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(57) ABSTRACT 

A method of transforming geologic data relating to a Subsur 
face region between a geophysical depth domain and a geo 
logic age domain is disclosed. A set of topologically consis 
tent Surfaces is obtained that correspond to seismic data. The 
Surfaces are enumerated in the depth domain. An age is 
assigned to each surface in the depth domain. The age corre 
sponds to an estimated time of deposition of the respective 
Surface. An age mapping Volume is generated. An extent of 
the age domain is chosen. A depth mapping Volume is gen 
erated. Both the age mapping Volume and the depth mapping 
Volume are used to transform geophysical, geologic, or engi 
neering data or interpretations between the depth domain and 
the age domain and vice versa. The geophysical, geologic, or 
engineering data or interpretations transformed by at least 
one of the age mapping Volume and the depth mapping Vol 
ume are outputted. 
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METHOD FOR GEOPHYSICAL AND 
GEOLOGICAL INTERPRETATION OF 

SESMIC VOLUMES IN THE DOMAINS OF 
DEPTH, TIME, AND AGE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a Continuation-in-Part of Inter 
national Application PCT/US2009/041671, filed in the 
United States Receiving Office on 24 Apr. 2009 and titled 
"Seismic Horizon Skeletonization', which claims the benefit 
of U.S. Provisional application 61/128,547 which was filed 
on May 22, 2008; U.S. Provisional application 61/131,484 
which was filed on Jun. 9, 2008 and U.S. Provisional appli 
cation 61/169,122 which was filed on Apr. 14, 2009. 

FIELD 

0002 This invention relates generally to the field of geo 
physical and geologic prospecting, and more particularly to 
the analysis of seismic data. Specifically, the invention is a 
method to create objects such as Surfaces and geobodies, and 
to automatically analyze them with the purpose of highlight 
ing regions with a potential to contain hydrocarbons. One 
particular embodiment of the invention is the simultaneous 
creation and analysis of many stratigraphically consistent 
Surfaces from seismic data Volumes. 

BACKGROUND 

0003. It is advantageous in seismic data processing and 
interpretation to reduce a seismic data Volume to its internal 
reflection-based surfaces or horizons. Collectively, these sur 
faces form the skeleton of the seismic volume. Many methods 
have been described to extract or track one horizon or surface 
at a time through a Volume of seismic data. Most of these 
methods create surfaces that eventually overlap themselves. 
Thus, the same surface may have multiple depths (or reflec 
tion times) associated with the same spatial position. Some 
methods prevent multi-valued surfaces by discarding all but 
one value per location. Typically, they store only the first one 
encountered during the execution of the process and simply 
do not record later ones. Moreover, if multiple surfaces are 
tracked, one surface may overlay another Surface at one loca 
tion, while the opposite relationship occurs at another loca 
tion. Collectively, these situations may be termed topologi 
cally inconsistent. The published approaches to date, some of 
which are Summarized below, largely ignore topological con 
sistency. 
0004. In “The Binary Consistency Checking Scheme and 
Its Applications to Seismic Horizon Detection.” IEEE Trans 
actions on Pattern Analysis and Machine Intelligence, 11, 
439-447 (1989), Cheng and Lu describe a method to extract 
the seismic skeleton from two dimensional data. Problems 
introduced by the third dimensions are neither discussed nor 
resolved. The procedure uses an iterative approach where 
strong horizons are tracked initially, while weaker ones are 
tracked in later iterations. At any iteration, the tracking is 
confined to areas delineated by horizons already tracked in 
earlier iterations. Tracking is preformed by correlating mul 
tiple neighboring traces simultaneously. Combining the two 
approaches allows incorporation of the geologic fabric into 
the results. This method is also described in “An Iterative 
Approach to Seismic Skeletonization. Lu and Cheng, Geo 
physics 55, 1312-1320 (1990). 
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0005. In "Seismic Skeletonization: A New Approach to 
Interpretation of Seismic Reflection Data.” Journal of Geo 
physical Research-Solid Earth 102, 8427-8445 (1997), Li, 
Vasudevan, and Cook describe the utility of using the seismic 
skeleton for the interpretation of seismic data. The seismic 
skeleton is two dimensional, and when a horizon splits, the 
decision regarding which branch to follow is not geologically 
motivated. Instead, the method attempts to correlate events 
across three neighboring traces in Such away that dip changes 
are minimized. The method includes only iterative growing of 
horizons. 
0006 Further, Adaptation of Seismic Skeletonization for 
Other Geoscience Applications. Vasudevan, Eaton, and 
Cook, Geophysical Journal International 162, 975-993 
(2005), is a continuation of the earlier work, realizing that 
skeletonization has geoscience applications beyond seismic 
processing and interpretation. 
0007. In “Branch And Bound Search For Automatic Link 
ing Process Of Seismic Horizons.” Huang, Pattern Recogni 
tion 23, 657-667 (1990), Huang discloses a two dimensional 
method of horizon growth allowing horizons to cross and 
penetrate each other, which violates the stratigraphic para 
digm that geologic strata do not cross. The method reveals 
only the generation of horizons by picking events, peaks for 
example, building a tree of all potential linkages between 
these events, and then selecting the ones which yield the most 
linear horizons. Branches of the linage tree are chosen to 
minimize a cost function of horizon nonlinearity. 
O008 “How To Create And Use 3D Wheeler Transformed 
Seismic Volumes, de Groot, de Bruin, and Hemstra, SEG 
2006 discloses an interpretation method that interpolates 
horizons with Sub-sampling resolution by following the local 
dips and strikes, organizes these horizons in sequential order, 
and visualizes these horizons or attributes thereon in a depo 
sitional domain by flattening of the horizons or attribute vol 
umes along the horizons. Specifically, the algorithm requires 
the input of major horizons which need to be picked with an 
alternative method, Such as manual picking. Within an inter 
Val bracketed by major horizons, minor horizons are interpo 
lated either parallel to the top or bottom horizons, linearly 
interpolated in between, or following the local dip and strike 
orientations estimated from seismic attributes. By construc 
tion, the interpolated minor horizons are not crossing through 
each other. 

0009. In a paper submitted for the 70" EAGE (European 
Association of Geoscientists and Engineers) Conference and 
Exhibition, Rome, Italy, Jun. 9-12, 2008, and available for 
download at www.earthdoc.org beginning May 26, 2008, 
entitled “An Approach of Seismic Interpretation Based on 
Cognitive Vision.” Verney et al. disclose a method for geol 
ogy-based interpretation of seismic data by using artificial 
intelligence tools based on “cognitive vision.” First order 
reflector continuity is detected using Voxel connectivity in the 
seismic data. Then, a visual characterization step is per 
formed. For example, chronological relationships are estab 
lished based on whether a reflector lies above or below 
another. Finally, geological horizons are identified from the 
reflectors by fusing all nodes that (a) share similar visual 
attributes (amplitude, thickness, dip), and (b) are located at 
similar distances from at least one other reflector. The result is 
a set of chronologically ordered horizons. 
(0010 U.S. Pat. No. 7,024,021, “Method for Performing 
Stratigraphically-Based Seed Detection in a 3-D Seismic 
Data Volume to Dunn and Czernuszenko, discloses a three 
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dimensional geobody picker and analyzer. In this patent, a 
few select geobodies are picked, which may include geobod 
ies having attribute values within a specified range or geo 
bodies adjacent to certain attribute values. During picking, 
the geobodies are analyzed using a map view criteria to detect 
and eliminate self-overlapping geobodies, and yielding com 
posite geobodies instead. The composite geobodies satisfy at 
least the topological condition of no self overlaps, but the 
boundaries between geobodies are determined by the order in 
which the voxels are detected. 
0011. In "System and Method for Displaying Seismic 
Horizons with Attributes” (PCT Patent Application Publica 
tion No. WO 2007046107), James discloses a seismic autop 
icker that generates single valued horizons and often takes the 
correct branch when horizons split. The interpreter initializes 
the method by manually selecting one or multiple seed points 
within the seismic data volume. The algorithm uses the seed 
points to pick a set of secondary points from neighboring 
traces which are then treated as new seed points, and the 
procedure repeats. Secondary picks that led to self overlap are 
rejected, but topological consistency with other horizons is 
not revealed. The algorithm is basically based on controlled 
marching. 
0012 U.S. Pat. No. 7,257,488 to Cacas (“Method of Sedi 
mentologic Interpretation by Estimation of Various Chrono 
logical Scenarios of Sedimentary Layers Deposition') dis 
closes a method of organizing seismic and geologic horizons 
into a hierarchy using the above/below relationships to facili 
tate their stratigraphic interpretation. The method automati 
cally extracts pertinent information for sedimentologic inter 
pretation from seismic data by using estimations of realistic 
chronological Scenarios of sedimentary layers deposition. 
The algorithm begins by thresholding the seismic data and 
using morphological thinning to create individual horizons. If 
multiple horizons intersect, then the most linear pair is com 
bined, while the others are explicitly disconnected. The 
method then iteratively estimates a first and a second chrono 
logical scenario of the deposition of sedimentary layers, 
assuming respectively that each reflector settles at the earliest 
and at the latest possible moment during the sedimentary 
depositional process. Starting with reference horizons, the 
algorithm basically enumerates the horizons upwards and 
downwards to establish relative orders. An interpretation of 
these two chronological scenarios is eventually carried out so 
as to reconstruct the depositional conditions of the sedimen 
tary layers. 
0013 The differences in the relative orders are used to 
estimate the scenario uncertainty. 
0014 GB Patent No. 2,444,167 to Cacas (“Method for 
Stratigraphic Interpretation of Seismic Images') discloses a 
method for stratigraphic interpretation of a seismic image for 
determination of the sedimentary history of the subsurface. 
The method involves automatically tracking events creating 
at least one horizon, selecting horizons with similar seismic 
attributes extracted from a window at or near the horizons, 
and flattening the seismic Volume along the selected horizons. 
0015 U.S. Pat. No. 7,248,539 to Borgos (“Extrema Clas 
sification') discloses a method of horizon patch formation 
and merging by common membership in clusters of wave 
forms and patch properties. The method picks horizons by 
extracting, e.g., all peaks, but correlates them by clustering of 
waveforms. Picks belonging to the same cluster are used to 
define horizons patches which are merged into larger hori 
Zons by properties such as clusterindices, position, or seismic 
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attributes. Specifically, the method defines with sub-sample 
precision the positions of seismic horizons through an 
extrema representation of a 3D seismic input volume. For 
each extrema, it derives coefficients that represent the shape 
of the seismic waveform in the vicinity of the extrema posi 
tions and sorts the extrema positions into groups that have 
similar waveform shapes by using unsupervised or Super 
vised classification of these coefficients. It then extracts sur 
face primitives as Surface segments that are both spatially 
continuous along the extrema of the seismic Volume and 
continuous in class index in the classification Volume. By 
filtering on properties, such as class index, position, attribute 
values, etc. attached to each patch, a set of patches can be 
combined into a final horizon interpretation. Three primary 
applications of the Surface primitives are revealed: combining 
Surface primitives into complete horizons for interpretations; 
defining closed Volumes within the seismic Volume as the 
closure of vertically arranged surface primitives; or estimat 
ing fault displacement based on the Surface primitives. 
0016 Monsen et al. (“Geologic-process-controlled inter 
pretation based on 3D Wheeler diagram generation. SEG 
2007) extended U.S. Pat. No. 7,248,539 to Borgos by extract 
ing above/below relationships for the patches and used these 
relationships to derive a relative order of patches which sat 
isfies these constraints by application of a topological sort. 
Flattened horizons are then positioned in this relative order to 
allow interpretation in the depositional Wheeler domain. The 
SEG abstract is the basis for U.S. Patent Application Publi 
cation No. US 2008/0140319, published on Jun. 12, 2008. 
(0017 GB Patent No. 2,375,448 to Pedersen (“Extracting 
Features from an Image by Automatic Selection of Pixels 
Associated with a Desired Feature, Pedersen') discloses a 
method to construct surfaces, such as horizons and faults 
from a few select seed points. The method interpolates 
between the seed points and extrapolates away from the seed 
points by generating many paths which slowly converge to 
lines (in two dimensions) or Surfaces (in three dimensions). 
The method is based on the way ants leave the colony to 
forage for food. Initially, their paths are nearly random, but 
each ant leaves a trail of pheromones. Ants follow each oth 
er's scent, and over time, short Successful paths emerge. This 
strategy was adapted to horizon tracking where success is 
defined by the coherency of the seismic data along the path. 
For fault picking, Success appears to be defined by the inco 
herency along the path. Overtime, individual segments grow, 
and some may merge to form larger Surfaces. In a follow-up 
step, segments are connected depending on their orientations 
and projected trajectories. 
(0018 U.S. Pat. No. 5,570,106 (“Method and Apparatus 
for Creating Horizons from 3-D Seismic Data') to 
Viswanathan discloses a method for computer-assisted hori 
Zon picking by allowing the user to delete partial horizons and 
use the remaining horizon as seed points for automatic pick 
1ng. 

(0019 U.S. Pat. No. 5,537.365 (Apparatus and Method 
for Evaluation of Picking Horizons in 3-D Seismic Data') to 
Sitoh discloses a method to evaluate the quality of horizon 
picks by applying different picking strategies and parameter 
to allow crosschecking of results. 
(0020 U.S. Pat. No. 6,853,922 (“System For Information 
Extraction From Geologic Time Volumes”) to Stark discloses 
a method to convert seismic data to a domain of relative 
geologic time of deposition. The method is based on the 
unwrapping of seismic instantaneous phase data. 
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0021 U.S. Pat. No. 6,771,800 ("Method of Chrono-Strati 
graphic Interpretation of A Seismic Cross Section Or Block') 
to Keskes et al. discloses a method to transform seismic data 
into the depositional or chronostratigraphic domain. They 
construct virtual reflectors, discretize the seismic section or 
volume, count the number of virtual reflectors in each pixel or 
Voxel, and renormalizing this histogram. By doing this pro 
cedure for every trace, they create a section or volume where 
each horizontal slice approximates a horizon indicating a 
geologic layer deposited at one time. This section or Volume 
is then used to transform the data into the depositional or 
chronostratigraphic domain. However, the reference does not 
disclose the creation of Surfaces, nor breaking or merging of 
Surfaces, nor topology or topological consistency. 
0022 What is needed is a method that generates topologi 
cally consistent reflection horizons from seismic (or attribute) 
data or any geophysical data, preferably one that generates 
multiple horizons simultaneously. The present invention full 
fills this need. 

SUMMARY 

0023. In one embodiment, the invention can be a method 
for merging Surfaces identified in a seismic or seismic 
attribute data Volume to form larger Surfaces representing 
Subterranean geologic structure or geophysical State of mat 
ter, comprising merging neighboring Surfaces in a topologi 
cally consistent way. In some embodiments, topologically 
consistent can be defined as verifying that surfaces satisfy 
each of (i) no self overlaps; (ii) local consistency; and (iii) 
global consistency. In a more detailed embodiment, the 
method can be a computer-implemented method for trans 
forming a seismic data Volume acquired in a seismic Survey to 
a corresponding data Volume which, when visually displayed, 
shows a representation of subterranean reflector Surfaces that 
gave rise to the data by reflecting seismic waves, where the 
method comprises (a) picking seismic reflections from the 
data Volume, and creating initial Surfaces from the picks; (b) 
breaking Surfaces into Smaller parts ("patches”) that are pre 
dominantly topologically consistent; (c) merging neighbor 
ing patches in a topologically consistent way, thus extracting 
topologically consistent reflection-based surfaces from the 
seismic data Volume; and (d) displaying the extracted Sur 
faces (i.e., skeleton) for visual inspection or interpretation, or 
saving their digital representations to computer memory or 
data storage. Optionally, steps (b)-(c) may be repeated at least 
once using the Surfaces from step (c) of one iteration in step 
(b) of the next. 
0024. In step (a) above, the seismic reflections may be 
picked by correlating reflection events between neighboring 
traces in the seismic data Volume. The correlation may con 
nect data peaks and troughs using cross-event semblance or 
correlation coefficient as a correlation measure, wherein a 
connection is accepted if the correlation measure is greater 
than a pre-selected threshold but rejected if less than the 
threshold. In some embodiments of the invention, only 
unique correlations are accepted. Alternatively, there may be 
identified and also accepted multiply correlated connections 
characterized by two or more correlations from a single peak, 
trough or Zero crossing all exceeding the threshold. Before 
merging neighboring patches in step (c), the patches may be 
edited for topological consistency and topologically incon 
sistent patches may be deleted, or data Voxels causing incon 
sistency may be deleted. 
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0025. In step (b) above, breaking surfaces into patches can 
be accomplished by shrinking initial Surfaces to lines, remov 
ing joints in the lines to form more individual lines, shrinking 
individual lines to single-Voxel points (characteristic points), 
and propagating the characteristic points along the initial 
Surfaces by adding neighboring Voxels to form patches of 
Voxels. Wildfire propagation may be used in propagating 
points along the initial Surfaces, e.g. circumferentially adding 
sequentially larger layers one voxel thick around each char 
acteristic point, each propagation being limited to the Surface 
from which the corresponding characteristic point was 
shrunk. The sequential circumferential addition of voxels 
may be halted where different patches meet, thus preventing 
any Voxel from belonging to more than one patch. The propa 
gation may be restricted Such that all Voxels in any patch trace 
back before shrinking to the same initial Surface. Shrinking 
may be performed in different ways, for example by morpho 
logical thinning. The shrinking of a line to a point may be 
accomplished by shrinking the line at the same rate from each 
end simultaneously. The shrinking of surfaces to lines may be 
done by medial axes transformation. If, during the propaga 
tion of points, a point is rejected for addition to a patch 
because of lack of topological consistency, it may be desig 
nated an additional characteristic point. 
0026. In a more general embodiment, the invention can be 
a method for exploring for hydrocarbons, comprising: (a) 
obtaining a data Volume of seismic or seismic attribute data 
resulting from a seismic Survey; (b) Subdividing the data 
Volume into parts, called objects (optionally, this step may be 
performed by the skeletonization method of the preceding 
paragraph); (c) forming regions of one or more objects; (d) 
developing or selecting a measure for ranking the regions in 
terms of potential to representageobody, interface Surface, or 
intersection of these, or other physical geologic structure or 
geophysical state of matter that is indicative of hydrocarbon 
deposits; and (e) using the measure to prioritize regions, and 
then using the prioritization to assess the Volume for hydro 
carbon potential. 
0027. In another embodiment, the invention can be a 
method for producing hydrocarbons from a Subsurface 
region. The method includes (a) obtaining a seismic data 
Volume representing the Subsurface region; (b) obtaining a 
prediction of the potential for hydrocarbonaccumulations in 
the Subsurface region based at least partly on topologically 
consistent reflection-based surfaces extracted from the seis 
mic data volume by the skeletonization method described 
above; and (c) in response to a positive prediction of hydro 
carbon potential, drilling a well into the Subsurface region and 
producing hydrocarbons. 
0028. Further, one or more of the embodiments of the 
method may include using the topologically consistent reflec 
tion-based surfaces to predict or analyze potential for hydro 
carbon accumulations; wherein topologically consistent 
means at least one of (i) no self overlaps; (ii) local consis 
tency, e.g., one Surface cannot be above a second Surface at 
one location but beneath it at another, and (iii) global consis 
tency, meaning e.g. for three Surfaces A, B and C, if A overlies 
B and B overlies C. C cannot overlie A at any location; 
wherein topologically consistent means all three of (i), (ii) 
and (iii); wherein the seismic reflections are picked by corre 
lating reflection events between neighboring traces in the 
seismic data Volume; whereincorrelation connects data peaks 
and troughs using cross-event semblance or correlation coef 
ficient as a correlation measure, wherein a connection is 
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accepted if the correlation measure is greater than a pre 
selected threshold but rejected if less than the threshold; 
wherein the picking is automated, using a computer, and 
wherein the patches are edited for topological consistency, 
and topologically inconsistent patches are deleted, or data 
Voxels causing inconsistency are deleted, before merging 
neighboring patches. 
0029. Moreover, one or more of the embodiments of the 
method may include wherein breaking Surfaces into patches 
comprises shrinking initial Surfaces to lines, removing joints 
in the lines to form more individual lines, shrinking individual 
lines to single-Voxel points (characteristic points), propagat 
ing the characteristic points along the initial Surfaces by add 
ing neighboring Voxels to form patches of voxels; where each 
characteristic point is labeled with a different label, and the 
label is applied to the patch formed around the characteristic 
point, thus providing a means to keep track of different 
patches as they are expanded by propagation; wherein wild 
fire propagation is used in propagating points along the initial 
Surfaces, comprising circumferentially adding sequentially 
larger layers one voxel thickaround each characteristic point, 
each propagation being limited to the Surface from which the 
corresponding characteristic point was shrunk; wherein the 
sequential circumferential addition of voxels is halted where 
different patches meet, thus preventing any VOXel from 
belonging to more than one patch; wherein propagation is 
restricted such that all voxels in any patch trace back before 
shrinking to the same initial Surface; wherein controlled 
marching is used to propagate points along initial Surfaces: 
wherein shrinking of an initial Surface to a line comprises 
Successively removing one-voxel-thick layers from the 
periphery of the surface until a continuous line of individual 
Voxels results; further comprising deleting joint voxels from 
lines to form more lines before shrinking lines to points; 
wherein shrinking of a line to a point is accomplished by 
shrinking the line at the same rate from each end simulta 
neously; wherein shrinking is done by morphological thin 
ning; wherein shrinking of Surfaces to lines is done by medial 
axes transformation; and wherein topological consistency is 
enforced during the propagation of points; wherein a point 
that is rejected for addition to a patch because of topological 
consistency is designated an additional characteristic point. 
0030. Further still, one or more embodiments of the 
method may include wherein merging neighboring patches in 
a topologically consistent way is performed by developing 
overlap and neighbor tables for the patches, generating an 
order for merge pair candidates by sorting the overlap and 
neighbor tables, checking candidate merges for topological 
consistency using the overlap and neighbor tables, and 
accepting topologically consistent mergers; wherein the sort 
order of the neighbor table is based on geometries of, or 
geometry differences between, the neighboring patches, or is 
based on the statistical properties of, or the differences 
between, one or more attributes extracted from seismic data 
collocated with the patches; wherein only unique correlations 
are accepted; identifying and also accepting multiply corre 
lated connections characterized by two or more correlations 
from a single peak, trough or Zero crossing all exceeding the 
threshold; spatially flattening the topologically consistent 
reflection-based surfaces into an order representing the 
sequence of deposition using the topologically consistent 
reflection-based surfaces and using the flattened surfaces to 
predict or analyze potential for hydrocarbon accumulations; 
flattening the associated seismic data within which the topo 
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logically consistent reflection-based Surfaces exist; wherein 
the seismic data flattening is performed by nonlinear stretch 
of the seismic data or by a cut and past method; wherein every 
step is automated using a computer, repeating steps (b)-(c) at 
least once using the Surfaces from step (c) of one iteration in 
step (b) of the next; creating a visual representation (i.e. a 
tree) showing depositional order or hierarchy of the topologi 
cally consistent reflection-based Surfaces; using the tree to 
select one or more Surfaces for visualization; using the 
patches to segment the seismic data Volume into three-dimen 
sional bodies or inter-Surface packages that represent geo 
logic units that were deposited within a common interval, and 
using them to analyze for hydrocarbon potential; analyzing 
the location and characteristics of edges and termination 
points of the topologically consistent reflection-based Sur 
faces and using that to assistin predicting or analyzing poten 
tial for hydrocarbon accumulations; analyzing attributes and 
geometric characteristics of the topologically consistent 
reflection-based Surfaces and/or the associated seismic data at 
the locations of said Surfaces to assist in predicting or analyZ 
ing potential for hydrocarbon accumulations using the 
patches or topologically consistent reflection-based surfaces 
to reduce the amount of information contained in the seismic 
data Volume in order, thereby reducing storage or computa 
tional efficiency requirements for Subsequent data processing 
of the seismic data; and wherein merging neighboring 
patches is restricted to patches that trace back before shrink 
ing to the same initial Surface. 
0031. In another aspect, a method of transforming geo 
logic data relating to a subsurface region between a geophysi 
cal depth domain and a geologic age domain is disclosed. 
Seismic data is obtained. A set of topologically consistent 
Surfaces is obtained that correspond to the seismic data. The 
Surfaces are enumerated in the depth domain. An age is 
assigned to each of the Surfaces in the depth domain. The age 
corresponds to an estimated time of deposition of the respec 
tive Surface. An age mapping Volume is generated. An extent 
of the age domain is chosen. A depth mapping Volume is 
generated. Both the age mapping Volume and the depth map 
ping Volume are used to transform geophysical, geologic, or 
engineering data or interpretations between the depth domain 
and the age domain, and between the age domain and the 
depth domain. The geophysical, geologic, or engineering data 
or interpretations transformed by at least one of the age map 
ping Volume and the depth mapping Volume are outputted 
0032. According to methodologies and techniques, a push 
mode may be used to transform between at least one of the 
depth domain and the age domain, and the age domain and the 
depth domain. A pull mode may be used to transform between 
at least one of the depth domain and the age domain, and the 
age domain and the depth domain. Specified layers of the 
depth domain having a predetermined age range may be 
displayed by incorporating an opacity control. Incorporating 
an opacity control may include rendering transparent layers 
other than the specified layers such that the specified layers 
are visible. The age mapping Volume and/or the depth map 
ping Volume may be generated by interpolating from each of 
the Surfaces and their respective assigned ages. A filter may be 
applied to the ages when generating at least one of the age 
mapping Volume and the depth mapping Volume. 
0033 According to further methodologies and techniques, 
the age mapping Volume may be generated by optimizing a 
function that minimizes differences between surfaces, their 
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ages, and the age mapping Volume. More specifically, the age 
mapping Volume may be generated by optimizing a function 
of the form 

W 

aX Lath, fi)d S + 
S; 

W 

where h is a unit normal vector of a surface S, h is a unit 
normal vector of the age mapping Volume defined at the 
location of a surface element dS, N is the size of the set, L is 
a measure of parallelism between n and h, L. compares the 
age as assigned to each Surface to ages of the age mapping 
volume a defined at the location of the surface element dS, L, 
is a measure of parallelism between a unit normal vector h of 
a seismic Volume V and the unit normal vector in dV is a 
Volume element of part or all of the seismic data, L, is a 
measure of Smoothness, L defines a misfit between the age 
mapping Volume a and a reference age mapping Volume ao. 
and A, B, C, D and E are weighting parameters. Similarly, the 
depth mapping Volume may be generated by optimizing a 
function that minimizes differences between surfaces, their 
ages, and the depth mapping Volume. More specifically, the 
depth mapping Volume may be generated by optimizing a 
function of the form 
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aX IIL (n. a)d S + 
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0034 where a denotes a unit vector in the direction of the 
age axis, in and in denote the normals of surfaces and seis 
mic data transformed from the depth domain to the age 
domain defined at the location of a surface element dS, N is 
the size of the set, d denotes the depth of the surface defined 
at the location of the surface element dS, d denotes the depth 
mapping Volume, L is a measure of parallelism between a 
and rins, L compares the depth d assigned to each surface to 
depths of the depth mapping Volume d defined at the location 
of the surface element dS, L, is a measure of parallelism 
between a unit normal in the age domain and a unit normal 
vectorm of a seismic volume W in the age domain, dW is a 
Volume element of part or all of the age domain, L is a 
measure of smoothness, L defines a misfit between the depth 
mapping Volume d and a reference age mapping Volume do 
and A, B, C, D and E are weighting parameters. 
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0035. According to other methodologies and techniques, 
the set of topologically consistent Surfaces may be obtained 
by skeletonization. The surfaces may be enumerated in the 
depth domain using a push-down strategy or a pull-up strat 
egy. The outputting may include displaying at least a portion 
of at least one of the depth domain and the age domain. 
Attributes of the subsurface region may be formed from one 
of the age mapping Volume, the depth mapping Volume, or 
data in the depth domain or the age domain. The age mapping 
Volume and/or the depth mapping Volume may be used to 
compute a thickness of one or more isopachs, and the com 
puted thickness may be outputted. The age mapping Volume 
and/or the depth mapping Volume may be used to determine a 
presence of an enclosure Volume, and information identifying 
the enclosure volume may be outputted. The method may be 
computer-implemented. 
0036. In another aspect, a computer program product is 
provided having computer executable logic recorded on a 
tangible, machine readable medium. The computer program 
product includes: code for obtaining a set of topologically 
consistent Surfaces that correspond to seismic data relating to 
a Subsurface region; code for enumerating the Surfaces in a 
depth domain; code for assigning an age to each of the Sur 
faces in the depth domain, the age corresponding to an esti 
mated time of deposition of the respective surface; code for 
generating an age mapping Volume; choosing an extent of the 
age domain; code for generating a depth mapping Volume; 
code for using both the age mapping Volume and the depth 
mapping Volume to transform geophysical, geologic, or engi 
neering data or interpretations between the depth domain and 
the age domain, and between the age domain and the depth 
domain; and code for outputting the geologic, geophysical, or 
engineering data or interpretations transformed by at least 
one of the age mapping Volume and the depth mapping Vol 
le 

0037. In still another aspect, a method of managing hydro 
carbon resources is provided. A set of topologically consis 
tent Surfaces is obtained that correspond to seismic data relat 
ing to a subsurface region. The Surfaces are enumerated in a 
depth domain. An age is assigned to each of the Surfaces in the 
depth domain. The age corresponds to an estimated time of 
deposition of the respective surface. An age mapping Volume 
is generated. An extent of the age domain is chosen. A depth 
mapping Volume is generated. Both the age mapping Volume 
and the depth mapping Volume are used to transform geo 
physical, geologic, or engineering data or interpretations 
between the depth domain and the age domain, and between 
the age domain and the depth domain. The geophysical, geo 
logic, or engineering data or interpretations transformed by at 
least one of the age mapping Volume and the depth mapping 
Volume are used to predict a presence of hydrocarbons in the 
Subsurface region. Hydrocarbon resources are managed 
based on the predicted presence. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0038. The present invention and its advantages will be 
better understood by referring to the following detailed 
description and the attached drawings in which: 
0039 FIG. 1 is a computer display of a volume of seismic 
amplitude data ready for interpretation, such as the tracking 
of seismic horizons in three dimensions; 
0040 FIG. 2 shows four hundred fifty (450) surfaces that 
correspond to peak and trough reflection horizons, extracted 
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from the seismic data volume of FIG. 1 by the present inven 
tive method, all Surfaces being topologically consistent; 
0041 FIGS. 3A-3C illustrate three types of topological 
inconsistency between one or multiple layers or Surfaces; 
0042 FIG. 4 is a flow chart showing one embodiment of 
the present inventive method for topological skeletonization 
of seismic data Volumes; 
0043 FIGS.5A-D are schematic diagrams illustrating the 
steps in FIG. 4; 
0044 FIG. 6 shows a seismic reflection surface obtained 
by tracking a peak across neighboring traces; 
0045 FIG. 7 shows method steps for using the consistent 
set of Surfaces generated by one embodiment of the present 
inventive method to establish their overall order and reorga 
nize the seismic data (within the data volume) into this order 
for use in interpretation; 
0046 FIG. 8 is a flow chart showing basic steps in a 
particular embodiment of the method of FIG. 4; 
0047 FIGS. 9A-9F illustrate an exemplary application of 
the flow chart of FIG. 8 of converting multi-valued surfaces to 
consistent Surfaces; 
0048 FIGS. 10A-10C illustrate event tracking and editing 
by filling gaps in Surfaces after event tracking; 
0049 FIG. 11 illustrates the progression from a schematic 
raw, potentially multi-valued surface in map view to lines and 
then to characteristic points by shrinking (thinning); followed 
by point labeling and propagation of labels back onto the 
Surface; 
0050 FIG. 12A is a flow chart showing basic steps for 
topologically merging pairs of neighboring patches in one 
embodiment of the inventive method; 
0051 FIG. 12B is a flow chart showing basic steps for 
topologically merging pairs of neighboring patches in 
another embodiment of the inventive method; 
0052 FIG. 13 illustrates holes caused by low correlations 
between events or the existence of multiple good, but ambigu 
ous connections, both of which can be fixed in an editing step; 
0053 FIG. 14 is a flow chart of basic steps for transform 
ing the time/depth Vertical scale of the seismic data Volume to 
an inferred level order of stratigraphic placement and depo 
sition; 
0054 FIG. 15 shows an example of the topological orders 
and levels based on surfaces of FIG. 13; 
0055 FIG.16A shows a surface level tree for four hundred 

fifty surfaces of the data volume of FIG. 2, FIG.16B shows a 
magnified view of a four-level portion of the tree, and FIG. 
16C shows all the surfaces of FIG. 2 associated with the four 
consecutive levels; 
0056 FIG. 17 is a graph showing the topological uncer 
tainty for the surfaces in the surface level tree of FIG. 16A: 
0057 FIG. 18 shows the data volume of FIG. 2 after its 
surfaces are identified by the present inventive method then 
converted from the geophysical time domain to the (topologi 
cal) level domain; 
0058 FIG. 19 illustrates methods for transforming seis 
mic volumes into the level or order domain; 
0059 FIG. 20 shows the level transformed seismic data 
from FIG. 1; 
0060 FIG. 21 is a flow chart showing basic steps in one 
embodiment of the present invention's method for high-grad 
ing of geological objects; 
0061 FIGS. 22A-B show the depth contours for two sur 
faces over the seismic amplitudes extracted along the Sur 
faces: 
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0062 FIG. 23 shows seismic data in the depth domain, 
seismic data in the age domain, and an age mapping Volume 
used to transform the data between the domains: 
0063 FIG. 24 shows seismic data in the depth domain, 
seismic data in the age domain, and a depth mapping Volume 
used to transform the data between domains; 
0064 FIG. 25 is a flowchart showing a method according 
to disclosed aspects; 
0065 FIG. 26 is simplified side elevational view showing 
geologic layers: 
0.066 FIG. 27 is a simplified side elevational view show 
ing geologic layers: 
0067 FIGS. 28A and 28B are simplified representations 
of a depth domain and an age domain; 
0068 FIGS. 28C, 28D, 28E and 28F are simplified sche 
matics of data transformations; 
0069 FIG. 29 is a perspective view of a seismic data cube: 
(0070 FIG. 30 is a perspective view of surfaces extracted 
from the seismic data cube: 
0071 FIG. 31 is a perspective view of an age mapping 
Volume; 
0072 FIG. 32 is a perspective view of a depth mapping 
Volume; 
(0073 FIG.33 is a perspective view of a flattened seismic 
cube: 
0074 FIG. 34 is a simplified view of an enclosure; 
0075 FIG. 35 is a block diagram representative of a com 
puting environment; 
0076 FIG. 36 is a flowchart depicting machine-readable 
code; 
0077 FIG. 37 is a side elevational view of a subsurface 
region; and 
0078 FIG.38 is a flowchart showing a method of extract 
ing hydrocarbons. 
007.9 The invention will be described in connection with 
example embodiments. To the extent that the following 
detailed description is specific to a particular embodiment or 
a particular use of the invention, this is intended to be illus 
trative only, and is not to be construed as limiting the scope of 
the invention. On the contrary, it is intended to cover all 
alternatives, modifications and equivalents that may be 
included within the scope of the invention, as defined by the 
appended claims. 

DETAILED DESCRIPTION OF EXAMPLE 
EMBODIMENTS 

0080. In order to search for hydrocarbonaccumulations in 
the earth, geoscientists are using methods of remote sensing 
to look below the earth's surface. A routinely used technique 
is the seismic reflection method where man-made Sound 
waves are generated near the Surface. The Sound propagates 
into the earth, and whenever the Sound passes from one rock 
layer into another, a small portion of the sound is reflected 
back to the surface where it is recorded. Typically, hundreds 
to thousands of recording instruments are employed. Sound 
waves are sequentially excited at many different locations. 
From all these recordings, a two-dimensional (2D) or three 
dimensional (3D) image of the subsurface can be obtained 
after data processing. Seismic interpretation often involves 
the picking of surfaces to characterize the subsurface for the 
delineation of underground features relevant to the explora 
tion, identification and production of hydrocarbons. The 
present invention describes a method to pick multiple Sur 
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faces simultaneously. That is, embodiments of the present 
inventive method may be used to pick many or all of these 
Surfaces at once. 
0081. The ability to pick many surfaces simultaneously 

(i.e., the ability to skeletonize seismic data) enables a pattern 
recognition or machine learning method to search geological 
or geophysical data for direct indications of hydrocarbons or 
elements of the hydrocarbon system Such as reservoir, Seal, 
Source, maturation and migration to determine and delineate 
potential accumulations of hydrocarbons. 
0082 In application for geophysical or geological inter 
pretation, there is often a distinction made between the terms 
horizon and Surface. As used herein, a surface and horizon 
may be used interchangeable. The present invention is a 
method that generates multiple surfaces simultaneously, 
while forcing individual surfaces to be single valued and all 
Surfaces to be topologically consistent. Surfaces that using 
traditional methods are multi-valued or topologically incon 
sistent are replaced with a set of Smaller patches, each of 
which is single-valued and topologically consistent with all 
other surfaces. This method creates surfaces that represent 
many or all reflection Surfaces contained in a seismic data 
Volume. It generates the skeletonized representation of the 
seismic data, which greatly reduces the amount of data. Ben 
eficially, it organizes and presents the seismic data in a geo 
logically intuitive manner, which facilitates seismic interpre 
tation and characterization of the Subsurface, and thus the 
delineation of underground features relevant to the explora 
tion and production of hydrocarbons. 
0083 FIG. 1 presents an example of a seismic amplitude 
Volume. Correlating the peaks (bright) or troughs (dark) from 
one trace to the next allows definition of Surfaces. Using one 
embodiment of the present inventive method, four hundred 
fifty surfaces shown in FIG.2 are extractable for this example 
volume of FIG. 1. The number grid shown on FIGS. 1 and 2 
and other similar drawings denote discrete coordinates of the 
seismic Survey, determined by Source and receiver locations. 
0084. Many seismic surfaces correspond to interfaces 
between layers of subsurface rock. Each layer is a packet of 
rock that was deposited at roughly the same time. Given two 
juxtaposed layers, the deeper one was created earlier, and the 
shallower one later. The Science of stratigraphy, i.e., the sci 
ence of rocklayer sequences, suggests that such a relationship 
persists spatially. If one layer overlays another layer at one 
location, then it overlays this layer everywhere it is present. 
The main exceptions are caused by structural complexity 
such as overthrusts, reverse faults, or overturned folds. In at 
least one embodiment of the present invention, topologically 
consistent means that the following three conditions are sat 
isfied with regard to the geometric arrangement of rock lay 
CS 

I0085 1. A rock layer may not overlap itself. If a layer 
overlaps itself, it is simultaneously younger and older 
than itself and the rock sandwiched in between. This 
statement may be called the condition of No Self Over 
laps, illustrated in FIG. 3A. 

I0086 2. Two layers cannot reverse their depositional 
relationship. One layer may not be above another at one 
location, and below it at another location. Otherwise, 
one layer is both older and younger than the other one. 
This statement may be called the condition of Local 
Consistency, illustrated in FIG. 3B. 

I0087 3. Sets of layers must preserve transitivity. 
Above/below or younger/older are examples of transi 
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tive relations. If layer one is above layer two, and layer 
two is above layer three, then layer three must be below 
layer one. Otherwise, layer one is both older and 
younger than layer three. This statement may be called 
the condition of Global Consistency, illustrated in FIG. 
3C. 

I0088. It may be noted that the no-self-overlap condition is 
a special case of the local consistency condition, and that the 
local consistency condition is a special case of the global 
consistency condition. The first condition, however, is much 
easier to check than the other two, and the second condition is 
much easier to check than the third condition. For computa 
tional efficiency, it is useful to treat all three conditions sepa 
rately, even if the third one actually incorporates the others. 
Alternatively, the no self overlaps condition may be defined 
Such that it applies to one surface, the local consistency con 
dition may be defined such that it applies only when two 
different Surfaces are involved, and the global consistency 
condition may be defined Such that it applies only when at 
least three different surfaces are involved, in which case the 
three conditions are mutually exclusive. 
I0089. If seismic reflection events are caused by sound 
waves passing from one layer into another one, and thus often 
correlate with the interfaces between rock layers, then seis 
mic reflection surfaces also need to satisfy these three condi 
tions. The same can be said for any phase rotated version of 
the seismic data, although the reflection events in Such data do 
not necessarily correlate with lithologic interfaces. For a set 
of surfaces with associated above/below relations, the three 
above-listed conditions can be used to check the overall con 
sistency of these surfaces. Surfaces violating the conditions 
are either not caused by layers of rock, or have been tracked 
incorrectly. Surfaces not related to layers include faults, fluid 
contacts, or events blended from thin-layer reflections. Track 
ing errors may relate to noise, seismic acquisition and pro 
cessing artifacts, or thin-layer tuning. 
0090. For a given set of layers (or surfaces), the collection 
of above/below (or younger/older) relationships are defining 
their topology. A set of layers that satisfies at least one of the 
three conditions, preferably all three, are termed topologi 
cally consistent. In the discussion of example embodiments 
given below, where in the context it matters, topologically 
consistent means that all three conditions are satisfied. For a 
topologically consistent set of layers, an overall order of the 
different events may be defined by performance of a topo 
logical sort on these relations (e.g., Skiena, The Algorithm 
Design Manual, Springer, 273-274 (1998)). Typically, with 
out application of the embodiments of the present inventive 
method, establishing an order of Surfaces is problematic and/ 
or impossible due to conflicting relations between layers (or 
Surfaces). These topological inconsistencies typically cause 
the topological sort to fail. The argument can be turned 
around to test for topological consistency: the Surfaces are 
consistent if and only if the topological sort succeeds. One of 
the objectives of the present invention is to establish consis 
tency between Surfaces. If the topological sort succeeds, the 
Surfaces are topologically consistent. If the topological sort 
fails, the Surfaces are topologically inconsistent. Moreover, 
the topological sorting algorithm identifies the Surfaces that 
cause the inconsistency. Consistency does not imply that the 
resulting Surface order is unique. For example, two small, 
adjacent but non-overlapping Surfaces are topologically con 
sistent and result in a Successful topological sort. Yet, the 
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resulting linear Sort order is non-unique, i.e., either Surface 
could be listed first without violating any of the above/below 
constraints or conditions. 
0091. Many small surfaces are more likely to be topologi 
cally consistent than a few large ones. In the Small-size limit, 
every surface extends for only one point in the vertical and 
lateral direction, and thus, by construction, these single-point 
Surfaces are topologically consistent. The embodiments of 
the present inventive method are based in part on this obser 
Vation. FIG. 4 is a flow chart showing basic steps in one 
embodiment of the present inventive method for the skeleton 
ization of a seismic data Volume. Typically, the seismic Vol 
ume is a full stack amplitude Volume, but any seismic or 
seismic attribute volume could be used. 

0092. At step 41, seismic reflection surfaces are tracked 
through the seismic volume to find the raw, potentially multi 
valued Surfaces. In this context, a seismic event is either a 
peak (an attribute maximum), a trough (an attribute mini 
mum), a Zero crossing from a peak to a trough, or a Zero 
crossing from a trough to a peak. All events of one or more 
kinds are picked and related to the events on neighboring 
seismic traces. In the present example, both peaks and troughs 
are picked. As such, this step involves picking seismic reflec 
tions from the data Volume, and creating initial Surfaces from 
the picks. 
0093. At step 42, the surfaces generated by step 41 are 
broken into a set of Small patches. These patches are prefer 
ably small enough that they are predominantly topologically 
consistent with each other, and those that are not may be 
easily made so by erasing a few single points (i.e., data voxels 
or pixels) or even deleting entire Small patches that create the 
topological inconsistencies. As such, this step involves break 
ing the Surfaces into Smaller parts ("patches') that are pre 
dominantly topologically consistent. 
0094. At step 43, larger surfaces are created from multiple 
Small patches by merging neighboring ones. As provided in 
step 42, all patches are topological consistent. In the present 
example embodiment, a determination is made for every 
patch which patches it overlaps and whether it is above or 
below each of these patches. Furthermore, for every patch, its 
neighbors (i.e., patches at a similar level that contain traces 
adjacent to the patch being analyzed) are identified. Neigh 
boring patches potentially belong to the same Surface and are 
merged if the resulting combination does not cause a topo 
logical inconsistency. This step may be referred to as the 
topological merge procedure. As such, this step involves 
merging neighboring patches in a topologically consistent 
way, thus extracting topologically consistent reflection-based 
Surfaces from the seismic data Volume. 
0095. After one, multiple, or all neighboring patches are 
topologically merged, the result is a set of Surfaces that are 
topologically consistent by construction. They may be stored 
in computer memory to be used for interpretation and char 
acterization of the subsurface. 

0096. In some regions of the seismic data volume, the 
tracking procedure (preferably automated) may miscorrelate 
events between traces. In other areas, poor data quality may 
prevent the seismic event tracker from correlating certain 
events. Lastly, some correlations may be so ambiguous that 
they can not be assigned to a single Surface. In each of these 
cases, the local fabric provided by the Surrounding, consistent 
Surfaces may help to fix these problems. Miscorrelations may 
be corrected, poor correlations in noisy areas may become 
acceptable, or multiple correlations may be disambiguated. 
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The consistent set of surfaces from step 43 may allow 
improvement of the seismic event tracking and, if desired, 
further passes through the workflow (indicated in FIG. 4 by 
the dashed iteration arrow) may be performed to fill in holes 
and create fewer, more extensive Surfaces (i.e., an improved 
skeleton). 
(0097 FIGS. 5A-5D are schematic diagrams illustrating 
the steps of FIG. 4. In FIG.5A, peak events in a seismic data 
volume are tracked, and (FIG. 5B) found to form a multi 
valued surface. FIG.5C shows the surface broken into sixteen 
Small patches 51 that are topologically consistent with each 
other. In FIG.5D, neighboring patches are merged into larger 
ones unless this causes a topological inconsistency. The final 
result 52 is a set of four topologically consistent Surfaces, 
each indicated by different cross-hatching. 
0.098 FIG. 6 shows an example of a seismic reflection 
Surface obtained by tracking a peak across neighboring 
traces. On the left, the surface is single valued, but on the right 
side, the surface is clearly multi-valued and overlays itself at 
least twice. Many existing seismic autotrackers either yield 
such multi-valued surfaces, or simply return one of the dif 
ferent possibilities for each location, typically the one found 
first, and thus not necessarily a geologically relevant one. 
0099 FIG. 7 presents an application of the one embodi 
ment of the present inventive method wherein a seismic 
attribute Volume is reorganized using a topologically consis 
tent set of Surfaces, such as the present inventive method 
creates. Because the Surfaces are consistent, there is at least 
one order which honors the individual above/below relations. 
If Surfaces correspond to the boundaries between geologic 
strata, then Such an order represents the sequence of their 
deposition. Typically, the order is non-unique because Small 
features may be laterally disconnected without overlap, and 
thus their exact order cannot be established. Distorting the 
seismic data vertically (e.g., flattening the seismic Surfaces) 
in Such a way that the corresponding seismic Surfaces are 
arranged in this order to allow the interpreter to analyze the 
seismic data in the order in which the geologic strata may 
have been deposited, which facilitates the exploration and 
production of hydrocarbons. 
0100 Next, the present inventive method is explained in 
more detail, as illustrated by a particular embodiment of the 
method of FIG.4, which is illustrated in the flow chart of FIG. 
8 and exemplary application of this flow chart in FIG. 9. In 
FIG. 8, “Stage 1” refers to step 41 of FIG.4, “Stage 2 to step 
42, and “Stage 3’ to step 43. FIGS. 9A-9F illustrate an 
example application of the flow chart in FIG. 8 and may be 
best understood by concurrently viewing FIG.8. In FIG.9A, 
multi-valued surfaces are constructed by tracking seismic 
events (Stage 1). In Stage 2 (Step 42), the surfaces are reduced 
to lines (shown in FIG.9B), line joints are removed (shown in 
FIG. 9C), and lines are reduced to characteristic points 
(shown in FIG.9D). The remaining points are labeled and the 
labels are propagated back out onto the Surfaces to construct 
the patches (shown in FIG. 9E). The resulting patches are 
topologically merged in Stage 3 of FIG. 8 (Step 43) resulting 
in consistent surfaces (shown in FIG.9F). 
Stage 1 (step 41) 
0101 The first part of step 81 is event tracking. In this 
embodiment of the invention, tracking of all events involves 
correlating neighboring events and editing gaps and miscor 
relations. Correlation begins by extracting all the desired 
seismic events, or reflection Surfaces, across all traces. 
Desired events might include peaks, troughs, or either kind of 
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Zero crossings (+/- or -/+). Experience has indicated that 
extracting both peaks and troughs (but not Zero crossings) 
may be a good compromise between minimizing the total 
number of events (i.e., maximizing computational efficiency) 
and maximizing the quality of the resulting Surfaces. Using 
more than one kind of event reduces ambiguity in event 
correlation and topological merge, because peaks, troughs 
and Zero crossings are interspersed throughout the seismic 
data volume. FIG.10A illustrates event tracking as performed 
in this embodiment of the invention. Shown at the left of the 
drawing, for each seismic trace, local minima are extracted to 
define troughs (dashed arrows), while local maxima define 
peaks (solidarrows). Seismic trace windows 101 indicated by 
brackets are centered on each event, and used for event cor 
relation between different traces. The right-hand part of the 
drawing illustrates event window correlation between differ 
ent traces, and thus construction of raw surfaces. A one 
dimensional (pilot) packet of data 102 (centered at a peak, for 
example) is compared with other packets in neighboring 
traces. Some events exhibit great similarity and are uniquely 
correlated (solid line arrows). Other events might be well 
correlated with more than one event on a neighboring trace 
(103 arrows) and will be termed multiply correlated. Rather 
than choosing one valid correlation over the other, both cor 
relations are thrown out (in this embodiment of the invention) 
after storing their location and properties for disambiguation 
after the topological merge or in a second pass through the 
workflow for example. Some correlations might be poor (104 
arrows). Events with only poor correlations may be assigned 
to Surfaces after the topological merge by considering their 
context and the Surrounding local seismic fabric. 
0102 Inter-trace correlation can be measured mathemati 
cally with a number of methods, for example cross correlation 
or semblance analysis. A good correlation is preferably 
defined as one that exceeds a pre-defined threshold, whereas 
a poor correlation is one that does not. Additional criteria, 
Such as the vertical distance (lag) between neighboring 
events, may also be used during the correlation process. If this 
lag exceeds a pre-defined threshold, then the two events most 
likely belong to different Surfaces, and no connection is made 
(i.e., their correlation is rejected). Beneficially, this may be 
used to prevent cycle skips. 
0103 More generally, inter-trace correlation can be com 
puted as the result of an inter-trace metric. This may consist of 
defining a function that computes the distance in a multidi 
mensional vector space. For example, picking two windows 
centered at each of the two traces defines the multidimen 
sional vector that consists of the values inside that window. 
These values may be the amplitudes recorded at each voxel or 
multiple features computed from those amplitudes (e.g., sta 
tistics such as the mean, variance and higher moments; a 
frequency decomposition through a Fourier transform; etc.). 
The function that compares the two vectors may be a Euclid 
ean distance function, 1-norm, Hausdorff distance, etc. 
0104. In practice, two packets are often not connected 
directly, because their correlation is poor or their vertical 
difference exceeds a certain threshold. They may, however, be 
unambiguously connected in an indirect manner as illustrated 
in FIGS. 10B-10C. FIG. 10B shows a Surface with a few 
missing connections. If not accounted for, such missing con 
nections give rise to numerous unnecessary patches, which 
increase the computational cost of the topological merge. The 
gaps can be fixed, however, where connections are already 
implied. In one embodiment of the invention, when events 

Jun. 17, 2010 

can be uniquely connected, albeit in an indirect manner (i.e., 
without satisfying the correlation criteria discussed previ 
ously), direct connections are explicitly made to close the 
gaps and thus prevent the generation of unnecessary patches. 
This editing step (step 82) relies on the fact that circumvent 
ing a gap in one direction leads to the same point on the 
neighboring trace as circumventing it in another direction, 
indicating that the Surface is locally simple and neither split 
ting nor spiraling. For example, consider the connecting paths 
105 and 106 each going opposite ways around a gap in FIG. 
10A. Paths 105 end up at the same place implying unique 
connections between that point and points en route. Those 
missing connections are shown by the two new cell boundary 
lines added in FIG. 10C (thicker lines). In contrast, paths 106 
show that these missing connections are ambiguous, and thus 
no changes are made at that location in FIG. 10C. 
Stage 2 (step 42) 
0105. The second stage is the generation of topologically 
consistent patches. The raw surfaces obtained in Stage 1 by 
tracking reflection events defined by peaks, troughs, and/or 
Zero crossings are typically not topologically consistent. 
They often 1) overlap themselves, 2) exist above another 
surface at one location, but below the same surface at different 
location (local inconsistency), or 3) are part of sets of surfaces 
that contain a loop in their above/below relations (global 
inconsistency). Many Smaller patches are more likely to be 
topologically consistent than a few large ones. In fact, if all 
the patches were only one sample in areal extent, then by 
construction, they are topologically consistent. Thus, the 
objective of this stage is to break the raw, potentially multi 
valued Surfaces into Smaller, topologically consistent 
patches. This is done (step 83) by first reducing (shrinking) 
the Surfaces to topologically similar lines by application of a 
medial axes transformation or morphological thinning (for 
example see Haralick and Shapiro, Computer and Robot 
Vision, Vol. 1, Chapter 5, Addison-Wesley (1992)). Because 
the thinning is applied in the 4-connected sense, joints 
between line segments are characterized by having at least 
three direct neighbors. Removal of the joints, followed by a 
second application of morphological thinning, reduces 
(shrinks) the original raw surfaces to a few disconnected, 
characteristic points that are easily given unique identifiers, 
or labels. At step 84, the assigned labels are then propagated 
back onto the original Surface, a process that might more 
descriptively be referred to as back-propagation, but may also 
be referred to for brevity as propagation. 
0106 FIG. 11 shows the progression from a schematic 
multi-valued surface in map view (111) to lines by morpho 
logical thinning (112) and removal of line joints (113), from 
lines to points by morphological thinning (114), point label 
ing (115), and propagation of labels back onto the Surface 
(116). The set of events with the same label define a patch. 
The result in FIG.11 is a set of eightsmall patches in step 116, 
corresponding to the eight characteristic points in step 115. 
By construction, patches are equal to or Smaller than their 
parent Surface, because each characteristic point competes 
with nearby characteristic points for connected members. The 
back-propagation of labels can be preformed, for example, 
with a simple wildfire algorithm or with a controlled march 
ing algorithm that is guided by, for example, event correla 
tions, the lags (vertical proximity of events), or the local 
curvature of the Surfaces. An advantage of controlled march 
ing, versus a simple wildfire algorithm, is that it could propa 
gate labels more rapidly across flatter regions, while moving 
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more slowly across complex areas, thereby yielding more 
homogeneous patches. Other methods of propagation can be 
envisioned, which are within the scope of the present inven 
tive method. 
0107 After propagating labels, the resulting patches, 
although generally consistent, are not guaranteed to be topo 
logically consistent. To better perform the topological merge 
in Stage 3, these patches are preferably adjusted to be topo 
logically consistent. A preferred way for identifying topo 
logical inconsistencies is to begin by constructing an overlap 
table (step 85) to record which patches overlay others and the 
manner in which they overlap. At step 86, the inconsistencies 
are identified. During table construction or later inspection, 
the self-overlapping surfaces are readily evident. From the 
table, pairs of patches with conflicting above-below relation 
ships (i.e., local inconsistencies) are identified. Lastly, one 
can find sets of three or more patches for which the above 
below relationships are circular (global inconsistencies) by 
attempting a topological sort of the remaining entries in the 
overlap table. The topological sort Succeeds if no circular 
relationships exist. If Such global inconsistencies exist, then 
the topological sort is impossible and instead returns a list of 
patches with inconsistent relationships. 
0108. The last part of step 86 is editing the identified 
topologically inconsistent patches. The simplest editing 
method is deletion of inconsistent patches. A more Surgical 
approach is to prune these patches by removing the origins of 
the conflicting overlaps only. This approach requires some 
diligence, because some patches may become disconnected 
by this process and may require re-labeling of the resulting 
pieces. Another editing method may be to iteratively split the 
inconsistent patches into Smaller ones until all inconsisten 
cies are resolved. In practice, simple deletion of inconsistent 
patches seems to work well, because there are far more con 
sistent patches than inconsistent ones, and those that are 
inconsistent are generally far Smaller and often located in 
marginal areas. After editing inconsistent Surface patches, it is 
preferable to reconstruct the overlap table to account for these 
editorial changes. 
Stage 3 (step 43) 
0109 The third stage involves merging neighboring 
patches into larger ones, under the condition that the merged 
Surfaces remain topologically consistent. The first task is to 
determine which patches are connected (i.e. abut each otherin 
some manner in the data volume, but are labeled differently). 
These patches are termed neighbors, and may be recorded 
(step 87) in a neighbor table as candidates for topological 
merge into larger patches, ultimately resulting in a surface. 
For example, separate patches are created by thinning (e.g., 
reduction, shrinking) and reduce to different characteristic 
points. If the Surface is a perfect rectangle, with perfect con 
nections in all directions within the rectangle, then the thin 
ning likely yields five characteristic points, and thus five 
patches after propagation. Just because they are different 
patches does not imply that they do not connect to each other 
with good correlations. Most patches being merged were 
once part of a well-correlated surface. Typically, there are 
many patches and many pairs of neighbors. The number, 
shape, and quality of the resulting topologically consistent 
Surfaces depend on the order in which the merge candidates 
are evaluated. Take, for example, two patches that overlap, 
and a third patch that neighbors both. It cannot be merged 
with both, because the resulting merged surface self overlaps. 
As such, it can be merged with only one. The particular choice 
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dictates the Success or failure of Subsequent merges. Continu 
ing step 87, the neighbor pairs in the neighbor table are 
preferably put into an order in which the merge attempts are 
performed. A trivial order is simply one of numerically 
increasing labels (i.e., the order in which neighbors were 
encountered). More Sophisticated orderings might incorpo 
rate patch properties, such as the correlation coefficient 
between events in neighboring patches or similarity between 
patch orientations. The latter is a preferred method to estab 
lish the merge order. Neighboring patches that are oriented 
similarly are merged first, because they are more likely to 
represent common geologic strata, whereas neighboring 
patches with greatly dissimilar orientations are merged last, 
because they could be related to noise artifacts or non-strati 
graphic events, such as faults and fluid contacts. Even more 
advanced orderings could be based on the statistical similarity 
between secondary seismic attributes extracted at or near the 
patch locations. 
0110. With a merge order established by one method or 
another, the topological merge may be undertaken (step 88). 
The process for one embodiment of the invention is outlined 
in detail in the flow chart of FIG. 12A and described next; a 
second embodiment is described in FIG.12B and is described 
further below. At step 121, one pair of neighboring patches is 
selected as merge candidates, and is postulated to constitute 
or be part of one surface, meaning that the overlap relations 
for one patch are applicable to the other (and vice versa). If 
this action generates a topological inconsistency, then the 
merge must be rejected. Otherwise, the merge is accepted, 
and the overlap and neighbortables are adjusted by replacing 
the label for one patch with that of the other. 
0111. The computational costs to evaluate the three con 
sistency conditions after a postulated merge are very differ 
ent. Self overlap is quick and easy to verify. This is shown as 
step 122 in FIG. 12A. A local consistency check requires 
examination of the entire overlap table (step 123). A global 
consistency check, however, requires a topological sort (step 
124), which is computationally expensive. In the embodiment 
of FIG. 12A, the three consistency checks are cascaded in 
order of increasing numerical costs. The more expensive 
checks are performed only on merge candidates that pass the 
less costly checks. 
0112) If the topological sort succeeds (step 125), then the 
merged patch is globally consistent, and thus, topologically 
consistent. The hypothesis is then accepted, and the tables are 
accordingly modified (step 126). Then, the procedure repeats 
(step 121) with the next pair of merge candidates. If the sort or 
any of the other tests fail, then (step 128) the hypothesis is 
rejected, and the procedure is applied to the next pair (step 
121). 
0113. Even cascading the three consistency checks is 
computationally costly, because the topological sort needs to 
be executed many times. The topological patch merge algo 
rithm could be sped up dramatically were the topological sort 
not performed for every pair of neighboring patches. One 
modification of the algorithm is the introduction of a queue. 
Neighbor pairs that passed the first and the second test (steps 
122 and 123) are placed in a queue instead of immediately 
being evaluated by the third test (step 124). Once the queue 
reaches a user-specified size, for example four pairs, the over 
lap table is duplicated, all the proposed merges are applied to 
the copy, and the topological sort is executed. If the sort 
Succeeds, then all four proposed merges are globally consis 
tent and acceptable. If the sort fails, then there must beat least 
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one inconsistency in the proposed merges. To find the incon 
sistency, the original overlap table is copied again, but only 
the first two merges are applied to the copy. The remaining 
pairs are simply stored in a holding queue. If the sort Suc 
ceeds, then the merges of the first two pairs are acceptable and 
it is known that there is an inconsistency in the later two pairs. 
If the sort fails, it is known that there is an inconsistency in the 
first two pairs. The procedure is repeated again on the set 
containing the inconsistency, but this time only one pair is 
evaluated. After the topological sort, it is immediately known 
which potential pair led to an inconsistency and should be 
rejected. At this time, the cycle repeats by refilling the queue 
before the sorts are performed again. 
0114. In other words, after discovering an inconsistency in 
the proposed merges accumulated in the queue, the queue is 
bisected and sorts are performed on the pieces until the incon 
sistency is found, while accepting Successful merges. Gener 
ally, the queue should not be limited to four pairs, but instead 
to a few hundred or thousand pairs. Moreover, the queue size 
can be allowed to vary dynamically. If the sort fails, the queue 
size is reduced, but if it succeeds, then the queue size is 
increased for the next evaluation of the topological sort. Find 
ing one inconsistency among N pairs can be performed with 
log N sorts instead of N sorts. For a queue with one thousand 
twenty four elements, one inconsistency can be found in at 
most ten topological sorts, which results in a great reduction 
in computational costs. 
0115. A second embodiment of the topological merge is 
shown in FIG. 12B with details presented in Table 1. This 
alternative embodiment of the invention differs from the pre 
vious one in the way in which the consistency check is per 
formed. The first approach checks whether a directed cycle is 
introduced after merging two surface patches. By contrast, 
the alternative embodiment predicts whether a merge would 
create a directed cycle instead of checking for cycles. This is 
a much less computationally intensive task that not only per 
forms the same function, but is also more robust. The inputs to 
the method of FIG. 12B are initial patches, their ordering 
(acyclic directed graph), and a merge order table (pairs of 
neighboring patches). The output is larger patches, and ulti 
mately surfaces. 
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0116. A cycle (i.e. a topological inconsistency) is created 
after merging two Surface patches only if one patch is above 
the other. Therefore, in order to avoid introducing inconsis 
tencies, it suffices to check whether one patch is above the 
other. The data structure that provides a convenient represen 
tation of Such relationships is a kind of directed graph: the 
Surface patches inside the Volume are represented by nodes, 
and directional connections, or edges, between nodes exist if 
one patch is above another. Thus, the problem reduces to a 
specific graph traversal problem in which the question is 
whether a path between two nodes (the surface patches) 
exists. 
0117 The graph traversal problem can be solved using the 
standard depth-first search (DFS) algorithm (e.g., see Intro 
duction to Algorithms, Cormen, Leiserson and Riverst, MIT 
Press and McGraw Hill, 477-485 (section 23.3, "Depth-first 
search') (1990)). Implementation of the following modifica 
tions to this general algorithm achieves a Substantially better 
computational efficiency. First, augment the data structure, 
the directed graph, with an additional attribute at each node, u, 
denoted DEPTHATT(u), that keeps track of the absolute 
depth of the patch. Second, introduce a Geometric Depth 
Property (GDP) and modify the traversal algorithm so that it 
ensures that the GDP is both maintained and exploited at all 
times (Step 1201 in FIG. 12B and Procedure 1 in Table 1). 
This property (GDP) requires that the depth attribute increase 
monotonically when following the directed edges in the 
graph. In other words, if patch a overlaps patch b in the 
volume then the depth attribute of patch a must be less than or 
equal to the depth attribute of patch b. Then, in step 1202, a 
pair of patches is selected from the merge table, and at Step 
1203 merger of the two selected patches is checked for topo 
logical consistency employing the GDP to gain efficiency 
(Procedure 2 in Table 1). If the check is affirmative, then in 
step 1204 the two patches are merged according to Procedure 
3 of Table 1. This approach is efficient because the search for 
a path between two nodes is confined to a small portion of the 
graph instead of the whole structure: the surface patches to be 
merged have depth attribute values within a limited range of 
values, and the search only explores nodes with depth 
attributes within that range. The GDP guarantees this to be 
sufficient. 

TABLE 1 

Geometric Depth Property (GDP) 
Let u z v. DEPTHATT(v)is. DEPTHATT(v) if there is a directed 

Procedure 1: Enforce GDP on an acyclic 

path starting at node u that reaches node v. 

Procedure 2: Check consistency if nodes u and v 
directed graph were to be merged 

1. Assign DEPTHATT(u) to each node u by 1. Set maxdepth = max(DEPTHATT(u), 
taking highest depth value of patchu. DEPTHATT(v)) 

2. For each node u with no incoming edges: 2. Start at u and recursively follow edges to 
(a) For each child v: 

i. If DEPTHATT(u) > DEPTHATT(v), 
then DEPTHATT(u)= DEPTHATT(v) 

nodes for which DEPTHATT a maxdepth. 
(a) If v is encountered, then cannot merge u 
and v. 

ii. Marku as visited. 3. Start at v and recursively follow edges to 
iii. If v is unvisited, then repeat Step 2 

on V as well. 
nodes for which DEPTHATT a maxdepth. 
(a) If u is encountered, then cannot merge u 
and v. 

Procedure 3: Merge nodes u to v 

1. Add edges of V to u. 
2. Set maxdepth = max(DEPTHATT(u), 

DEPTHATT(v)). 
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TABLE 1-continued 

Geometric Depth Property (GDP) 
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Let u z v. DEPTHATT(v)is. DEPTHATT(v) if there is a directed 
path starting at node u that reaches node v. 

3. Set DEPTHATT(u) = maxdepth 
4. Remove node v 
5. Apply Step 2 of Procedure 1 to the 

modified node u (this step maintains the 
GDP) 

Note: 

The graph traversals in procedures 1 and 2 may follow any scheme, such as a modified depth-first search, Only the modification is 
detailed here. 

0118. Further efficiency gains may be obtained by appro 
priately ordering the merge table. For example, the algorithm 
tends to work more efficiently if the order of merges gives 
preference to those pairs of patches that have a high depth 
value first. Reordering the merge table in this fashion may 
improve efficiency. In addition, breaking down the order of 
patch merges according to region-based schemes can have a 
significant impact. For example, the Volume may be divided 
into regions of space that do not overlap but that taken 
together cover the whole space. Label these regions from 1 to 
in and list them in Some order according to a permutation of 
the n labels. Now perform the merges that fall in the first 
region listed, then those in the second region listed, and so on. 
The way in which the regions are chosen, and the permutation 
of their listing can greatly diminish the computation time. For 
example, breaking the Volume along one of the axes into n 
slabs and listing the regions so that any Subsequent region is 
most distant from the previously listed regions can signifi 
cantly decrease computation time. This scheme also lends 
itself to parallelization—the computation can be performed 
by different processors or computers at the same time, so long 
as the regions are not connected to the previous ones. The 
extreme case of this scheme is to begin with Surface patches 
that are a single voxel in size. 
0119 The algorithm described above and outlined in FIG. 
12B and Table 1 can readily be parallelized, and additional 
elements can further enhance such an effort. Specifically, if an 
external structure keeps track of the connected components of 
the directed graph, then both the decisions of what can be 
computed in parallel and the speed of execution may be 
improved. For example, Suppose that the pair of Surface 
patches to be merged is such that one patch is in component A 
and the other patch is in component B. Since the two compo 
nents are different and no connection exists between them, 
there cannot be a path between the two patches. Therefore, a 
merge is acceptable, and no further inspection of the graph is 
needed. However, if the two components were connected, 
then the graph may have to be searched as before. The deci 
sion on whether to inspect the graph or not can depend on how 
the two components are connected. If the two components 
connect only at a depth level that is below the lowest depth 
level of the two Surface patches, then no path can exist 
between them and no further search is needed. If that is not the 
case, then the graph must be inspected. Therefore maintain 
ing an additional structure that keeps track of the connected 
components of the graph and the highest depth value at which 
there is a connection between any pair of components can 
further increase the computational efficiency of the algo 
rithm. All such efficiency improvements are within the scope 
of the present invention. 

0.120. The last step in Stage 3 is step 89, an optional step 
for fixing holes caused by low correlations between events or 
the existence of multiple good but ambiguous connections. 
Some surfaces contain obvious holes that can be fixed by 
analogy with Surrounding Surfaces. Additional patches may 
be merged by trial and error. One example of a testable 
hypothesis involving the topology relates to unassigned 
events or gaps between Surfaces. First, the gap is assigned to 
a new patch. Similar gaps in neighboring traces are assigned 
the same patch label even if their correlations are weak or 
ambiguous. This new patch is accepted as an acceptable patch 
if it is verified as being topologically consistent by neither 
overlapping itself nor causing a local or global inconsistency. 
A topological merge is then attempted to fuse this new patch 
with one or more of its neighbors, potentially linking up 
neighboring patches that were not directly connected and thus 
reducing the skeleton by replacement of multiple Small Sur 
faces with one larger one. The top portion of FIG.13 shows an 
example of some uncorrelated surfaces (e.g., surface 139) 
sandwiched between two surfaces (surfaces 131 and 133). 
These events were either not correlated because their cross 
correlation was below the correlation criteria, or because their 
correlations were ambiguous. From the overall fabric 
revealed by the skeletonization, it appears possible that (1) all 
these uncorrelated events form a consistent patch, and (2) that 
this patch could be merged with one of the surfaces to either 
side (132 and 136) or even linking them. 
I0121 Another approach to exploit the seismic skeleton is 
to resolve which of the two split surfaces, such as surfaces 137 
and 138, continues the original surface 134. At such a previ 
ously unresolved Surface split, one strategy is to attempt to 
merge the Surfaces either way. If only one merge Succeeds, it 
is tentatively accepted, and thus this solution is found. If 
either none or both of the merges succeed, however, then this 
strategy cannot resolve which of the two surfaces continues 
the original one. The bottom of FIG. 13 shows an example of 
one surface 134 that splits into two surfaces 137 and 138. The 
three dimensional information available for the topological 
patch merge does not resolve the question of which of the two 
Surfaces is the continuation of the single one. If it had, the 
patches are merged because there is a unique path of correla 
tions through the third dimension linking the patches. Here, 
the overlap tables and the topological sort can be used to test 
Some of these hypotheses, and if validated, use them to fix and 
further simplify the skeleton. 
0.122 Remaining Small holes in Surfaces may be a nui 
sance for later seismic interpretation steps, and are often fixed 
by interpolation. The validity of these interpolations can be 
tested by checking whether the modified surface remains 
topologically consistent. 
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0123 FIG. 14 is a flow chart of basic steps in a Stage 4 that 
can optionally be added to the method of FIG. 8. In the 
optional Stage 4, the overlap table for a select set of consistent 
Surfaces is retrieved, or recreated if necessary. At step 142, a 
topological sort is performed to find an order in which the 
surfaces could be arranged, while honoring the above/below 
relations encoded in the overlap table. Because many surfaces 
have a limited areal extent, and thus limited overlap, there are 
not enough relations to enforce a unique arrangement. 
Instead, there are multiple arrangements that all satisfy the 
overlap relations. Moreover, the topological sort algorithm 
can be implemented using a variety of strategies, including a 
pull-up, push-down, or balanced strategy. Surfaces are placed 
as high up as possible with the pull-up strategy which implies 
that the order marks the last possible moment a given strata 
could have been deposited relative to the Surrounding ones. 
With the push-down strategy, Surfaces are placed as far down 
as possible which implies that the order marks the earliest 
possible moment a given strata could have been placed rela 
tive to the Surrounding ones. The balanced strategy tries to 
place Surfaces in the middle of their range. These strategies 
determine the order in which the overlap relations are selected 
and updated inside the topological sort algorithm. In each 
strategy, the result is an order or hierarchy that can be used to 
arrange the Surfaces, the seismic reflections, or the entire 
seismic data Volume. 

0.124 Because small surfaces are especially difficult to 
constrain, they tend to have higher variability when applying 
different strategies. Inclusion of all small surfaces in the 
transform also introduces distortion artifacts on the reorga 
nized seismic data Volume. Instead it is preferable to compute 
another measure upon which to base this transform. This 
measure is the level of a surface within the topological hier 
archy. That is, determine how far down from the top is a 
particular surface is located. (Step 143) Specifically, one mea 
sure of this is to find the longest possible path in terms of 
number of overlap pairs encountered when traversing from 
the top down to the Surface. Because the Surfaces are consis 
tent, there cannot be any loops and the existence of a longest 
path is guaranteed. A preferred method for finding these 
longest paths is a Bellman-Ford (BF) algorithm (R. Bellman, 
“On routing problems. Quarterly of Applied Mathematics 
16, 87-90 (1958)) with negative unit weights operating on the 
overlap table. Negating the resulting distance yields the level 
of each surface within the hierarchy. Note that both order and 
level allow definition of a transform that deforms the vertical 
axis of the seismic data and corresponding Surfaces. The 
result is a seismic dataset organized in the order of strati 
graphic placement and deposition, which can be analyzed for 
the exploration, delineation, and production of hydrocarbons. 
0.125. The level may be defined as the longest path in terms 
of maximum number of overlap pairs encountered when tra 
versing from the top down. Alternatively, it can be defined as 
the longest path when going from the bottom up. Comparing 
Such alternatives allows an estimate of how constrained the 
levels of the individual surfaces are, or conversely, how uncer 
tain the levels are. (Step 144) To compare the two results, one 
needs to compensate for the different directions, and rescale 
the bottom-up measure linearly in Such a way that the top 
surface has level Zero and the bottom surface has the same 
level as for the top-down measure. For a given Surface, the 
difference between its two kinds of levels is a measure of its 
uncertainty with regard to the topological order. A well con 
strained surface is at a similar level regardless of the sort 
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strategy. Such a surface has minimal uncertainty with regard 
to its place within the topology. A poorly constrained surface 
may end up at a shallow level with the top-down measure, but 
at a deep level when using the bottom-up strategy. Thus, the 
level numbers differ greatly, and its place in the topology is 
highly uncertain. 
0.126 FIG. 15 illustrates topological orders and levels, 
using the events shown in FIG. 13 as an example. The overlap 
table contains the above/below relations for the surfaces in 
FIG. 13. Performing a topological sort with the pull-up strat 
egy yields an order that honors each relation in the overlap 
table. However, the topological sort order distorts a visual 
ization of the Surfaces by spreading them out vertically. A 
preferred alternative is to count the maximum number of 
Surfaces that have to be penetrated to reach a given Surface 
which can be done by applying the Bellman-Ford (BF) algo 
rithm with weight -1 to the overlap table. The results are the 
BF levels, which assign surfaces 132 and 136 both to level 1. 
A graph (or tree) of the surfaces with the vertical position 
corresponding to the levels and their overlap relations is 
shown on the right hand side of FIG. 15, and provides an 
efficient way to summarize the surface relationships. Surface 
134 is uncertain with regard to its level, and thus is shown in 
both its potential positions (levels 3 and 4). 
I0127. The graph of surface labels (or tree) is an efficient 
way of summarizing all these data where the vertical position 
of a surface is determined by its level. The lateral position is 
arbitrary and could be chosen, for example, in accordance 
with the real position or simply so as to make the graph less 
cluttered. The different surface labels are connected by 
arrows to indicate the above/below relations. To encode even 
more information, large, and thus relevant Surfaces may be 
represented with larger labels. FIG.16A shows such a tree for 
the four hundred fifty surfaces of FIG. 2. The graph presents 
the surface levels, their above/below relations as extracted 
from the seismic data, and their areal extent indicated by the 
label size. Altogether, there are two hundred fifty levels, some 
of which are occupied by many Small Surfaces, while others 
are occupied by just one or two large surfaces. 
I0128. The graph (or tree) may be used as an aid to select 
Surfaces for further analysis or visualization. Depending on 
the size of the data volume, the present inventive method may 
generate many thousands of Surfaces, quickly overwhelming 
the interpreter during visualization. One procedure for deal 
ing with this is to select Surfaces along lines emanating from 
one reference node of the tree to allow visualization of Sur 
faces overlapping only the reference surface, Suppressing all 
others and decluttering the display. Another procedure 
chooses surfaces from one level only to allow visualization of 
Surfaces that may be genetically related because they are 
located at the same level within the geologic strata. Yet 
another procedure chooses Surfaces from an interval of con 
secutive levels to allow visualization of a stratal sequence. 
FIGS. 16B and 16C present an example where four subse 
quent levels 11-14 were selected from the tree for visualiza 
tion. Levels 11 and 14 each contain one surface, while levels 
12 and 13 each contain two surfaces. The two different groups 
of surfaces are likely to be genetically related because they 
are at the same levels within the sequence of strata. 
I0129 FIG. 17 is a graph that shows the topological uncer 
tainty for the surfaces of FIG.2. Most of the four hundred fifty 
Surfaces are tightly constrained and cannot be moved more 
than a few levels without violating the conditions or con 
straints contained in the overlap table. Some surfaces, how 
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ever, could be shifted more than ten levels while still honoring 
the constraints. These surfaces have a high uncertainty with 
regard to their relative time of deposition. 
0130. Once the order or levels are established, it is 
straightforward to reorganize the Surfaces in this manner. 
Individual surfaces are characterized by sets of three-dimen 
sional points (x,y,t) or (x,y,z) depending on whether the seis 
mic data are expressed in terms of geophysical time or depth. 
For the sake of simplicity, it is assumed that the data are in the 
geophysical time domain. The depth case follows by analogy. 
Transforming the surfaces from the time domain to either the 
order or level domain (step 145) simply requires substituting 
time with order or level number. 
0131 FIG. 18 shows the surfaces of FIG. 2 converted 
(transformed) from the geophysical time domainto the (topo 
logical) level domain. Each surface was replotted after sub 
stituting its geophysical two-way travel times with its level 
number, which flattens the Surfaces (an application some 
times called volume flattening). The drawing shows that the 
Surfaces are highly organized. The deposition of the geologic 
strata appears to have waned back and forth, left and right 
about four times in a rather systematic manner. 
0132 Transforming seismic volumes to the level or order 
domain instead of Surfaces may require nonlinear stretching 
and Squeezing of the seismic data to make them fit into the 
allocated intervals. For amplitude data, seismic wiggles may 
be compressed tightly or expanded to resemble higher or 
lower frequency data. The same situation exists for seismic 
attributes, but may not be as obvious as for amplitude data. 
0133. An alternative method to transform seismic volumes 

is to cut and paste packets of seismic data without deforma 
tion onto the framework conceptually provided by the domain 
transformed Surfaces. The packet size may depend on the 
definition of the events used to build the surfaces. If the 
Surfaces were built from peaks only, then a packet includes an 
entire wavelet with the peak and half a trough on either side. 
If the surfaces are built from peaks and troughs, then the 
packets are the peaks and troughs bounded by the Zero cross 
ings. If the seismic data to be transformed by the cut-and 
paste method is not the original amplitude data, then the 
packet boundaries, for example the Zero crossings, may also 
be determined from the amplitude data. 
0134 FIG. 19 illustrates these two methods to transform 
seismic volumes into the level or order domain. The nonlinear 
stretch method stretches and Squeezes the seismic data to fit 
into the allocated intervals. On the right trace, the surfaces of 
levels 12 and 13 do not exist, but nevertheless, the nonlinear 
stretch interpolates them through the wavelet and assign parts 
of the trace belonging to surfaces with levels 11 and 14 to the 
surfaces with levels 12 and 13 which causes stretch artifacts 
similar to NMO stretching. The cut-and-paste method takes a 
packet of seismic data centered at the Surface location and 
shifts them from depth to the level without stretching. In the 
present example, the packets consist of peaks or troughs. On 
the right trace, surfaces with levels 12 and 13 do not exist, and 
hence, no corresponding packets exist for cutting and pasting. 
The result contains gaps in the level-transformed data indi 
cating the absence of these level Surfaces. 
0135 FIG. 20 shows the level transformed seismic data 
from FIG.1. The data were transformed from the time to the 
level domain. Collapsing all the gaps reconstructs the original 
data. Further aspects of flattening will be described below. 
0136. The skeletonization method described above can be 
generalized and placed in a larger application context, a 
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method category that is sometimes called pattern recognition. 
That overarching method is described next. 
0.137 The overarching method (see FIG. 21) takes, for 
example, a geophysical data Volume 211, optionally pre 
conditions the data and optionally computes a set of features 
or attributes, and then partitions the Volume into regions (step 
212). At step 213, each region is analyzed and then assigned 
with a measure and/or associated with a meaning that allows 
(at step 214) the prioritization, or high-grading, of the regions 
for further consideration. The result of this workflow is a set 
of high-graded regions of interest, what might be called the 
relevant objects 215. Skeletonization, including the skeleton 
ization method disclosed herein, is one option for the parti 
tioning step 212, and thus, the individual Surfaces generated 
by skeletonization constitute the regions in the broader appli 
cation. One purpose for the extended work flow outlined 
above is that even for Small data Volumes, skeletonization 
may create thousands to millions of surfaces, which can over 
whelm human interpreters and traditional seismic interpreta 
tion systems. A method is needed either to select and present 
the relevant surfaces only, or at least to prioritize them, allow 
ing the interpreter to begin further analysis on the more 
important ones. 
0.138. In previously published approaches, geophysical 
pattern recognition often refers to unsupervised segmenta 
tion, or classification and extrapolation based on training data 
using, for example, a neural network method. Other 
approaches use this term to denote the detection of seismic 
events or the discrimination between different kinds of events 
only. By contrast, the method to be disclosed next can both 
partition the seismic data into regions and automatically use 
measured characteristics of those regions to assign a level of 
geological or geophysical importance to them for hydrocar 
bon prospecting purposes. But first, brief reviews of some 
previously published approaches follow. 
0.139 Meldahl et al. disclose such a supervised learning 
approach in U.S. Pat. No. 6,735,526 (“Method of Combining 
Directional Seismic Attributes Using a Supervised Learning 
Approach”), which combines directional seismic attributes 
using a neural network to identify and separate geologic 
features Such as gas chimneys. 
(O140 U.S. Pat. No. 6,560,540 (“Method For Mapping 
Seismic Attributes Using Neural Networks') to West and 
May discloses a method to assign seismic facies based on the 
seismic texture using a neural network trained on example 
regions for these facies. 
0141 U.S. Pat. No. 7,162,463 ("Pattern Recognition Tem 
plate Construction Applied To Oil Exploration And Produc 
tion') to Wentland and Whitehead discloses a method for 
building templates that can be used for the exploration and 
production of hydrocarbon deposits where templates refer to 
sets of logically-gated rules used to render Voxels with color, 
opacity, hue and Saturation. 
0142 U.S. Pat. No. 7,188,092 (“Pattern Recognition Tem 
plate Application Applied To Oil Exploration And Produc 
tion') to Wentland and Whitehead discloses a method for 
applying templates to find deposits of oil and natural gas. 
0143 U.S. Pat. No. 7,184.991 (“Pattern Recognition 
Applied To Oil Exploration And Production') to Wentland et 
al. discloses additional methods for comparing data against 
the templates by visual recognition of desired patterns or 
indication of the presence of a desired or undesired feature 
within the data. 
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0144) U.S. Pat. No. 7,308,139 (“Method, System, And 
Apparatus For Color Representation Of Seismic Data And 
Associated Measurements') to Wentland and Mokhtar dis 
closes a method for displaying digitized information in a way 
that allows a human operator to easily detect patterns and 
characteristics within the data. 
(0145 U.S. Pat. No. 7,463,552 (“Method For Deriving 3D 
Output Volumes Using Filters Derived From Flat Spot Direc 
tion Vectors') to Padgett discloses a method of determining 
the existence of and location of hydrocarbon and water fluid 
contacts by analyzing dips and azimuths in 3D seismic data. 
0146 U.S. Pat. No. 5.940,777 (Automatic Seismic Pat 
tern Recognition Method) to Keskes presents an automatic 
seismic pattern recognition method that recognizes a given 
number of seismic patterns specified by pieces of training 
data. 
0147 U.S. Patent Application No. 2008 0,123,469 (“Sys 
tem. And Method For Seismic Pattern Recognition') to 
Wibaux and Guis discloses a method to detect microseismic 
events based on wavelet energy and comparison against 
known waveform patterns. 
0148 What the foregoing methods may not provide is an 
automated method that partitions a Volume of geological or 
geophysical data, automatically analyzes each partitioned 
region for its hydrocarbon potential or relevance to the explo 
ration and production of hydrocarbons, and either ranks 
regions according to their relevance or Suppresses irrelevant 
ones entirely. This would allow direct searching for accumu 
lation of hydrocarbons, or the detection and evaluation of 
elements of a Subterraneous hydrocarbon system, for 
example reservoir, seal, Source, maturation and migration 
pathways. 
0149. This overarching method takes a typically large 
number of Subsurface regions and can analyze them to auto 
matically selector highlight the more relevant ones. An alter 
native embodiment of this method does not select regions, but 
instead ranks the regions based on their relevance as deter 
mined by their analysis. In the former case, the interpreter or 
a computer-based system continues work with a greatly 
reduced Subset of regions. In the later case, work may be 
continued with all regions, but time and resources are allo 
cated based on the region ranks. In the context of this inven 
tion, a region is a collection of cells, or Voxels, in a Subsurface 
Volume defined by one or more objects Such as Surfaces or 
geobodies. Moreover, the step of high-grading the objects 
encompasses, for example, selection, highlighting, prioritiz 
ing, or ranking Different embodiments and parameterizations 
can be cascaded to sequentially remove ever more low prior 
ity regions or to improve the rankings. 
0150. Subdividing the data volume into regions may begin 
with an object generation step. Of course manual creation is 
possible, but automatic generation is more practical and more 
efficient. Thus, a preferred embodiment of the present inven 
tion's geophysical pattern recognition method consists of the 
following steps, all of which may be programmed to run 
automatically on a computer: (a) optional application of a 
data preconditioner and/or attribute computation, (b) genera 
tion of objects from data Volumes, (c) automatic analysis of 
the objects to assign a measure, (d) use of the measure to 
high-grade the objects, and (e) optimal storage of the relevant 
objects or hierarchy of all objects for further analysis. 
0151 Typically, the geophysical data are seismic ampli 
tude Volumes, but that invention is by no means so limited. 
Other potential data include seismic attribute volumes; other 
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types of geophysical data Such as seismic Velocities, densi 
ties, or electrical resistivities; petrophysical data, for example 
porosity or sand/shale ratio; geological data, for example 
lithology, environment of deposition, or age of deposition; 
geologic models and simulations; reservoir simulation infor 
mation, for example pressures and fluid Saturations; or engi 
neering and production data, for example pressures or water 
Cut 

0152) Object generation can be performed in many differ 
ent ways. Methods include thresholding, binning, or cluster 
ing the data; skeletonization or automatic feature tracking; or 
segmentation. For thresholding, either the user or an algo 
rithm specifies a threshold value. All points with lower (or 
higher) values are assigned to the background. The remaining 
data points may be used as point objects or converted to 
continuous curves, Surfaces, or bodies, for example by appli 
cation of a connected component labeling algorithm. The 
case where points with values exceeding the threshold are 
assigned to the background follows by analogy. This case is 
further generalized by binning the data into user or algorithm 
specified bins which creates raw objects which can be further 
refined with a connected component labeling algorithm. 
Objects can be constructed by clustering of points from one or 
multiple data sets, or even recursively by clustering of other 
objects. 
0153. Objects can be created by automated or assisted 
tracking using horizontrackers, horizon pickers, fault track 
ers, channel trackers, or seed picking. One particular form of 
horizon picking is seismic skeletonization which automati 
cally picks many surfaces simultaneously. The present inven 
tion's method for skeletonization is a preferred option here. 
0154 Segmentation refers to a process of partitioning a 
data Volume into multiple objects, or regions (sets of voxels). 
Each of the Voxels in a region is similar with respect to some 
characteristic or computed property while adjacent regions 
are significantly different with respect to the same character 
istic(s). Clustering-based segmentation is an iterative tech 
nique that is used to partition a dataset into a specified number 
of clusters or objects. Histogram-based methods compute a 
histogram for the entire dataset and use the peaks and Valleys 
to locate the clusters or objects. A further refinement of this 
technique is to recursively apply the histogram-seeking 
method to clusters in the data in order to divide them into 
increasingly smaller clusters until no more clusters are 
formed. Methods based on edge detection exploit the fact that 
region or object boundaries are often closely related to edges, 
i.e. relatively sharp property transitions. For seismic data, 
discontinuity or similarity serve as edge detectors. The edges 
identified by edge detection are often disconnected. To seg 
ment an object from a data Volume, however, one needs 
closed region boundaries. Edge gaps are bridged if the dis 
tance between the two edges is within Some predetermined 
threshold. Region growing methods take a set of seed points 
as input along with the data. The seeds mark each of the 
objects to be segmented. The regions are iteratively grown by 
comparing all unallocated neighboring Voxels to the regions. 
This process continues until either all voxels are allocated to 
a region, or the remaining Voxels exceed a threshold differ 
ence when compared to their neighbors. Level set methods, or 
curve propagation, evolve a curve or Surface towards the 
lowest potential of a prescribed cost function, for example 
smoothness. The curves or surfaces either represent the 
desired objects, for example faults or channel axes; or they 
correspond to the boundaries of the desired objects, for 
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example salt domes or channels. In the latter case, the curve 
appears to shrink-wrap the object. Graphs can effectively be 
used for segmentation. Usually a voxel, a group of voxels, or 
primordial objects are considered to be the graph vertices, and 
the graph edges between the vertices are weighted with the 
(dis)similarity among the neighborhood Voxels or objects. 
Some popular algorithms of this category are random walk, 
minimum mean cut, minimum spanning tree-based algo 
rithm, or normalized cut. The watershed transformation con 
siders the data or their gradient magnitude as a (multidimen 
sional) topographic Surface. Voxels having the highest 
magnitudes correspond to watershed lines, which represent 
the region boundaries. Water placed on any voxel enclosed by 
a common watershed line flows downhill to a common local 
minimum. Voxels draining to a common minimum forms a 
catch basin, which represents a segment or object. Model 
based segmentation methods assume that the objects of inter 
est have a repetitive or predicable form of geometry. There 
fore, one uses a probabilistic model to explore the variation in 
the shape of the object and then, when segmenting a dataset, 
imposes constraints using this model as the prior. Scale-space 
segmentation or multi-scale segmentation is a general frame 
work based on the computation of object descriptors at mul 
tiple scales of Smoothing. Neural Network segmentation 
relies on processing Small areas of a dataset using a neural 
network or a set of neural networks. After Such processing, 
the decision-making mechanism marks the areas of the 
dataset according to the categories recognized by the neural 
network. Last among the examples mentioned here, in 
assisted or semi-automatic segmentation, the user outlines the 
region of interest, for example by manual digitization with 
computer mouse, and algorithms are applied so that the path 
that best fits the edge of the object is shown. 
0155 Examples of curve objects include but are not lim 
ited to well paths, channel axes, fault Sticks, horizontracks, 
horizon-fault intersections, or generic polygons. Curve 
objects are automatically created in step 83 of the present 
invention's skeletonization method. Surfaces or geobodies 
can be converted to curves by thinning or medial axes trans 
formation. 

0156 Surface objects can be converted to geobodies by 
dilation or thickening of Surfaces in a specified direction until 
another geobody is encountered. The dilation can be per 
formed either upwards, downwards, or simultaneously in 
both directions. Another method of converting surfaces to 
geobodies is to assign the samples by polarity or wavelet. 
Similarly, geobodies can be converted to surfaces by selection 
of the body top, bottom, or the average thereof. Another 
body-to-surface conversion method is erosion or thinning in 
either three dimensions or limited to the vertical direction. 

0157 Analysis of the objects (step 213) includes defining 
or selecting one or more measures that will be used in the next 
step (214) to high-grade the objects or regions. The measure 
may be any combination of the object geometries, properties 
of collocated (secondary) data, and relations between the 
objects. Geometric measures for objects refer to location, 
time or depth, size, length, area, Volume, orientation, or 
shape. These measures also include inertia tensor; raw, cen 
tral, Scale- and rotation-invariant moments; or covariance. 
Some measures, for example curvature, are local measure 
ments in the sense that every point on a curve, Surface, or body 
boundary will have its own local value. In order to obtain one 
value characterizing the object, one needs to integrate or 
sample the local ones, for example by selecting its mean, 
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median, or one of the extrema. Moreover, curvature is actu 
ally not a scalar quantity but a tensorial one, which allows 
definition of a range of local curvature measures such the 
minimum, maximum, mean, most-positive, most-negative, or 
Gaussian curvature. 

0158 Collocated property measures are built by querying 
a dataset at the locations occupied by the object. For example, 
one can extract the values from a collocated seismic or 
attribute dataset Such as amplitude or a collocated geologic 
model Such as porosity or environment of deposition, and 
compute a statistical measure for these values. Statistical 
measures include average, median, mode, extrema, or vari 
ance; or raw, central, scale- and rotation-invariant property 
weighted moments. If two collocated properties are 
extracted, then a measure can be computed by correlation of 
the collocated values, for example porosity and hydraulic 
permeability extracted from geologic models or measured 
along well paths. 
0159. Another family of analysis and measurements 
examines relations between objects. Measures include the 
distance or similarity to neighboring objects; the total number 
of neighbors, the number of neighbors above the object or 
below the object, and ratios thereof; the number of connec 
tions to neighboring objects and their quality, or the kind of 
termination of the object against its neighbors. 
0160 One specific alternative for the analysis of objects 
(step 213) in the innovative pattern recognition method is the 
calculation and use of direct hydrocarbon indicators 
(“DHIs”) to high-grade a previously generated set of reflec 
tion Surfaces, possibly generated through skeletonization. An 
example of such a DHI is amplitude fit to structure. In a 
hydrocarbon reservoir, the effect of gravity on the density 
differences between fluid types generates a fluid contact that 
is generally flat. Because the strength of a reflection from the 
top of a hydrocarbon reservoir depends on the fluid in that 
reservoir, reflection strength changes when crossing a fluid 
contact. Correlating the Surface depths (or times) with seis 
mic attributes such as amplitude strength facilitates rapid 
screening of all surfaces in a volume for evidence of fluid 
contacts, and thus, the presence of hydrocarbons. Using the 
overarching (pattern recognition) method disclosed herein, it 
is possible to generate or extract many or all Surfaces at once 
by skeletonization and then use the correlation between their 
depths and amplitudes as an automated screening tool to 
identify the most interesting Surfaces, i.e. the ones indicating 
hydrocarbon potential. FIGS. 22A-B present schematic 
examples of two surfaces in map view. Depth or travel time is 
shown by contours, with larger diameter contours indicating 
greater depth, and seismic amplitude is represented by bright 
ness shown here in gray scale where white is the brightest 
(largest amplitude values). In FIG. 22A, the amplitudes cor 
relate with surface depth. Bright amplitudes are found shal 
low, while dim amplitudes are found deep. Thus, amplitude 
along the Surface correlates with the Surface depth contours. 
The attribute fits the structure, indicating the potential for a 
hydrocarbonaccumulation. In FIG. 22B, amplitude does not 
vary systematically with Surface topography. Seismic ampli 
tude and depth contours are relatively uncorrelated, and do 
not indicate the presence of hydrocarbons. 
0.161. Other examples of seismic DHI-based measures for 
the analysis of Surfaces and geobodies include amplitude 
anomalies, amplitude versus offset (AVO) effects, phase 
changes or polarity reversals, and fluid contacts or common 
termination levels. Other geophysical hydrocarbon evidence 
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includes seismic Velocity sags, and frequency attenuation; 
also, electrical resistivity. Amplitude anomaly refers to 
amplitude strength relative to the Surrounding background 
amplitudes as well as their consistency and persistence in one 
amplitude Volume, for example the full stack. A bright ampli 
tude anomaly has amplitude magnitudes larger than the back 
ground, while a dim anomaly has amplitude magnitudes 
Smaller than the background. Comparison of seismic ampli 
tudes at the Surface or object location against an estimated 
background trend allows high-grading based on the anoma 
lous amplitude strength DHI measure. 
0162 Comparing collocated amplitudes between differ 
ent Volumes, for example near-, mid-, and far-offset stacks 
allows assignment of an AVO class. An AVO Class 1 has a 
clearly discernable positive reflection amplitude on the near 
stack data with decreasing amplitude magnitudes on the mid 
and far stack data, respectively. An AVO Class 2 has nearly 
Vanishing amplitude on the near-stack data, and either a 
decreasing positive amplitude with offset or progressively 
increasing negative amplitude values on the mid- and far 
stack data. An AVO class 3 exhibits strong negative ampli 
tudes on the near-stack data growing progressively more 
negative with increasing offset. An AVO Class 4 exhibits very 
strong, nearly constant negative amplitudes at all offsets. 
Preferably, amplitude persistence or consistency within an 
object is used as a secondary measure within each of the AVO 
classes. Comparison of partial offset- or angle-stacks at the 
location of surfaces or objects allows classification by AVO 
behavior, and thus, highgrading based on the AVODHI mea 
Sure. An alternative to partial stacks is the estimation of the 
AVO parameters A (intercept) and B (gradient) from prestack 
(offset) gathers at the locations of the Surfaces or objects, and 
use of these parameters for AVO classification or computation 
of measures such as AB or A+B. 

0163 Evidence of fluid contact is yet another hydrocarbon 
indicator. A fluid contact can generate a relatively flat reflec 
tion, and thus a relatively flat surface. Measuring the flatness 
of each surface allows the highlighting of fluid contacts. The 
preferred embodiment of a flatness measure corrects the indi 
vidual measures with a regional trend, which allows correc 
tion for variable water depth and other vertical distortions 
caused by the overburden. A fluid contact implies a fluid 
change for example from hydrocarbon gas to water. Some 
times, the boundary between reservoir seal and water-filled 
reservoir is a seismic surface with positive polarity, while the 
boundary between seal and gas-filled reservoir is a Surface 
with negative polarity. In Such situations, the seal-reservoir 
boundary corresponds to a surface exhibiting a polarity 
change from shallow to deep across the fluid contact. Com 
parison of the wavelet polarity or estimation of the instanta 
neous wavelet phase along the Surface or object allows iden 
tification of regions exhibiting a polarity-reversal or phase 
change DHI. 
0164. An abrupt down dip termination of many nearby 
Surfaces or a locally persistent abrupt change of amplitudes 
are yet more examples of direct hydrocarbon indicators that 
can be quantified from Surfaces and geobodies. The termina 
tion depths of adjacent Surfaces or objects are compared or 
correlated, or preferably the number of similar termination 
depths in the same region are counted to allow identification 
of regions exhibiting an abrupt down-dip termination DHI 
CaSU. 

0.165 Locally abrupt change of amplitude can be mea 
Sured by performance of an edge-detection operation on the 
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amplitudes at the locations of the Surfaces or objects and 
correlation of such edges between nearby Surfaces or objects. 
An alternative to edge detection is correlation of seismic 
dissimilarity or discontinuity between nearby surfaces or 
objects. 
0166 Using data other than seismic amplitudes enables 
other measures of direct hydrocarbon indicators. Hydrocar 
bon gas tends to increase the attenuation of seismic energy, 
and thus, to lower the frequency content of the seismic signal 
when compared to the Surrounding background. Frequency 
shifts can be measured and quantified from instantaneous 
frequency Volumes or by comparison of spectrally decom 
posed Volumes. Observation of consistent frequency shifts at 
the location of the Surfaces or objects allows high-grading 
based on the frequency-shift DHI measure. 
0.167 Hydrocarbon gas also tends to decrease the speed of 
seismic waves, which leads to locally sagging Surfaces in time 
domain data. Computing for example the Sum of the second 
derivatives (i.e., the Laplace operator) of the Surfaces allows 
measurement of the sagginess. In severe cases, the gas is even 
detectable on volumes of seismic velocity obtained by inver 
Sion, tomography, or Velocity analysis; with Velocities at the 
locations of Surfaces objects being lower than the regional 
trend. 
0.168. In preferred embodiments of the direct detection of 
hydrocarbons along Surfaces or geobodies, analysis and mea 
Surement also includes confidence as a function of data qual 
ity, data quantity, prior expectations, and if available, ground 
truth, for example from calibrated wells. 
0169 Elements of the hydrocarbon system include reser 
Voir, Seal, and source. An example measure for reservoir or 
seal quality is deformation, expressed for example by layer 
developability (J. L. Fernandez-Martinez and R. J. Lisle, 
“GenLab: A MATLAB-based program for structural analysis 
of folds mapped by GPS or seismic methods. Computers & 
Geosciences 35,317-326 (2009)). Deviation from a develop 
able geometry implies that bed stretching during folding has 
occurred. These deviations are therefore linked with straining 
of the horizon and can be used for highlighting regions of 
deformation expressed by brittle fracturing or ductile defor 
mation. Brittle deformation implies the potential of fracture 
enhanced porosity increasing the storage capacity in a reser 
Voir compartment, but also disrupting a sealing unit. Ductile 
deformation implies shale-rich strata which are poor reser 
Voirs, but constitute source rocks and serve as seals. Another 
deformation measure is surface curvature. Deformed regions 
tend to have surfaces with higher values of curvature indicat 
ing the potential for enhanced fracturing which provides 
additional porosity and the potential for increased storage of 
hydrocarbons, but also damages seals with the increased risk 
of trap failure. 
0170 Having one or more measures, for example the dis 
closed DHI measures, for each object allows high-grading of 
the relevant ones. Selection criteria include thresholding, 
ranking, prioritizing, classification, or matching. A first 
approach might be to apply a threshold to the measures and 
select all objects either exceeding or undercutting the thresh 
old. Another method is ranking the objects in accordance to 
their measures, and then selecting the top ranked objects, the 
top ten objects for example. A special case of ranking is 
prioritizing, where all objects are selected but associated with 
their rank, for example through their label or a database. 
Subsequent analyses commence with the highest-ranked 
object and then go through the objects in accordance to their 
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priorities until a prescribed number of acceptable objects are 
identified, or until time and/or resource constraints require 
termination of further activities. 

0171 The present inventive method may be utilized in 
other pattern recognition applications such as Volume flatten 
ing, hierarchical segmentation, edge and termination detec 
tion, DHI detection, hydrocarbon system analysis, and/or 
data reduction. Other applications of the present inventive 
methods may include interpretation, data reduction, and/or 
multiple scenario tracking. 
0172 To search for hydrocarbon accumulations in the 
earth, geoscientists may use methods of remote sensing to 
look below the earth's surface. A routinely used technique is 
the seismic reflection method where man-made sound waves 
are generated near the Surface. The Sound propagates into the 
earth, and whenever the Sound passes from one rocklayer into 
another, a small portion of the sound is reflected back to the 
surface where it is recorded. Typically, hundreds to thousands 
recording instruments are employed. Sound waves are 
sequentially excited at many different locations. From all 
these recordings, a two- or three-dimensional image of the 
Subsurface can be obtained after significant data processing. 
Seismic interpretation often involves the picking of horizons 
to characterize the subsurface for the delineation of under 
ground features relevant to the exploration, identification and 
production of hydrocarbons. The previous portion of this 
disclosure describes a method to automatically pick many or 
all of these surfaces at once in a topologically consistent 
manner, i.e., Surfaces that are consistent with the stratigraphic 
law of Superposition and thus are stratigraphically consistent. 
0173 Many stratigraphic processes of sedimentary ero 
sion and deposition occur on approximately flat surfaces 
where dips rarely exceed a few degrees. The generated Strata 
or layers are thus also approximately flat. Syn- or post-depo 
sitional processes, however, deform these layers and Surfaces. 
Such processes include folding, faulting, or differential com 
paction. Later stratigraphic processes may erode deformed or 
dipping strata recreating approximately flat Surfaces on 
which deposition continues. Through the geological history, 
Some geographic areas may undergo many phases of deposi 
tion, deformation, and erosion. Presently, the remaining strata 
and Surfaces exhibit dips ranging from flat to Vertical, and in 
extreme cases, they may even be overturned. Geophysical 
data represent the present state, and thus, a data slice extracted 
at a constant depth may intersect layers of different geologic 
ages. Since deposition at any given time happened on an 
approximately flat plane, the analysis of stratigraphic envi 
ronments and their vertical and lateral Succession is best 
performed by extracting a horizon Surface of data (also called 
a horizon slice) that follows a seismic event, and thus, one 
particular geologic age. 
0.174 Creating a few surfaces and extracting horizon 
slices from seismic Volumes is typically very labor intensive 
which precludes extracting and analyzing a larger number of 
slices. Ghosting or shifting of horizon slices extends their 
range, but application over extended vertical distances 
degrades if the stratigraphic thicknesses are not constant. One 
alternative known as flattening attempts to create all horizon 
slices in a seismic dataset by flattening the seismic data along 
Some or many surfaces that are ideally autopicked by the 
computer. Instead of individually flattening many generated 
and/or virtual horizon slices and possibly stacking them up to 
form a Volume, a plurality of such surfaces can be used to bulk 
flatten an entire Volume at once. In Volume flattening, every 
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sample of the data Volume is considered to belong to a real or 
virtual horizon, and thus, every sample participates in the 
flattening and is lined with others belonging to the same 
horizon. 

(0175 U.S. Pat. No. 6,850,845 discloses a method for ana 
lyzing seismic data in which a geologic time Volume is 
formed from a collocated seismic dataset. Geologic times are 
obtained corresponding to the seismic data sample points, and 
the geologic times are stored in the geologic time Volume in 
data storage locations corresponding to the seismic data 
sample points. In the preferred embodiment, the geologic 
time Volume is created by three-dimensional unwrapping of 
instantaneous seismic phases. Another way to construct a 
geologic time Volume is from a set of horizons. Further dis 
closures include the reconciliation of local geologic time 
Volumes for adjacent seismic blocks into one geologic time 
volume for the combined blocks, full and compressed repre 
sentations of the geologic time Volume, and the correlation of 
Surfaces with geologic times and vice versa. 
(0176 U.S. Pat. No. 6,708,118 discloses methods that form 
horizons from geologic time Volumes by association of hori 
Zons with isocontour Surfaces in the geologic time Volumes. 
Methods of creating horizons include specification of a par 
ticular geologic time and extraction of an isocontour Surface 
of said time; specification of location, identification of a 
geologic time for said location, and extraction of an isocon 
tour Surface of said time; and specification of a location and a 
relationship in waveform, distance, or geologic time differ 
ence to said location, identification of a geologic time at 
location with said relationship to the initial location; and 
extraction of an isocontour surface of said time. Further dis 
closed are methods to use the geologic time Volume to control 
transparency and opacity for the visualization of seismic data 
or geologic time Volumes. 
(0177 U.S. Pat. No. 6,853,922 discloses methods togen 
erate attribute Volumes based on geologic time Volumes. Dis 
closed attributes of geologic time volumes include difference 
Volumes, discontinuity Volumes, fault Volumes, unconfor 
mity Volumes, throw and heave Volumes, dip magnitude and 
orientation Volumes, strike Volumes, Surface normal Vol 
umes, closure and spillpoint Volumes, and isopach and iso 
pach anomaly volumes. All these attributes are formed from 
geologic time Volumes only, and are only used and interpreted 
in the domain of the original seismic data. 
(0178 “Stratal Slicing, Part II: Read3-D Seismic Data” by 
Zeng et al. (Geophysics, 63(2), pages 514-522, 1998) dis 
closes a stratal slicing technique for interpretation that is done 
by tracking frequency-independent, geologic-time-equiva 
lent reference seismic events, then building a stratal time 
model and an amplitude stratal slice Volume on the basis of 
linear interpolation between references. The new volumes 
have the same X-andy-coordinate system as the original data, 
but a Z-axis of relative geologic time instead of depth or 
travel time as the original data had. The seismic events are 
picked with the traditional methods of manual or automated 
tracking of interpreter selected events. Only stratal slice 
amplitude volumes are disclosed. No further application for 
stratal slice volumes beyond direct visualization and tradi 
tional interpretation techniques are disclosed. 
0179. Other information may be found in the following 
references: U.S. Pat. No. 7,257,488; U.S. Pat. No. 7,248,539: 
U.S. Patent Application No. 2009/0140319; U.S. Patent 
Application No. 2009/0204332; de Groot, et al., “How To 
Create And Use 3D Wheeler Transformed Seismic Volumes.” 
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SEG 2006; and Lomask, et al., “Flattening Without Picking.” 
Geophysics 71(4), pp. P13-P20, 2006. 
0180 Aspects disclosed herein describe a method that 
creates and utilizes mapping Volumes between the domains of 
geophysical depth and geologic age of deposition. In the 
geophysical depth domain, the vertical axis corresponds to 
depth relative to some level, for example sea level. Often, 
geophysical data are presented or interpreted in the geophysi 
cal two-way time domain because the reflection seismic 
method is based on time-of-flight measurements of Sound 
pulses. For the purpose of this disclosure the differences 
between geophysical depth and geophysical two-way time 
are irrelevant. To limit confusion between geophysical time 
and geologic time, the term depth denotes either geophysical 
depth or geophysical time. In the geologic age domain, the 
Vertical axis corresponds to geologic time of deposition, the 
geologic age of deposition, or a proxy thereof, for example a 
pseudo age. To limit confusion between geophysical and 
geologic age, the term age is used to denote (pseudo) geologic 
age of deposition or (pseudo) geologic time of deposition. 
0181. By construction, each surface is assigned an age that 
enables the generation of mapping Volumes from a depth 
domain to an age domain and from the age domain the depth 
domain. Each sample in the depth domain is assigned an age. 
Alternatively, each sample in the age domain is assigned a 
depth. Either mapping Volume can be used to transform data 
between the depth domain and the age domain and vice versa. 
However, the mapping Volumes are particularly efficient in 
transforming data in only one direction, and thus constructing 
and using both mapping Volumes provide the most efficient 
transform between the domains as needed by interactive or 
user guided interpretation. 
0182. Thus, disclosed methodologies and techniques may 
include: (1) constructing a mapping Volume that directly 
transforms data from the depth domain to the age domain 
from many, preferably topologically consistent Surfaces, (2) 
constructing a mapping Volume that directly transforms data 
from the age domain to the depth domain from many, prefer 
ably topologically consistent Surfaces; (3) using one or pref 
erably both maps to transform data and interpretations 
between the two domains, and (4) establishing workflows that 
combine the intrinsic advantages of the two domains for 
simultaneous interpretation in both domains. 
0183 The skeletonization method previously described 
herein extracts most or all Surfaces in a seismic dataset in 
topologically consistent manner, and as part of the process, 
assigns each surface a sequential label number. The topmost 
surface is labeled number one. Because of the topological 
consistency, deeper layers can be labeled Such that all par 
tially overlapping shallower layers have lower numbers, 
while all partially overlapping deeper layers have higher 
OS. 

0184. Many stratigraphic processes of sedimentary ero 
sion and deposition occur on approximately flat surfaces 
where dips rarely exceed a few degrees. The generated Strata 
or layers are thus also approximately flat. Synthetic or post 
depositional processes, however, may deform these layers 
and Surfaces. Such processes include folding, faulting, or 
differential compaction. Eventually the layers and surfaces 
may exhibit dips ranging from flat to vertical, and in extreme 
cases, they may even be overturned. Geophysical data repre 
sent the present state, and thus, a data slice extracted at a 
constant depth may intersect layers of differentages. ASSum 
ing deposition at any given time happened on an approxi 
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mately flat plane, the analysis of stratigraphic environments 
and their vertical and lateral succession may be performed by 
extracting a horizon slice, i.e., a slice of data that follows a 
seismic event, and thus, a given geologic age. Seismic Sur 
faces can be used to flatten the seismic data where the data are 
stretched and Squeezed in the vertical direction to align or 
flatten each surface. In the flattened domain, which is the age 
domain, the vertical axis corresponds to geologic time of 
deposition, the geologic age of deposition, or a proxy thereof, 
for example a pseudo age. The sequential label number 
assigned top-down to the Surfaces may serve as an age proxy. 
To limit confusion between geophysical and geologic time, 
the term age is used to denote (pseudo) geologic age or 
(pseudo) geologic time. 
0185. During the flattening process the data may be dis 
torted in the vertical direction to align the corresponding 
Surface to a specific geologic age. Each horizontal slice in the 
flattened domain corresponds to a horizon slice in the original 
domain. Due to the sheer number of surfaces and noises in the 
seismic data, perfect alignment is often not desirable, and 
instead, the Surfaces may be aligned in an approximate man 
ner only. Additionally, Some of the Surfaces may have origi 
nally not been completely flat. To facilitate the flattening, 
analyzing and/or interpreting of the flattened data, an age 
mapping Volume may be defined that specifies where each 
Voxel in the depth domain positioned in the age domain. 
Alternatively or additionally, a depth mapping Volume may 
be defined that specifies where each voxel in the age volume 
originated in the depth domain. While either mapping volume 
can be used to transform between the domains, defining and 
using both mapping Volumes enhances computational effi 
ciency and ease of use. In addition to enabling transforma 
tions between the depth domain and the age domain, the 
mapping Volumes may be used to interpret and characterize 
the subsurface, and may be further used to construct earth 
models. 

0186 The objective of seismic flattening is to transform a 
dataset d(Z.X,Y) to d(A.X,Y), where Zdenotes depth and A 
denotes age. Capital letters (for example, A) identify discrete, 
regularly sampled quantities, and lower-case letters (for 
example, a) identify continuous or irregularly sampled quan 
tities. While the two domains have the same footprint in the X 
andy-direction, they may have different extents in the vertical 
depth and age directions. Perfect flattening of every surface 
can lead to a several thousand-fold increase in the size of the 
age domain in the vertical direction because every Surface 
claims its own location in the flattened age domain. In prac 
tice, a threefold increase in size of the age domain has been 
found to be satisfactory. Although this reduced increase— 
from several thousand-fold to threefold results in an imper 
fect flattening, it has advantages of less distortions and more 
continuity. 
0187 Generally speaking, one can transform any data 
object o from one domain to the other one: O(Z.X.y.) O(a.X. 
y). The object o could be any of the traditional interpretation 
objects such as a point or picks, a Surface, a geobody, a 
Volume, a fault Stick, a horizontrace, or a polygon. The object 
o may be a fault Stick originally defined in the depth domain 
but having a need to be posted in the age domain. On the other 
hand, the object may be originally be defined in the age 
domain but is to be posted in the depth domain. Such an object 
may be a channel axis or transparency values based on an age 
sculpt. What is needed an age mapping Volume a(ZX,Y) 
and/or a depth mapping volume Z(A.X,Y), where a(Z.X,Y) 
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=z'(A.X,Y), or in other words, a(Z.X,Y) and Z(A.X,Y) are 
inverses. Obtaining both of these mapping Volumes allows for 
the efficient transfer of objects between the two domains. In 
practice, the inverse relationship between a(ZX,Y) and Z(A, 
X,Y) may not be exact so that abrupt breaks or sharp transi 
tions in the transformed data become smoother for better 
visualization and/or interpretation purposes. 
0188 FIG. 23 is a simplified, two-dimensional display of 
a depth domain 232, an age domain 234, and an age mapping 
volume 236. The age mapping volume 236 specifies where 
each sample in depth domain 232 maps to in age domain 234. 
Transformations from the depth domain 232 to the age 
domain 234 are very efficient because the age mapping Vol 
ume 236 can be used as a lookup or index table, as indicated 
by arrow 237. However, transformations from the age domain 
234 to the depth domain 232 using the age mapping Volume 
236, as indicated by arrow 238, are less efficient because the 
age mapping Volume 236 needs to be searched to determine 
the depths or their indices of the corresponding ages. 
0189 FIG.24 is another view of depth domain 232 and age 
domain 234, as well as a depth mapping volume 240. The 
depth mapping Volume specifies where each sample in age 
domain 234 maps to in depth domain 232. Transformations 
from the age domain to the depth domain are very efficient 
because the depth mapping Volume can be used as a lookup or 
index table, as indicated by arrow 242. Transformations from 
the depth domain to the age domain are less efficient because 
depth mapping Volume 240 needs to be searched, as indicated 
by arrow 244, to determine the ages or their indices of the 
corresponding depths. 
(0190 FIG. 25 depicts a flowchart of a method 250 accord 
ing to aspects disclosed herein. At block 252 seismic data is 
obtained. At block 254 the seismic data is subjected to the 
skeletonization processes described previously herein to 
extract a set oftopologically consistent Surfaces with sequen 
tial top-down labels. The seismic data may be preconditioned 
by applying a noise-removal or structure-oriented filter. 
Optionally, faults and outlines of salt bodies may be picked 
manually or automatically and the corresponding data 
samples are burned, for example by setting them to Zero, to 
prevent spurious correlation of Surfaces across faults or the 
generation of spurious Surfaces in amorphous salt. Manual 
alignment of the Surfaces across the burned region(s) may be 
performed. Instead of obtaining Surfaces by skeletonization, 
at block 252a one or multiple sets of surfaces created by 
traditional means such as manual or assisted picking may be 
used. The imported surfaces may be edited for topological 
consistency and labeled. 
0191 At block 255 an age is assigned to each surface. 
Commonly, these ages will be pseudo ages related to their 
top-down order that is encoded in the label number. The 
top-down order of Surfaces, as previously discussed herein, 
may be non-unique. FIG. 26 shows an example of top-down 
ordering of surfaces in a subsurface formation 270. A plural 
ity of surfaces 271, 272,273, 274,275,276, 277 and 278 are 
included in the Subsurface formation. Two non-overlapping 
Surfaces sandwiched between larger Surfaces are not con 
strained in their order with respect to each other as shown in 
FIG. 26. For example, surfaces 272 and 273 could exchange 
their labels, as indicated by labels 273' and 272, respectively, 
and would still be consistent with a top-down order because 
the sequential relationship between these two layers is unde 
termined. A similar situation is shown for surfaces 275,276 
and 277, which could be re-labeled as 277, 275", and 276", 
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respectively. In general, many surfaces have a limited areal 
extent and thus limited overlap, and therefore there are insuf 
ficient relations between Surfaces to enforce a unique 
arrangement of layers. Instead, there are many possible 
arrangements that all satisfy the overlap relations. Different 
strategies can be employed to label unconstrained surfaces, as 
previously discussed herein. With the pull-up strategy, Sur 
faces are placed as high up as possible which implies that the 
label numbers are minimal and the order marks the youngest 
age a given strata could have been deposited relative to the 
Surrounding ones. With the push-down strategy, Surfaces are 
placed as far down as possible with maximal label numbers 
which implies that the order marks the oldest age a given 
strata could have beenplaced relative to the Surrounding ones. 
The balanced strategy tries to place surfaces in the middle of 
their possible range in the order of deposition. 
0.192 An alternative numbering scheme for the surfaces is 
based on their top-down level that may be encoded in the label 
number. Multiple surfaces that are unconstrained with respect 
to each other may be assigned to the same level. FIG. 27 
shows subsurface formation 270 as previously discussed in 
FIG. 26. The surfaces in the subsurface formation are num 
bered differently, however. Surfaces 271, 274, and 278 are 
constrained and areassigned levels 279,281, and 284, respec 
tively. Surfaces 272 and 273 are unconstrained and are there 
fore assigned the same level number 280. For surface 275 that 
is unconstrained with regard to surfaces 276 and 277, two 
possible levelassignments exist. Following a pull-up strategy, 
surfaces 275 and 276 are assigned to level 282, while surface 
277 is assigned to level 283. Following a push-down strategy, 
surface 276 is assigned to level 282, and surfaces 275 and 277 
are assigned to level 283. A process or method for computing 
level numbers from above/below (or younger/older) relation 
ships between topological consistent Surfaces is discussed 
previously herein. 
0193 While order or level can directly represent (pseudo) 
age, the resulting flattened Volumes may suffer from artifacts 
Such as displacements or extensive stretching and Squeezing. 
A method to define age is by weighted area, which may be 
expressed by 

age(i)=(X, 17 area(j))P 
In Equation 1, the age of the surface with label, order, or level 
i is defined by the cumulative area of all its predecessors. Both 
exponents C. and B may be set to 1, although different choices 
allow tuning the flattening results. Note that C-O is equivalent 
to direct assignment of order or level to age that may lead to 
extensive stretching and Squeezing artifacts. 
0194 Another method of age assignment relates to the 
Surface depths, as may be expressed by 

In Equation 2, Z() denotes the minimal, maximal or some 
average depth of the surface with label, order, or levelj. Once 
again, the exponents C. and B may be set to 1, although 
different choices allow tuning the flattening results. Many 
other definitions are also possible, as long as age increases 
monotonically with increasing label, order, or level. 
(0195 Using the age of each surface, at block 256 (FIG.25) 
an age mapping Volume is created. Once created, the age 
mapping Volume may be used for interpretation in the depth 
domain, as represented by block 258. The age mapping Vol 
ume maps samples from the depth domain to the age domain, 
and thus, is typically of the same size as the seismic dataset (as 
shown in FIG. 23). 

Equation 1 

Equation 2 
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0196. A raw age mapping volume may be created by inter 
polating from the Surfaces and their ages. Trace-by-trace lin 
ear interpolation of ages and their locations is usually suffi 
cient, although higher order polynomial or spline 
interpolations could be used. Similarly, multidimensional 
interpolators could be used, based for example on Kriging or 
multidimensional splines. Simple linear, tracewise interpola 
tion should result in a monotonically increasing age mapping 
Volume. More complex interpolators can result in non mono 
tonic age mapping Volumes. Complex interpolators therefore 
should be regularized to preserve monotonicity or the results 
should be edited and corrected afterwards. When using trace 
by-trace interpolation, the raw age mapping Volume can be 
smoothed by application of a lowpass filter to reduce artifacts 
caused by busts in the Surfaces, for example when one Surface 
is partitioned into smaller surfaces with differing labels. In 
particular, if age is defined by weighted area using a method 
ology similar to Equation 1, a boxcar filter of size 555 
should be sufficient to reduce artifacts. Small filters result in 
better flattening where the seismic reflections are more 
aligned, but also exhibit more spurious displacements and 
busts. Large filters result in seismic reflections exhibiting 
residual structure, but the reflections are more continuous and 
less prone to busts. Lastly, directly identifying order or level 
with age may require the use of larger filters, for example of 
size 252525, to ameliorate the worstbusts in the surfaces. 
0197) The smoothing filter can even be made to preserve 
and honor burnouts, which are samples that have been flagged 
as invalid, for example on fault planes or inside salt bodies. 
When applied on a burned sample, such a filter flags the 
output sample as invalid. When encountering a burned sample 
in its stencil or within the region of the filter, samples that are 
disconnected from the current point of application by a burn 
out are excluded from the stencil. To makeup for the excluded 
samples, such a filter can be applied asymmetrically as long 
as the current sample is contained within the filterstencil. One 
example of such is based on the Kuwahara filter, where the 
convolution filter is not necessarily applied symmetrically but 
is allowed to slide around (or vice versa) as long as the current 
sample is contained within the filterstencil. Ofall the possible 
configurations, the one that has the minimum standard devia 
tion and/or the minimum number of burned samples is cho 
sen. Thus, such a filter does not straddle a fault grabbing 
values from both sides and Smoothing across, but rather stays 
on its side preserving the contact. 
0198 Returning to FIG. 25, at block 260 a depth mapping 
Volume that maps samples from the age domain to the depth 
domain is constructed similar to how the age mapping Volume 
is constructed or generated. Once constructed or generated, 
any seismic data (block 262) or geologic model may be trans 
formed from the depth domain to the age domain using flat 
tening processes as described herein or elsewhere, as indi 
cated at block 261. The transformed volume may be used for 
interpretation in the age domain, as represented by block 263. 
One difference between generating the age mapping Volume 
(block 256) and the depth mapping volume (block 260) is that 
the extent of the age domain or age range and its age sampling 
interval should be chosen. The easiest way to choose the age 
domain or range is from the minimum and maximum ages 
assigned to the Surfaces. The age sampling interval may be 
chosen such that the number of samples in the vertical direc 
tion of the depth volume is about three times larger than the 
number of samples in the vertical direction of the original 
data. The over-sampling of the depth volume by a factor of 
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three appears to be a good compromise between excessive 
stretching near unconformities or in areas with predomi 
nantly small Surfaces, and compression or aliasing of con 
tinuous, conformal reflections. Since the volume is stretched 
or extended, the smoothing filter used to reduce artifacts 
caused by surface busts should be extended as well. For a 
depth volume that is three times larger than the data volume or 
thus the age volume, the boxcar filter should be extended by 
a factor three as well. Thus, a boxcar filter of size 15*5*5 is 
often used. Lastly, directly identifying order or level with age 
may require the use of large filters, for example of size 
75*25*25, to ameliorate the worstbusts in the surfaces. 
0199 Instead of generating age mapping Volumes and/or 
depth mapping Volumes by interpolation, the mapping Vol 
umes may be generated using optimization. The gradients of 
an optimal age mapping Volume are parallel to the normals of 
the given Surfaces, or parallel to normals computed directly 
from the seismic data. An example mathematical formulation 
of such an optimization is to minimize the expression 

W Equation 3 

where the first term measures the misfit between the normals 
in on a set of given surfaces and the normals h computed 
from the age volume, N is the size of the set, S, is a surface of 
this set labeled i, n is the unit normal vector of the skeleton 
surface S, at the surface element dS, and his the unit normal 
vector of the age mapping Volume defined at the location of 
the surface element dS. If the vectors are parallel, then the 
inner product of these vectors equals one and the term in 
brackets does not contribute to the integration and the Sum 
mation. If the vectors are perpendicular, then the inner prod 
uct vanishes, the term in brackets equals one and contributes 
to integration and Summation. The second term compares the 
ages as assigned to the skeleton Surface S, to the ages of the 
age mapping Volume a defined at the location of the Surface 
element dS. The third term compares the unit normal vector of 
the age mapping volume hand the unit normal vector of a 
seismic volume hina Volumetric sense where dV is a volume 
element of the entire data volume or a selected subset thereof. 
The fourth term regularizes the expression. The fifth and last 
term is a special kind of regularization that compares the age 
mapping Volume against a reference age mapping Volume ao 
which allows for updating a previous age Volume or merging 
with a previous age Volume. The reference age mapping Vol 
ume a could also be used to impose a trend of monotonically 
increasing age with depth. 
(0200. The normals in for the surfaces can be defined by the 
normals of the patches that are merged during skeletonization 
to form the surfaces as disclosed previously herein. Another 
method of defining normals his by fitting parametric model 
Surfaces, for example based on polynomials, to Small regions 
of the different surfaces and estimate the normals from the 
analytic parametric model Surfaces. Yet another alternative is 
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to define Small regions or neighborhoods around a plurality of 
points on a Surface and then to compute the moment tensor for 
each neighborhood and use the direction of the largest eigen 
vector or moment to define the normals. Any other suitable 
method of generating Surface normals may be used. If 
desired, the surfaces may be preconditioned by filling holes or 
Smoothing. 
0201 The normals h, for the age mapping volume can be 
obtained simply by computing the gradient, using for 
example a finite difference approximation or fitting of a para 
metric model function (for example a polynomial), by least 
squares fitting, or by use of a prediction error filter. Raw 
gradients may be smoothed, for example with a convolution 
filter, or be used to compute the local structure tensor whose 
largest eigenvector corresponds to the desired normal. Any 
other Suitable method of generating normals for the age Vol 
ume may be used. 
0202 The gradient of seismic amplitude data is typically 
perpendicular to the seismic reflections, and can be used to 
define the seismic data normals h. Thus, the normals can be 
obtained simply by computing the gradient, using for 
example a finite difference approximation or fitting of a poly 
nomial model function, by least-squares fitting, or by use of a 
prediction error filter. Raw gradients may be smoothed, for 
example with a convolution filter, or be used to compute the 
local structure tensor whose largest eigenvector corresponds 
to the desired normal. The normals may also be found by 
computing Strike and dip of the seismic reflections in a Volu 
metric sense. Any other suitable method of generating nor 
mals for the seismic amplitude data may be used. 
0203 The parameters A, B, C, D, and E in Equation 3 
allow tuning of the optimization and can be used to control the 
relative contribution in the computation of the age mapping 
volume from parallelism to skeleton surfaces (first term) and 
consistency with the ages assigned to the Surfaces (second 
term), parallelism to seismic reflections (third term), degree 
of Smoothness of the age mapping Volume (fourth term) and 
consistency with a reference solution (fifth term). For 
example, when A=1 and B-C-D=E=0, the age mapping vol 
ume is completely governed by parallelism to the Surfaces. 
When B=1 and A=C=D=E=0, the age mapping volume is 
completely governed by compliance to the ages assigned to 
the surfaces. When A-B-D=E=0 and C=1, the age mapping 
Volume is completely governed by alignment with seismic 
reflections. 
0204. Of course, other definitions of the terms in Equation 
3 are possible, and Equation 3 may be generalized as 

W Equation 4 

aX Lath, o -- 

where the operators L and L, measure the parallelism 
between the two vectors, the operator Li measures the misfit 
between values on Surfaces and collocated values in Volumes, 
the operator L. measures Smoothness, for example by appli 
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cation of integration and differentiation operators, and opera 
tor L. defines the misfit between two volumes. The operators 
may be defined based on norms other than the traditional L2 
norm, for example to reduce the effect of outliers. The regu 
larization operators L, and L. may also be used to impose a 
trend of monotonically increasing age with depth. 
0205 The depth mapping volume may be defined by opti 
mization in a manner similar to Equations 3 and/or 4. Typi 
cally, the optimization will be nonlinear and be performed in 
an iterative manner where the current estimate of the age 
mapping Volume or the depth mapping Volume is used to 
evaluate the consistency between Surfaces, data normals, and 
mapping Volumes in conjunction with the Smoothness of the 
mapping Volumes and the similarity to given mapping Vol 
umes. The misfit resulting from evaluating Equation 3 or 4 
may be used to estimate a better mapping Volume, and the 
process is repeated with the new estimate. 
0206. An alternative method of computing the age map 
ping Volume and/or the depth mapping Volume is by analyZ 
ing Surfaces and data transformed from the depth domain to 
the age domain by use of the age and/or the depth mapping 
Volume. An actual Surface transformed to the age domain 
should be flat. Seismic reflection data converted to the age 
domain should exhibit no dips. Let the symbol a to denote a 
unit vector in the direction of the age axis, while in and rin, 
respectively denote the normals of Surfaces and seismic data 
transformed from the depth domainto the age domain. Lastly, 
d represents the depth mapping volume, do represents a ref 
erence age mapping Volume, and d denotes the depth of the 
surface defined at the location of the surface element dS 
which allows measuring the conformance of the depth map 
ping Volume to the depth values of the Surfaces. Minimizing 
for example the following expressions allows estimation of 
the depth mapping volume, where W denotes the extent of the 
age domain and thus the depth mapping Volume used in the 
optimization. 

W Equation 5 

aX (I?is, o -- 
W 

DI? Lodd W+ E fled, dod W = min 
W W 

Similarly, the age mapping Volume may be obtained by ana 
lyzing the flatness of Surfaces and data after transforming to 
the age domain and by analyzing the conformance of the age 
mapping Volume to the age values assigned to the Surfaces, 
i.e., the similarity between the ages assigned to the Surfaces to 
the ages assigned to the same location in the age mapping 
Volume. 

W Equation 6 

AX (I ?tate. o -- 
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-continued 
W 

IX 

Flatness of Surfaces and data is evaluated in the age domain, 
and thus integrating the third term in Equation 6 is performed 
over the age domain with extent W. The fourth and fifth terms 
in Equation 6 regularize the age mapping Volume defined in 
the depth domain by analyzing its smoothness and similarity 
to a previous Volume. Since the age mapping Volume is 
defined in the depth domain with extent V, the integration is 
performed over V. 
0207. Further constraints to Equation 5 and Equation 6 
may be introduced, for example, by the flatness of a set of 
pre-interpreted horizon surfaces S'", which have unit nor 
mal vectorm'". With such a constraint, Equation 5 may 
be changed to: 

A pre-int Equation 7 

AX | ?? to-on re-int sp 

W 

AX Latin, a)d S + 
S; 

W 

IX 

Equation 6 may be expanded analogously with Such a con 
straint by addition of the first term in Equation 7 to Equation 
6 
0208. Typically, the optimization will be nonlinear and be 
performed in an iterative manner where the current estimate 
of the age mapping Volume or the depth mapping Volume is 
used to transform surfaces and data from the depth domain to 
the age domain where their flatness is evaluated in conjunc 
tion with the Smoothness of the mapping Volumes and the 
similarity to given mapping Volumes. The misfit resulting 
from evaluating Equation 5 or 6 is used to estimate a better 
mapping Volume and the process is repeated with the new 
estimate. 
0209 When generating the age mapping volume by inter 
polation, optimization, or yet another process, some Surfaces 
may be deemed more reliable and can be weighted more 
heavily than others. An interpreter, for example, may pick a 
few select surfaces manually or with traditional methods and 
use skeletonization to automatically pick all Surfaces in the 
data. An interpreter could also pick a set reference Surfaces, 
check them carefully to ensure their accuracy and then could 
continue to pick additional Surfaces more quickly without 
that much quality control. Thus for the same volume, there 
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may exist different sets of surfaces with different provenance, 
different degrees of accuracy, misfits or errors; or generated 
with different methods. Instead of giving all surfaces the same 
weight, Surfaces with more certainty, or less error, can be 
given a higher weight in the generation of the age- and/or 
depth-mapping Volume than Surfaces with higher uncertainty 
O. O. O.S. 

0210. One particularly efficient method of enhancing 
select Surfaces obtained by skeletonization is to use them as 
seeds for more traditional automatic Surface pickers which 
allows filling gaps and holes, or reuniting disjoined pieces of 
Surface. Gaps and holes may also be removed by interpola 
tion. 
0211 The age mapping Volume or the depth mapping 
Volume can be used directly as maps between the domains. In 
the age mapping Volume, depth is discretely sampled and 
each discrete depth value at a given location is assigned a 
continuous age value. Typically, these ages do not correspond 
to one of the discrete ages sampled in the age domain, and 
thus, the data should be resampled, for example by linear, 
polynomic, or spline interpolation. An alternative to resam 
pling is creating a lookup table where the continuous ages in 
the age Volume are rounded to one of the discrete ages that 
sample the age domain. Instead of storing the discrete ages, 
the sample indices in the vertical direction of the data in the 
age domain are stored. The sample indices so stored facilitate 
efficient transfers from the depth domain to the age domain. 
0212. In the depth mapping Volume, age is discretely 
sampled and each discrete age value at a given location is 
assigned a continuous depth value. Typically, these depths do 
not correspond to one of the discrete depths sampled in the 
depth domain, and thus, the data need to be resampled. An 
alternative to resampling is constructing a lookup table by 
rounding the continuous depths to one of the discrete depths, 
and preferably storing the sample indices corresponding to 
the rounded depths to allow efficient transfers from the age to 
the depth domain. 
0213. At blocks 265 and 266 (FIG. 25) the age mapping 
Volume, the depth mapping Volume, and/or geophysical or 
geologic or engineering data or interpretations represented in 
either domain may be visualized or displayed, and at block 
267 the age mapping Volume, depth mapping Volume, and/or 
geophysical or geologic data represented in either domain 
may be stored for future analysis, simulation, and/or use. 
Such data may include data Volumes, attributes, or interpre 
tation results or objects Such as geobodies, Surfaces, faults, 
fault Sticks, channel axes, polygons, and the like. As used 
herein, "displaying includes a direct act that causes display 
ing, as well as any indirect act that facilitates displaying. 
Indirect acts include providing software to an end user, main 
taining a website through which a user is enabled to affect a 
display, hyperlinking to such a website, or cooperating or 
partnering with an entity who performs such director indirect 
acts. Thus, a first party may operate alone or in cooperation 
with a third party vendor to enable the reference signal to be 
generated on a display device. The display device may 
include any device suitable for displaying the reference 
image, such as without limitation a CRT monitor, a LCD 
monitor, a plasma device, a flat panel device, or printer. The 
display device may include a device which has been cali 
brated through the use of any conventional software intended 
to be used in evaluating, correcting, and/or improving display 
results (e.g., a color monitor that has been adjusted using 
monitor calibration software). Rather than (or in addition to) 
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displaying the reference image on a display device, a method, 
consistent with the invention, may include providing a refer 
ence image to a Subject. "Providing a reference image' may 
include creating or distributing the reference image to the 
Subject by physical, telephonic, or electronic delivery, pro 
viding access over a network to the reference, or creating or 
distributing software to the Subject configured to run on the 
Subject's workstation or computer including the reference 
image. In one example, the providing of the reference image 
could involve enabling the subject to obtain the reference 
image inhard copy form via a printer. For example, informa 
tion, Software, and/or instructions could be transmitted (e.g., 
electronically or physically via a data storage device or hard 
copy) and/or otherwise made available (e.g., via a network) in 
order to facilitate the Subject using a printer to print a hard 
copy form of reference image. In such an example, the printer 
may be a printer which has been calibrated through the use of 
any conventional Software intended to be used in evaluating, 
correcting, and/or improving printing results (e.g., a color 
printer that has been adjusted using color correction soft 
ware). 
0214. At blocks 268 and 269 (FIG. 25), the age mapping 
Volume and/or the depth mapping Volume may be used to 
transform interpretation objects, interpretations, or data 
between the age domain and the depth domain. Transforming 
between the domains can be performed in a push or pull 
mode. FIGS. 28A and 28B present a schematic of the two 
modes of transforming between domains 285A, 285B. In the 
push mode (FIG. 28A), the mapping volume or its associated 
lookup table specifies which sample 286 corresponds to a 
sample to be transformed 285. Overwriting conflicts can arise 
when multiple samples are transformed using the push 
mode because a push potentially represents a one-to-many 
relationship between the domains. For example, both samples 
287 and 288 in domain 285A correspond to sample 289 in 
domain 285B. In the pull mode (FIG. 28B), the mapping 
Volume or its associated lookup table specifies where samples 
are fetched from. For example, to fill sample 290 in domain 
285B a pull mode transformation would indicate a corre 
sponding sample 291 in domain 285A. Overwriting conflicts 
are impossible, but the same data sample (such as sample 292) 
can get assigned to multiple locations in the other domain 
(samples 293, 294) because a pull constitutes a potential 
many-to-one relationship. 
0215 FIGS. 28C-F show additional examples of trans 
forming between two domains. Transfers in either direction 
can be performed in either push or pull mode, using either the 
age mapping Volume or the depth mapping Volume. For each 
direction and mode, however, one mapping Volume is very 
efficient because it may be used directly as a lookup table, 
while the other mapping Volume requires a search for the 
requested age or depth to determine the index or value of the 
corresponding sample in the other domain. FIG. 28C repre 
sents a transform of a sample from the depth domain 300 to 
the age domain 302 using an age Volume map 304. A direct 
push operation (represented by arrow 306) to the age domain 
is efficient, especially when using the age mapping Volume as 
a lookup table. A pull operation (represented by arrow 308) 
from the depth domain, however, requires a search of age 
mapping Volume 304 to find the corresponding sample. FIG. 
28D represents a transform of a sample from the age domain 
302 to the depth domain 300 using the age mapping volume. 
A direct pull operation (arrow 310) from age domain 302 is 
efficient when using age mapping Volume 304 as a lookup 
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table. A push operation (arrow 312) to depth domain 300, 
however, requires a search of the age mapping Volume to find 
the corresponding sample location. FIG. 28E represents a 
transform of a sample from the depth domain 300 to the age 
domain 302 using the depth mapping volume 314. A direct 
pull operation (arrow 316) from depth domain 300 is efficient, 
especially when using the depth mapping Volume as a lookup 
table. A push operation (arrow 318) from depth domain 300, 
however, requires a search of the depth mapping Volume to 
find the corresponding sample in age domain 302. FIG. 28F 
represents a transform of a sample from age domain 302 to 
depth domain 300 using depth volume map 314. A direct push 
operation (arrow 320) to depth domain 300 is efficient when 
using the depth mapping Volume as a lookup table. A pull 
operation (arrow 322) from the age domain, however, 
requires a search of the depth Volume map to find the corre 
sponding sample location. 
0216. Either the age mapping volume or the depth map 
ping Volume can be used for forward or inverse transforma 
tions. The age mapping Volume may preferably be used in the 
pull mode to move data from the age domain to the depth 
domain. An age mapping Volume may also preferably be used 
in the push mode to move data from the depth domain to the 
age domain. If, however, a particular sample in the age 
domain is to be filled from the depth domain, then the age 
mapping Volume is searched to find the corresponding data to 
pull, which is inefficient. Pushing a sample from the age 
domain to the depth domain using the age mapping Volume 
requires a search of the age mapping Volume for the corre 
sponding location, which is inefficient. Repeated searches, 
moreover, can be very inefficient. Conversely, the depth map 
ping Volume may preferably be used in the pull mode to move 
data from the depth domain to the age domain. A depth 
mapping Volume may also preferably be used in the push 
mode to move data from the age domain to the depth domain. 
If, however, a particular sample in the depth domain is to be 
filled from the age domain, then the depth mapping Volume is 
searched to find the corresponding data to pull, which is 
inefficient. Pushing a sample from the depth domain to the 
age domain using the depth mapping Volume requires search 
ing the depth mapping Volume for the corresponding location, 
which is inefficient. Moreover, repeated searches can be very 
inefficient. 

0217. The differences between a push and pull are less 
relevant when the age and depth mapping Volumes are used as 
maps instead of lookup tables because mapping may require 
resampling, for example by interpolation. Resampling can be 
performed either in the source or destination domain. The 
notation y=interp, Y. X) expresses the interpolation of some 
feature vectorY sampled at locations X such that it is sampled 
at X instead. The interpolator could, for example, be based on 
nearest neighbor interpolation, linear interpolation, cubic 
spline interpolation, piecewise cubic Hermite interpolation, 
polynomial interpolation, Fourier interpolation, or other 
known methods. Boundary conditions are irrelevant for the 
present discussion. In some applications, extrapolation may 
be performed if a new sample location is outside the range 
spanned by X. In other applications, the value of the closest 
sample location could be returned. Yet in other cases, a default 
value such as Zero or the average ofY could be returned or a 
flag could be set to indicate an invalid new sample location. 
0218. The object o to be transformed from one domain to 
the other one is either a trace or a Volume, can be represented 
by a trace or a Volume, or can be reformatted into a trace or 
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volume. An object o(Z) sampled in the depth domain at the 
regularly spaced depths Z can be transformed to the age 
domain sampled at the regularly spaced ages A by use of 
either the age mapping Volume a(Z) or the depth mapping 
Volume Z(A). 

Conversely, an object o(A) sampled in the age domain at the 
regularly spaced ages. A can be transformed to the depth 
domain sampled at the regularly spaced depths Zby use of 
either the depth mapping Volume Z(A) or the age mapping 
volume a(Z). 

O(Z)-interp(A, O(A),a (Z)) 

0219 Workflows moving data forth and back between the 
domains may take advantage of both age and depth mapping 
Volumes. The generic flowchart for Such applications, 
described and shown in FIG. 25, uses data picking, interpre 
tation, or analysis performed in one domain, and visualiza 
tion, further interpretation or analysis, or quality control in 
the other domain. Having an efficient mechanism for trans 
forming data or data objects between the domains enables 
simultaneous visualization, interpretation, or analysis in both 
domains, thus taking advantage of a reconstructed geologic 
domain where stratigraphic features are represented in their 
original state and the distortion-free geophysical domain rep 
resenting the current state in which the data are acquired. 
0220 FIG. 29 depicts an example seismic datacube 330 
with a size of 1226*1057* 131 voxels, where darker shades 
indicate negative amplitudes and lighter shades indicate posi 
tive amplitudes. FIG. 30 shows the largest 583 of 109,302 
surfaces 332 extracted from the dataset associated with 
datacube 330 of FIG. 29 using the skeletonization method 
disclosed previously herein. FIG. 31 shows an age mapping 
volume 334 constructed from all 109,302 surfaces 332 by 
assigning an area-weighted age, interpolation and slight 
Smoothing as described herein. Black denotes a (pseudo) age 
of 1, while white indicates an age of 3600. Intermediate 
shades indicate ages between 1 and 3600. The age mapping 
volume indicates the age of every voxel in FIG. 29. FIG. 32 
presents the depth mapping volume 336 constructed from all 
109.302 Surfaces 332 by assigning an area-weighted age, 
interpolation and slight Smoothing. A black shade indicates a 
depth of 1 and a white shade indicates a depth of 2600. The 
light gray 337 on top of depth mapping volume 336 indicates 
an invalid depth that is an artifact of the interpolation and can 
be ignored. FIG.33 is a representation 338 showing how the 
seismic datacube 330 of FIG. 29 is transformed into the age 
domain by flattening using the depth mapping Volume 336 of 
FIG. 32. Regions of light gray 339 indicate areas where the 
data would have been stretched more than four times, possi 
bly flagging eroded areas or areas of no deposition. The result 
of transforming the data in FIG. 29 from the depth domain to 
the age domain using the age mapping Volume (FIG. 31) 
would be a representation similar to representation 338, with 
differences being at the youngest ages (top) and oldest ages 
(bottom) where boundary or extrapolation conditions differ. 
0221 Disclosed aspects may be used in various ways. A 

first application is the transformation of seismic data Vol 
umes, for example amplitudes or some seismic attribute, from 
the depth domain to the age domain by interpolation or resa 
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mpling where seismic Surfaces are approximately flat. Either 
the age mapping Volume or depth mapping Volume can be 
used during the transformation. A flattened Volume or an 
attribute volume derived thereof can be converted back from 
the age domain to the depth domain by interpolation or resa 
mpling using either the depth mapping Volume or the age 
mapping Volume. 
0222 Another application is transforming an object, Such 
as a fault Stick or a channel axis, from the depth domainto the 
age domain or vice versa. The age mapping Volume may be 
used as a lookup table to push the data from the depth domain 
to the age domain, while the depth mapping Volume is used as 
a lookup table to push the data from the age domain to the 
depth domain. 
0223. Another application of age and depth mapping Vol 
umes is generating Surfaces from the age or depth mapping 
Volumes. A guiding principle of seismic stratigraphy is that 
seismic reflections follow chronostratigraphic Surfaces, and 
thus, constitute isochronological Surfaces (also known as iso 
chron Surfaces), that are surfaces of constant age. Incom 
pletely mapped Surfaces can be filled in and extended, and 
previously unmapped surfaces can be obtained by extraction 
of isochron Surfaces from the age or depth mapping Volumes. 
When filling in or extending an existing Surface, the inter 
preter or an algorithm determines the age of said Surface by 
preferably consulting the age mapping Volume at the loca 
tions of said Surface or alternatively, by searching the depth 
mapping Volume for the location of said Surface. When cre 
ating a new surface, the interpreter or an algorithm either 
chooses an age for the new surface or a subsurface location 
situated on the new surface that is converted to an age by 
querying the age mapping Volume or searching the depth 
mapping Volume. In either case, this age is used to construct 
a new Surface. When using the age mapping Volume, every 
trace of the age mapping Volume is searched for the desired 
age to determine the Surface's depth at this location. In each 
trace, the depth value is either set to the depth of the most 
similar age encountered, or interpolated from the depths of 
the ages that tightly bracket the desired age. The difference in 
depth between rounding to the nearest age and interpolating 
between the bracketing ages is at most one sample. When 
using the depth mapping Volume, each slice of the depth 
mapping Volume already corresponds to an interpolated Sur 
face because its vertical axis is age, each slice has a constant 
age and thus constitutes a Surface. In fact, the depth mapping 
Volume corresponds to a stack of Surfaces with regularly 
sampled ages. To construct a surface of a given age, one either 
selects the slice or Surface with the closest age or interpolates 
between the slices or Surfaces with the closestages. Again, the 
depth differences between rounding and interpolation are at 
most one sample. Once the age of the new or extended Surface 
has been determined, the depth mapping Volume may be 
preferred for the purpose of generating or extending a Surface 
because its slices already constitute Surfaces which elimi 
nates the need to search each trace individually for the closest 
age values. 
0224 Some special cases of Surface generation are Sur 
faces that either have a specified depth difference to some 
location or Surface. Some specified age difference to some 
location or Surface, or some specified wavelet phase, polarity, 
or event difference (peak, trough, +/-crossing, -/--crossing) 
to some location or surface. The only difference between 
these cases and the previous ones is the selection of the age for 
the desired surface. Once the age has been determined, either 
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the age mapping Volume or preferably the depth mapping 
Volume can be used as previously disclosed to generate the 
surface. When specifying a depth difference, either the depth 
mapping Volume is searched for the desired depth at this 
location (which determines the desired age), or the age map 
ping Volume is used to determine directly the age at the 
desired depth and location. When specifying an age differ 
ence to a given depth at a given Subsurface location, either the 
depth mapping Volume is searched to determine the age at this 
depth and location, or preferably, the age mapping Volume is 
used to determine the age at this location directly. For phase, 
polarity, or event difference, the seismic data are used to find 
the depth of the desired Surface at a given location, and then 
the depth mapping Volume or preferably the age mapping 
volume are used to determine the desired age. Once the 
desired age has been determined, the age mapping Volume or 
preferably the depth mapping Volume is used to extract the 
desired Surface. The efficiency of generating Surfaces for the 
different cases varies depending whether only the age map 
ping Volume is used, only the depth mapping Volume is used, 
or both age and depth mapping Volumes are used. For versa 
tility and efficiency, preferably both mapping Volumes are 
available and used. 
0225. Another application of age and depth mapping Vol 
umes is for Sculpting during visualization. In sculpting, cer 
tain regions of the seismic, geophysical, or geologic data are 
rendered transparent. A slight generalization is to render dif 
ferent regions with different levels of transparency. Some 
regions may be fully transparent, Some completely opaque, 
while others are rendered with different degrees of semitrans 
parency. For the present discussion, the different modes of 
sculpting include: rendering locations in the seismic, geo 
physical, or geologic data with an age younger than a speci 
fied age transparent; rendering locations with ages older than 
a specified age transparent; rendering locations with ages 
similar to a specified age opaque and the others transparent, or 
Vice versa; or rendering locations with ages between two 
specified ages transparent and the others opaque, or vice 
versa. These modes can also be combined with each other. All 
these methods follow the same logic in that they use the age 
mapping Volume or the depth mapping Volume to construct an 
opacity control Volume of the same size as the seismic, geo 
physical, or geologic Volume that is to be sculpted. For 
example, full transparency may be encoded by a value of Zero, 
full opacity with a value of one, and values between Zero and 
one correspond to various degrees of semi transparency. 
0226 Typically, the region to be sculpted is the seismic 
data in the depth domain, and thus, the opacity control Volume 
has the same size as the seismic data in the depth domain. 
When using the corresponding age mapping Volume, the 
opacity control Volume can be constructed explicitly or, pref 
erably implicitly on the fly or on an ad hoc basis. When using 
the depth mapping Volume, the opacity control Volume can be 
constructed implicitly on the fly or on an ad hoc basis, but 
preferably it is constructed explicitly because it may have a 
different size than the depth mapping Volume upon which it is 
based. As previously explained, the age mapping Volume 
specifies the age of every sample in the depth domain. Simply 
by Scanning the age mapping Volume, a transparency value 
can be assigned to every sample depending on the desired 
transparency or sculpting condition. As previously explained, 
the depth mapping Volume specifies the depth of every 
sample in the age domain, i.e., for given ages. While evalu 
ating the age-dependent transparency or sculpting condition 
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is trivial, a transparency control Volume is constructed in the 
age domain and transformed into the depth domain for appli 
cation. Preferably, only the surfaces that separate the different 
regions of the transparency condition are transformed to the 
depth domain, for example by pushing with a lookup table, 
and these surfaces are used to implicitly or explicitly con 
struct the opacity control volume in the depth domain. Alter 
natively, the opacity control volume for the given transpar 
ency condition is constructed in the age domain and 
transformed by interpolation to the depth domain. 
0227. Another aspect of sculpting interchanges age and 
depth. Conditions on the depth of samples are used to control 
the opacity when rendering the data in the age domain. This 
case can be implemented easily by scanning the depth map 
ping Volume for the desired transparency or sculpting condi 
tion. Alternatively, the age mapping Volume can be used to 
construct an opacity control Volume in the depth domain that 
is transformed to the age domain. Preferably, only the sur 
faces that separate the different opacity regions in the depth 
domain are specified and transformed to the age domain, for 
example by pushing with a lookup table, and used to construct 
the opacity control Volume in the age domain. 
0228 Advanced sculpting techniques may combine 
sculpting conditions based both on age and depth, for 
example by rendering opaque an interval that is given by an 
age (and thus a surface) and depth differences (or thicknesses) 
above and/or below the interval. Moreover, sculpting based 
on age, age mapping volumes, depth or depth mapping Vol 
umes may be combined with additional sculpting conditions 
based on: attribute values, bins and brackets, or thresholds; 
proximity to features such as wells, channel axes, faults, 
horizons, fault Sticks or horizon traces; proximity or spatial 
relationships to objects such as curves, polygons, Surfaces, or 
geobodies; existence or absence of Such objects; cultural 
data; or other conditions imposed by the interpreter or a 
computer algorithm in an interactive or automated manner. 
0229. In another aspect of the disclosed methodologies 
and techniques, age and/or depth mapping Volumes allow 
computation of attributes either from these volumes or from 
secondary datasets indexed with or keyed to these Volumes. 
Age and/or depth mapping Volumes can be used to derive 
other data and attributes. Having the ability to form surfaces 
allows computation of surface or horizon attributes, for 
example dip, dip orientation, illumination, or curvature. 
Moreover, the surfaces can be used to extract interval 
attributes for a specified interval or a specified number of 
loops around the horizons such as average amplitude, maxi 
mum amplitude, average duration, maximum duration, or 
loop asymmetry. Many such attributes have been disclosed in 
the literature and are known to practitioners of the art. If the 
data are to be evaluated in the depth domain, then the surfaces 
can be defined either using the age or depth mapping Volume, 
but the attributes may be easier to compute in the depth 
domain. If the attributes are to be interpreted in the age 
domain, then the surfaces are preferably defined from the 
depth mapping Volumes, and the data transformed to the age 
domain for analysis. An alternative is to compute the 
attributes at every location and depth in the depth domain, and 
then to transform the attribute volumes from the depth to the 
age domain. Many attributes map directly from one domainto 
the other, but attributes that depend on the coordinate system, 
i.e., depth or age, not only need to be stretched and Squeezed 
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but may also require a transformation of their values, for 
example by multiplication with the Jacobian of the depth-age 
transformation. 
0230. An alternative to map-based interpretation or map 
based attributes is generating attribute volumes either in the 
depth mapping volume or the age mapping Volume. One such 
application of age and/or depth mapping Volumes are lateral 
discontinuities in the age or depth mapping Volume that iden 
tify locations where different ages are juxtaposed, for 
example, at faults. Either the depth or age mapping Volume 
can be used, but preference is given to one of the mapping 
volumes based on the same domain as will be used in Subse 
quent interpretation, analysis, or visualization steps. If nec 
essary, the results may be transformed to the other domain. 
Lateral discontinuity detection can be performed on two 
dimensional slices or three-dimensional Volumes. For two 
dimensional slices, discontinuity detection is equivalent to 
edge detection in traditional image processing. Example pro 
cesses include gradient, gradient magnitude, Laplace, Rob 
erts, Prewitt, or Sobel filters, a Marr-Hildreth edge detector, 
or a Canny edge detector. Applying such an edge detector to 
every slice of a volume allows construction of a discontinuity 
volume. Each of these filters can be extended to three dimen 
sions to exploit the local persistence of faults, for example, to 
improve the signal-to-noise ratio. Additionally, coherence, 
similarity, or discontinuity methods typically applied on seis 
mic data can be applied on age or depth mapping Volumes or 
on any seismic, geophysical or geologic Volume represented 
in either the depth or the age domain. 
0231. Detecting and recognizing lateral discontinuities on 
depth mapping volumes allows measurement of fault throws. 
At a fault, a given surface is sharply displaced in the vertical 
direction and the depth difference between the two sides of 
the displaced surface defines the fault throw. Alternatively, 
throw can be estimated in the depth domain, but for a given 
surface or age, the age mapping volume should be searched 
for that age to determine the depths on the two sides of the 
displaced surface before computing their depth difference. A 
fault throw volume can be computed from either the age 
mapping volume or the depth mapping volume by performing 
this analysis for every sample. This process may work most 
efficiently using the depth mapping volume. For computation 
of a throw volume in the depth domain, one preferably per 
forms the analysis on the depth mapping volume in the age 
domain and transforms the results back to the depth domain. 
0232) A vertical discontinuity in the age mapping Volume 
indicates layers of different ages stacked vertically on top of 
each other, for example by a listric fault, an unconformity, an 
age gap, an erosional gap, (differential) compaction, or a Zone 
of non-deposition (hiatus). Because age is discontinuous, 
such feature will be expressed differently in the age and depth 
mapping volumes. In age mapping Volumes, there is a vertical 
discontinuity, and thus, a high vertical derivative. Thus, an 
unconformity volume or a vertical discontinuity Volume can 
be formed in the depth domain by taking the vertical deriva 
tive of the age mapping volume. A large derivative indicates a 
high probability for an age gap or rapid age change corre 
sponding, for example, to a listric fault, an unconformity, or a 
hiatus in sedimentation. A useful method to identify age gaps 
visually in the depth domain is to flag all locations where the 
vertical derivative of the depth mapping volume exceeds a 
given threshold. 
0233. In depth mapping volumes, however, there is no 
discontinuity or gap when crossing a listric fault, an uncon 
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formity, or a hiatus. Instead, the vertical derivative simply 
vanishes on depth mapping volumes because greatly different 
ages are located at essentially the same depth. A Small or 
vanishing vertical derivative indicates a high probability for 
anage gap or rapidage change corresponding, for example, to 
a listric fault, an unconformity, (differential) compaction or a 
hiatus in sedimentation. These features cause tremendous 
stretching on seismic data transformed to the age domain, i.e., 
flattened data, because just a few samples that are contiguous 
in the depth domain are required to cover a long age span in 
the age domain. A useful method to identify age gaps visually 
in the age domain is to flag all locations where the Vertical 
derivative of the depth mapping volume is below a given 
thresholde. In a non-dimensional unit system where age and 
depth increment are assumed to be one sample or Voxel, a 
threshold of e=0.25 appears to be appropriate if the age map 
ping volume is extended by a factor of three as previously 
discussed herein. Preferably, an unconformity volume, an 
unconformity flag volume, or an unconformity potential Vol 
ume is computed either with the age mapping Volume if the 
result is used in the depth domain, or on the depth mapping 
volume if the result is used in the age domain. If necessary, 
they can be computed on one domain and transformed to the 
other domain. 

0234. Another application of aspects discussed herein is 
computing thicknesses or isopachs, which is defined as a 
contour which denotes points of equal thickness of a rock 
type, formation, groups of formations, or the like. Given two 
ages, two points in the Subsurface, or one of each, the age 
mapping volume or the depth mapping volume can be used to 
compute a thickness map for this interval, or because age is 
commonly only a pseudo age, a thickness trend map. Unless 
two ages are specified, preferably the age mapping Volume is 
queried to determine the age(s) at the specified location(s), or 
alternatively, the depth mapping volume is searched at these 
locations to determine the corresponding ages. Now given 
two ages, the age mapping volume is searched for these ages 
to determine the difference in depths that defines thickness. 
Preferably, however, the difference between the two slices at 
these ages of the depth mapping Volume is directly used to 
form the thickness trend map because the depth mapping 
volume corresponds to a stack of depth maps where each map 
corresponds to a particular age, and thus the difference 
between two maps is the thickness of the interval between 
these two ages. A thickness trend Volume can be formed 
preferably from the difference of adjacent slices of the depth 
mapping volume. This thickness trend Volume in the age 
domain corresponds to a stack of thickness trend maps. 
Potentially, the thickness trend volume can be transformed 
from the age domain to the depth domain or be computed 
directly from the age mapping volume. If the thickness trend 
volume is visualized or analyzed in the depth domain, then 
either the age mapping volume or surfaces interpolated from 
the age mapping volume or obtained otherwise should be 
used to reference, correlate, or key the results. Lastly, anoma 
lies on thickness trend maps or thickness trend Volumes can 
be emphasized and highlighted with appropriate shifting and 
scaling, for example by subtraction or normalization with a 
local average. 
0235. In still another aspect of the disclosed methodolo 
gies and techniques, enclosure volumes may be computed. In 
traditional interpretation, a horizon is analyzed to determine 
the existence of a closure, which is a group of closed contours 
encircling a topographic high spot. An example enclosure is 
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shown in FIG.34 at reference number 340, with a topographic 
high spot 342 surrounded by closed contours 344a, 344b. 
Closures are of interest because they can trap hydrocarbons. 
The closure can be implicit, for example at faults or at salt 
domes where the contour lines terminate at the fault or against 
the salt and are implicitly assumed to follow these bound 
aries. Closure can also be explicit, for example on an anticline 
where closed contours run all around the top of the anticline. 
For each closed contour, enclosure specifies the area con 
tained within. In FIG.34, an enclosure of closed contour 344b 
is indicated by the shaded area 346. Thus, any location on a 
Surface can be analyzed to determine whether or not it is on a 
closed contour encircling a high spot and, if so, to compute 
the encircled area. For each high spot, its maximum enclosure 
specifies the maximum extent of this potential hydrocarbon 
trap. Maximum enclosure is given by the deepest closed 
COntOur. 

0236 Closures and enclosures can be determined for any 
single horizon or for any set of horizons, for example Surfaces 
mapped by traditional means or by automated skeletoniza 
tion. By estimating enclosure either for every Surface in a 
dataset, from the age mapping Volume, or preferably from the 
depth mapping Volume, an enclosure Volume can be com 
puted that assigns every sample a value of Zero if it is not part 
of a closed depth contour that encircles a high spot. Other 
wise, the area of the encircled area is assigned to this sample 
location. Using the age mapping Volume, a Surface can be 
constructed by selection of an age, a location, or some other 
criteria and search for the depths at the corresponding age. 
This surface can be analyzed for high spots, contours that 
encircle the high spots, and their areas. It may be advanta 
geous to use the depth mapping Volume for closure detection 
because each horizontal slice in a depth mapping Volume 
represents a Surface at Some age. In fact, a depth mapping 
Volume may be considered a stack of Surfaces ordered by age. 
For each slice (or Surface of some age), its values correspond 
to depth and thus each slice constitutes a depth map. Each 
slice can be analyzed for high spots, closed contours, and their 
enclosed area, which allows computation of an enclosure 
Volume in the age domain. If desired, the entire enclosure 
Volume or any part thereof, a slice for example, is easily 
transformed to the depth domain. 
0237. An extension of closure or enclosure volume analy 
sis is to determine spill points and spill point Volumes. The 
spill point, shown in FIG. 34 at reference number 348, is a 
location near the maximum closure contour where the con 
tours are breached and thus, where the potential trap leaks. 
Determining all spill points in a region allows creation of a 
spill point volume and examination how different potential 
traps spill and feed each other. The location and number of 
spill points can be used for risking a prospect or to guide a 
search for where hydrocarbons have leaked from and accu 
mulated to. Although spill points can be identified from age 
mapping Volumes by extraction of iso-age surfaces and 
examination thereof, spill points and spill point Volumes are 
preferably generated from depth mapping Volumes that cor 
respond to stacks of depth maps of differentage, i.e., stacks of 
depth maps for different horizons. If necessary, spill points 
and spill point Volumes determined from depth mapping Vol 
umes are easily transformed to the depth domain by use of the 
depth volume as a lookup table or by interpolation. 
0238. In yet another aspect of disclosed methodologies 
and techniques, age mapping Volumes may be used to com 
pute dips and dip directions, dip Volumes and dip direction 
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Volumes. It may be advantageous to use an age mapping 
Volume because an isosurface in the age mapping Volume 
corresponds to a Surface or horizon in the seismic data. 
Assuming that age trends to increase with depth, dip and dip 
orientation can be obtained from the negative gradient of age. 
Dip orientation, for example, is defined by arctan-G,a/e,a, 
while dip is defined by arccos & a? V (6,a)+(G,a). Dip and 
dip directions can be computed from the gradients of the 
depth mapping Volume, but the gradient components may 
need to be scaled first with the Jacobian for the depth-age 
transform, and if desired, the resulting dips and orientations 
are transformed to the depth domain by interpolation or use of 
a lookup table. 
0239. In still another aspect of the disclosed methodolo 
gies and techniques, age mapping Volumes or depth mapping 
Volumes may be used to simultaneously visualize a seismic 
attribute transformed to the age domain and the depths speci 
fied by the depth mapping Volume. Maps or other graphic 
displays are still one the most common methods to present 
and share models of the subsurface. Any horizontal slice from 
a seismic attribute converted to the age domain represents a 
map of said attribute along one surface of a given age. The 
corresponding slice of the depth mapping Volume specifies 
the depth structure of that Surface. Simultaneously presenting 
the attribute slice(s) and the depth slice enables the search for 
hydrocarbons in structural traps. One example is a map of 
seismic amplitude overlain by contours for the depths where 
large amplitudes on structural highs might indicate the pres 
ence of trapped hydrocarbons. 
0240 Some portions of this detailed description are pre 
sented in terms of procedures, steps, logic blocks, processing 
and other symbolic representations of operations on data bits 
within a memory in a computing system or a computing 
device. These descriptions and representations are the means 
used by those skilled in the data processing arts to most 
effectively convey the substance of their work to others 
skilled in the art. In this detailed description, a procedure, 
step, logic block, process, or the like, is conceived to be a 
self-consistent sequence of steps or instructions leading to a 
desired result. The steps are those requiring physical manipu 
lations of physical quantities. Usually, although not necessar 
ily, these quantities take the form of electrical, magnetic, or 
optical signals capable of being stored, transferred, com 
bined, compared, and otherwise manipulated. It has proven 
convenient at times, principally for reasons of common 
usage, to refer to these signals as bits, values, elements, sym 
bols, characters, terms, numbers, or the like. 
0241 Unless specifically stated otherwise as apparent 
from the following discussions, terms such as "obtaining. 
“enumerating”, “assigning”, “corresponding to’, ‘generat 
ing”, “choosing”, “using, “transforming”, “outputting. 
“displaying, “incorporating”, “rendering”, “interpolating. 
“applying, “optimizing”, “forming”, “computing”, “deter 
mining”, “identifying, or the like, may refer to the action and 
processes of a computer system, or other electronic device, 
that transforms data represented as physical (electronic, mag 
netic, or optical) quantities within some electrical device's 
storage into other data similarly represented as physical quan 
tities within the storage, or in transmission or display devices. 
These and similar terms are to be associated with the appro 
priate physical quantities and are merely convenient labels 
applied to these quantities. 
0242 Embodiments disclosed herein also relate to an 
apparatus for performing the operations herein. This appara 
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tus may be specially constructed for the required purposes, or 
it may comprise a general-purpose computer selectively acti 
vated or reconfigured by a computer program or code stored 
in the computer. Such a computer program or code may be 
stored or encoded in a computer readable medium or imple 
mented over Some type of transmission medium. A computer 
readable medium includes any medium or mechanism for 
storing or transmitting information in a form readable by a 
machine, such as a computer (machine and computer are 
used synonymously herein). As a non-limiting example, a 
computer-readable medium may include a computer-read 
able storage medium (e.g., read only memory (“ROM), ran 
dom access memory (RAM), magnetic disk storage media, 
optical storage media, flash memory devices, etc.). A trans 
mission medium may be twisted wire pairs, coaxial cable, 
optical fiber, or some other Suitable transmission medium, for 
transmitting signals such as electrical, optical, acoustical or 
otherform of propagated signals (e.g., carrier waves, infrared 
signals, digital signals, etc.)). 
0243 Furthermore, modules, features, attributes, method 
ologies, and other aspects can be implemented as Software, 
hardware, firmware or any combination thereof. Wherever a 
component of the invention is implemented as Software, the 
component can be implemented as a standalone program, as 
part of a larger program, as a plurality of separate programs, 
as a statically or dynamically linked library, as a kernel load 
able module, as a device driver, and/or in every and any other 
way known now or in the future to those of skill in the art of 
computer programming. Additionally, the invention is not 
limited to implementation in any specific operating system or 
environment. 
0244 Example methods may be better appreciated with 
reference to flow diagrams. While for purposes of simplicity 
of explanation, the illustrated methodologies are shown and 
described as a series of blocks, it is to be appreciated that the 
methodologies are not limited by the order of the blocks, as 
Some blocks can occur in different orders and/or concurrently 
with other blocks from that shown and described. Moreover, 
less than all the illustrated blocks may be required to imple 
ment an example methodology. Blocks may be combined or 
separated into multiple components. Furthermore, additional 
and/or alternative methodologies can employ additional 
blocks not shown herein. While the figures illustrate various 
actions occurring serially, it is to be appreciated that various 
actions could occur in series, Substantially in parallel, and/or 
at substantially different points in time. 
0245 FIG.35 illustrates a system of a computing environ 
ment 400 for implementing disclosed aspects. Computing 
environment 400 includes a computing device in the form of 
a computing system 410, which may be a UNIX-based work 
station or commercially available from Intel, IBM, AMD, 
Motorola, Cyrix and others. Components of the computing 
system 410 may include, but are not limited to, a processing 
unit 414, a system memory 416, and a system bus 446 that 
couples various system components including the system 
memory to the processing unit 414. The system bus 446 may 
be any of several types of bus structures including a memory 
bus or memory controller, a peripheral bus, and a local bus 
using any of a variety of bus architectures. 
0246 Computing system 410 typically includes a variety 
of computer readable media. Computer readable media may 
be any available media that may be accessed by the comput 
ing system 410 and includes both volatile and nonvolatile 
media, and removable and non-removable media. By way of 
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example, and not limitation, computer readable media may 
comprise computer storage media and communication 
media. Computer storage media includes Volatile and non 
volatile, removable and non-removable media implemented 
in any method or technology for storage of information Such 
as computer readable instructions, data structures, program 
modules or other data. Computer memory includes, but is not 
limited to, RAM, ROM, EEPROM, flash memory or other 
memory technology, CD-ROM, digital versatile disks (DVD) 
or other optical disk storage, magnetic cassettes, magnetic 
tape, magnetic disk storage or other magnetic storage devices, 
or any other medium which may be used to store the desired 
information and which may be accessed by the computing 
system 410. The system memory 416 includes computer stor 
age media in the form of Volatile and/or nonvolatile memory 
such as read only memory (ROM) 420 and random access 
memory (RAM) 422. A basic input/output system 424 
(BIOS), containing the basic routines that help to transfer 
information between elements within computing system 410. 
such as during start-up, is typically stored in ROM 420. RAM 
422 typically contains data and/or program modules that are 
immediately accessible to and/or presently being operated on 
by processing unit 414. By way of example, and not limita 
tion, FIG. 35 illustrates operating system 426, application 
programs 430, other program modules 430 and program data 
432. 

0247 Computing system 410 may also include other 
removable/non-removable, volatile/nonvolatile computer 
storage media. By way of example only, FIG. 35 illustrates a 
hard disk drive 434 that reads from or writes to non-remov 
able, nonvolatile magnetic media, a magnetic disk drive 436 
that reads from or writes to a removable, nonvolatile magnetic 
disk 438, and an optical disk drive 440 that reads from or 
writes to a removable, nonvolatile optical disk 442 such as a 
CD ROM or other optical media. Other removable/non-re 
movable, Volatile/nonvolatile computer storage media that 
may be used in the exemplary operating environment include, 
but are not limited to, magnetic tape cassettes, flash memory 
cards, digital versatile disks, digital video tape, Solid state 
RAM, solid state ROM, and the like. The hard disk drive 434 
is typically connected to the system bus 446 through a non 
removable memory interface Such as interface 444, and mag 
netic disk drive 436 and optical disk drive 440 are typically 
connected to the system bus 446 by a removable memory 
interface, such as interface 448. The drives and their associ 
ated computer storage media, discussed above and illustrated 
in FIG.35, provide storage of computer readable instructions, 
data structures, program modules and other data for the com 
puting system 410. In FIG. 35, for example, hard disk drive 
434 is illustrated as storing operating system 478, application 
programs 480, other program modules 482 and program data 
484. These components may either be the same as or different 
from operating system 426, application programs 430, other 
program modules 430, and program data 432. Operating sys 
tem 478, application programs 480, other program modules 
482, and program data 484 are given different numbers hereto 
illustrates that, at a minimum, they are different copies. 
0248. A user may enter commands and information into 
the computing system 410 through input devices such as a 
tablet, or electronic digitizer, 450, a microphone 452, a key 
board 454, and pointing device 456, commonly referred to as 
a mouse, trackball, or touch pad. These and other input 
devices often may be connected to the processing unit 414 
through a user input interface 458 that is coupled to the 
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system bus 418, but may be connected by other interface and 
bus structures, such as a parallel port, game port or a universal 
serial bus (USB). 
0249. A monitor 460 or other type of display device may 
be also connected to the system bus 418 via an interface, such 
as a video interface 462. The monitor 460 may be integrated 
with a touch-screen panel or the like. The monitor and/or 
touch screen panel may be physically coupled to a housing in 
which the computing system 410 is incorporated. Such as in a 
tablet-type personal computer. In addition, computers such as 
the computing system 410 may also include other peripheral 
output devices such as speakers 464 and printer 466, which 
may be connected through an output peripheral interface 468 
or the like. 

0250 Computing system 410 may operate in a networked 
environment using logical connections to one or more remote 
computers, such as a remote computing system 470. The 
remote computing system 470 may be a personal computer, a 
server, a router, a network PC, a peer device or other common 
network node, and typically includes many or all of the ele 
ments described above relative to the computing system 410. 
although only a memory storage device 472 has been illus 
trated in FIG.35. The logical connections depicted in FIG.35 
include a local area network (LAN) 474 connecting through 
network interface 486 and a wide area network (WAN) 476 
connecting via modem 488, but may also include other net 
works. Such networking environments are commonplace in 
offices, enterprise-wide computer networks, intranets and the 
Internet. For example, computer system 410 may comprise 
the Source machine from which data is being migrated, and 
the remote computing system 470 may comprise the destina 
tion machine. Note however that source and destination 
machines need not be connected by a network or any other 
means, but instead, data may be migrated via any machine 
readable media capable of being written by the source plat 
form and read by the destination platform or platforms. 
0251. The central processor operating system or systems 
may reside at a central location or distributed locations (i.e., 
mirrored or stand-alone). Software programs or modules 
instruct the operating systems to perform tasks such as, but 
not limited to, facilitating client requests, system mainte 
nance, security, data storage, data backup, data mining, docu 
ment/report generation and algorithms. The provided func 
tionality may be embodied directly inhardware, in a software 
module executed by a processor or in any combination of the 
two. Furthermore, Software operations may be executed, in 
part or wholly, by one or more servers or a client's system, via 
hardware, software module or any combination of the two. A 
software module (program or executable) may reside in RAM 
memory, flash memory, ROM memory, EPROM memory, 
EEPROM memory, registers, hard disk, a removable disk, a 
CD-ROM, DVD, optical disk or any other form of storage 
medium known in the art. For example, a storage medium 
may be coupled to the processor Such that the processor may 
read information from, and write information to, the storage 
medium. In the alternative, the storage medium may be inte 
gral to the processor. The processor and the storage medium 
may also reside in an application-specific integrated circuit 
(ASIC). The bus may be an optical or conventional bus oper 
ating pursuant to various protocols that are well known in the 
art. One system that may be used is a Linux workstation 
configuration with a Linux 64-bit or 32-bit Red Hat Linux 
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WS3 operating system, and an NVIDIA Quadro graphics 
card. However, the system may operate on a wide variety of 
hardware. 

0252 FIG. 36 is a block diagram of a representation of 
machine-readable code 500 that may be used with a comput 
ing system such as computing system 410. At block 502, code 
is provided for obtaining a set of topologically consistent 
Surfaces that correspond to seismic data relating to a Subsur 
face region. At block 504, code is provided for enumerating 
the surfaces in a depth domain. At block 506, code is provided 
for assigning an age to each of the Surfaces in the depth 
domain. The age corresponds to an estimated time of depo 
sition of the respective surface. At block 508, code is provided 
for generating an age mapping Volume. At block 510, code is 
provided for choosing an extent of the age domain. At block 
512, code is provided for generating a depth mapping Volume. 
At block 514, code is provided for using both the age mapping 
Volume and the depth mapping Volume to transform geo 
physical, geologic, or engineering data or interpretations 
between the depth domain and the age domain, and between 
the age domain and the depth domain. At block 516, code is 
provided for outputting the geologic, geophysical, or engi 
neering data or interpretations transformed by at least one of 
the age mapping Volume and the depth mapping Volume. 
Code effectuating or executing other features of the disclosed 
aspects and methodologies may be provided as well. This 
additional code is represented in FIG. 36 as block 518, and 
may be placed at any location within code 500 according to 
computer code programming techniques. 
0253 Disclosed aspects may be used in hydrocarbon man 
agement activities. As used herein, “hydrocarbon manage 
ment’ or “managing hydrocarbons' includes hydrocarbon 
extraction, hydrocarbon production, hydrocarbon explora 
tion, identifying potential hydrocarbon resources, identifying 
well locations, determining well injection and/or extraction 
rates, identifying reservoir connectivity, acquiring, disposing 
of and/or abandoning hydrocarbon resources, reviewing prior 
hydrocarbon management decisions, and any other hydrocar 
bon-related acts or activities. The term “hydrocarbon man 
agement' is also used for the injection or storage of hydro 
carbons or CO., for example the sequestration of CO., such 
as reservoir evaluation, development planning, and reservoir 
management. For example, in an aspect the disclosed meth 
odologies and techniques may be used to extract hydrocar 
bons from a subsurface region, which is indicated by refer 
ence number 532 in FIG. 37. A method 540 of extracting 
hydrocarbons from subsurface reservoir 532 is shown in FIG. 
38. At block 542 inputs are received from a geologic model of 
the Subsurface region, where the geologic model as been 
improved using the methods and aspects disclosed herein. At 
block 544 the presence and/or location of hydrocarbons in the 
subsurface region is predicted. At block 546 hydrocarbon 
extraction is conducted to remove hydrocarbons from the 
Subsurface region, which may be accomplished by drilling a 
well 534 using oil drilling equipment 536 (FIG. 37). Other 
hydrocarbon extraction activities and, more generally, other 
hydrocarbon management activities, may be performed 
according to known principles. 
0254 The following numbered statements are part of the 
disclosure. 

1. A computer-implemented method for transforming a seis 
mic data Volume acquired in a seismic Survey to a correspond 
ing data Volume which, when visually displayed, shows a 
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representation of Subterranean reflector Surfaces that gave 
rise to the data by reflecting seismic waves, said method 
comprising: 

0255 (a) picking seismic reflections from the data vol 
ume, and creating initial Surfaces from the picks; 

0256 (b) breaking surfaces into smaller parts 
("patches”) that are predominantly topologically consis 
tent; 

0257 (c) merging neighboring patches in a topologi 
cally consistent way, thus extracting topologically con 
sistent reflection-based surfaces from the seismic data 
Volume; and 

0258 (d) displaying the extracted surfaces for visual 
inspection or interpretation, or saving their digital rep 
resentations to computer memory or data storage. 

2. The method of statement 1, further comprising using the 
topologically consistent reflection-based surfaces to predict 
or analyze potential for hydrocarbon accumulations. 
3. The method of Statement 1, wherein topologically consis 
tent comprises verifying that Surfaces satisfy at least one of (i) 
no self overlaps; (ii) local consistency; and (iii) global con 
sistency. 
4. The method of statement 1, wherein the seismic reflections 
are picked by correlating reflection events between neighbor 
ing traces in the seismic data Volume. 
5. The method of statement 4, wherein the picking is auto 
mated, using a computer. 
6. The method of statement 1, wherein breaking surfaces into 
patches comprises shrinking initial Surfaces to lines, remov 
ing joints in the lines to form more individual lines, shrinking 
individual lines to single-Voxel points (characteristic points), 
and propagating the characteristic points along the initial 
Surfaces by adding neighboring Voxels to form patches of 
voxels. 
7. The method of statement 6, wherein each characteristic 
point is labeled with a different label, and the label is applied 
to the patch formed around the characteristic point, thus pro 
viding a means to keep track of different patches as they are 
expanded by propagation. 
8. The method of statement 6, wherein controlled marching is 
used to propagate points along initial Surfaces. 
9. The method of statement 6, wherein shrinking of an initial 
Surface to a line comprises successively removing one-voxel 
thick layers from the periphery of the surface until a continu 
ous line of individual voxels results. 
10. The method of statement 6, further comprising deleting 
joint voxels from lines to form more lines before shrinking 
lines to points. 
11. The method of statement 6, wherein topological consis 
tency is enforced during the propagation of points. 
12. The method of statement 1, wherein merging neighboring 
patches in a topologically consistent way is performed by 
developing overlap and neighbor tables for the patches, gen 
erating an order for merge pair candidates by sorting the 
overlap and neighbor tables, checking candidate merges for 
topological consistency using the overlap and neighbor 
tables, and accepting topologically consistent mergers. 
13. The method of statement 12, wherein the sort order of the 
neighbortable is based on geometries of, or geometry differ 
ences between, the neighboring patches, or is based on the 
statistical properties of, or the differences between, one or 
more attributes extracted from seismic data collocated with 
the patches. 
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14. The method of statement 1, further comprising spatially 
flattening the topologically consistent reflection-based Sur 
faces into an order representing the sequence of deposition 
using the topologically consistent reflection-based surfaces 
and using the flattened Surfaces to predict or analyze potential 
for hydrocarbon accumulations. 
15. The method of statement 14, further comprising flattening 
the associated seismic data within which the topologically 
consistent reflection-based surfaces exist. 
16. The method of statement 15, wherein the seismic data 
flattening is performed by nonlinear stretch of the seismic 
data or by a cut and past method. 
17. The method of Statement 1, further comprising creating a 
visual representation showing depositional order or hierarchy 
of the topologically consistent reflection-based Surfaces. 
18. The method of statement 17, further wherein the visual 
representation is a tree and comprising using the tree to select 
one or more surfaces for visualization. 
19. The method of statement 1, further comprising using the 
patches to segment the seismic data Volume into three-dimen 
sional bodies or inter-Surface packages that represent geo 
logic units that were deposited within a common interval, and 
using them to analyze for hydrocarbon potential. 
20. The method of statement 2, further comprising analyzing 
the location and characteristics of edges and termination 
points of the topologically consistent reflection-based Sur 
faces and using that to assistin predicting or analyzing poten 
tial for hydrocarbon accumulations. 
21. The method of statement 2, further comprising analyzing 
attributes and geometric characteristics of the topologically 
consistent reflection-based Surfaces and/or the associated 
seismic data at the locations of said Surfaces to assist in 
predicting or analyzing potential for hydrocarbonaccumula 
tions. 
22. The method of statement 1, further comprising using the 
patches or topologically consistent reflection-based surfaces 
to reduce the amount of information contained in the seismic 
data Volume in order, thereby reducing storage or computa 
tional efficiency requirements for Subsequent data processing 
of the seismic data. 
23. The method of statement 1, wherein merging neighboring 
patches is restricted to patches that trace back before shrink 
ing to the same initial Surface. 
24. The method of statement 12, wherein topological consis 
tency is enforced in merging neighboring patches using a 
depth-limited search method comprising: 

0259 (a) creating a graph structure based on the overlap 
table that captures relative positions of the patches in the 
data Volume; 

0260 (b) assigning a depth attribute to each patch such 
that comparison of the depth attributes of any two 
patches indicates whether one of the patches overlies the 
other; 

0261 (c) using the graph structure and the depth 
attributes to check a merger proposed based on the 
neighbor table for topological consistency; and 

0262 (d) updating the depth attributes and graph struc 
ture as patch mergers are accepted. 

25. The method of statement 1, wherein the extracted surfaces 
are displayed or saved as an earth model. 
26. A computer program product, comprising a computer 
usable medium having a computer readable program code 
embodied therein, said computer readable program code 
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adapted to be executed to implement a method for reducing a 
seismic data Volume to reflection-based Surfaces, said method 
comprising: 

0263 (a) picking seismic reflections from the data vol 
ume, and creating initial Surfaces from the picks; 

0264 (b) breaking surfaces into smaller parts 
("patches”) that are predominantly topologically consis 
tent; and 

0265 (c) merging neighboring patches in a topologi 
cally consistent way, thus extracting topologically con 
sistent reflection-based surfaces from the seismic data 
Volume. 

27. A method for producing hydrocarbons from a subsurface 
region, comprising: 

0266 (a) obtaining a seismic data Volume representing 
the Subsurface region; 

0267 (b) obtaining a prediction of the potential for 
hydrocarbon accumulations in the Subsurface region 
based at least partly on topologically consistent reflec 
tion-based Surfaces extracted from the seismic data Vol 
ume by a method described in statement 1, which is 
incorporated herein by reference; and 

0268 (c) in response to a positive prediction of hydro 
carbon potential, drilling a well into the subsurface 
region and producing hydrocarbons. 

28. A method for merging Surfaces identified in a seismic or 
seismic attribute data Volume to form larger Surfaces repre 
senting Subterranean geologic structure or geophysical state 
of matter, comprising merging neighboring Surfaces in a 
topologically consistent way. 
29. A method for exploring for hydrocarbons, comprising: 

0269 (a) obtaining a data volume of seismic or seismic 
attribute data resulting from a seismic Survey: 

0270 (b) subdividing the data volume into parts, called 
objects; 

0271 (c) forming regions of one or more objects; 
0272 (d) developing or selecting a measure for ranking 
the regions in terms of potential to represent a geobody, 
interface Surface, or intersection of these, or other physi 
cal geologic structure or geophysical state of matter that 
is indicative of hydrocarbon deposits; and 

0273 (e) using the measure to prioritize regions, and 
then using the prioritization to assess the Volume for 
hydrocarbon potential. 

30. The method of statement 29, wherein each object contains 
cells classified together using one or more criteria based on 
the data or attribute thereof or other physical reasonableness 
criterion. 
31. The method of statement 29, further comprising using the 
region prioritization to transform the data Volume into a geo 
physical earth model, and using the earth model to assess the 
volume for hydrocarbon potential. 
32. The method of statement 29, wherein (b) is performed 
using a method described in Statement 1, which is incorpo 
rated herein by reference. 
33. The method of statement 29, wherein the measure in (d) 
comprises a direct hydrocarbon indicator (DHI). 
34. Method for analysis of hydrocarbon potential of subter 
ranean regions by generating Surfaces or geobodies and ana 
lyzing them for hydrocarbon indications. Reflection-based 
Surfaces may be automatically created in a topologically con 
sistent manner where individual Surfaces do not overlap 
themselves and sets of multiple surfaces are consistent with 
stratigraphic Superposition principles. Initial Surfaces are 
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picked from the seismic data (41), then broken into smaller 
parts (“patches') that are predominantly topologically con 
sistent (42), whereupon neighboring patches are merged in a 
topologically consistent way (43) to form a set of surfaces that 
are extensive and consistent ("skeleton”). Surfaces or geo 
bodies thus extracted may be automatically analyzed and 
rated (214) based on a selected measure (213) such as one or 
more direct hydrocarbon indications (“DHI), e.g. AVO clas 
sification. Topological consistency for one or more surfaces 
may be defined as no self overlap plus local and global con 
sistency among multiple Surfaces (52). 
The foregoing application is directed to particular embodi 
ments of the present invention for the purpose of illustrating 
them. It will be apparent, however, to one skilled in the art, 
that many modifications and variations to the embodiments 
described herein are possible. All such modifications and 
variations are intended to be within the scope of the present 
invention, as defined in the appended claims. 

1. A method of transforming geologic data relating to a 
Subsurface region between a geophysical depth domain and a 
geologic age domain, comprising: 

obtaining seismic data; 
obtaining a set of topologically consistent Surfaces that 

correspond to the seismic data; 
enumerating the Surfaces in the depth domain; 
assigning an age to each of the Surfaces in the depth 

domain, the age corresponding to an estimated time of 
deposition of the respective Surface; 

generating an age mapping Volume; 
choosing an extent of the age domain; 
generating a depth mapping Volume; 
using both the age mapping Volume and the depth mapping 

Volume to transform geophysical, geologic, or engineer 
ing data or interpretations between the depth domain and 
the age domain, and between the age domain and the 
depth domain; and 

outputting the geophysical, geologic, or engineering data 
or interpretations transformed by at least one of the age 
mapping Volume and the depth mapping Volume. 

2. The method of claim 1, wherein a push mode is used to 
transform between at least one of 

the depth domain and the age domain, and 
the age domain and the depth domain. 
3. The method of claim 1, wherein a pull mode is used to 

transform between at least one of 
the depth domain and the age domain, and 
the age domain and the depth domain. 
4. The method of claim 1, further comprising displaying 

specified layers of the depth domain having a predetermined 
age range by incorporating an opacity control. 

5. The method of claim 4, whereinincorporating an opacity 
control comprises rendering transparent layers other than the 
specified layers such that the specified layers are visible. 

6. The method of claim 1, wherein at least one of the age 
mapping Volume and the depth mapping Volume is generated 
by interpolating from each of the Surfaces and their respective 
assigned ages. 

7. The method of claim 6, further comprising applying a 
filter to the ages when generating at least one of the age 
mapping Volume and the depth mapping Volume. 

8. The method of claim 1, wherein the age mapping Volume 
is generated by optimizing a function that minimizes differ 
ences between Surfaces, their ages, and the age mapping 
Volume. 
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9. The method of claim 8, wherein the age mapping volume 
is generated by optimizing a function of the form 

W 

AX Lath, fi)d S + 
S; 

W 

EX I?lata, a)d S + cloth, n.d v+ 
i= S; y 

DI? LoadV + Eleta, and V = min 
y y 

where h is a unit normal vector of a surface S, h is a unit 
normal vector of the age mapping Volume defined at the 
location of a surface element dS, N is the size of the set, L is 
a measure of parallelism between n and h, L. compares the 
age as assigned to each Surface to ages of the age mapping 
volume a defined at the location of the surface element dS. L. 
is a measure of parallelism between a unit normal vector h of 
a seismic Volume V and the unit normal vector in dV is a 
Volume element of part or all of the seismic data, L, is a 
measure of smoothness, L. defines a misfit between the age 
mapping Volume a and a reference age mapping Volume ao. 
and A, B, C, D and E are weighting parameters. 

10. The method of claim 1, wherein the depth mapping 
Volume is generated by optimizing a function that minimizes 
differences between surfaces, their ages, and the depth map 
ping Volume. 

11. The method of claim 10, wherein the depth mapping 
Volume is generated by optimizing a function of the form 

W 

aX (??. (ins, ot -- 
W 

EX Lad, dds + cleting, ald W+ 
i=1 S; W 

DI? Lodd W+ E??led, dod W = min 
W W 

where a denotes a unit vector in the direction of the age axis, 
in and in denote the normals of surfaces and seismic data 
transformed from the depth domainto the age domain defined 
at the location of a surface element dS, N is the size of the set, 
d denotes the depth of the surface defined at the location of 
the Surface element dS., d denotes the depth mapping Volume, 
L is a measure of parallelism betweena and fins, L compares 
the depth d assigned to each surface to depths of the depth 
mapping Volume d defined at the location of the Surface 
element dS, L, is a measure of parallelism between a unit 
normal in the age domain and a unit normal vector in of a 
seismic volume Win the age domain, dW is a volume element 
of part or all of the age domain, L, is a measure of smooth 
ness, L. defines a misfit between the depth mapping Volume 
d and a reference age mapping Volume do and A, B, C, D and 
E are weighting parameters. 

12. The method of claim 1, wherein the set of topologically 
consistent Surfaces are obtained by skeletonization. 

13. The method of claim 1, wherein the surfaces are enu 
merated in the depth domain using a push-down strategy. 
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14. The method of claim 1, wherein the surfaces are enu 
merated in the depth domain using a pull-up strategy. 

15. The method of claim 1, wherein the outputting com 
prises displaying at least a portion of at least one of the depth 
domain and the age domain. 

16. The method of claim 1, further comprising forming 
attributes of the Subsurface region from one of the age map 
ping Volume, the depth mapping Volume, or data in the depth 
domain or the age domain. 

17. The method of claim 1, further comprising: 
using at least one of the age mapping Volume and the depth 

mapping Volume to compute a thickness of one or more 
isopachs; and 

outputting the computed thickness. 
18. The method of claim 1, further comprising: 
using at least one of the age mapping Volume and the depth 

mapping Volume to determine a presence of an enclo 
Sure Volume; and 

outputting information identifying the enclosure Volume. 
19. The method of claim 1, wherein the method is com 

puter-implemented. 
20. A computer program product having computer execut 

able logic recorded on a tangible, machine readable medium, 
the computer program product comprising: 

code for obtaining a set oftopologically consistent Surfaces 
that correspond to seismic data relating to a Subsurface 
region; 

code for enumerating the Surfaces in a depth domain; 
code for assigning an age to each of the Surfaces in the 

depth domain, the age corresponding to an estimated 
time of deposition of the respective surface; 

code for generating an age mapping Volume; 
code for choosing an extent of the age domain; 
code for generating a depth mapping Volume; 
code for using both the age mapping Volume and the depth 

mapping Volume to transform geophysical, geologic, or 
engineering data or interpretations between the depth 
domain and the age domain, and between the age 
domain and the depth domain; and 

code for outputting the geologic, geophysical, or engineer 
ing data or interpretations transformed by at least one of 
the age mapping Volume and the depth mapping Volume. 

21. A method of managing hydrocarbon resources, com 
prising: 

obtaining a set of topologically consistent Surfaces that 
correspond to seismic data relating to a Subsurface 
region; 

enumerating the Surfaces in a depth domain; 
assigning an age to each of the Surfaces in the depth 

domain, the age corresponding to an estimated time of 
deposition of the respective Surface; 

generating an age mapping Volume; 
choosing an extent of the age domain; 
generating a depth mapping Volume; 
using both the age mapping Volume and the depth mapping 

Volume to transform geophysical, geologic, or engineer 
ing data or interpretations between the depth domain and 
the age domain, and between the age domain and the 
depth domain; 

using the geophysical, geologic, or engineering data or 
interpretations transformed by at least one of the age 
mapping Volume and the depth mapping Volume to pre 
dicta presence of hydrocarbons in the Subsurface region; 
and 

managing hydrocarbon resources based on the predicted 
presence. 


