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Overview 

This document details a proposal for an industrially sponsored consortium 
for research in seismic inversion at Rice University. This consortium project 
will be directed by Professor William W. Symes in the Department of Math
ematical Sciences, George R. Brown School of Engineering. This project 
will develop novel approaches pioneered by Professor Symes to velocity and 
reflectivity estimation from waveform data, and will offer its sponsors both 
pilot software for state-of-the-art vector and parallel computing platforms, 
and a database of experience in waveform inversion. Participants will include 
graduate student assistants, postdoctoral research associates, and (whenever 
possible) short- and long-term visitors from the sponsoring organizations. 

Summary 

The traditional role of industrial seismic data in the discovery and devlop
ment of petroleum prospects, and in other engineering applications, is essen
tially qualitative. Seismic data are viewed as distorted images of the sub
surface, which are processed into time or depth sections, then interpreted to 
provide structural, stratigraphic, or other commercially important geological 
information. It has been suggested many times, however, that seismic data 
might also be viewed as the result of measurements of physicial processes, 
and that commercial and scientific advantage might be gained from such a 
change in viewpoint, for example in the form of more informative input for 
interpretation. The treatment of seismic data as measurements, reproducible 
in the field and explicable by means of physical models, goes under the name 
(waveform) inversion. This model-based approach to seismic data process
ing could be applied to surface (reflection and refraction) data, to VSP data, 
to crosswell data, and could perhaps even lead to understanding their joint 
implications for the subsurface. 

Thanks to research progress achieved over the last decade, it is now possi
ble to envision the evaluation of the commercial utility of waveform inversion 
via pilot software packages. The project detailed in this proposal will further 
the evaluation process by constructing, testing and distributing such pilot 
software, and by building a knowlege base concerning the use of waveform 
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inversion. A major goal of the project is the production of codes to 

• perform automatic waveform-based velocity analysis, i.e. estimate the 
large-scale velocity trends ("the macro model") directly from waveform 
data, and define the resolution limits of such estimation; 

• extract detailed estimates of rock mechanical parameters at the wave
length scale ( "the micro model") based on a variety of physical models, 
and interpret their lithologic information content; 

• execute these tasks using state-of-the-art vector and parallel hardware 
and software and standard user interfaces (UNIX, X windows, Cray Y
MP family, Connection Machine, Intel Delta, ... ) 

In addition to this goal ( already achieved in part) the project plan in
cludes work on the link between seismically identifiable parameters and reser
voir model parameters, through coupling of inversion software with reservoir 
simulators. Work on this part of the project began in Spring 1991. 

Several factors differentiate The Rice Inversion Project from other similar 
consortium projects: 

• the development of Differential Semblance Optimization for waveform 
inversion, one of very few approaches to automatic model-based inver
sion shown to be capable of robust macro model estimation; 

• the emphasis on inversion for detailed rock properties within physi
cal models, thus going beyond (but including) imaging of subsurface 
structure; 

• the integral role of parallel computation; 

• the development of fundamental mathematics for inverse problems in 
wave propagation, as well as application-oriented software; 

• the attempt to link inverted rock mechanical parameters with porous 
flow models, facilitated by the cooperation of experts in reservoir sim
ulation; 
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• the encouragement for sponsor employees to work directly with project 
members at Rice, during short- and long-term visits. 

The Sponsors' investment in the Project will be leveraged by: 

• the proximity and cooperation of other world-class researchers in math
ematical programming and numerical optimization, computer science 
and scientific computation, reservoir simulation, and industrial and aca
demic geophysics; 

• the existence of Federal and State research grants already supporting 
research in this and related topics, both to the Director as an individual 
investigator and to groups of which he is a member, especially the 
Center for Research in Parallel Computation; 

• the growing reputation of Rice as a center of excellence in research and 
graduate education. 

The core program staff will consist of the Director, two or three postdoc
toral associates, up to six graduate students, and an administrative assistant, 
when the consortium is fully operational. Besides an annual Sponsors Meet
ing and distribution of reports, a program of short- and long-term visits by 
Sponsor personnel to Rice will supply the essential element of interaction. 
The principal output of such a small program will necessarily be people and 
ideas ( as is the case with most University consortia) rather than "produc
tion" software. On the other hand the nature of the research implies careful 
attention to software design, data and user interface, and portability issues. 
Experience indicates that one "product" (ideas), may be conveyed success
fully in the form of prototype software and demo packages, at least in part, 
and the production, testing, and distribution of such prototype software is a 
major project goal. 

The proposed annual fee is $25000. The Project will become active when 
four sponsors have committed themselves, with a target start date of 1 Jan
uary 1992 and an initial period of two years. Sponsors joining the program 
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after the initial two-year period would be asked to pay an initiation fee. At 
least in the initial phase, personnel supported by other research funds will 
play an active role in the project. The graduate fellowships will be identi
fied explicitly as industrially-sponsored, and are expected to be a significant 
factor in attracting good students into the program. 

Availability of suitable data sets is a precondition for success in this 
project. Project staff will work with sponsors in identifying data sets having 
particular relevance to the goals of the project, for use by the project staff. 
Any such sponsor-provided data would be covered by use agreements devel
oped on a case-by-case basis. It would be understood that in all cases results 
of work with sponsor-provided data would be published in some form, under 
guidelines agreed with the sponsor. 

The several sections following this Summary describe the proposed organi
zation of the project. An Appendix discusses the scientific and technological 
background of the project at length, and explains the research plan in greater 
detail than is done in this summary. 
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Personnel 

The project staff is intended to consist eventually of the director, several 
postdoctoral reseach associates, half a dozen ( or so) graduate students, and 
an administrative assistant. Additional faculty are possible, but cannot be 
foreseen at this time. For the present the entire project will reside in the 
Department of Mathematical Sciences. At least in the initial period (1991-
3), some personnel (one postdoctoral associate, one or two graduate students) 
will be supported by other research funds. 

Management Plan 

This section outlines briefly the responsibilities of the various project per
sonnel. 

1. Director (William W. Symes): overall scientific and administrative di
rection of the project; advisor of record for most of the graduate stu
dents; work extensively with those who are well into thesis research; 
suggest and approve topics for thesis research; supervise and approve 
plans for annual meetings; maintain communications with sponsor per
sonnel, invite visitors; teach introductory graduate course "Waves in 
Heterogeneous Media" each spring; other teaching and professional du
ties. 

2. Postdoctoral Associates: carry out independent and collaborative re
search in support of the project goals; consult with sponsor personnel 
and otherwise aid in technology transfer efforts; manage the project 
weekly seminar; help in teaching the "Waves" course, and otherwise 
aid in instructing and supervising the graduate students; supervise 
and participate in the development of new software; plan and organize 
the annual meetings, report research there and at other professional 
meetings as appropriate; expected to remain with project 2 - 3 years 
(ideally). 

3. Graduate Students: complete coursework required for Ph.D. in Mathe
matical Sciences, with thorough exposure to Partial Differential Equa-
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tions, Numerical Analysis and Computational Methods, Geophysical 
Prospecting, and Reservoir Simulation; initial exposure to topics of 
project through "Waves" course, followed by several semesters' active 
participation in the project seminar; expected to accept responsibility 
for development and maintenance of project software; once involved in 
research projects, report progress at annual meetings; possible summer 
work or other visits with sponsors. 

4. Administrative Assistant: serve as contact for routine business with 
sponsors, other funding agencies, and University; maintain student 
records; arrange travel; maintain budget, present monthly summary 
tracking sponsor and other funds; logistics for annual meetings, in col
laboration with postdocs; maintain database of project publications 
and general bibliography; assist Director in editorial respnsibilities. 

Financial Plan 

The Consortium will become active when four sponsors have provided funds 
at the level of $25000 each, the target start date being 1 January 1992. The 
general disposition of funds will be similar to that of governmental research 
sponsorship: that is, Rice University will recover indirect costs at the rate 
approved by the Federal Department of Health and Human Services, to off
set expenses associated with the Project's use of office space, utilities, and 
support staff. All direct cost funds will be devoted to support of the project. 
Such support includes salary, fringe benefits, equipment, travel, and other 
expenses related to the performance of the Project. 

Terms and Conditions of Sponsorship 

A contract is under development. It will cover the following points, which 
are stated here in rough outline only: 

• Rice will conduct the work as an independent contractor; 
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• Direct cost funds for the Project will be maintained in a separate ac
count; Rice University will maintain accurate financial records for the 
Project, and will make such records available to Sponsor representatives 
during normal business hours upon reasonable notice; 

• Patents arising from sponsored work under the Project will become 
property of Rice University, and will be available for royalty-free internal
use license to Sponsors during the period of their sponsorship; 

• Software resulting from sponsored work will become property of Rice 
University, and will be available for royalty-free internal-use license to 
Sponsors during the period of their sponsorship; 

• Title to equipment purchased with consortium funds will vest with Rice 
University; 

• In the event that inventions or software result from the collaboration of 
Consortium-funded Project personnel and personnel funded by other 
sources, Rice University will use its best efforts to protect the rights of 
the Sponsors, consistent with any rights of the other funding sources; 

• Sponsors will receive an annual progress report, and will be entitled to 
send a reasonable number of representatives to an annual meeting to 
review progress and discuss the agenda of the research; 

• All publications arising from sponsored work will be distributed to the 
Sponsors for their information prior to submission for publication, and 
will be treated as confidential by both the Project personnel and the 
Sponsors in the interim; 

• PhD theses developed under Consortium support will be distributed to 
the Sponsors as soon as practicable; 

• The level of effort will be in proportion to the number of sponsors; no 
Sponsor will be asked to make a larger contribution than any other. If 
the number of Sponsors drops below three, the Project will be termi
nated and unspent balances of the remaining Sponsors will be returned; 
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• Sponsor employees may work directly with Project staff at Rice Univer
sity, at Sponsor's expense; Sponsor employees to be governed by same 
confidentiality rules as Project staff. 
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The State of the Art, and what we intend to 
do about it 

The current meaning of "practical inversion" of industrial seismic reflection 
data was well-captured in the following remarks: 

"Practical inversion at the current state of the processing art typically con
sists of: compensation for source and receiver imperfections, suppression of 
apparently random noise from multiple scattering, from near surface noises, 
and from identifiable multiple reflections; compensation for attenuation in 
transmission; correction for missing data by numerical interpolation; imag
ing by some combination of DMO, stacking1 and zero-offset migration or by 
prestack migration ... " (Wendell Wiggins, delivered at the 1990 EAEG Work
shop on Practical Aspects of Seismic Data Inversion: Versteeg and Grau, 
1991) 

Note the "processing" orientation of this description: the data is pro
cessed by removal of various complicating features until an interpretable im
age is obtained. The image contains mainly structural information. The 
image amplitudes are either ignored or interpreted in a very broad sense. 
The project proposed in these pages concerns inversion construed in a much 
narrower sense: namely, the construction of a physical/mechanical model of 
the subsurface "explaining" the available data, i.e. a model predicting the 
data within some tolerance. Note that an image of subsurface structure 
ought to be implicit in such a model: inversion, strictu sensu, ought to in
clude imaging. Once a model type has been specified, i.e. the physics of 
wave propagation described, fitting (simultation) of the data to a given de
gree of precision may or may not be possible. If it is possible, then the model 
thus obtained may or may not contain more information about the subsur
face than can be obtained by "conventional" means. Here "information" 
must mean the ability to predict a priori independent quantities, for exam
ple direct measurements of the rock mechanical parameters in well logging, 
or various characteristics of porous flow in reservoir rock. 

Considerable positive evidence has surfaced in recent years to support 
the contention that waveform inversion can be accomplished. That is, is has 
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proved possible to construct physical subsurface models which fit field seismic 
reflection data with considerable accuracy. The predictive value and resolu
tion of these inverted models are only imperfectly understood at present, 
and better understanding of these points is essential to evaluation of the 
commercial potential of waveform inversion. For example, it remains to be 
determined under what cicumstances density variations in reservoir rocks in
dicative of commercial gas concentrations will actually be "visible" in the 
results of waveform inversion. The Rice Inversion Project is aims to provide 
answers to some of these questions. 

In the following subsections we will discuss the technological background 
of this proposal. The discussion will parallel the questions and goals set out 
in the Summary. 

Velocity Estimation 

An initial concentration of the project will be the estimation of macro velocity 
models directly from waveform data. Successful prestack processing of any 
sort, whether the goal is a structural image or a detailed parameter map, 
absolutely requires a velocity model which captures the kinematics of seismic 
waves in the real earth with some accuracy (for study of this point see e.g. 
Versteeg 1990). The current practice for constructing velocity models is well
documented in the Proceedings of the EAEG Workshop ( Grau and Versteeg 
1991). Essentially, horizons are picked on a preliminary section (eg. a time
migrated CMP stack), the blocks between horizons are filled in with sparsely 
parameterized ( eg. constant or linear) velocities, and the parameters are 
adjusted to optimize some ( often subjective) measure of semblance. This 
"hand-built" procedure is open to criticism on two principal counts: 

• it is extremely labor-intensive, so much so that the prospect of serious 
3-D application is dubious; 

• its subjectivity and sparsity may introduce incorrect bias into the model. 

As stated by Jeffrey D. Johnson at the EAEG Workshop, 
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" ... our classic view of layers of constant velocity or with simple x or z 
gradients may be questionable in the light of the extreme sensitivity of prestack 
depth imaging to minor model changes." 

Seismic tomography has been investigated in recent years as a way to 
incorporate complex kinematics ( e.g. Bishop et al 1985, Bording et al 1987). 
Tomography adjusts the macro model automatically, hence does not require 
the sparse and subjectively determined parameterization characteristic of 
conventional macro modeling. Tomographic (i.e. travel-time) inversion poses 
the kinematic inverse problem directly, and so its study yields lessons of great 
value in any other approach to velocity estimation ( e.g. Stork and Clayton 
1990). However, the picking of travel-times from pre-stack data is difficult, 
even sometimes impossible, and in all cases very labor-intensive, so that 3D 
application is also dubious. A certain amount of subjectivity also intervenes 
in the choice of picked events. 

Model-based waveform inversion has been proposed as a maximally objec
tive and physically consistent method for the construction of velocity models. 
Successful waveform-based macro model estimation would resolve one of the 
grand challenges in seismic data processing for the remaining years of the 
century: how to take decisive advantage of the coming increase in computer 
power. Within a few years, machines capable of a trillion floating point op
erations per second (the "teraflop" threshhold) will become available. The 
advent of this level of speed, together with concomittent advances in data 
acquisition, handling, and display, will make such processes as 3D prestack 
depth migration feasible on a routine basis, and will thereby expose as a 
critical bottleneck the largely manual methods of macro model construction 
characteristic of current practice. Both the sheer size of 3D models and 
the complexity of the relation between data, model, and final depth image 
will render trial-and-error velocity analysis either too inaccurate or too time
consuming to realize the potential gains in subsurface insight. In order to 
take full advantage of data quality and volume, macro model construction 
must be automated to a much greater extent than current velocity analysis 
concepts permit. That is, waveform inversion for velocities is essential for 
the entry of seismic data processing into the teraflop era. 

Albert Tarantola has been an especially eloquent exponent of the infor
mation theory viewpoint on waveform inversion, according to which physical 
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models of the earth should be ranked by an a posteriori model probability. 
The a posteriori probability is constructed from a priori probabilities for 
model, data, and model/ data relation ( "the physics") according to the the 
rules of Bayesian or subjective statistical inference. Tarantola's 1987 book 
gives an outstanding and elegant discussion of the foundations for this enor
mously influential "inverse theory". The framework is very flexible, allowing 
the incorporation of virtually any physical description of seismic wave prop
agation, non-seismic constraints, and great freedom in parameterizing model 
parameters. Perhaps most important, "inverse theory" suggests a way to un
derstand the information content of geophysical data, always a critical issue 
in a subject necessarily short on direct measurement. 

As practiced so far, "inverse theory" has not entirely fulfilled its appar
ent potential, because it has not led to successful, robust, efficient velocity 
estimation - and without success at velocity estimation, efforts to estimate 
other parameters or even to construct depth images must come to naught. 
The root cause of this failure may be in some sense a rush to oversimplify: 
the vast bulk of the "inverse theory" work has employed assumptions at 
the outset which reduce the construction of the a posteriori probability to 
the estimation of a maximum likelihood model, together perhaps with some 
second-order statistics ( covariance operators). Mathematically this is equiv
alent to a best-fit formulation: the model is to be adjusted to minimize 
the misfit between observed data and model-based predictions. For various 
reasons, the mean-square error has been the most commonly used measure 
of fit, implying Gaussian a priori probabilities. The resulting technique is 
least-squares inversion. 

Least-squares inversion and similar approaches can be criticized on at 
least two grounds. The first is that the assumptions leading from the general 
Bayesian viewpoint to these methods are unverifiable and probably wrong. 
For example the modeling errors - surely potentially major error components 
- are assumed to be of very special form (having conditional probabilities 
independent of the model). Also the information necessary to determine the 
parameters ( eg. data covariance matrix) of the the theory are simply not 
available in practice, partly because reflection seismology experiments are 
seldom repeated sufficiently to develop data histograms. Whatever the ac
tual data error density is, it is almost surely not Gaussian ( or exponential, or 
Cauchy, or log-normal, or any of the other favorite "inverse theory" proba-
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bility models). Of course this objection is only reasonable if the probabilities 
are interpreted as relative frequencies, as in standard statistics. In Bayesian 
inference, as practiced in quantitative risk assessment and in Tarantola-style 
inverse theory, the probabilities represent "states of information", giving sub
jective estimates of uncertainty. In this subjectivist interpretation, the mean
ing of the exact shapes of the probability densities is far from clear. If the 
precise values of these quantities are not actually important, as is sometimes 
claimed, one has to ask why they are in the theory in the first place. 

Of course Occam's Razor would not cut short the interest in least squares 
inversion if the method delivered uniquely useful results. Despite some rather 
striking successes in favorable circumstances (Cao et al 1990, Kolb and Helge
sen 1989, Carazzone and Srnka 1990), by and large velocities (and conse
quently other model aspects) remain out of reach. In fact, least-squares 
inversion for velocity tends to present extremely difficult mathematical pro
gramming problems. In our 1989 SEG monograph "An Analysis of Least
Squares Velocity Inversion", Fadil Santosa and I explained the source of 
this computational difficulty. It lies in properties of the model/data relation 
which - while in some sense well-known to the seismic research community 
- only display clearly their consequences when organized with the aid of 
mathematical analysis. In any case the fault in least-error inversion is not 
a dearth of cleverness, or insufficient computational speed: it won't work in 
any practical way for essential mathematical reasons. 

In a recent series of papers I have introduced a modification of least
squares inversion, called differential semblance optimization or DSO, which 
appears to overcome most of the difficulties encountered by straightforward 
least-squares inversion in estimating macro models. A version of this "re
laxed" least-squares inversion appropriate for plane-layered models and plane 
wave data was investigated in Symes 1991a, 1990a, and Symes and Carazzone 
1989, 1991. These papers develop theoretical assertions of the effectiveness 
of velocity estimation by DSO, and exhibit a number of successful and appar
ently typical numerical results obtained with synthetic and field data sets. 
A newer variant of DSO appropriate for 2D models and shot gathers is in
troduced with preliminary numerical results in Symes 1990b, 1991b, c. 

The sense in which DSO "solves" the seismic inverse problem is less elab
orate than that prescribed by "inverse theory". The output is a model in 
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a given class; if successsful, DSO produces a model which matches the data 
within a prescribed tolerance, and does so by means of a rapidly convergent 
Newton style iterative algorithm. The model estimate is stable, changing by 
a small amount in response to small amounts of data noise. These properties -
physical consistency, data stability, and efficient computability- form a crude 
substitute for the elegant but ineffective constructs of Bayesian inference. 

Since DSO is based directly on a physical model, it yields velocity es
timates only in conjunction with estimates of the short-wavelength compo
nents of the theoretical parameters. Inadequate modeling of "reflectivity" 
will therefore degrade the velocity estimate as well. This effect has been 
observed in experiments with field data, using the constant-density acoustic 
model (Symes and Carazzone 1989, 1991). In these experiments, amplitude
versus-angle variations explicable only by density variations ( or even more 
complex reflectivity effects) evidently caused velocity errors. Thus DSO in
volves serious effort to model the oscillatory components of rock mechanics, 
in contrast to conventional velocity analysis. 

Mechanical parameter estimation 

As shown by Spratt 1987 in the context of conventional AVO vs/vp esti
mation, accurate kinematics is essential to estimation of multiple mechan
ical parameters. Given accurate background velocities, one can investigate 
the resolution and accuracy of oscillatory parameter perturbations ("reflec
tivities") in linearized approximation. Tarantola 1986 gives an example of 
qualitative analysis of resolution in this setting, but much more precision 
is possible. Santosa and Symes 1988 give the most complete quantitative 
study to date on the resolution of layered acoustic parameter variations, and 
Sacks and Symes 1987, 1990 lays the foundations for a similar analysis of 
layered isotropic elastodynamics. Using ideas from the thesis of Rakesh 1988 
it should be possible to carry out a similar analysis for nonlayered models. 

Even in the context of conservative models like acoustics and linear elas
ticity, the interpretation of resolution studies is complicated by the influence 
of bandlimitation. The resolvable length scale from surface seismic data is 
a significant fraction of a wavelength, and is in any case much larger than 
scales on which rock mechanical parameters vary. Since successful inversion 
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already entails matching of synthetics, extraction of more information re
quires development of new tools. For example, one might try to answer a 
question along the following lines: "Is there a model consistent with the data 
in which rock volume V contains more than P% material with vs/vp ratio 
greater than R?". Such hypothesis-testing tools do not currently exist. 

Attenuation mechanisms also have an important effect on the interpreta
tion of reflectivity, yet have not been much studied in the explicit context of 
the inverse problem. Recent theses of Noutary 1989 and Chaderjian 1989 rep
resent some progress, but much remains to be done, in dissipation modeling, 
estimation of parameters, correlation with other rock properties, "visible" 
length scales, and lithology. 

Estimation of source waveform and directivity has also received relatively 
little attention in the literature of model-based waveform inversion. A few 
authors have used water-bottom reflection modeling in marine plane-wave 
data to obtain consistent estimates directly from the data (Kolb et al 1989, 
Carazzone and Srnka, 1989). In his 1989 thesis under my direction, Lewis 
showed how the entire plane-wave data set could be used to constrain the 
source estimate. 

Reservoir evaluation and management 

A number of articles have appeared in the recent literature concerning the use 
of cross-well tomography to monitor the progress of steam or carbon dioxide 
floods in tertiary recovery efforts (eg. Justice et al. 1989). Otherwise, the 
matter has received no attention in the "inverse theory" literature, so far as 
I know. In particular the gestalt process - reservoir flow and seismic imaging 
- has not been simulated. 

Integration with seismic stratigraphy 

Inversion has been understood as the recovery of rock mechanical parame
ters, which are in turn presumed to have some relation to lithology. Seismic 
stratigraphy, on the other hand, teaches that reflection events are best cor
related with geotemporal boundaries. Thus the mechanical character of a 
rock unit may change, gradually or abruptly, along an event - in particular, 
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processes such as compaction and mineralization may influence local rock 
mechanics without obliterating an event. Evidently both sorts of informa
tion can be of importance in the interpretation of a sedimentary basin. While 
computational delta and basin modeling have been developed in recent years, 
little work has appeared on the integration of such stratigraphic tools with 
. . 
1nvers1on. 

Short- and Long-Term Goals: the basic plan 

The technical goals of this project are as follows: 

• short-term: to build a base of theory and experience in the differential 
semblance approach to seismic waveform inversion, introduced in my 
work of the last few years, through extensive experimentation with 
synthetic and real data; 

• short-to-medium-term: to develop a set of efficient and flexible soft
ware tools for the computational problems of seismology in parallel 
computing enviroments such as the Cray Y-MP, Connection Machine 
and the Intel iPSC/Touchstone-Delta, which are prototypical of the 
high- performance computing enviroments of the next ten years; 

• short- and long-term: to understand and model the effect of rock mi
crostructure on high-resolution seismic response and the potential for 
use of such response in predicting fluid flow behaviour, through theo
retical studies and through development of an integrated seismic imag
ing/reservoir simulation code and study of the layered poroelastic and 
viscoelastic inverse problems; 

• long-term: to develop techniques to aid the integration of maximally 
precise rock mechanical property estimates and sequence-stratigraphic 
interpretation of sedimentary basins. 

In aid of these goals, I propose also 
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• to establish an ongoing industry-supported program of graduate study 
in geophysical data processing as an area of applied mathematics, of 
size appropriate to Rice University and its Department of Mathematical 
Sciences, leading to the Ph.D. degree in Applied Mathematics; 

• to provide an enviroment in which selected postdoctoral associates, 
graduate students, and academic and industrial visitors can collaborate 
in pursuit of the research goals just stated. 

The technical output or the project will delivered in several forms, m
cluding: 

• technical reports, summarizing progress in understanding and experi
mental results; made available to sponsors and intended for eventual 
publication in refereed journals; 

• one sponsor meeting per year, to be held in the spring at some agreeable 
venue; 

• short- and long-term visits of sponsor personnel to Rice; 

• prototype software packages, meant to be usable for evaluation pur
poses, by way of data standards, completely specified interfaces, veri
fied and explicitly described portability, and user manuals; not intended 
as commercially competitive software but as a means of conveying re
search progress. 

There follow some notes on specific plans for various subprojects, natu
rally more detailed in the case of short-term goals. 

Differential Semblance Optimization for Velocities and 
other Parameters: short-to-medium term 

This subproject is already well under way in my work of the last few years. 
Two problems settings are under investigation: plane-stratified media with 
plane-wave data, and 2D heterogeneous media with shot-order data. 
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1. Plane Wave Data, Layered Models 

The analysis and implementation of DSO for plane wave data and con
stant density layered acoustic models are essentially finished. Goals for 
the coming year or so are: 

• implement the extension to layered general acoustics, then even
tually to transversely isotropic elastodynamics; 

• determine the identifiability of effective sources, after the theoret
ical work in Lewis' thesis; 

• test methods for automatically choosing the various penalty pa
rameters in DSO, also other optimization issues, eg. Lanczos type 
spectral estimation and Kennett's subspace method for alleviating 
mis-scaling. 

The principal role of the plane-layered problems is to serve as a compu
tationally inexpensive testbed, in which complete theoretical control is 
also easier to obtain. Thus the layered case should provide insight into 
less restrictive problems settings. On the other hand some treatment 
of real data is also possible, as in our previous work, since the 3D na
ture of reality can be respected in preparing plane-wave data sets, and 
since some sedimentary basins contain nearly stratified areas. We will 
re-visit data sets already in my possession, and hopefully acquire new 
data sets on which to test various algorithms. 

2. Shot Order Data, Laterally Heterogeneous 2D Models 

This work is in its early stages. Much analysis remains to be done, 
though enough exists to justify hope for good numerical results. A 
prototype code exsits and has been used to conduct preliminary ex
periments with the IFP "Marmousi" data set. The code is designed in 
such a way that ports to a variety of serial and concurrent Unix plat
forms can be made without essential alteration in most of the source 
modules. 
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Goals for the near future (1991) include: 

• complete port to CM2 and Intel iPSC /860; 

• investigate accuracy of various options for gradient and Hessian 
calculation; 

• proceed with more tests on Marmousi and other synthetic 2D data 
sets. 

Medium-term (1 - 3 years) are: 

• evaluate capability of 2D DSO to estimate velocity structure in 
models of varying complexity and lateral heterogeneity; 

• understand the influence of severe vs. mild lateral heterogeneity 
on the kinetics of reflection inversion; 

• carry over lessons regarding optimization techniques, multiparam
eter models, source estimation, and attenuation modeling gleaned 
from the layered-model subproject; 

• investigate the possibilities for economical 3D modeling as a first 
step in the direction of 3D inversion. 

All goals are naturally subject to revision in the light of experience. 

There follow a few detailed notes on specific points. 

2D data sets are necessarily synthetic, although they can be approximated 
to a limited extent from real data when the dip direction is really well-defined 
and the line is in it. The French Petroleum Institute has distributed the so
called Marmousi Data Set, a 2D finite difference synthetic over a complex 
geological (modeled on a basin in Angola). This synthetic data set has the 
dimensions typical of a small industrial survey: one line of 240 shots, each 
recorded at 4 ms in 96 groups in a 3000 m cable. I participated in the EAEG 
Copenhagen Workshop which marked the end of the "blind" phase of the pro
cessing trial, and eventually obtained some preliminary results with a crude 
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version of 2D DSO. These results will appear in the Workshop Proceedings 
(Versteeg and Grau 1991). The Marmousi model has both "layered" and 
highly non-layered sections, and will provide raw material for development 
of the basic multidimensional DSO software for some time to come, along 
with "tame" home-built synthetics. A large part of the value of Marmousi is 
that many other groups are working on it, so that comparison of our results 
with other state-of-the-art work will be possible. 

Early development of 2D DSO was carried out on a Stardent Titan super
workstation, with a throughput of roughly 20 Mflops. This machine is too 
slow to support extensive experimentation with Marmousi. One of the tenets 
on which my research program and this consortium proposal are based is that 
the increase in computational power necessary to carry out practical inversion 
will come through the use of scalable multiprocessing. Therefore, we have 
made use of both "conventional" shared-memory supercomputers ( currently 
the Cray Y-MPS/128 at NOARL POPS facility) and also massively parallel 
supercomputers provided by the Center for Research in Parallel Comput
ing ( a National Science Foundation Science and Technology Center involv
ing Rice University, California Institute of Technology, Los Alamos National 
Laboratory, and Argonne National Laboratory, headquartered at Rice). The 
CRPC facilities include the largest concurrent computing configurations in 
existence: the 64K Connection Machine 2 with 64 bit floating point chips 
and 8Mbyte RAM per node, currently on line at Los Alamos, and the Intel 
Touchstone/Delta, with 528 i860 nodes, scheduled to come on line at Cal 
Tech in March '91. CRPC operates smaller configurations of both machines 
at Rice, and interactive access to the remote sites via Internet is currently 
entirely satisfactory. 

The port to the CM2 illustrates the sort of work necessary to take advan
tage of these machines; unfortunately at present each concurrent computing 
enviroment has its peculiar requirements, which must be met if anything 
remotely resembling the potential is to be realized. To make the codes as 
portable as possible, I have used modular procedure grouping, binary data 
encoding routines from the standard network software, and "out-of-core" 
data handling, in which data sets incorporate their own dimensional infor
mation, whether they reside in-core or on disk. The CRPC effort at Rice is 
aimed in large part at exactly the issue of programming across many parallel 
platforms. I have learned a great deal from this effort and expect to learn 
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more. In summer 1990 my former student David Dobson ported the finite 
difference core of the DSO code to the CM2, obtaining eventually satisfac
tory performance, equivalent to 1 Gflops on the entire machine. Dr. Gang 
Bao, who recently completed his thesis under my direction, will take over 
the CM2 port in spring 1991. Dr. Bao will complete the port of the finite 
difference routines, revise the control portion of the code, and implement i/o 
routines to take advantage of the so-called Data Vault fast i/o channel. 

Integrated seismic inversion and reservoir simulation 

Goals for this subproject include: 

• (short term: 1991-2) construction of 2D crosshole first arrival tomogra
phy code based on upwind finite difference solution of the eikonal equa
tion (VanTrier and Symes 1991), integration with steam flood simulator 
to produce first integrated simulator, simple experiments to explore link 
between velocities and flow model parameters (permeabilities, mobility 
ratios, temperatures, fluid composition, etc.). 

• (short- and long-term: 1991 - ????) theoretical and numerical inves
tigation of relations between fundamental rock microstructure, seismic 
and sonic response, and fluid flow. 

• (long-term: 1993 - ????) construction of integrated simulators to in
vestigate questions in reservoir characterization and management. 

The literature on geophysical inversion for reservoir properties has focused 
mostly on velocities (see eg. Justice et al. 1989), as it has concerned mostly 
tomographic inversion. Clearly much more can be done with waveforms, and 
in fact the "practical" ( as opposed to "inversion") literature has included a 
great deal of waveform analysis, in the form of so-called AVO analysis, for 
example. In collaboration with Mary Wheeler and her reservoir simulation 
group in my Department, I plan to direct a graduate student, Mr. Eric 
Vestal, in some initial attempts to link a crosshole tomography code (based 
on the upwind eikonal solver) with a steam flood simulator developed by 
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one of Prof. Wheeler's former students. This effort should give us a rough 
benchmark against the work reported in the literature, and a chance to begin 
the process of understanding the relations between porous flow parameters 
and mechanics. 

The first-arrival tomography code is based on the upwind eikonal equa
tion solver which I developed in the last year (van Trier and Symes 1991). 
Its novelty lies in the fact that no rays are traced at all. The travel-time 
field is calculated directly on the Cartesian grid of interest, with the need 
for interpolation, and the calculation vectorizes fully. The Jacobian of the 
slowness-to-travel-time map need not be calculated at all ( as is done in, say, 
Bishop et al. 1985), but rather its action on a particular slowness perturba
tion. The adjoint of this action is needed to compute the travel-time residual 
gradient; this adjoint action is computed via the adjoint state technique, as 
has become common in wave equation inversion codes. Based on the per
formance of the travel-time code, this technique should be both faster and 
more robust than raytrace-based tomography. A version of the travel-time 
code is available on NETLIB, and has been installed and used by perhaps 
twenty people around the world. 

Prof. Mary F. Wheeler has kindly consented to aid us in the adapta
tion, understanding and use of a steam flood simulator written by her former 
student, Dr. Tom Potempa. According to published studies, considerable 
evidence exists that seismically visible alterations in p-wave velocities occur 
in the vicinity of steam, due to temperature change. Also, phenomenological 
linkage between temperature and velocity has been detailed in the litera
ture. This phenomenlogy will be the basis for our initial attempt to couple 
reservoir simulation and seismic imaging: we will transform temperature/ 
concentration snapshots from the steam flood simulator into velocity maps 
using the phenomenological correlations, compute interwell traveltimes us
ing the upwind code, and attempt reconstruction using the tomography code. 
We will begin with simple reservoir models consisting of homogeneous lay
ers; we expect the slowness fields to complexify even in these simple models, 
because of front fingering. With Prof. Wheeler's help we then plan to add 
heterogeneity to the resevoir description. 

I regard this project as a bare beginning in the subject of dynamic imaging 
of reservoirs. Reservoir description and simulation is extremely complicated, 
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and I expect eventually to involve reservoir engineers in the construction of 
realistic experiments. I also believe, however, that it will be instructive to 
begin with a simple model. 

The relation between flow properties and seismic properties of reservoir 
rock appears to reside both in gross reservoir geometry (i.e. stuctural infor
mation which should be delivered by a good velocity inversion) and also in 
rock microstructure and its macroscopic implications. Together with Prof. 
Kenneth Bube of University of Washington, I will begin this spring a long
term study of this micro/macro connection. We hope in particular to un
derstand a little bit better the mechanisms of attenuation and anisotropy, 
as these may be most directly linked to flow and fluid content determinants. 
Both viscoelasticity, as a phenomenologically justified theory, and poroelas
ticity (Biot theory), as a more fundamentally physical approach, have been 
advanced as models for attenuative seismic wave propagation ( eg. Bourbie, 
Coussy, and Zinsner 1987). Recent work on simulation of poroelastic waves 
(Santos et al. 1990, Zhu and McMechan 1991) has shown that some details 
of porous structure are seismically visible, but a full-blown theory of the 
inverse problem, even for layered media, is lacking. Our previous work on 
acoustic and elastic layered inversion gave the sharpest results to date on 
resolution and stability (Santosa and Symes 1988, Sacks and Symes 1987, 
1990) and apparently the same techniques should produce good results for 
the poroelastic case. 

Eventually we would hope to build on the basis of this theoretical work a 
coupled surface-crosshole-vsp inversion/reservoir simulation code, with which 
we could begin to quantify the predictions of the theory regarding the cou
pling of seismic and fluid-flow properties of porous rock .. 

Inversion and stratigraphic interpretation 

This topic is the least well-developed of those in which I forsee significant 
effort. It is nonetheless of critical importance. The sedimentation, rock 
formation and crustal contortion processes which are the subject of stratig
raphy, should give the ultimate source of non-seismic constraints on inversion 
results. This is the case now in a very crude sense. The extensive emphasis 
on layered models in work on waveform inversion, and the use of ( explicit 
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and implicit) horizontal smoothing in non-layered inversion codes, are not 
merely matters of mathematical convenience: if they were, the subject of 
surface seismic waveform inversion could not exist. These model constraints 
reflect in a zeroeth-order way the general structure of sedimentary basins. 
In the long run much more precision in describing the experimental-time
scale implications of geologic-time-scale processes will be both necessary and 
fruitful. 
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