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ABSTRACT

A4

This report describes 19 investigations in the field of seismic
discrimination, The contributions are grouped as follows: 6 de-
scribe progress in the development of a Seismic Data Center;
3 describe research into seismic algorithms that will be imple-
mented at the Data Center; 7 are concerned with the problem of
source characterization using the seismic moment-tensor for-
mulation; and 3 describe recent improvements in our in-house
computer systems. '
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SUMMARY

This i3 the thirty-second Semiannual Technical Summary (SATS) report describing the
activities of Lincoln Laboratory funded under Project Vela Uniform. This report covers the
period 1 October 1979 to 31 March 1980. Project Vela Uniform is a prograri of research into
the discrimination between earthquakes and nuclear explosions by seismic m=ans. An impor-
tant recent emphasis of the project i3 in the development of the data-handling and analysis tech-
niques that may be appropriste for the monitoring of a potential Comprehensive Test Ban Treaty,
presently under negotiation. During FY 1979, Lincoln Laboratory completed a design for a
Seismic Data Center (SDC) that would satisfy this requirement, and the FY 1980 program con-
sists of beginning the actual development of such a data center, and carrying ovt seismic re-

N search with special emphasis on those areas directly related to the operations of the SDC.

The Lincoln Laboratory program is focusing on the development of three subsystems of the
SDC — namely the Seismic Analysis Station (SAS), the Local Computer Network, and the Data
Base Management System. Initial work has focused heavily on the SAS and, in particular, on a
pre-prototype software system referred to as Mod I. This system, running on our in-house
PDP-11/45 computer, will allow experimentation and development of new-generation technijues
for seismic-data analysis and event bulletin preparation, that will be implemented on the SAS
hardware later in the current fiscal year.

The Data Base Management System and the Local Computer Network are in the design and
procurement phases. The Data Base Management System design has been refined substantially
from that described in the SDC Design report, and now includes a more comprehengive discussion
of the indexing of waveform data for rapid retrieval. The Local Computer Network requirements
have been formulated in detail, and are presently being procured.

We have begun to examine the seismic algorithms that will be employed in the SDC. Auto-
matic association and location algorithms have been selected for implementation in the Mcd I
system. As experience in the use of this system grows, we expect to improve or replace these
algorithms with better ones. We have continued our interest in detection algorithms, and de-
scribe an algorithm that is more sensitive to emergent arrivals. A synthetic program to gen-
erate both artificial seismicity and arrivals at a prescribed set of stations is described. This
will be used to test and evaluate SDC algorithms.

A major emphasis of the seismic research program has been in the area of source character-
ization using the moment-tensor formulation. Attempts have been made to understand the gener-
ation of anomalous Rayleigh waves by certain explosions at the Eastern Kazakh test site. It is
shown that certain components of the moment tensor are very poorly resnlved for events with
’ zero depth. Analysis of the anomalous events strongly suggests that they were accompanied by

faulting. A new method for the simultaneous inversion of surface-wave data for both moment-
tensor and source location is described. This method shows considerable promise for the aunal-
‘ ysis of special events.

We continue to develop our in-house computer systems. New enhancements to the UNIX
operating system, a new graphics package, and the installation of UNIX-compatible Fortran 77
are described.

M. A. Chinnery
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I

SEISMIC DISCRIMINATICGN

L. SEISMIC DATA CENTER DEVELOPMENT

V. BACKRGROUND AND CURRENT STATUS

On 30 Scptember 1979, Lincoln Laboratory completed a Special Internal Report to
DARDPA NMRO entitled "Design of @ Seismic Data Center.)' This design study has been reviewed
and - cepted by DARPA/NMRO as a working basis for tahe development of a Seismic Data Cen-

ter (SDYY, which will fulfill the following objectives:

(1) Support research and development directed at developing a new genera-

tion of seismic-data management and analysis systems.

(2) Develop capability to support current and future data requirements of
the DARPA research community.

(3) Provide a test bed for research on more effective seismic analysis

methods.

(4) DMeet the international and special trilateral data-exchange obligations
anticipated under a Comprehensive Test Ban Treaty (currently under
negotiation).

{5) Demonstrate new technologies applicable to other seismic missions.

Lincoln Laboratory has been assigned the role of overall technical leadership in the develop-
ment of this SDC, which will be carried out by Lincoln Laboratory and other DARPA contractors.

The accepted SDC design consists of a set of minicomputers interconnected by a local com-
puter network. For convenience in subsequent discussions, the system can be broken down into

seven subsystems (Fig.I-1), namely:

(1) Communications interface and data-logging subsystem, which will carry
out all input data reception, reformatting, and logging functions.

(2) Real-time analysis subsystem, which will provide a facility for automatic
and interactive analysis of the input data streams in real time, if such a

function is required.

(3) Data Base Management Subsystem, which will provide both on- and
off-line storage of all raw and processed data within the system,
together with appropriate retrieval mechanisms.

(4) Seismic Analysis Station, which will be a single-user interactive wave-
form and alphanumeric-data-analysis system for both waveform and
event processing functions. The final SDC will have several of these

stations.

(5) Local Computer Network subsystem, which is a high-data-rate com-
munications network linking all the computers in the system.




(¢} General computational support subsystem. which will provide a variety
of conmputational services for software development. certain types of

user services, and syvstem monitoring and control.

(7)  Research support subsystem. which will carry out all functions related
to interactive use of the system (both remote and in-house) by the

seismological community,

These subsyvstems are logical elements, defined in terms of system functions. and should not be
regarded as necessarily representing specific hardware components.

Lincoln Laboratory has embarked specifically on the development of the Seismic Analysis
Station (SAS). the Local Computer Network. and the Data Base Manapement Subsystem. Prog-
ress in cach of these areas is described in the sections that follow.

Hardware forthe SAS has been selected andordered. and delivery is expected within 3 months.
In the meantime, we have devoted our main efforts to the development of an interim system that
will provide an event-processing capability on alphanumeric arrival data, We refer to this in-
terim system as Mod I in the sections that tollow. It is designed, of necessity, to run on our
in-house PDP-11/45 computer, and will provide a test bed for the developmentof data-processing
techniques that will be immplemented in a more advanced form on the prototype SAS.

The Local Computer Network subsystem has been specified for procuremert purposes, and
industrial proposals for both hardware and software elements of this subsystem are scheduled
to be received in April 1980,

The data management system design has been refined to eliminate some of the duplication
of indexing information among the subsystems defined in the special DARPA report. The effect
of this design refinement is to simplify the interfaces between the subsystems and to simplify
the implementation requirements. Another issue which has been studied in this refinement is
efficiency of operation of the waveform data storage. This has led to the modification of the
proposed indexing structure of the waveform database. Elements of the parameter database
component of this subsystem are being studied during the Mod I development described above.
Procurement procedures that may be necessary for this subsystem will be initiated during the
remainder of the current fiscal year.

M. A. Chinnery
A.G. Gann

B. THE MOD I INTERIM SYSTEM: OVERVIEW

The purpose of the Mod I system is to provide a test bed for the development of the data
structures and data-processing routines that will be implemented on the SAS later in the current
fiscal year (upon completion of hardware procurement). Specifically, Mod I consists of a pre-
prototype version of the software that will be required for the storage, manipulation, and pro-
cessing of alphanumeric data. It has been developed on the in-house PDP-11/50 computer at
Lincoln Laboratory's Applied Seismology Group.

The basic analyst procedures addressed by the Mod I system are:

(1) Construct an accessible database of seismic arrival parameters,

(2) Subject this database to an automatic association program, to produce

a preliminary list of events,




{3) Provide for analyst review and modification of these events, including

forming new events from unassociated arrivals, and
(1) OQutput a completed event bulletin,

As a developmental syvstem, one of the main requirements on the desipgn of Mod 1 is that it
should be easy to add new processing algorithms and procedures. To do this, we have designed
latu-acceess packape that allows us to easily change the parameters making up the data files,
wid we have implemiented the various processing steps as separate programs which may be cas-
i1ly modificd or replaced.  We have made provision for both automatic programs that run unat-
tended on the full database, and for interactive programs that provide the operator with visual

feedback after each step. The first version of Mod 1 is minimal in the functions it provides,
but has set the stage for the easy addition of more extensive algorithms and procedures.

The basic elements of the Mod I database are an arrival list, an event list, and an associa-
uons list.  Each record in the arrival list describes the reception of one phase of a seismic
signal at a single station. It contains fields for the station, reported phase, arrival time, am-
plitude, period, etc. Each record in the event list describes a single event: its latitude, longi-
tude, origin time, depth, error estimates, etc. Each record in the associations list relates
one arrival to one event. This includes association-related data such as distance, azimuth,
magnitude, and residaul. A flag can mark a given associa:ion as defining (that is, used in
computing tne event location) or nondefining. The associations have been placed in a separate
list, rather than being incorporated in the arrivals list as is commonly done, to allow the pos-
sibility of assocriating a single arrivai wiwn more than one event.

Figure i-2 shcws the main software blocks that make up the current Mod I system and how
the data tflow betwe«n them.

Reformat is iae program that takes the raw arrival data and transforms them into a Mod I
arvival list. The current version of Reformat will handle two types of test data that we have
heen using to test thie Mod I system: data from the International Seismic Month (ISM), and syn-
thetic data produced v a program described in Sec.II-C. After we start receiving ISDE data over
the WMO network, Reforinat will be expanded to handle that also.

AA is the Automatic Asscciation program. It goes through the full arrival list and attempts
to associate arrivals to produce a preliminary event list and associations list. The method used
is described in more detail in Sec.11-A.

Select is a program tha:, given an .vent number, searches the main database for that event
and all arrivais and associaticns relating tu that event. It outputs these as three "per-event"
lists that serve as the analyst's working database. All further processing is done on the "per-
event" lists until the Accept progrem is called.

Select has several options. In addition to selecting the arrivals that are currently associated
with the requested event, it can also scarch for and include any unassociated arrivals that have
an absolute travel-time residual with reupect to the event of less than a specified amount. It
can also select only the unassociated arrivals for a parcicular time period, so that the analyst
can then attempt to generate an entirely new event.

Display is a program to display and allow editing of the "per-event" lists. Using Display,
the analyst can associate or unassociate any arrival with the event under consideration.

Locate is a program to relocate the event, based on any modifications to the arrivals or
associations that might have been made while in the Display program. It has three options for




the initial-event location: it can use the location currently in tbe database, it can sccep: a
tvped-in initial location, or it can use the time and location of t .~ rirst reported arrival.

Accept is the program which will return the modified "per-ever:" 1lists back to the main
d.lml?:-l_sr

Par. pev, and px, which are not shown in Fig.1-2, are prograias to print out the arrival,
even:nd;sodat;;ls lists.

Bulletin, which is also missing from the diagram, is a program to print out the database
in standard seismic bulletin format. It lists each event, followed by the arrivals associated
with that event. L. J. Turek

C. THE MOD I DATA-ACCESS PACKAGE

The programs in the Mod I system use a data-access package that has been developed spe -
cifically for Mod I. These access subroutines are used to read, write, ai ¢ search for data
stored on disk in a specific list format. Files in this format are called pa) ameter files. In
the Mod I context, each of the basic lists — arrival, event, and association: - discussed in the
previous section is in the form of such a parameter file.

A feature of the system is that programs which work on a set of parameters will work on
any files that contain those parameters, regardless of what other parameters are present. Thus,
new varameters can be added to the database without the necessity of recompiling or relinking
existing programs. This flexibility can save much effort when a system is in its developmental
phase.

When the access subroutine package is used to open a parameter file, it will be given by the
user a description of the parameters of interest to the program. It will then set up a mapping
from the parameters found in the file to the parameters in a structure provided by the user.
Once the mapping is set up, all subsequent reads and writes to the file are accomplished via
the user's structure.

A sccond level of the access subroutine package is the indexing level, which is constructed
on top of the basic access level described above. At the indexing level, the user program may
choose to build indexes on selected parameters in selected files. Once an index is constructed,
it may be used to "look up" the records in the file that contain certain values. Functions pro-
vided at this level include:

pirec(EXACT), which searches for a record containing an exact value
of the indexed parameter.

pirec(NEAREST), which searches for the record containing the nearest
value equal to or greater than the given value of the indexed parameter.

pirecs, which searches for all records containing the exact value of the

indexed parameter.

pirange, which searches for all records containing a valae of the indexed

parameter within the given range.

pistep, which will treat the file as if ordered on the indexed parameter

and step forward or backward "n" records.

/il




Tiwe desipn of the indexing level calls for implementing the indexes as B+ trees,” which are
wdeally suited for both fast searches and the stepping function (which is essential for ordered
a.splavs), But in order to begin work on Mod | without waiting for the indexing level to be im-
plemented in its final form, we have provided for an interim version. Currently in use, this
interim version has all the functions that will be available in the final version, but has imple-
mented them without indexes, as brute-force searches of the parameter file, When the full
implementation is eventually achieved, it can be added to the system with no changes required
in the calling programs,

Although these access routines were originally designed for use with Mod I, they are suf-
ficiently general that we expect them to prove themselves useful in several other contexts. l'or
example, the Distributed Sensor Networks project is using them to contain their waveform,
spectral, and azimuthal response data output from their signal-processing routines. We also
feel that they could form the basis for a general data-h-~.dling package similar to the DADS
package that was implemented on the PDP-7 g}

L.J. Turek
P. T. Crames

1. LOCAL COMPUTER NETWORK

The previously reported design for the SDC features an architecture utilizing multiple mini-
computers interconnected by a local computer network. The iocal network is needead to provide
an effective and efficient means of transmitting data and control information between the various
computers which will make up the SDC. This computer network must serve to interconnect the
computers very reliably and with a high intercomputer data rate. During this reporting neriod,
a specification for procurement has been drawn up and issued. The proposals of prospective
vendors are due in April 1980,

The specific requirements for the multiple-access, broadcast-mode, local-computer-packet

network needed for the SDC are:

(1) The network shall provide a signaling speed of 2 Mbps or greater. The
design used shall be capable of being extended to 5 Mbps or greater,
with no change in host computer software.

(2) The design of the interface shall be modular such that interfacing to a
new host requires replacing only the host specific part of the interface.

(3) The initial network shall provide interfaces for the DEC PDP-11 Unibus
with DMA transfer of data, in packets with maximum size o. not less
than 542 bytes, to and from host memory. The initial installation shall
provide hardware for 6 host (Unibus) connections.

(4) The network shall be capable of supporting 30 or more hosts. This re-
quires the ability to address at least 3C distinct addresses on the network.
This also requires that normal operation be possible with a minimum of
30 hosts physically attached to tue communication medium.

“D, Comer, "The Ubiquitous B-Tree,! ACM Computing Surveys 11, 2 (1979).

t Seisinic Discrimination Semiannual Technical Summary, Lincoln Laboratory, M.IL.T. (31 De-
cember 1972), DDC AD-757560,
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(6)

(7)

(8)

(9)

10)

(11)

(12)

(13)

(14)

The network sha: e te support an "eavesdropping" mode of opera-
tion. This means th. 1 host can passively copy a riessage addressed
to a specitic address and not perform the acknowledgment protocol.
This allows the simultaneous reception of data by multiple hosts, with

one host serving as the primary recipient for protocol purposes.

Additionally, the network shall support a broadcast mode where a
message is directed to all attached hosts. The broadcast mode does
not require positive acknowledgment of each transmission. Normally
addressed transmissions shall be positively acknowledged by the

addressed host.

The network shzll be capable of suppor‘ing physical separation between
the most distant nodes of at least 4 km. The initial installation will not

require scparation between the most-distant host to exceed 30 m.

The interfaces shall be fail-safe, i.e., no interface failure can disable

more than its attached host.

The interface shall employ traffic sense access to the communications
media. That is, the inierface shall check for tane presence of traffic
before initiating any transmission. It should employ cellision detection,
which is the continued checking for interfering traffic during the period
of transmission. If it doesn't use collision detection, it shoulduse a
higher signaling speed sufficient to duplicate the performance of the
design signaling speed (2 Mbps) using collision detection. If there is
any doubt as to the adequacy of the speed oi a noncollision detection
system, that speed should be supported by analysis using published
analytic results comparing carrier sense and collision detection per-

formance in capacity at a fixed expected service delay.

Although it is pianned to atilize the network within the confines of a
single building, the interface shall employ isolation techniques suf-
ficient to allow attachment of hosts connected to complecely separate
main power sources, i.c., different utility services — eveir completely

different utility companies.

The physical design shall be such that the host interface can be replaced
within 5 min. or switched to a completely separate physical communi-
cation medium (previously installed) within 5 min. to service a failure

in interface or a communication medium.

The interface shall employ an error detection and control technique at
least as good as the CRC technique specified in the International Stan-
dards Organization's HDLC (ISO documeni 2509).

The interface shall have provision for fair access to the local computer

net services in the event of extended saturation of load.

The interface should allow the incorporation of a oriority scheme to allow
favored access to the communication medium by some host in overload

conditicns.




The preferred design of the local computer network to satisfy these requirements is a set
of mterfaces to a passive communication medium. Each interface, one for each host computer
ou the net, would implement the low-level protocols to transfer messapges between hosts with a
minimum of host processing. The host software would implement higher level protocols to ex-
change requests and responses between hests and to transfer logical collections of data between
hosts using the lower-level, hardware-implemented protocols.

Unfortunately, there are no commercially available local computer networks that meet the
Jesired characteristics. The procurement currently under way is intended to identify the best
compromise of cost and performance, taking into account the required host software as well as
thic hardware costs, that will satisfy these requit ements. As soon as the hardware is chusen,
the design of the protocols and the host software to completely realize the needed intercomputer
communication capability will be started. A.G. Gann

E. DESIGN FOR THE 'NITIAL DATABASE PROTOTYPE

Database design efforts have focused on the initial prototype database implementation. Pre-
sented below is an outline of the design and a discussion of the role of this prototype in the over-
all plan of database development. The initial database module will be implemented as a series
of functional units whose interface will allow each individual unit or a selected set of units to be
isolated on its own computer. The system will be implemented on a modified UNIX. Initially
it will be co-resident with the SAS, but should be capable of being separated therefrom at an
early date.

The goals of the initial prototype implementation are to orovide a useful, nonredundant im-
plementation for use by other pro:>type elements of the SDC ana to get information which will be
useful in building high-performance fully redundant implementations which still provide the
same basic functions. Ir order to fulfill this second goal, the initial implementation will attempt
as fine-grained a division into functional units as possible. This will allow freedom in packaging
raachine functions in later implementations. Isolated functional units will allow multiple active
copies of a function to reside in the same host. This will allow numerous experiments to be
conducted to determine the suitability of many proposed designs for fully redundant operation,
hefore implementing the final version.

1. Functional Design

Functional units are isolated in such a fashion that they may be placed on separate hosts when
connected by a local networi. Functional units communicate by means of messages which are
passed between units by the kernel, in the same fashion that the local network passes messages

between hosts.

Co-residence of multiple functional units on a single host will provide a fruitful environment
for testing the system's response to unit or communications failure. Provision of commands to
terminate or restart a given unit or disable the communication medium will allow the robustness
of the system to be established for large configurations which could not easily be realized if a
host were necessary for each functional unit.

Performance predictions can also be supplied by this type of environment by using virtual-
time-management techniques similar to those used by the virtual machine emulator.” This will

allow determination of performance under a wide range of assumptions.

* M. D, Cannon et al,, "A Virtual Machine Emulator for Performance Evaluation,” Commun.
ACM 23, 71 -80 (1980).




2. Waveform bDatabase

The Waveform Database subsvstem is one of two sets of intercommunicating functional units,
the other being tne Parameter Database subsystem. The Waveform Database is responsible for
the storage of all way oform data within the system, including reference event data. Ail users
of the Waveform Database will direct their requests to a single point of interface, the index
manager. The index manager is responsible for selecting a disk or tape manager which has

the data and which will satisfy the request.

3. Index Manager

The index maiager maintains an index of all waveform data in the system, whether stored
on disk or tape, This allows it to designate the appropriate unit to respond to a waveform read
request, The selected unit can then initiate a connection to the requestor and transmit the data
independently.

The index manager is also responsible for the allocation of disk space. The index manager's
control of disk-space allocation makes it responsible for fielding waveform write requests from
the communications interface. Upon receiving a write request, the index manager allocates a
disk extent, thereby selecting the disk manager responsivle for the spindle on which the extent
is to rezside. A connectiodn is then set up and data transfer proceeds thereon.

The index manager's control of disk allocation extends to management of the bin tape crea-
tion process. Data write requests for each data extent pass through the index manager, and it
is therefore in a position to maintain a queue of data to be dumped and to present a manifest
containing the location of such data to the tape module so that it may produce a bin tape. Once
data have been so dumped, the index manager will keep track of the use of each extent and may

thereby deallocate extents on a least recently used (LRU) basis.

4, Disk Manager

The disk manager is responsible for the high-speed transfer of waveforms upon request by
the index rnanager. The disk manager sets up a connection with the original requestor identified
by the index manager and then proceeds to transfer the data between the established network
connection and the disk. Data transfer proceeds sequentially within a single extent, so no in-
{exing is needed. At the completion of the transfer, the index manager is notified so that fur-

ther segments may be transferred in a like manner.

5. Tape Manager

The tape manager is responsible for producing and updating bin tapes in response to index
manager instructions, and for reading data on bin tapes and reference event tapes back into the
system. It is assumed here that other use of tapes will be handled in a logically distinct func-

tional unit. This may be on another machine or possibly as a separate task on the same machine.

6, Parameter Database

The Parameter Database subsystem is responsivle for system storage of nonwaveform data.
It is layered into two functional units: the file system, which provides a UNIX-type file system
as a central storage repository for network users; and the database manager, which uses the

underlying file system and provides an object-oriented data-management system.

e S AN




The file system will be based on the current UNIX kernel file system code. By moving this
function mto a supervisor address space and making it a sevver responding to messages from
the other units passed to it by the kernel, the basis is laid for a central file repository tor the
local network. This repository may be used to read or write individual file records or to copy
entire files from their canonical version to an SAS or other network user,

The database manager provides an object-oriented data-independent interface, to be used
primarily in the handling of event and arrival lists. The searching of the databasc for objects
which have certain characteristics will be performed by the database manager upon command,
with the matching objects returned to the caller in a caller-specified format. The precise re-

quirements of the application in this regard have yet to be determined.

D. B. Noveck

I, THE SDC DOCUMENTATION SYSTEM

During the initial design phase of the SDC, it was perceived that an organic procedure was
required to assure proper information flow among the designers of the center. This is espe-
cially important since some of the designers and implementors of sub-projects are not located
at the Applied Seismology Group. Also, a method of exe-cising a relatively tight overview of
the project's progress was desired. An accessible documentation system was seen as an im-
portant factor in achieving this objective.

The aim of the documentation system is to have a flexible system which provides a "friendly
face" to both the generator and reader of the documents. It should provide the means for easy
transfer of information between all personnel in the project throughout the history of the project.
We decided to maintain the design, scheduling, progress, and operations documentation on-line,
on the Group's general-purpose computers. Nonresident personnel would then be able to access
and create documents via the ARPAnet. These computers, of the PDP-11 family, use the UNIX
operating system which has been utilized in the past for the implementation of text-handling
systems (for example, AT&T has used the system for publication of the Bell System Technical

Journal).

The design of the documentation system falls into three main categories:

(1) A storage mechanism for the documents which is organic to the design
of the SDC. The UNIX file system was easily tailored to perform this
task. A documentation hierarchical file structure was constructed which

parallels the overall system design.

(2) A set of commands to easily access and maintain the documentation. A
level of protection was required so that documents which numerous
people might have to modify would not become cloned, and then modified
in parallel; this would result in multiple "up-to-date" versions of the

same document.

(3) A method of implementing a set of standards so that the documents of
differing authors would have a uniform appearance., It was decided to
use the nroff program, a relatively sophisticated text assembly program,
to aid in achieving this task,




t.  The Hherarchy of the File Structure

The file structure parallels the functi.nal structure of the proposed SDC. The top-level
divectory is divided into eight sub-directories, six of which are related to the functionual sepa-
ration ol the SDC.  Each of these contains sub-directories, and not documents., Of the two re-
maining, once is for documents relating to the SDC, as a whole, and the other is a "catch all"
category for random notes which, when generated, didn't seem to fit anywhere. The eight di-

rectories are:

oview executive summary, system status, milestones
comm communications interface

vsrf VSC seismic research facility

EE] seismic analysis station

dbs database system

net local network

gse Lincoln Laboratory seismic research facility
notes system-wide information not in any other category

Within each of the six functional task directories, there are five sub-directories:

oview
if

fcn
dgn

notes

For each task, files in the "oview" directory store the current status and milestone schedule
for that task as well as a brief summary of the purpose and design.

The "if" directory contains one or more documents which (together) constitute the interface
specifications for the interfaces to other elements in the system. The "fcn" directory contains
files which constitute the functional specification of the overall subsystem and each separately
identified subdivision of the subsystem.

The "dgn" directory contains files documenting the design of each part of the subsystem.
These documents give the bigher level design considerations for the programs. The "notes"
directory is used (at all levels) to catch thoughts and ideas which are not readily categorized
into the above cat¢ ories. Some of these may be moved later into the regular categories, others
may cause new cg.egories tn be added, and others may be dropped after discussion and further
thought. The purpose of tuis "catch-all" category is to ensure that no idea is lost for lack of
a category.

It is anticipated that each directory will have a person who is responsible for maintaining
the integrity of the directory. This is primarily ensuring that all files in the directory are
consistent and properly maintained.

2. Documentation Maintenance Commands

The following is a quick overview of the commands used to access and maintain the docu-
mentation in this system. The commands are reserve, distribute, runoff and look, and since.
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Reserve Makes a copy of the named file available for c¢xclusive
access by a user. The previous version of the file (it

any) remains accessible by all users for viewing only.

Distribute Installs the new version of a file for access by all users.
The previous version is archived in a special directory
for later copy to magnetic tape. Thus, a complete audit

trail of versions of a file is available.

Runoff Reformats a file from the internal format to the display
format. The output is via the UNIX Standard Qutput,
hence is available for processing by filters or filing via
shell options. A special variant of runoff, called look,
is used if and only if the file is currently reserved to
the user, while runoff will give the publicly accessible
version at all times.

Since Gives a list of all files changed in the specified number
of days. A specified directory or the current directory
and all subsidiary directories are scanned to determine
all files which have been changed (or created) within
the past specified number of days.

3. Document Production

In order to have a uniform appearance for the SDC documentation, we will use a standard
documentation method, This will enable us to distribute up-to-date versions which, if we main-
tain the documentation database, will accurately and clearly reflect the current status and future
cf the SDC. In addition, it will enable us, by simply joining relevant sections, to produce what-
ever reports are required,

An expository flexible format is required for transmitting conceptual information. The
author's mind view of the concept has much to do with the way in which it should be presented.
Minimizing the transformation from the creator's mind to the page will tend to ease the docu-
mentation process for the author, and allow the concepts to be more readily grasped. Using a
common documentation package, which gives us the flexibility required, will both ease the tran-
sition from mind to media and provide a uniform appearance to the documentation.

We will use the nroff program which is controlled, from within the text stream, by a detailed
group of commands., These commands provide the means of formatting the document to be dis-
played. The commands can be grouped together into interactive packages called macros.

We use a subset of the standard -ms macro package, to which additions have been made to
fit our needs. Using a common documentation package, and a few guidelines, gives the documen-
tation a standard appearance without being a burden on the authors, and gives the flexibility

required,

4, Initial Results

The initial use of the documentation system has been very favorable. It was first used to
document the documentation system. This "shakedown" process resulted in modifications to
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components of the system and, hence, to concomitant revision of the documentation system's
documentation. The system is now stable. Existing SDC documentation, which was developed

outside the documentation system, is now being moved onto the system.

R.S. Blumberg

A.G. Gann
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Fig.I-1. Functional subsystems of SDC. These may not correspond to hardware
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II. SEISMIC ALGORITIIMS

Ao AUTONIATIC ASSOCTATION

One of the main goals of the SDC is to produce a list of earthquake locations from a list of
seismic-wave arrival times. This process is known as "association," since sets of incoming
arrivals must be associated with particular epicenters. About five different automatic-association
methods have been developed by various seismic institutions. Unfortunately, none of the methods
has established their superiority over the others, and automatic association is thus an area of
active research. The following is a progress report on the automatic-association method cur-
rently being investigated by the Applied Seismology Group at Lincoln Laboratory.

One of the major problems in automatic association is due to the fact that earthquakes may
occur at nearly the same time anywhere in the world, For example, for the International Seis-
mological Month (ISM) about 30 percent of the events overlap in time, Thus besides locating the
earthquakes from the arrival times, which by itself is not a simple task,i one must decide which
set of arrivale should be assigned to which earthquakes.

The association problem can be represented as the following combkinatorial optimization
problem: Find X, the set of earthquake locations, which minimizes

¥ P(x;, Aj) +al|X| +8|U|

€X
X

where A. is the set of arrivals associated with location xj, P(xj,Aj) is the cost of associating
location xJ. with the set of arrivals Aj' o and B are appropriate constants, and U is the set of
unassociated arrivals. The second and third terms essentially apply Occam's razor by trying

to associate as many arrivals as possible, and at the same time keeping the number of 2vents

as small as possible. In words, this equation says we want to find the smallest number of earth-
quakes which best explains as many arrivals as possible.

Combinatorial optimization problems are usually quite difficult to solve, and this one has
the additional complication of errorful data. Normally, suboptimal heuristic solutions are found
using a form of the hypothesize-and-test paradig:n. A smazll subset of arrivals (3 to 5) or one
or more array measurements is used to determine a hypothetical epicenter. If enough other
arrivals agree with this epicenter, it is declared an event and the arrivals are associated with
it. This process is then repeated for any remaining unassociated arrivals. Although this pro-
cedure is suboptimal, it appears to produce about 80 percent of the events that an analyst would
produce with an acceptable false-event rate (G. Dumphy of USGS, personal communication).

1. The Method

The initial version of the automatic-association program (AA) was designed to utilize only
P and PKP arrival times. This simplifies the design somewhat, but still provides a useful pro-
gram (90 percent of the ISM arrivals are P or PKP arrivals). Additional iaformation such as
amplitude, later phases, and array measurements can be incorporated into the algorithm later
on without much difficulty.

The AA takes two lists as input — a list of arrivals and, optionally, a preliminary list of
events. The output of AA is a list of events and their associated arrivals,
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If a preliminary event ot is available, arrivals are matched to events in the list bcfore new
cvertts are searched for, In this way, any external event information can be used, or any arrivals
missed during a previous AA run can be assigned to the appropriate event during a later AA run,

When searching for an event, the AA inspects each unassociated arrival in turn, 1If this
arrival (called the key arrival) is consistent with cnough other arrivals, it is used to guide a
search for an event (see below), Arrivals are temporarily allowed to be associated with any
number of events, Later on, an "event critic" stage is used to remove multiple associations
and redundant events,

The event critic inspects each arrival and assigns it only to the largest event with which it
associates, Any events which no longer have enough associated arrivals are discarded, Thus,
the critic acts as a form of Occam's razor. Typically, a discarded event is caused by a false
alarm which fortuitously combines with several real arrivals to produce a bogus event, This
critic step is vital because it provides AA with a more "global" viewpoint than it would get from
a simple left-to-right pass over the arrival list, Without it, many false events can be produced
and true events missed,

To search for an event, a circular grid pattern of epicenters is placed around the location
of the station corresponding to the key arrival as shown in Fig, II-1, The origin time at each
epicenter is chosen as if the key arrival had originated from that spot. 'The arrivals are then
matched against each hypothetical epicenter., An arrival is associated with an epicentc if it
matches it within a specified tolerance which depends on the grid spacing. The epicenter which
agrees with the most arrivals (or has the lowest cost in case of a tie) is used as the center of
further ci1cular search with a reduced grid spacing. The process is repeated until either too
few arrivals remain associated or a sufficiently accurate epicenter is obtained. This technique
is similar to one used by Snell.‘2

One advantage of this technique is that it simultaneously associates arrivals to an event and
produces a location for the event, Also, it avoids some of the problems found by traditional loca-

tion methods when using errorful arrival data.1

2. Results

The testing of association algorithms must be done with care since the test data can exert
a strong and unnoticed influence on the development of the algorithm, The AA will be tested on
both actual seismic data from the ISM and synthetic seismic data, The ISM data set is partic-
ularly valtable because it has been carefully associated by seismic analysts and contains over
40,000 arrivals from nearly 1,000 events.

The preliminary results on a little over 800 ISM arrivals is quite encouraging, Table II-1
compares how arrivals are interpreted by the ISM analysts and ty AA. For example, the table

TABLE 1I-1

APPLICATION TO ISM ARRIVAL DATA,
COMPARISON OF AUTOMATIC AND MANUAL
ARRIVAL ASSOCIATIONS (PERCENT)

AA

Unassociated | Associated

Unassociated 30,1 9.7
Associated 5.1 55.2

ISM
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TABLE (1-2

COMPARISON OF EVENTS FOUND BY AA
WITH THOSE FOUND BY THE ISM AMALYSTS

Number Percent
MATCH 20 62,5
NEW 5 15.6
SPLIT 7 21,9
MERGE 4 12,5
MISS 1 3.1

shows that 5.1 percent of the arrivals associated with events by ISM analysts remained unasso-
ciated after processing by AA.

Table II-2 compares the events found by ISM analysts and by AA., The terms in the left-
hand column have the following interpretation:

MATCH The set of associated arrivals were either unassociated
by ISM analysts or were associated to the same event by
ISM analysts,

NEW The associated arrivals were mostly unassociated by ISM
analysts,

SPLIT Acrivais from one ISM event were split into multiple events
by AA.

MERGE Thlie et ~faszociated arrivals came from more than one
ISM wvent,

MISS The ISM event was completely missed by AA,

These preliminary results are encouraging; only one small event (six arrivals) was missed
by AA and over five additional events were found, Three of these events had eight or more as-

sociated arrivals. K. R. Anderson

N. S. Snell

B. AN IMPROVED DETECTOR FOR EMERGENT ARRIVALS

Mcst proposed detectors employ the Z statistic to compare the average power over a short
window (~1.5 sec) against a threshold., To make selection of this threshold easier, the short-
term average power (STAP) is normalized to Z using Eq. (Il—i):3

Z = (STAP — MUstap)/SIGMAstap . (I1-1)

Therefore, Z has a mean of zero and a standard deviation of one. MU and SIGMA are the
long-term properties of the STAP and are given initial value during detector startup. They are
updated using Egs, (II-2) and (II- 3):3

MUn+{ = (1 —E) * MUn + E * STAPn (11-2)
SIGMAn+1 = (1 — E) * SIGMAn + E * (STAPn — MUn) %x 2, (Ii-3)

For a given startup population N, E = 1/N.
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Our detector, as well as the SRO detector, is a Z statistic detector. In order to accurately
test the performance of our detector we acquired 6 h of continuous broadband data from the Al
buquerque, New Mexico SRO (ANMO). These data were filtered to exactly simulate a short-
period (SP) record.  The continuous SP record was then 3-pole Butterworth bandpass filtered
from 0.5 to 2,0 Hz, the same band used by the SRO detector.

We now had a way to directly compure the SRO detector with other detectors (human or ma-
chine), Human analysis of the 6-h record showed that the SRO detector was unable to pick up all
emergent signals, These emergent signals are not small, The problem is that slowly emergent
signals appear to the detector as would a slow increase in noise, With each slightly higher value
for the STAP, the values of MU and SIGMA are pulled up. Eventually the whole signal is passed
over, MU and SIGMA are now contaminated with signal, and the detector is less sensitive for a
while. To trap these emergent signals, we introduced a time lag between the STAP being tested
and the STAP used to update MU and SIGMA,

Figure II-2 shows that, with the SRO detector at point B, MU and SIGMA are already con-
taminated with signal, This being the case, there is little chance of a detection by point C, With
the lag introduced, when the detector is at point C the values of MU and SIGMA have only been
updated to point A, This allows detection of emergent signals as small as the smallest impulsive
signals detected. The time lag used should not be too long since noise levels can rapidly increase
over a short period of time, as with the passage of atmospheric fronts. By trial and error, we
found the optimum value of the lag to be 13 sec,

An example of an emergent signal that the SRO detector missed, which was picked up by
our detector, is given in Fig, II-3.

It is worth noting that this increased sensitivity to emergent signals was not accompanied
by an increase in false alarms, M. A. Tiberio

R. G, North

C. GENERATION OF A SYNTHETIC ARRIVALS LIST

Two programs have been written — the first of which generates a synthetic list of events,
and the second of which coniputes the arrivals from these events seen at a prescribed network
of stations., The purpose of these programs is to provide a systematic method for the evalua-
tion of association and location algorithms, Programs such as this have been written before,
but are described here since the choice of parameters used is rather subjective,

The synthetic events list produces a set of events with approximately correct geographical
distribution, depth distribution, and frequency-magnitude characteristics. The latter are com-
puted using the frequency-moment relation proposed by Chinnery and North,4 and the moment-

magnitude relations of Chinnery.5 Mg and m are computed from the moment value stochasti-

cally, to allow for a range of possible sourc:mechanisms. The number of events listed during .
a given time period (say, 1 day) is controlled by a threshold moment value. Random numbers
are used extensively, so that each run of the program generates a different event list,
One such event list for a single day is illustrated in Figs, [I-4 and II-5, Figure II-4 shows .
the geographical distribution of the 226 events on this list. The moment threshold chosen was
20.0 dyn-cm, which corresponds roughly to my = 3.3, The frequency-mb plot for these events
is shown in Fig. II-5. The "b-value" of 0,95 is very tvpical for real events, In this list, there
were 3 events with m > 5, and 36 events with my > 4, This corresponds to about 13,000 events
per year with my > 4, which is probably a reasonable estimate,
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The arrivals program computes ’-wave arrivuals, and some later phases, at a network of
stations. I'or simulation purposes, the network used for testing consisis of 50 globally distrib-
uted real stations.  Station amplitude biases (Nox‘th71 and travel-time anomalies (l)ziuwonski“)
are included. Each station is assigned an average noise level, and (in the present version of the
, rogram) is assumed to have an infinite dynamic range. The amplitude of each event at cach
station is computed, including a Gaussian component to simulate scattering, and an arrival is
declared when the signal amnlitude is substantially above the noise level. Travel times are com-
puted from standard tables, with a Gaussian random coniponent added to simulate regional vari-
ations. A variety of additional complications include removing each station from service for
1 h per day, and occasional operator errors in hoth depth phase identification and timing.
Recause of the random quantities, each arrivals list from a given events list is different.

A typical arrivals list produced from the 226 event list mention<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>