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SEISMIC-SCALE RESERVOIR SIMULATION OF GIANT SUBSURFACE
RESERVOIRS USING GPU-ACCELERATED LINEAR EQUATION SYSTEMS -

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present invention relates to computerized simulation of giant subsurface
reservoirs, as does commonly owned, co-pending United States Patent Application Serial No.
12/827,477, "Reserveoir Simulation of Giémt_ Subsurface Reservoirs with Accelerated Phase

Equilibrium Determination”, filed June 30, 2010, of which Applicants are co-inventors.

BACKG'RO.UND OY THE INVENTION
1. Field of the Invention |

[0002] The present invention relates to computerized simulation of hydrocarbon reservoirs in
the earth, and in particular to simulation and forecasting of production from such reservoirs

with detenn_inatian of fluid motion conditions in cells of the reservoirs.

2. Déscription of the Related Art

[0003] The early developmenf of compositional reservoir simulators in the industry was, so
far as is known, restricted to reservoir models small enough to be characterized by a
relétively small number of cells (of thé order of 100,000) into which the reservoir of interest
was organized. Models of this early type provided adequate numerical resolution for small to

medium size reservoirs or fields.

[0004] The early models became too coarse in data content and accuracy for what have

become known as giant oil and gas fields. Giant reservoirs are those mammoth subsurface



WO 2012/109063 PCT/US2012/023429

reserifoirs at various locations on the earth containing hydrocarbons and other fluids. In giant
reservoirs, there may be thousands of v?ells, and possibly hundreds of well groups, with tens
of thousands of completions, when the total number of wells is considered. For giant
reservoirs, the sheer volume of the data involved became a problem in simulation and

analysis of performance over a period of time.

[0005]. In addition; fhe increased accuracy of detailed seismic-data which, samples the
reservoir at 25-meter areal (x and y) intervals, has begﬁn to demand models of hundreds of
millions to billions of cells to assimilate all the available detail, which in turn has been
intended to result in more accurate predictions over the life of the reservoir and lead to higher

ultimate oil and gas recovery.

[0006] There has also been increased interest in reservoir analysis for taking into account
enhanced éiI recovery _methods and CO, sequestratioﬁ. In order t.hat simulation results for
this purpose be accurate, inorganic components (such as nitrogen, CO,, sulfides, fof example)
had tolbe included along with the hydrocarbons and water as reservoir fluids which would be
ﬁresent in the reservoirs as a result of thesé processes.  Inclusion of inorganic components
into the reservoir simulation process thus added to the already large number of reservoir

hydrocarbon components and water.

[0007] Compositional reservoir simulation has required fast and accurate solution of a
linearized system of equations regarding unknown parameters or variables of interest in each
of the grid blocks in the reservoir at each Newton iteration of every time step. Given the
increasing role of compositional simulation for more accurate fluid description and in
enhanced oil recovery methods and CO2 sequestration, the number of unknowns per grid-
block hés increased from an original 3 for black-oil problems to 10 or more in compositional

models. At the same time, a technique known as seismic-scale reservoir simulation with more
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detailed geological description via integration of seismic data has increased the number of

grid blocks into the hundreds of millions to billions. -

[0008] Iterative linear solution of large systems of equations has become an essential
component of oil-and-gas industry reservoir simulations, often accounting fof 40% or more
of total simulation time. Fastgr linéar .s‘olution computations therefore mean quickelf
turnaround time in reservoir simulation since this linearized system of reservoir equations
must bé solved several times, about 3 to 7 (once for every Newton iteration in a time-step). _.

Reservoir simulations have required thousands of these time-steps.

[0009] The linear solver de‘-cermines the “correction” required for the Newton iteration to
converge to the solution of the underlying non-linear system of equatioﬁs. Simul;ettion speed
is becoming all the moré essential as what aré known as Intelligent' Field operations capture
field data in real-time and require a simulation qapability that can keep up with online data

acquisition rates.

[0010] U. S. Patent No. 7,526,418, of which Appliéants are co-inventors, and which is of
common ownership to the. present invention, is a compositional reservoir simulator which
rperformed simulations in shared memory  supercomputers, distributed memory
supercomputers or clusters of p.ersonal computers (PC's) configured as computer -data
processing units (CPU's). Other reservoir simulation efforts using CPU's are U. S. Patents

Nos. 7,516,056 and 7,684,967

SUMMARY OF THE INVENTION

[0011] Briefly, the present invention provides a new and improved coniputer implemented
method of simulation of a giant subsurface reservoir in a computer system of a plurality of
data processors which include at least one central processing unit and at least one graphical

processing unit and an output display. The computerized simulation accordihg to the present
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invention is an iterative linear solution of equations for reservoir parameters of a giant
subsurface reservoir, and the giant subsurface reservoir being simulated as a model is
partitioned into a number of cells arranged in an organized system of cells. The simulation is
further based on geological and fluid characterization information for the cells of the
reservoir. The computer implementgd method receives geological and fluid characterization
information fér the cells and the reservoir in the central processing unit. A postulated system
solution matrix is initialized in the central processing unit for the equations for parameters of
the reservoir cells for transfer to the graphical processing unit. A preconditioned conjugate-l
gradient extrapolation is preformed in the graphical processing unit on the initialized
postulated system solution matrix received from- the central processing unit to determinel
reservoir parameters. The results of the preconditioned conjugate-gradient extrapqlation of
the initialized postulated system containing reservoir parameters are then transformed in the
central processing .unit to the system solution matrix, and an output display is formed of thé
reservoir parametérs of the cells at desired locations in the giant subsurface reservoir to

simulate performance and production from the giant reservoir.

[0012] The present invention also provides a new andr improved data prbcessing system for
compﬁter_ized simulation of state changes of fluids in underground layered formations of a
reservoir in the earth. The data processing system comprises a central processor which
receives geological and fluid characterizafion information for the cells aﬁd the reservoir, and
initiallizes. a .postulated' system solution matrix for the equations for ;Sarameters of the
reservoir cells for transfer to the grapﬁicai processing unit. The data processing system also
includes a graphical processor which performs a preconditioned conjugate-gradient
extrapolation on the initialized postulated system solution matrix reéeived from the central
processing unit to determine reservoir parameters. The central processing unit also then

transforms the results of the preconditioned conjugate-gradient extrapolation of the initialized
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postulated system containing reservoir parameters to the system solution matrix.  The data

processing system also includes a memory for storing the determined reservoir parameters of

the cells.

[0013] The present.l invention also provides a new and improved data storage device having
stored in a computer readable medium computer operable instructions for causing a data
processing system which is Composed of at least one central processing unit and at least oﬁc
~graphical processing unit, and an output display to simulate state changes of fluids in
underground layered formations in the earth. The instructions stored in the data storage
device cause the. data processing system to receive geological and fluid characterization
information for the cells aljd the reservoir in thé central processing unit, and initialize a
postulated system solution matrix in the central processing unit for the equations for
parameters of the reservoir cells for transfer to the graphical processing unit. The instructions
stored in the data storage deviée further cause the data processing sy'stem to perform a
ﬁreconditioned conjugate-gradient extrapolation in the graphical processing unit on the
initialized postulated system solutién matrix received from the central processing unit to
determine reservoir parameters.. The instructions storgd in the data storage device cause the
data processing éystem fo transform in the central processing unit the results of the
preconditioned conjugate-gradient extrapolation of the initialized postulated system
containing reservoir parameters to the system solution matrix, and form an output display of
the reservoir parameters of the cells at desired locations in the giant subsurface reservoir to

simulate performance and production from the giant reservoir.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Figure 1 is an isometric view of a compositional model of a giant subterranean

 hydrocarbon reservoir organized into a number of cells.
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[0015] Figure 2 is an enlarged isometric view of a group of adjacent cells from the

compositional hydrocarbon reservoir model of Figure 1.

[0016] Figure 3 is a schematic diagram of a computer system organized for reservoir

stmulation according to the present invention.

[0017] Fig. 4 is a functional block diagram of a portion of a set of data pfocéssing steps
performed in a computer data processing ‘unit or CPU of the computer system of Fig. 3 during
computerized reservoir simulation of a subterranean reservoir according to the present

invention.

[0018] Figure 5 is a schematic diagram of a two-dimensional ordering of portions of a grid of

- adjacent cells of the reservoir of Figure 1.

[0019] Figure 6 is a schematic diagram of a restructured two-dirhensional ordering according

to the present invention of portions of a grid of adjacent cells of the reservoir of Figure 1.

[0020] Figure 7 is a schematic two-dimensional diagram of a three-dimensional ordering
according to the present invention of portions of a grid of adjacent cells of the reservoir of

Figure 1.

[0021] Figure 8 is a functional block diagram of a portion of a set of data processing steps
performed by a computer data processing unit or CPU of the computer system of Figure 3
during computerized reservoir simulation of a subterranean reservoir according to the present

invention.

[0022] Figure 9 is a functional block diagram of the portion of a set of data of processing

steps performed in a graphical processing unit or GPU of the computer system of Figure 3
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during computerized reservoir simulation of a subterranean reservoir according to the present

invention.

[0023] Figure 10 is a functional block diagram of another portion of a set of data processing
steps performed by a computer data processing unit or CPU of the computer system of Figure
3 during computerized reservoir simulation of a subterranean reservoir according to the

present invention,

[0024] Figure 11 is an isometric view of an image of a three-dimensional output display of
oil saturation in an oil reservoir of interest obtained according to the present invention for a

time of interest.

[0025] Figure 12 is an isometric view of an output image of formation resistivity for the

reservoir-of Figure 11 for a time of interest.

[0026] Figure 13 is a plan view at a particular layer in the model of the reservoir of Figures

11 and 12 at atime of interest.

- DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0027] In the drawings, the letter M designates a simplified mode! of a portion of a
- subsurface hydrocarbon reservoir for. which production results based on operating conditions
and parametefs are simulated over an. estimated produc’cion life according to the present
invention based on geological and fluid characterization information obtained for the cells of
the reéervoir. The results obtained are thus available and used for simulation of historical
performance and for forecasting of production from the reservoir. Based on the results of
such simulation, compdsitional models such as those deseribed and shown in U. S Patent No.

7,526, 418 are then formed and are available for evaluation and analysis. U. S. Patent No.
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. 7,526,418 is owned by the assignee of the present invention and is incqrporated herein by

reference

[0028] An example reservoir rof the type for which production data are sirhulatéd over the
- expected reservoir life as illustrated by the model M is usually one which is known to those
in the art as a giant reservoir. A giant reservoir may be several miles in length, bre@dth and
depth in its extent beneath the earth and might, for example, have a volume or size on the

order of thee hundred billion cubic feet.

[0029] The model M is partitioned into a number of cells C of suitable dim’ensi_ons; several
adjacent ones of which are depicted in Figure 2 in enlarged form and scale from Figure 1. In
partitioning the volume of the reservoir into units at what is known as seismic-scale for
analytical purposes, typical cells are each eighty or so feet along their lateral or areal
| dimensions in a common plane of reference in the réservoif. In some models, the thickness
of a cell can be fifteen or less feet in depth or thickness at that location in the reservoir, and

even less, down to half a foot.

[0030] The model M of Figure 1 thus represents a reservoir composed of a miHion or more
cells having these dimensions. As noted, in the case of seismic scale data the number of cells
hundreds or more times larger than this. It will be apprecié.ted that the cells C shown in the
drawings as forming the model M are considérably enlarged for illustrative purposes in
comparison with the modél M. Further information about models of this size and complexity

is set forth in previously mentioned, incorporated by reference U. S. Patent No. 7,526, 418.

[0031] In the cells C of the model M, a fluid pressure is present, as well as moles N; of
various components of a compositional fluid. At present, it is desirable for reservoir
simulation purposes to analyze reservoir pr'oduction data for as many as eight to seventeen (or

more) possible component hydrocarbon fluids having moles N; through Ny, inclusive; as well
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as water having moles Ny, possible present as component fluids in the compositional fluid of
the cells C. Further, there is a linearized system of equations.regarding unknown reservoir
paraméters 61' variables of interest for the grid blocks in the reservolir at each Newton iteration
of every timé step. In these equations, the number of unknowns per grid-block has increased

from an original 3 for black-oil problems to 10 or more in compositional models.

[0032] Geometrically, for reference and location purposes, each individual cell C in the
model M is located at a number co-ordinate location I, J , K in an x, y, z co-ordinate system,
as shown in Figure 1 at co-ordinates x=1; y=J; and z=K. As mentioned there may be from
three to ten or more unknowns in the linearized system of equations for the individual cells of

the grid blocks in the reservoir at each Newton iteration of every time step.

[0033] It can thus be appreciated that the nﬁmbcr of cells and unknowns in the lincarized
system of equations for the individual cells or grid blocks in the model M are vastly beyond
the normal processing capabilities of conventional réservoir .si'mu]atars, and that the reservoir
would be coﬁsidered giant. The data to be processed for seismic-scale reservoir simﬁlation is

even larger by orders of magnitude which could exceed a hundred.

[0034] Thus, simulation of a reservoir éf this size was, so far as is known, possiblé only by
simplifications or assumptions which would compromise the accﬁracy of the simulation
results, as has also been described above. U. S. Patents Nos. 7,526,418, 7,660,711 and
7,596,480 which are owned by the assigﬂee of the present application are examples of ways
to reduce the effects: of some of these simplifications and assumptions. Some of thesg
Patents, such as U. S. Patent No. 7,526,418 and 7,660,711 have used equation of state (EOS)
processing techni.qUes for the phase equilibrium determination portion of the simulation

process for reservoirs.
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[0035] With the present invention, as is shown s.chematically in Figure 2 a suitable group G
of édjacent cells C in a particular region or subdivision of the model M are allocated by the
data pfocessing system P to a particuiar node of a CPU. 12 (Figure 3) and a group of
Graphical Processing Units or GPU's 14 (Figure 3) for processing. Thus, multiple computing
nodes (typically composed of one or more multi-core CPU's and one or more many-core
GPU's can be used in parallel in order to sub-divide the reservoir into separate computational
.tasks, so that each CPU-GPU node or combination processes the data in its particular

assigned subdivision of the reservoir.

[0036] In this fashion, reservoir models composed of millions to billions of cells can be
tackled in parallel by assigning several tens of thousands (or even more) of cells of one group
G to a particular CPU-GPU .combination dedicated to those cells for computational
processing of the linearized system of reservoir équationé. Due to the compositional nature -
~ of most reservoir simulation computétions, the linear solution must accommodate multiple-
unknowns per grid-block. For example, there are 3 for black-oil, but 8 or mo're. for
' compositional models, with some fluid characterizations reaching 17 compoﬁents. The
present invention adds to thé GPU advantage by optimizing the way these computations are

carried out in the multi-threaded GPU architecture.

[0037] Considering now the.da‘.ca'processing system according Ito the present invention, as
iHlustrated in Figure 3, a data proceésing system P is provided for cdmputerized simulation of
fluid motion between the grid blocks in the model M of the reservoir at each Newton iteration.
.of every time step of interest. The data- processing system P includes one or more central
processing units or CPU's 12. The CPU or CPU's 12 has associated therewith a reservoir
memory or database 16 for reservoir cell geological and fluid characterizatidn,information

and a user interface 18. The user interface 18 includes a graphical display 20 for displaying

10



WO 2012/109063 PCT/US2012/023429

graphical images, a printer or other suitable image forming mechanism and a user input
device 22 to provide a user access to manipulate, access and provide output forms of

processing results, database records and other information.

[0038] The reservoir memory or databas_e 16 is typically in a memory 26 of an external data -
storage compﬁter 28. The insértion database 16 contains data including the structure,
location and ofganizatio_n of the cells in the modél M, and data regarding wells, processing
facilitiés, time-related well production data including measured static downhole pressure
data, time-related injection well data including measured wellhead pressure and injection rate
data, geological information and fluid characterization information and other reservoir

production records and parameters for use in reservoir simulation, as will be described below.

[003.9} The CPU computer 12 of data processing system P inciudes a proceséor 30 and an
internal memory 32 coupled ‘to the processof 30 to store operatiﬁg instructions, control
inforrnation and to serve as storage or' transfer buffers as required. The data processing -
system P includes program code 34 stored in a memory 32 of the CPU or CPU's 14. The
prografn code 34, according to the present invention, is in the. form of computer operable
instructions causing the CPU's 12 transfer data back and forth for processing by GPU's .14 to

simulate fluid motion in the reservoir, as will be set forth.

[0040] It should be noted that program code 34 may be in the form of microcode, programs,
routines, ér symbolic computer operable:languages that provide a specific set of ordered
operations that control the functioning of the data processing system P éncl direct its
operatiqn. The instructions of program code 34 may be stored in memory 32 or on computer
d.iskette, niagnetic tape, conventional hard disk drive, electronic read-only memory, optical

storage device, or other appropriate data storage device having a computer usable medium

11
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stored thereon. Program code 34 may also be contained on a data stofage device as a

‘computer readable medium.

[0041] The graphical units or GPU's 14 are general purpose, programmable graphical
processing units, often also referred to as GPU's. The GPU's 14 are programmed to
determine unknowns, using a linearized system of equations‘for the individual cells, as will

be set forth.

[0.042]' Although the present invention is independent of the specific computer hardware
used, one embodimeﬁt of the present invention is based on a suifable mumber of quad-core
CPU's and multi-core GPU’s. The CPU's 12 used in an example embodiment of the system
are in the form of AMD quad-core Nehalem processors, and the GPU 14's are in the example
embodiment preferably 240-core NVidia Tesla SlO'J-’O GPU's. It should be understoqd,

however, that dther computer hardware may also be used, as will be set forth below.

[0043] The present invention utilizes a dual-tier approach to acceleration via the GPU's 14
which deliver nearly an order-of-magnitude speed improvement over earlier methods. The
present invention accomplishes reservoir simulation in a heterogeneous (hybrid-) computer
environment including both CPU's 12 and GPU's 14 The present invention thus provides a
computer-based system for conducting seismic-scale reservoir simulation of giant subsurface
reservoirs using GPU-accelerated linear equation systems, The present invention is designed

and implemented to utilize the computational acceleration capabilities of the GPU's 14.

[0044] The acceleration of the linearized equation system processing sequence of the
reservoir simulation process by nearly an order of magnitude or more obtained in the present
invention can have a substantial impact in saving computer time, reducing costs and also
allowing more reservoir studies to be carried-out within given time constraints. Another |

important application of the present invention is in online/interactive reservoir simulation to

12
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monitor producing oil and gas fields (I-Field technology). As will be set forth, processing
times have achieved a speed up by -a factor 'of nine in some instances. Acceleration of the
computations by. GPU in the present invention enables much faster determinations than
previously. possible, so that the reservoir simulator can keep pace with real-time data

acquisition of field measurements.

[0045] A flowchart F (Figure 4) indicates the basic computer processing sequence of the
present invention and the computational sequence taking place during application of a typical

embodiment of the present invention,

[0046] Read Geological Model, (Step 40): Simulation according to the present invention
begins by reading the geological model as input and the time-invariant data. The geological
model read in during step 40 takes the form of binary data containing one value per grid cell
‘of each reservoir model property. These properties include the .fc.)llowing: rock permeability
tensor; rock porosity, individual cell dimensions in the x, y and z directions; top depth of eéch
cell;l and x-y-z location of each existing fluid contacts (gas-oil-contact, gas-water-contact, and

oil-water-contact, as applicable).

[0047] Time-invariant data read in dﬁring' step 40 iﬁclude the fluid charact'erizatién
composition and thermodynamic properties of each component (criticai temperature, critical
pressure, critical §olume, accentric faétor, molecular weight, parachor, shift f)arafneter and
binary. interaction coefﬁcient_s).r The time-invariant data also includés fluid félative :
permeability tables that provide a value_' of relative permeability for a giveﬁ fluid saturation
for the reservoir rock in question; and reservoir temperature éince the present model is

isothermal.

[0048] Discretize Model (Step 42): Calculation of rock transmissibilities for each cell based

on the linking . permeability and cell geometry is performed for every cell and stored in

13
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memory, There are a number of such models for transmissibility calculation to those familiar
with the art depending on the input data (such as block-face or block-center permeability). In

addition, the pore volume of every cell is computed and stored in memory,

[0049]- Initialize Reservoir (Step 44): Before simulation takes place, the initial distribution of
the fluids in the reservoir must be computed. This process involves iteration for the pressure
at every cell. The pressure at every point is equal to a “détum” pressure plus; the hydrostatic
head of fluid above it. Since hydrostatic head at a cell depends on the densities of the column
of fluid above it, and density itself deﬁends on pressure and fluid compositi'on via an equation
of state (or EOS, described below), ‘t_hc solution is iterative in nature. At each cell, the
computed pressure is used to compute a néw density, from which a new hydrostatic head and
cell pressure is recompﬁted. When the pressure iterated. in this fashion does not change any

further, the system has equilibrated and the reservoir is said to be “initialized.”

[0050] Read Recurrent Data (Step 46): Recurrent data read in during step 46 is time-varying
data and, as such, it must be read at every time step during the simulation.. It includes the oil, -
gas and water rates of each well that have been observed during the “history” period of the
simulation (the period of known field production data that is used to calibrate the simulator).
It also includes production policies that are to be prescribed during the “prediction” phase
(thé period of field production that the simulator is expected to forecast).‘ Production 'policy
data inc'lude‘data such as rates required frém each well or group of wells and c_onétraints that
should be imposed on the simulation (such as maximum gaé-oil raﬁos, minimum bottom-
hole-pressure allowed per well, etc.). This data can change over periods of time based on
. .actual field measurements during the “histbry” phase, or based on desired throughput during

the “prediction” phase.

14
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[0051}) EOS determination (Step 48): Fluid behavior is assumed to follow an equation-of-
state (EOS). The EOS typically chosen in the art should be accurate for both liquid and vapor
phase, since its main purpose is to provide densities and fugacity coefficients for both phases
during. phase equilibrium calculations. Phase equiiibrium calculations according to the
present invention during step 48-are performed in the CPU's 12 as indicated at 50 a_hd in the
GPU's 14 as indicated at 52 in accordance with the techniques described in ccmmonly :
.cwned co- pendmg United States Patent Apphcatlon Scrlal No. 12/827,477, "Reservoir
Simulation of Giant Subsurface Rcscrvoirs with Accelerated Phase Equilibrium
Determination”, filed June 30, ?.010, of which Applicants are cc-invcntcrs, and which is

incorporated herein by reference for all purposes.

[0052] Jacobian generation (Step 54): In addition to the phase equilibr-icm determinations
performed dﬁring step 48 described cbovc, one species balance equation for each component,
plus water, must be solved (i.e. a total of N+1 species cquatioﬁs) by computer processing.
The species balance equation takes two forms in the prescnt invention: the more common
Darcy form, wﬁich assumes that the pressure drop relates linearly to flow velocity, and a
Forchheirﬁer form, which adds a quadratic velocity term which is of importance for higher
velocity flows, particularly for gas reservoirs. For this discussion, the simpler, conventional

Darcy form is used:
- VE Ky (:U (VP -y, Vz)rq,

where the parameters and variables are defined in the conventional manner,
[0053] A- suitable form of water balance equation for use in modeling according to the

present invention, and using parameters and variables as defined above, is as follows:

15
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AN w Kk
= V w
a

(VP = 3V2)+ gw

Lw

| [0054] Linear So.luticlm (Step 56): The system of linear equations is a very large, but sparse,
matrix of sub-blocks organized in accordance to the present invention to enable the
processing load of determination of unknowns in the equations to be reduced, as will be

described.
Matrix Organization

[0055] The pre'sént invention provides GPU. acceleration to the proces.s of solving the general
lingar syste'm Ax = R where A is the system matrix (typically the Jacobian of the nonlinear
system of equations being solved), x is the vector of system solutions and R is the vector of
right-hancl~sides of the ﬁnear system. In rcser\}oir simulation, this system arises repeatedly

during nonlinear iteration of the conservation equations via Newton’s method.

[0056] In Newton’s metﬁod? the Jacobian matrix (J), the nonlinear residuals (F) and the
-nonlinear iteration updates of the variables (s) are rélated by the equation Js = -F. Comparing
with the canonical linear system Ax =R above, A répresents the Jacobian “J”, x represents
the solution updates “s” and R représents 1:_he nonlinear residual right;hand-side “-F” (with

negative sign to make the Newton updates directly additive to the current variable state).

[0057] Consider Figure 5 which illustrates a simple natural ordering of adjacent cells of the
reservoir in a grid, drawn in two-dimensions only, for simplicity. This grouping of cells for
the reservoir is indicated schematically at step 60 of Figure 8. The cells are assembled in two

distinet groups (1 indicated as cross-hatched and 2 as indicated as blank) in a checkerboard
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. pattern. The unknowns for the blank cells in group 2 are to be identified with even numbered
subscripfs and the cross-hatched cells of group 1 with odd numbered subscripts. The group
or ordering of ce.ils in the manner shown in Figure 5 during step 60 results in a finite-
difference stencil composed of ﬁvé connections (east “e”, west “w”, north “n”, south “s” and
center;diagbnal “d”). The grouping or organization of alternate ones of the reservoir cells
into two distinct groups in this manner generatés a matrix structﬁre which is then reordered or

assembled during step 62 (Figure 8) as illustrated schematically in the matrix structure shown

in Figure 6.

[0058] It is to b¢ noted that the matrix .structure of Figure 6, assembled in reordered form in
f_dur .d.ifferent quadrants, groups the odd-numbered unknowns in the upper part of the matrix
and the even-numbered unknowns in the lower part of the matrix. The matrix fill is sparse,
SO only the labeléd entries need be stored .in memofy. For notational convenience, the upper
ieft quadrant of odd-numbéred diagonal terms in Figﬁre 6 is labeled as Cy, the upper right
quadrant 6f odd-numbered west-east-north-south terms as M, the lower left quadrant of
even-numbered west-east-north-south terms as V; and the lower rightl quadrant of even.-

nurhberecl diagonal terms as C,.

[0059] Extension to a three dimensional grid is straightforward in that two new entries appear
in the matrix: the “above” and “below” connections which are adjacent to the diagonal terms
in the C; and C, matrices. In other Words, the three dimensional grid transforms those

diagonal matrices into tri-diagonal form as illustrated in Figure 7,

[0060] It will be seen in the description that follows that assembly by ordering and reordering
of the unknowns in the manner described as indicated schematically at steps 60 and 62
(Figure 8) succeeds in providing a linear solution that can be processed in two parts treating

roughly half of the unknowns every time. This is advantageous for the GPU for two reasons:
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the amount of data transfer from the CPU to the GPU is cut in half and the amount of data

residing in GPU memory (which is smaller than that of CPU's) is also cut in half.

[0061] After re-ordering of the cells into two subgroups (which are labeled 1 and 2, as
noted), matrix A has the form:
41— [Cl -Mil ,

V. G (1)

so that the driginal system of matrix equations to be solved by processing is: |
gy M1 X1 Ry | |
[Vz G ] [xz] B [Rz] - @) -

[0062] The iterative linear solution in the data processing system P of the present invention in

its basic form takes the form of three steps or stages. The first is initia]izati.on during brocess

step ﬁ Sequence of steps indicated generally at 58 (Figure 8) which is performed in the CPU's

12. The second step is preconditioned conjugate-gradient extrapdlation during a sequence of
process stepé indicated generalljé at 64 (Figures 4 and 9) which is performed in the GPU's 14.

The third stage or step, oﬁ return of the preconditioned system solutions from the GPU's 14

after processing, occurs during a sequence of éteps indicated generally at 66 (Figure 10) and"

transforms in the CPU's 12 the preconditioned system solutions to those of the original matrix

system,
Initialization step

[0063] An initial estimate during step 68 (Figure 8) for all cells in group 1 of the matrix is set

to zero:

x; =0 3)
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[0064] The initial estimate for all cells in group 2 is determined during step 70 in a manner so
that group 2 residuals are always zero. This'prgcludes the need to update the group 2
residuals in the GPU and reduces the dimensionality of the GPU burden by roughly half,
Mathematically, this is accomplished by the following manipulations of the original system.

Linear equation residuals are given by:

P o o I e | P R

[0065] Settiﬁg group 2 residuals to zero:

P2 = Ry — Vaix; ~ Coxp =0 (5)
- [0066] Given thatx; =0, an initial estimate can be generated dpring step 70 for x as follows:
X2 = C5'Ry | G

[0067] This impliés solution of a tridiagonal system of cells of group 2 which is passed to the

GPU. Tt is to be noted that no group 1 cells need to be transferred to the GPU in step 70.

[0068] The initial residuals for the cells of group 1 are computed during step 72 from

equation (4) above (remembering that x; = 0):
1= Ry— Myx, (7)

[0069] Transferring and processing the lineaﬁ_zed, ‘reorder'ed matrix information from the
CPU's 12 to the GPU's 14 during step 74 is preferably accorﬁplished with either of the
following known techniques: low level C-programming (e.g. NVidia’s_CUDAC), or high-
level FORTRAN-90 programming (e.g. CUDA-FORTRAN or acceleratioﬁ directives, as in

-the commercial PGF90 compiler by The Portland Group).
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Conjugate-gradient extrapolation

[0070] A preconditioner Q is sel_ected and used during step 80 (Figure 9) of conjugate
gradient extrapolation to improve the condition number of the original matrix A. This step,
the system matrix being non-symmetric and perhaps onrly conditioned, transforms the
equation matrix into a better conditioned system (i;e. better clustering of thé eigenvalues) that
converges in much fewer iterations than the original system. In some reservoir models, Weak
preconditioning can cause the linear solution to diverge altogethér, thus stopping the
* simulation. Therefore, robust preconditioning is a must. This need becomes more important
as systems with high geological heterogeneity and small cell sizes are solved (e.g. seismic~

scale models). |

[0071] In the present invention,la Z-line Gauss-Seidel preconditioner has been implemented
on the GPU's with rnaxirhum efficiency to process half of the system unknowns in one single
‘conimunication pass to a GPU. This enables the GPU to treat much larger systems of
equations than other schemes would allow it for the same amount of RAM me'mo'ry (a scarce

cdmmodity in today’s GPU's) and data traffic.

[0072] Once a preconditioner is selected, the matrix-vector product AQ’'v = Pv is required
for any conjugate-gradient scheme. The selected preconditioner Q.use_d in the processing
techniqueé according to the present invention is what is known in the art as a “right”
preconditioner in the sense that it preconditions matrix A “from the right” and therefore does

not change the value of the original system residual or right-hand side, as can be seen below:
Ax=R . - (8)
AQ'Qx=R (9)

[0073] Therefore, making P = AQ™ and y = Qx, the system of matrix equations becomes:
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Py=R (10)

[0074] Tt is to be noted that this implies that, after solving the system for unknowns “y” via
conjugate-gradient acceleration, the true solutions “x” are obtained by the inverse

transformation:

x=Q'y o ap

[0075] Q is chosen for the process according to the present invention to be a Z-line
preconditioner of the Gauss-Seidel type. The terminology “Z-line” arises because the main
diagonal sub-matrices C, and C, (Figures 6 and 7) contain the vertical columns of the 3D~

reservoir grid (i.e. the Z-direction of the reservoir grid):

G 0]
4= V. G (12)

[0076] 1t is also to be noted here that A = Q -+ M if equation (12) is compared with equation

(1) above. Therefore, the following equalities hold:
Pv=AQ'v=(QM) Q' v=v+M Qv

[0077] Or, in full matrix notation:

o= [+ 0 Bl o] [

[0078] Since according to the present invention the residuals for the cells of group 2 are

(13)

always zero:

3 _ . -
SRR v 8 P | A I v I
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a matrix-vector multiplication which reduces to:

= o]+ 08 "] s
where:
C, O1[&1 | |
[V; Ez] [5:]=ﬁ31] N (16)

_[0079] This system is easily solved for &; and &, in two steps by multiplying out the terms in

equatioh (16): |
6, = 7'y | (17)
6; = "C£1V251 (18)

[0080] Equation (18) is implemented so that the matrix-vector product V2 8 is computed

first and then the tridiagonal system is solved for Oy,

[0081] The preconditioned matrix-vector product is obtained as indicated at step 82 (Figure

| 9) which can be expressed by:

po= [+ [ P00
0 =

0 (1'9)

7[0082] Once the preconditioned matrix~ vector product Pv is determined, the conjugate-
gradient acceleration is performed during steﬁ 84 (Figure 9) using either of two acceleration
methods, the biconjugate gradient stabilized method (BiCGSTAB) or the transpose-free
quasi-minimal residual method V(TFQMR), examples of which are described below. As

indicated in the general discussion, the choice of accelerator impacts GPU performance and

22



WO 2012/109063 PCT/US2012/023429

bi-conjugate Lanczos methods have a clear memory advantage over traditional Krylov
methods in that the latter must store multiple orthogonal direction vectors in order to provide -

robust performance. This additional storage is impractical considering memory limitations of

GPU’s.

[0083] The process of clonjugate-gradient acceleration of the preconditioned sj/stem ﬁf
equations is performed to iterate the sysfem until solution co_nvergeﬁc_e. Being mindful of
- GPU memory restrictions, a Lanczos method Wasr preferred over traditional CPU-based
Krylov methods. Since Krylov methods would require a sufficiently large number of
orthogonal directions to converge robustly on seismic-scale, geologically-heterogeneous
reservoir models, saving this many vectors in GPU merﬁory would prove impossible. In.
addition, expensive motion between GPU and CPU for temporary storage Woﬁld adversely
.impact performance. Instead, Lanczos bi-conjugate gradient aﬁproaches obviate the need for
orthogonalization storage and provide very good stability in its more advanced variants, such
as the Bi-Conjugate Gradient Stabilized method (BiCGSTAB) chosen here. Another
éandid_ate for implementation with the present invention is the TFQMR method (Transpose-
Free Quasi-Minimum Residual), which also avoids storing orthogonal directions, but has a
higher operation count (cost) and did not provide any discernible advantage for isothermal
reservoir simulation mod_eis. TFQMR does, however, provide additional -robustﬁess to the
solution of chemical-kinetics equatioﬁs in non-isothermal Chemically-Enhanced Oil
Recovery and Basin Simulation, where temperature beco;ﬁes one of the unknowns and the
system becomes stiff due to the exponential terms containing reaction activation energies (i.e.

Arrhenius-type kinetics).
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Bi-Conjugate Gradient Stabilized Methodology (BiCGSTAB)

10084] The computational steps for this technique of conjugate-gradient acceleration are as

' follows:

1) Compute initial residual:

1, =b— Ax,

2) Set initial direction Vector':
Po =T

~ 3) Foriteration k = 0, 1, 2,...until convergence. Do:

o, = (rgrd]
4) T apprt)

5) Sk = T — O Ap; |

_ {A&‘ﬁ«;pﬁﬁs)

W =
k (AS&@A%)

6
7) Xkr1 = X+ CpPr+ WiSg
8 Tt = Sp— Wi ASy

_ C%+1,T5) &L
Be=—"1"my

9) lrg.rd] wi

10) Prtr=Thar + Buln — Wy ADy)

11) End Do
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[0085] The cohvergence criterion is measured by the value of the L2-norm of the residual (r).
Typically, when this norm is less than a prescribed tolerance (0.01 or llower) the process has
converged. In models according to the present invention, the norm of the relative residuai
value (cun’eﬁt residual divided by initial residual} is checked against a prescribed toleranc.e to
avoid that very large or very small values on the initial residual bias the number of iterations

required for convergence, i.e.:

YE+1

‘o

< E

Transpose-Free Quasi-Minimum Residual Methodology (TFQMR)

[0086] The computatidnal steps for this technique of COnjugafe~gradient acceleration are as
followé:

1) Compute initial residual and initialize variables:

ra = b—AXQ

Vo = Auy
dy = 8y ‘m-@g = 0
2) Compute initial érror norm;
7o = [Irell
3) FOIT iteration k = 0,1,2,..., until convergence, Do:

4) If k is even, compute:

25



WO 2012/109063 PCT/US2012/023429

fai S
(wgprsl

g = Wy =
Uppy = Up — T Vg

5 Wiy = Wy — @Ay

. Q;.z. ’
Ao, = U+ Eg.d
‘.6) k+4 T g ks

EEW.H—:L EE
Oppq = 2210
7) E+1 -

8) Cryr = ‘(‘1 +_ 8§+1).—1g3
9) Te4r = T k11 Crra
_ 2
10) Tk+1 = Ciey1 %
1) Xar = X+ Oppaiqs
12} If k is odd, compute:

Piegr = Wi q,75)

Frva
1

By =

Upepy = Wiy + Froqtiy
Vet = ﬁ_uk%i + Br_q (Ary + By vy _4)

13) End Do
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[0087] The convergence criterion is measured by the value of the 1.2-norm of the residual (r).
Typically, when this norm is less than a prescribed tolerance (0.01 or lower) the process has
converged. With the present iﬁvention, the norm of the relative residual value (current

- residual divided by initial residual) is preferably checked against a prescribed tolerance to
avoid that \}ery laljgc or very small values on the initjal residual bias the number of iterations -
requited for convergence, i.e.: |

Theey
e

< E

Transform solutions to those of the original system

[0088] As indicated previously, the conjugate-gradient extrapolation process during step 84
produces the solution “y” of the system P y = R (Equation 10) where P = A Q" and y=Q X
The s.olution‘results are then transferred as indicated sche_matically at step 86 from the GPU
14 to thé CPU 12 in a comparable maﬁner to that of transfer frdm the CPU to the GPU

described above.

{0089] Processing according to Figure 10 by the CPU is then performed to transform the
solutions to those of the original system. In such processing, x = Q' vy is obtained as

indicated at step 90 by tridiagonal solution of the System'Q X =y or, in matrix notation:

[E’i g;] [2] - gj (20)

[0090] The first row of matrix Equation (20) yields: "

Xy = Ty | @1
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[0091] So far, all computations heve used group 1 unknowns and, therefore, relieved the
GPU from transferring, storing and computing half of the total system of equations, resuliing
in 50% saving in time required. It is to be noted, however, that this implies that y; is not
available because there are no residuals to update for group 2 cells, as these were guaranteed
to be zero by the way the process was initialized. In order to solve for x, the second row of

“the original system (2) can be expanded as:
Voxy + Céxz =Ry | (22)
and.as indicated at step 92 solved for x; as follows:
X, = C3 (R~ ?‘%Xi} @

[0092] This only involves a tridiagonal solution for the group 2 cells so, once again, only half

of the total system data needs to be transferred and processed by the GPU.

[0093] The present invention thus provides a Z-Line preconditioned iterative linear solver
with BiICGSTAB and TFQMR conjugate gradient eccelerations to take advantage of GPU
hardware. The preconditioning strategy, which orients its roBustness towards the vertical axis
(Z-Line) is based on the need to solve large system ef equations in layered formations.
composed of porous media, which are possibly highly-heterogeneous geelogieally in both

porosity and permeability characteristics.

[0094] The preeonditioning design strives to be frugal in both CPU-GPU communication
intensity and GPU-memory utilization by only ret]uiring that roughly half of the unknowns be
processed in the GPU at one time while fully exploiting a mixed-paradigm MPI and OpenMP

parallelization. OpenMP keeps all CPU cores busy, which is an important requirement since
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the number of available CPU cores has been increasing from 4 (Intel Nehalem) to 6 (new

Intel and AMD processors) and going on to 8 and possibly higher.

[0095] Altematively, the CPUc.:lores can us¢ MPI paralieiization but this is currently at a
disadvantage due to the already heavy load on the CPU of handling data transfers to GPU,
' Parallelization acroés individual GPU's is at the MPI level (via its oonﬁection to its host
CPU),-whilé parallelization within each GPU is many-core multi-threaded. Therefore, the
present irivention strives to obtain the best parallelization in each of the hybrid components of

the computer (CPU and GPU}).

[0096] In addition, currently available GPU memory (as compared to that of a CPU) requires
minimizing the amount of data that must be processed in the GPU at one time (GPU's
- typically have up to 4 GB of RAM, although 6 GB will soon appear in the market, compared

to today’s CPU's with 32 to 64 GB RAM readily available).

[0097] On the other hand, handling of the rhultiple-unknowns—per cell in a reservoir-
siinulaﬁon linear solver is very advantageous for the GPU's 240-cores (é.g. NVidia Tesla
GPU) or 448-cores (e.g. NVidia Fermi GPU) and provide a great processing advantage as
compared against relatively few CPU cores. This results in considerable perfonﬁance gain in

processing speed.

[0098] Solution Update (Step 96): Returning to Figure 4, the solution vectdr ox obtained
from solving the system of linear équatioﬁs represents the updated solution vector s of
Newton's method discussed above in the nonlinear iteration loop. Although this is, for the.
'most part, what is knowh in the art as “Newton iteration”, some checks to damp the solution '
vector take place in the present invention in order to improve thé numerical étability of the |
siﬁu]atioﬁ. As a result, the full -“Newton step” is not always taken. More specifically, the

reservoir pressure and fluid saturations are controlled, so that the solution does not drift into
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conditions that may drastically qhange the computation in individual cells which potentially |
can adversely affect convergence. The present invention has incorporated a user-controlled
paraméter for these quantities. For example, experience shows that a change limit of 500 psi
(for pressure) and 5 percent or 0.05 (for saturations) per nonlinear iteration greatly
contributes to reduce the number of time step cuts discussed in the next paragraphs during
simulation. This is, of course, reservoir model-dependent and overriding of these limits may

be doné‘by simulator engineers familiar with the reservoir or field being simulated.

[0099] Convergence Test (Step 98): The individual résiduals of the linear equations
resulting from step 96 are checked against user-prescribed tolerances, If these tolerances are
satisfied, the nonlinear iteration loop is exited, solution output is written to file during step

100 for the current time step and the time step is advanced during step 102 to the next level.

[00100] If these tolerances are not satisfied, processing according to the nonlinear iteration
loop returns to step 48 and continues. But if the number of nonlinear iterations becomes
excessive (typically more than 6, but otherwise a user-prescribed pa_rameter), a decision is
made to cut the time step size (by USuaily 50%) and repeat the entire nonlinear iteration loop
again beginning at step 48 for the same time level. An. excessive number of iteratioﬁs is an
indication that the solution has diverged and the changes may be too 1arge to be adequately
modeled with the.time step previously chosen. A time-step cut is expected to not only reduce
the magnitude of these changes but to also increase the diagonal dominahc;é of the Jacobian

matrix, which always has a beneficial effect on the convergence of the linear solver.

[00101] Write Output (Step 100): Measures of the determined fluid motion variables in the
form of three-dimensional grids are written out in binary format as Disk I/O at the end of

each time step. Also well information regarding other required data or measurements such as
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oil, gas, and water production rates per well, gas/oil ratio (GOR) per well and static well-head

pressure (SWP) per well may be written out.

[00102] Disk I/O is performed in a serial fashion in the sense that the information contained
in each MPI process is broadcast to the master process, which is in charge of writing the
output to disk ﬁles. When parallel /O hardware is avai_iable (i.e., multi-channel RAID
disks), each MPI process may write independently using as many channels as are avéilab}e to
attain higher through throughput. Once the model has been completed for a time of interest,
data relating to that model may be presented in output displays. ‘Figure 11 is a 3D output of
~ oil saturation predicted by the reservoir simulator for an oil field of interest for January 1 of a
date of interest, in this case a future one in year 2025, The areas at 110 and 112 indicgte high
oil saturation and may Suggest to the engineer locations Where additional well drilling will be
Beneﬁcial. The area 114 at the bottom of the image indicates water. As can be- seen, the oil

saturation scale 116 goes from 0 (100% water) to 1 (100% oil).

[00103] Figure 12 is the corresponding formation resistivity .for the sifnulation in Figure 11
at the same date of interest. Resistivity (i.n units of ohm.rheter) ranges from Véry low values
for water and very high values (which have been clipped to a maximum of 100 in scale 120 in
this plot). Resistivity is an important variable obtained from simulator equations and is used
in planniné EM (electromagnetic) monitoring campaigns. Further information about
resistivity can be seen in Equation number 17 in the commeonly-owned U.S. Patent 7,660,711
“Automated Evént Monitoring System for Online Reservoir Sii‘nulation”,. which is
_incorporated herein by reference. Equations. 1 to 17 ig that patent all augment the
information and application of reservoir rsimulation to Intelligent Field operatiéns and

reservoir monitoring,.
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[00104] Figure 13 is a plan view of a geological layer (number 4) in the same reservoir
showing as indicated at 130 and with scale 132 the Resistivity for that particﬁlar layer on an
carlier date (January 1, 2010). Upon clicking with a mouse on any point of this map, a line-
“plot is-instantly displayed on the right-hand side of the display which shows the “history” of
the resistivity change over time at that location (in this particular examp_le, corresponding to
cell location 74,296,4). In p.la'nning reservoif monitoring, it is important to observe that the
.resistivity 1'ine-plot shows a high value for the cil-bank which suddenly drops around year
- 2010, 'indicatiﬁg that a water flooding front has reached this particular location iﬁ the
reservoir. Such information is important for proper planning of reservoir monitoring and

future production forecasts.

[00105] The présent invention is capable of processing the. volumes of data for seismic-
~ scale feservoir simulation {with structured grid dimensions in x and y ranging from 12.5
meter to 50 meters) in giant reservoirs. Current GPU hardware is not able to efficiently
handle unstructured grid information due to the perfom@ce limitations of memory indirect-
addressing in GPU's. Iﬁ the future, the use of texture memory for .indirect-addressing in thé
GPU will become commoﬁplace. But, since texture memory is usually a small percentage of
‘total mémory (and total memory is still small on current GPU's), one anticipates that GPU
evolution will dictate that global merhory will increalse' first and then texture memory will

begin to be used efficiently in unstructured domains.

[00106] The steps of the conjugate-gradieﬁt extrapolation processing process need to be. _
carried out for eﬁch nonlinear (¢.g. Newton) iteration of the simulator, at each time step.
Considering.that a typical model for giant reservoirs may have 500-million-cells and require
an average of 4 nc;nlinear iterations per time step and an average of 2000 time-steps for a 50-

year simulation, the number of giant linear system solutions with matrices of order 1.5-
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billion-equations or more is in the many thousands. Therefore, acceleration of this important

feature of the present invention has a dramatic impact on overall simulation turnaround time.

[00107] With the present invention, transformation of the computer processing is provided
with a transition between CPU-only bomputation to a heterogeneous computation model
where the CPU still takes care of reading the data, providing logic control and allocating local

memory, but passes the heavy computational burden to the GPU.

[00108] A certain amount of overhead is incurred in the three-stage process for every cell-

block in the reservoir model using the techniques of the present invention discussed above: °

a. Transfer the data (linearized Jacobian matrix and right-hand-side nonlinear
residuals) from the CPU's 12 to the GPU's 14;
b.. | Perform numerical computations.on the GPU's 14 to solve the linear system
iteratively; and
.. Transfer the computation results (linear system solution) generated in solving
the linear system back to the CPU 12.
[00109] Given the large aﬁoMt of computation involved, results obtained with thg present
invention have shown that the cost of ‘bi-.directional transfer of the data between CPU and
GPU is negligible compared with the considerable performance gain (speedup) obtained
from performing the cor‘npute-_ihtensive processing on the GPU. This is particularly true for
the multi-million and billion-cell requirement in reservoir simulation based on the frugal data

usage of the preconditioning scheme according to the present invention discussed above,

[00110] Tt is to be noted that the CPU-GPU communication process is different, but
complementary, to the par.ailel_ism of the implementation. Each computer “node”, including
one or more multi-core CPU and one or more many-core GPU, handles only the “chunk” of

reservoir assignéd to it by the domain decomposition of the parallelization (ie. MPI
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~ implementation). A large number of these processor nodes operate in parallel, with the
typical compute “cluster” composed of 512 of those nodes, each node typically composed of

two 4-core CPU's and two 240-core GPU's.

[00111] Currently, the designations of “multi-core” CPU's are evolving between 4 and 8
computational cores per CPU and designations of “many-core” GPU's are evolving between

240 and 448 computational cores per GPU.

[00112] At the present time, a CPU core contains considerably more menﬁory (about 100
times more) and higher clock frequency (about double to triple) than that of a GPU core. The
limited memory imposes the need to selectively transfer the required information t;etween the
CPU and the GPU. It is also to be noted that the slower clock of the GPU core, relative to the -
CPU, is more thanﬁompensated for by the mﬁch larger'm.lmber of GPU cores ‘against CPU

cores (50 to 100 times more).

Performance Comparison
[00113] It should be understood that the present invention is capable of performance in a
number of types of computer and thus is independent of the specific computer hardware
~ described herein. In an exemplary efnbodiment, sixteen GPU'S (NVidia Tesla S1070, with
- 240 cores each) and 16 Intel Nehalem quad-core CPU's were used. For a maximum reservoir
model size fitting in this configuration of 50—milli0n~celis, the speedup obtained was 6.04
(speedup defined as how ﬁany times faster the job Completes ihcorporating GPU's than using

CPU's alone).

[00114] On a larger' hardware system composed of 128-GPU's (QuadroPlex FX5 800) and
128 CPU (Intel Nehalem quad-core), a 7.1 speedup was obtained on a 130-million-cell
model. This increased to 8.7 for a 260-million-cell model and to 9.0 for a 520-million-cell

model (this being the limiting maximum size given available GPU memory).
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[00115] Another important measure of efficiency is the scalability (i.e. parallelization
- efficiency) of the processing for a model of fixed sjze as the number of GPU aﬁd CPU are
increased. Linear solutions for reéervoir simulation can be made highly scalable on CPU's
and the present invention demqnstrates that this is also true on GPU's, For scalability testing,
a model size was chosen that would f{it in a different numbér of GPU's (130-million-cells) and
this model was run on a system formed of QuadroPlex FX5800 GPU's and Intel Nehalem

CPU's.

[00116] Using the reference _scalablility of 1.0 for 32 GPU-CPU, rurming with 64 GPU-CPU
gave 2.03 times faster execution (scalability = 2.03). Running with 128 GPU-CPU gave 3.96
times faster execution (scalability = 3.96), It-can be seen that scalability of 2.03 (better than
linearj is achieved in these types of linear systems for giant models, since very often the
smaller GPU-CPU counts are coﬁst‘rained by being unable to use cache (fast memory)
effectively due to the large amount of data involved. When the number of .processors is
incfeaSed, better cache utilization is available and performance can become slightly

“superlinear”, as in this case.

[00117] Table 1 below, comparing 128 GPU's against 128 CPU's, includes a column
entitled SPEEDUP, which refers to the increase in speed (reduction in computer time)
résultiﬁg from performing linear solver computations on the GPU, as compared to performing

the same computations on the CPU only.
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Table 1
CELLS SPEEDUP
-(millions)
50 6.04
130 7.1
260 8.7
520 _ 9.0

[00118] Table 2 below illustrates the performance scalability as the number of CPU's and
GPU's are increased for a fixed-size model (130 million cells). In each case, the number of

CPU's is equal to the number of GPU's utilized, -

Table 2
NUMBER OF GPU's = : SCALABILITY
NUMBER OF CPU's :
32 1.0 (reference)
64 2.03
128 3.96

[00119] The invenﬁon has been sufficiently described so that a person with average
knowledge in the matter may reproduce and obtain the results ment-iohed in the invention
‘herein Nonetheless, any skilled person in the field of technique, subject of the invention
herein, may carry out modifications not described in the request herein, to apply these
modiﬁcatidﬁs to a determined sfrﬁcture, or in the manufacturing process of the same, requires
the claimed matter in the following claims; such structures shall be covered within the scope

of the invention.
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[00120] 1t should be noted and understood that there can be improvements and
modifications made of the present invention described in detail above without departing from

the spirit or scope of the invention as set forth in the accomparying claims.
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CLAIMS

What is claimed is:

1. A method of computerized simulation of a giant subsurface reservoir in é computer
system of a plurality of data pfocessors, including at least 6ne central processing unif and at least
one graphical processing unit, and an output display, the computerizéd simulation being an
iterative linearlsoluti()n of equations for ;eservoir parameters of a glant subsurfacé reservoir, the
giant subsurface reservoir being simulated as a model partitioned into a number of cells arranged
in an organized system.‘ of ceﬂs, the simulation further being based on geological and fluid
characferization information for the cells of the reservoir, the fnethod comprising the COmputer

processing. steps of:

(a)  receiving g.eol'ogical ‘and fluid characterization information for the cells and the

. reservoir in the central processing unit,

(b). - initializing a postulated system solution matrix in the central'processing unit for

_the equations for parameters of the reservoir cells for transfer to the graphical ?rocessing unit;

(c) performing a preconditioned conjugate-gradient extrapolation in the graphical
processing unit-on the initialized postulated system solution matrix received from the central

processing unit to determine reservoir parameters;

(d)  transforming in the central processing unit the results of the preconditioned
cénjugate~gradient extrapolation of the initialized postulated system containing reservoir

parameters to the system solution matrix; and
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(e) forming an output display of the reservoir parameters of the cells at desired
locations in the giant subsurface reservoir to simulate performance and production from the giant

reservoir.

2, The method of Claim 1, wherein the computer proéessing step of initializing a postulated
systefn solution matrix in the central processing unit comprises the step of forming an initial

estimate of matrix values for a solution for a first set of alternately spaced cells in the reservoir.
3. The method of Claim 2, further including the computer processing step of:

determining an initial estimate for a second set of alternately spaced cells, which are

adjacent the alternately spaced cells of the first set.
4, The method of Claim 2, further including the computer procéssing step of :
determining a residual matrix value for the first set of alternately spaced cells.

5. The method of Claim 1, wherein the computer processing step of performing a
preconditioned conjugate-gradient extrapolation in the graphical processing unit comprises the

step of forming a matrix preconditioner on the initialized system solution matrix.

6. The method of Claim 5, wherein the computer processing step of performing a
preconditioned conjugate-gradient extrapolation in the graphical processing unit comprises the

step of determining a preconditioned matrix-vector product.

7. The method of Claim 5, wherein the computer processing step of petforming a
precond_itidned conjugate-gradieht extrapdlation in the graphical processing unit comprises the

step of conjugate gradient acceleration of the preconditioned matrix-vector product.
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8. The method of Claim 2, wherein the computer procéssing step of transforming in the
central processing unit the results of the preconditioned conjugate-gradient extrapolation

comprises the steps of:

performing a tridiagonal solution for the matrix values for a solution for the first set of

alternately spaced cells in the reservoir; and

performing a tridiagonal solution for the matrix values for a solution for the second set of

alternately spaced cells in the reservoir.

9. A data processing system for computerized simulation of state changes of fluids in
underground layered formations of a reservoir in the earth, the data processing system

comprising:
(a) a central processor for performing the steps of:

(1) receiving geological and fluid characterization information for the cells and

the reservoir;

(2) initializing a postulated system solution matrix in the central processing unit
for the equations for parameters of the reservoir cells for transfer to the graphical processing

unit;
(b) a graphical processor for performing the step of:

performing a preconditioned conjugate-gradient extrapolation on the initialized
postulated system solution matrix received from the central processing unit to determine

reservoir parameters;
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(¢}  the central processing unit further performing the step of:

transforming in the central processing unit the results of the preconditioned
conjugate-gradient extrapolation of the initialized postulated system containing reservoir

parameters to the system solution matrix; and
(d) a memory for storing the determined reservoir parameters of the cells.

10.  The data processing system of Claim 9, wherein the central processing unit during

initializing a postulated system solution matrix performs the step.of:

fbrming an initial estimate of matrix values for a solution for a first set of alternately

spaced cells in the reservoir.

11.  The data processing system of Claim 10, wherein the central processing unit during

initializing a postulated system solution matrix performs the step of:

determining an initial estimate for a second set of alternately spaced cells, which are

adjacent the alternately spaced cells of the first set,

12.  The data processing system of Claim 12, wherein the central processing unit ‘during

- initializing a postulated system solution matrix performs the step of:
determining a residual matrix value for the first set of alternately spaced cells.

13.  The data processing system of Claim 12, wherein the graphical processor during
performing the computer processing step of perforrrﬁng a preconditioned conjugate-gradient

exﬁ‘apolatidn performs the step of:
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forming a matrix preconditioner on the initialized system solution matrix.

14. The data probessing system of Claim 13, wherein the graphiéal processor during
performing the computer processing step of performing a preconditioned conjugate-gradient

extrapolation performs the step of:
determining a preconditioned matrix-vector product.

15.  The data processing system of Claim 14, wherein the graphical processor during
performing the computer processing step of performing a preconditioned conjugate~gi‘adiént

extrapolation performs the step of:
conjugate gradient acceleration of the preconditioned matrix-vector product.

16.  The data processing system of Claim 15, wherein the central processing unit during the
step of transforming the results of the preconditioned-conjugatewgradic-}nt extrapolation performs

the steps of:

performing a tridiagonal solution for the matrix values for a solution for the first set of

alternately spaced cells in the reservoir; and |

performing a tridiagonal solution for the matrix values for a solution for the second set of

alternately spaced cells in the reservoir.
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17. A data storage device having stored in a computer readable medium computer
bperable instrucﬁons for causing a data processing sysi;em comprising at least oﬁe central
proc_essing‘unit and at leést one graphical processing unit, and an Outpui display to simulate state
changes of fluids in underground layered formations in the earth, the instructions stored in the

data storage device causing the data processing system to perform the following steps:

(a) receiving geological and fluid characterization information for the cells and the

reservoir in the central processing unit;

(b)  initializing a postulated system solution matrix in the central processing unit for

the equations for parameters of the reservoir cells for transfer to the graphical processing unit;

(¢)  performing a preconditioned conjugate-gradient extrapolation in the graphical
processing unit on the initialized postulated system solution matrix received from the central

processing unit to determine reservoir parameters;

(d) transforming in the central processing unit the results of the preconditioned
conjugate-gradient extrapolation of the initialized postulated system containing reservoir

parameters to the system solution matrix; and

() - forming an output display of the reservoir parameters of the cells at desired
locations in the giant subsurface reservoir to simulate performance and production from the giant

reservoir.
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18.  The data storage device of Claim 17, wherein the instructions for initializing a postulated
system solution matrix in the central processing unit corriprise instructions causing the central

-processingunit to perform the computer processing step of:

forming an initial estimate of matrix values for a solution for a first set of alternately

spaced cells in the reservoir.

19.  The data storage device of Claim 18, wherein the instructions for initializing a postulated
system solution: matrix in the central processing unit comprise instructions causing the central

processing unit to perform the computer processing step of:

determining an initial estimate for a second set of alternately spaced cells, which are

adjacent the‘alternatel-y spaced cells of the first set.

20.  The data storage device of Claim 19, wherein the instructions for ‘initializing a postulated'
system solution matrix in the central processing unit comprise instructions causing the central

processing unit to'peffOrm the computer processing step of:
determining a residual matrix value for the first set of alternately spaced cells.

21. . The data storage device of Claim 17, wherein the instruetions for performing a
preconditioned conjugate-gradient extrapolation in the graphical processing unit comprise

instructions causing the graphical processing unit to perform the computer processing step of:

forming a matrix preconditioner on the initialized system solution matrix.
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22.  The data storage device of Claim 21, wherein the instructions for performing a
preconditioned conjugate-gradient extrapolation in the graphical processing unit comprise

instructions causing the graphical processing unit to perform the computer processing step of?
determining a preconditioned matrix-vector product.

23.  The data storage device of Claim 22, wherein the instructions for performing a
preconditioned conjugate-gradient extrapolation in the graphical processing unit comprise

instructions causing the graphical processing unit to perforrri the computer processing step of:
conjugate gradient acceleration of the preconditioned matrix-vector product.

24.  The data storage device of Claim 17, wherein the instructions for transforming the results
of the preconditioned gradient extrapolation in the central processing unit comprise instructions

causing the central processing unit to perform the computer processing steps of:

performing a tridiagonal solution for the matrix values for a solution for the first set of

alternately spaced cells in the reservoir; and

performing a tridiagonal solution for the matrix values for a solution for the second set of

" alternately spaced cells in the reservoir.
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