximum length. This project placed
atildes, ~, at the last byte of the Short Description indicating the end of the description.
This project copied the Data Format Identifier Code and the Data Family Type, which
occupied atotal of 7 bytes, without any change. Then it modified the Number of Decoder
Keys, 2 byteslong, according to the actual number of decoder keys. Findly, the project
wrote al the Decoder Keys in the sequence, one-by-one, separating each key by using a
tilde.
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Figure 5. Snapshot of an Example of the Dictionary Header

& test13_16_IIDGAR.rdseed (o]

OFF0: 20 20 20 20 20 20 20 20 20 20 20 20 2D 20 20 20 -~
1000: 30 30 30 30 30 32 41 20 30 33 30 33 31 33 36 4D 000002A D303136M
1010: 6F 64 69 66 69 65 64 20 54 75 6E 73 74 61 6C BC odified Tunstall
1020: 20 49 BE 74 £5 67 65 72 20 43 6F 6D 70 72 65 73 Integer Compres
1030: 73 69 6F 6E 20 46 6F 72 6D 61 74 FE 30 30 30 31 sion Format™0001
1040: 30 35 30 36 30 46 31 20 50 30 20 57 34 20 44 30 DS060F1 PO w4 DO
1050: 2D 33 31 20 G52 31 20 50 34 20 57 34 20 44 30 2D -31 R1 P4 w4 DO-
1060: 33 31 7E 50 36 20 42 32 34 2C 30 2¢ 32 33 2D 30 31~P4 B24.0,23-0
1070: 20 4E 34 20 53 36 2C 30 7E 54 30 20 4E 30 20 42 N4 56,07TD WO B
10B0: 37 2C 30 2C 36 2D 30 20 44 30 2D 36 3A 2D 31 3A 7,0,6-0 DO-6:-1:
1090: 30 3A 30 20 4E 31 20 42 31 33 2C 30 2C 31 32 20 0:0 Wl PB13.0.12-
10A0: 30 20 44 30 2D 31 32 324 31 3& 30 3A 3B 31 39 32 0 DO-12:1:0:B192
10B0: 7E 54 31 20 4E 30 20 42 37 2C 30 2C 36 2D 30 20 "T1 WO B7.0.6-0
10C0: 44 30 2D 36 34 2D 31 34 30 3A 31 32 38 20 4E 31 DO-6:-1:0:128 M1
10D0: 20 42 31 33 2C 30 2C 31 32 2D 30 20 44 30 2D 31 B13.0.12-0 DO-1
10E0: 32 3A 31 334 30 3A 36 31 39 32 7E 54 32 20 4E 30 2:1:0:B192"T2 N0
10FD: 20 42 37 2C 30 2C 36 2D 30 20 44 30 2D 36 3A 31 E7.0,6-0 DO-6:1
1100: 3A 30 3A 30 20 4E 31 20 42 31 33 2C¢ 30 2C 31 32 :0:0 M1 B13.0.12
1110: 2D 30 20 44 30 2D 31 32 3A 31 3A 30 3A 38 31 39 -0 DO-12:1:0:619
1120: 32 7E 54 33 0 4E 30 200 42 37 2C 30 2C 36 2D 30 2°T3 WO B7,0,6-0
11530: 20 44 30 2D 36 3A 31 3A 30 3A 31 32 36 20 4E 31 DO-b:1:0:128 W1
1140: 20 42 31 33 2C 30 2C 31 32 2D 30 20 44 30 2D 31 B13.0.12-0 DO-1
1150: 32 3A 31 34 30 3A 38 31 39 32 7E 54 34 20 4E 30 2:1:0:B192"T4 KO
1160: 20 42 38 2C 30 2C 37 2D 30 Z0 44 30 2D 37 3a 31 BES8,0,7-0 DO-T7:1
1170: 3A 30 3A 32 35 36 20 4E 31 20 42 31 33 2C 30 2C :0:256 M1 B13.0,
1160: 31 32 2D 30 20 44 30 2D 31 32 3A 31 3A 30 3A& 38 12-0 DO-12:1:0:48
11580: 31 39 32 7E G54 35 20 4E 30 20 42 386 2C 30 2C 37 192~TS MO B&.0.7
11A0: 2D 30 20 44 30 2D 37 3& 20 31 3A 30 3A 32 35 36 -0 DO-7:-1:0:256
11B0: 20 4E 31 20 42 31 33 2C 30 2C 31 32 2D 30 20 44 N1 B13.0.12-0 D
11C0: 30 20 31 32 3& 31 3A 30 3A 38 31 39 32 7E 54 36 0-12:1:0:8192"Th
11D0: 20 4E 30 20 42 31 33 2¢ 30 2C 31 32 2D 30 20 44 NO B13,0,12-0 D
11E0: 30 20 31 32 35A 31 3A 30 3A 38 31 39 32 7E 54 37 0-12:1:0:8192"T7 ¥

Ready #h0 20, 32, 040, 00100000, '' 1BEBh 7,14

To ensurethat the readers are able to write the DDL code for modified Tunstall, a
snapshot of an actual example of the ADCH is given in Figure 5. The ADCH has a 4096
bytes length It starts on the 1000 line at the left hand column of Figure 5 and ends at the
1FFO line. The details of the initial 69 bytes of the ADH are demonstrated in Figure 6.
Overadll, the data family type 050 uses 60 keys, which are located at the “Number of
Decode Keys™ of Figure 5. Family type 50 is the Integer Differences Compression. The
60 keys include the first 2 non-control type keys and 58 of control type keys. The first
key, key1: F1 PO W4 D0O-31 R1 P4 W4 DO0-31, is separated by a tilde with the second key.
Key 1 describes the very first constant F1 of the sequence of differences that is located at
the 0™ byte (P0) of the ADCH, and then 4 bytes are copied (W4), extracted bits 0-31 (DO-
31), from the input stream into the working buffer; the last constant (R1) of the sequence
of differences is located at the 4" byte (P4) of the ADCH, and then 4 bytes are
copied(W4), extracted bits 0-31(D0-31), from the input stream into the working buffer.
Key 2, P8 B24, 0, 23-0 N4 S5, 0, illustrates that 24 bits are copied (B24, 0, 23-0) from the

Newman Seismographic Data Compression 39



input stream, starting from the first bit of the 8" byte (P8) to the last bit (23-0) (crossing
byte boundaries if necessary); the 24 bits include 4 control codes (N4), which are 6-bit
wide ($6). Note: The bits are numbered in big-endian.

Figure 6. View of the ADCH of Figure 5

Logical Record

Sequence Number Blockette Length Data Format Number of
Blockette Type |dentifier Code Decoder Keys
Type Code Short Description Data Family Type Decode Keys

| 000002 |A| | 030 | 3136 |M0dified Tunstall ... Format ~ |0001|| 050 | 60 |//|

Non-edited
length (bytes)

Edited length 4 45 2
(bytes)

Variety length

Control type keys, key 3 to key 60, carry out the action required by the control
code derived in key 2. Key 3 to key 60, are equivaent to the stored Codeword Table of
Modified Tunstal Coding. For example, because key 3 to key 60 have similar
interpretations, this paper will take key 3 (see Figure 7) and interpret it in a more
understandable text. Key 3, TO NO B7, 0, 6-0 DO-6: -1: 0: 0 N1 B13, 0, 12-0 DO-12:1: O:
8192, maps the “Ah” input string (see Table 2) to its corresponding ranges. TO describes
how to decode data when the control code with the value O is encountered. To decode the
first value of difference NO, copy 7 bits, starting from the first bit to the 0" bit (B7, 0, 6-0),
and extract bits 0-6 to form unsigned integer value k; and then apply offset 0 and scale
factors -1 as specified by code 0 (DO-6: -1: 0: 0). To decode the second difference value
N1, copy 13 bits, start from the first bit to the 6" hit (B13, 0, 12-0) and extract bits 0-12
to form unsigned integer value k, and then apply offset 8192 and scale factors 1 as
specified by code 0 (DO-12:1: 0: 8192).
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Figure 7. View of key 3

second value extract bit 0 - 12
control code copy 7 bits of difference (K2+8192) * (1)
Key 3: | T0 | NOB7,0,6-0D0-6:-1:00 | N1 B13,0,12-0D0-12:1:0:8192 |

first value of extract bitO - 6 _
difference (K1+0) * (-1) copy 13 bits

As this paper mentioned in section “8. Why the Design of Modified Tunstall,” the
Codeword Table and the pair of output codewords and bit strings need to be stored as
Modified Tunstall Coding. The Codeword Table is stored as the ADCH in DDL. The pair
of the output codewords and bit strings is stored in the Data Record portionof SEED.
The Data Record section can be identified by the Data Header/Quality I ndicator. The
Data Header/Quality Indicator, which is located at the 7" byte of the Data Record’s
structure by the upper case letters “D,” “R,” or “Q,” is called Type Code in the ADCH.
The Data Record portion has a fixed lengthof 48 bytes. To edit the output codewords and
the bit strings, the data from the 49™" byte until the end of the data is reedited by attaching
the compressed data of the Modified Tunstall Coding. At this point, the writing for the
Modified Tunstall is finished and can be read in RDSEED.

To give an idea to SEED users on how much improvement Modified Tunstall
Coding in SEED format, Table 7 demonstrates SEED compression ratio on two files. File
# 2, 2005.365.23.59.07.9980.1U.PTCN.00.BHE, is encoded in Steim2 and file #17,
2006.001.00.00.02.5999.11.DGAR.10.BHE, is encoded in Steim1. Originally, they had a
compressionratio at 1.97 and 2.16, respectively. File #2 and #17 were rewritten in MTC-
SEED format and compression ratios at 2.42 and 2.99, respectively, were obtained. The
improved compression ratio of MTC-SEED format is 22.84% over Steim2-SEED and
38.43% over Steim1-SEED. SEED has worse compression ratios in Table 7 compared
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with Steim1, Steim2 and Modified Tunstall Coding in Table 3, 4, and 5. Two main
reasons explain the low ratios of SEED format: (1) the headers of SEED are not
compressed at al. (2) SEED format has fixed-reserved space in terms of Block, even
though the whole Block is not filled.

Table 7. SEED Compression Ratios of Steim and MTC

Original SEED Compression Ratios SEED improvement
File | Compression MTC over Steim
# Scheme Steim-SEED || MTC-SEED %
2 Steim2 1.97 2.42 22.84
17 Steim1 2.16 2.99 38.43

13. Conclusion

Over dl in this project, Modified Tunstall Coding showed better compression
ratios compared to Steim1 and Steim2. The comparison of Modified Tunstall Coding and
Linear Prediction Coding demonstrates that Modified Tunstall Coding compressing
seismic data in this project is7.95% worse than Linear Prediction Coding for the stations
of DGAR and PTCN. Modified Tunstall Coding can not improve any more than an
average of 4.65% for DGAR and PTCN stations due to the result of the maximum
possible compression ratio.

The interesting and challenging part of this project has been that it project crosses
two science fields, seismology and data compression, and demonstrates how data
compression supports the field of the seismology. Specificly, chalenges, such aslack of
DDL documentation and bugs existing in DDL of SEED format, were encountered and
solved in the process of writing Modified Tunstall Coding in DDL. An exciting part is, in
conclusion, that this project demonstrated that Modified Tunstall Coding is close to the
optimal coding. Further research, which could evenly rearrange the data differences into

various ranges to approach the optimal compression ratios, remains for others to explore.
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Appendix I: Application of Predictcode.m

%predictcode.m is a Matlab file.
%Took the concept from the Digital Signal Processing with Examples in Matlab By
%Samuel D. Stearns

d=textread('2006.001.00.00.00.0479.lU.ANMO.00.BH2.Q.SAC_ASC', '%d");

K = length(d);

N = 6;

f=[0; d(1:K-1)];

rff = autocovar_mat(f,N);
rfd =crosscovar(f,d,N);
b= rff\ rfd;

e = d - (filter(b,1,));

fw = fopen('0479_recovery_round_int.txt', 'w');
fprintf( fw, ' %d \n', recovery);
fclose(fw);

d=textread('2006.001.00.00.00.0104.1lU.ANMO.10.BH1.Q.SAC_ASC', '%d");
K=length(d);

N= 6;

f=[0; d(1:K-1)];

Rff=autocovar_mat(f,N);

rfd=crosscovar(f,d,N);

b=Rff\rfd;

e=[d; 0]-[0; filter(b,1,f)];
e_1 =e(l:end-1);

fw = fopen( '0104BH1_0.txt', 'w");

fprintf( fw, ' %6.0f \n', e_1);
fclose(fw);
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Appendix II: The List of Selected File Names

The WebReqguest form for requesting data from the DMC of IRIS at
http://www.iris.edu/data/\WebReqguest.ht m

use '?' |CANNOT use '?'
when | wildcard STARTING TIME ENDING TIME when |LOCATION
wildcarding| network wildcarding
Stati Network Year |Month|Day [Hour |[Min | Sec | Year |Month|Day |Hour|Min. |Sec. % LOCID
ation | =89 1vyyyy| Mvm |DD | 00 |00 |00.0YYYY| MM |DD | 00 | 00 |00.0] "=
DGAR 1 2006/ 01 |01 | 00 |00 | 0O |2006/ 01 |02 | 0O | 0O | 0O BH? |
PTCN 1 2006/ 01 |01 | 00 |00 | 00O |2006/ 01 |02 | 0O | 0O | OO BH? |
ANMO IU |2006| 01 |01 | 00 |00 | 00O |2006/ 01 |02 | 0O | 0O | 0O BH? |
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Appendix Ill: Seismic Data Request Form

F;e Selected Files Network | Station Location | Channel Sagtpele
1 2005.365.23.55.41.7981.IU.MAJO.00.BHE IU MAJO 00 BHE 20 Hz
2 2005.365.23.59.07.9980.1U.PTCN.00.BHE U PTCN 00 BHE 20 Hz
3 2005.365.23.59.17.6855.IU.PTCN.01.BHZ U PTCN 01 BHZ 40 Hz
4 2005.365.23.59.21.2105.IU.PTCN.01.BHN U PTCN 01 BHN 40 Hz
5 2005.365.23.59.22.8480.1U.PTCN.00.BHZ U PTCN 00 BHZ 20 Hz
6 2006.001.00.00.00.0104.IU.ANMO.10.BH1 U ANMO 10 BH1 40 Hz
7 2006.001.00.00.00.0104.1U.ANMO.10.BH2 U ANMO 10 BH?2 40 Hz
8 2006.001.00.00.00.0104.1U.ANMO.10.BHZ U ANMO 10 BHZ 40 Hz
9 2006.001.00.00.00.0479.1U.ANMO.00.BH1 U ANMO 00 BH1 20 Hz
10 | 2006.001.00.00.00.0479.IU. ANMO.00.BH2 U ANMO 00 BH?2 20 Hz
11 | 2006.001.00.00.00.0479.IlU.ANMO.00.BHZ U ANMO 00 BHZ 20 Hz
12 | 2006.001.00.00.00.0481.1U.MAJO.00.BHE U MAJO 00 BHE 20 Hz
13 | 2006.001.00.00.00.0481.1U.MAJO.00.BHN U MAJO 00 BHN 20 Hz
14 | 2006.001.00.00.00.0481.1U.MAJO.00.BHZ IU MAJO 00 BHZ 20 Hz
15 | 2006.001.00.00.00.7855.IU.PTCN.01.BHE U PTCN 01 BHE 40 Hz
16 | 2006.001.00.00.00.9480.IU.PTCN.00.BHN U PTCN 00 BHN 20 Hz
17 2006.001.00.00.02.5999.1I.DGAR.10.BHE Il DGAR 10 BHE 40 Hz
18 2006.001.00.00.02.5999.11.DGAR.10.BHN Il DGAR 10 BHN 40 Hz
19 2006.001.00.00.02.5999.11.DGAR.10.BHZ Il DGAR 10 BHZ 40 Hz
20 2006.001.00.00.03.5000.1I.DGAR.00.BHE Il DGAR 00 BHE 20 Hz
21 2006.001.00.00.03.5000.1I.DGAR.00.BHN Il DGAR 00 BHN 20 Hz
22 2006.001.00.00.03.5000.11.DGAR.00.BHZ Il DGAR 00 BHZ 20 Hz
23 | 2006.001.13.51.49.2104.IU.PTCN.01.BHN U PTCN 01 BHN 40 Hz
24 | 2006.001.13.51.56.6354.IU.PTCN.01.BHZ U PTCN 01 BHZ 40 Hz
25 | 2006.001.13.52.42.3604.IU.PTCN.01.BHE U PTCN 01 BHE 40 Hz
26 2006.001.13.52.55.9499.11.DGAR.10.BHE Il DGAR 10 BHE 40 Hz
27 2006.001.13.53.06.4499.1I.DGAR.10.BHN Il DGAR 10 BHN 40 Hz
28 2006.001.13.53.17.6499.11.DGAR.10.BHZ Il DGAR 10 BHZ 40 Hz
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