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OPTIMIZED MATRIX AND VECTOR OPERATIONS IN INSTRUCTION LIMITED

ALGORITHMS THAT PERFORM EOS CALCULATIONS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Patent Application

61/535,131, filed 15 September 2011, entitled OPTIMIZED MATRIX AND VECTOR

OPERATIONS IN INSTRUCTION LIMITED ALGORITHMS THAT PERFORM EOS

CALCULATIONS, the entirety of which is incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The present techniques relate to instruction limited algorithms with optimized

matrix and vector operations. In particular, an exemplary embodiment of the present

techniques relate to a system and method for performing equation of state (EOS) calculations.

BACKGROUND

[0003] This section is intended to introduce various aspects of the art, which may be

associated with embodiments of the disclosed techniques. This discussion is believed to

assist in providing a framework to facilitate a better understanding of particular aspects of the

disclosed techniques. Accordingly, it should be understood that this section is to be read in

this light, and not necessarily as admissions of prior art.

[0004] Instruction limited algorithms may occur in various industries. For example,

instruction limited algorithms may occur in areas such as 3D graphics analysis, encryption,

data mining, compression, signal processing, image processing, chain rule evaluation,

numerical methods such as finite element and finite volume analysis, seismic pattern

recognition, and equation of state (EOS) calculations.

[0005] EOS calculations can be used to model phase behavior, which may have a

significant effect on reservoir performance. The rate at which a petroleum mixture can flow

through porous media is influenced by the number of phases, the viscosity of each phase, and

the density of each phase. In general, phase behavior and phase properties are functions of

temperature, pressure, and composition. In some cases, the compositional effects associated

with phase behavior are weak and can be ignored. This may occur with petroleum fluids



referred to as black oils. Modeling a reservoir containing black oils may be referred to as

black oil simulation.

[0006] In other cases, the compositional effects may be accounted for. To account for

compositional effects, the petroleum industry typically uses an equation of state (EOS).

Modeling the reservoir with compositional effects may be referred to as a compositional

simulation. A number of advanced recovery mechanisms can rely on the compositional

effects of phase behavior.

[0007] EOS calculations may cause compositional simulations to be considerably slower

than black oil simulations. EOS calculations typically involve determining the number of

phases and the composition of each phase. Although an individual EOS calculation can be

"cheap" to perform, it may be repeated billions of times over the course of a reservoir

simulation. Thus, EOS calculations can consume more than 50% of total simulation time.

Moreover, EOS calculations are computationally intensive and their cost may increase

rapidly with the increase of the number of components in the mixture.

[0008] In order to improve computational speed, parallel reservoir simulators may be

used. When using parallelization, a large problem is broken down into smaller subproblems,

and then distributed between a number of processing cores. The subproblems may not be

independent, and the cores can communicate to synchronize their work. The cores may

communicate through shared memory or through high speed networks. In parallel computing

environments, memory bandwidth and network communication are typical speed-limiting

factors.

[0009] D . Voskov and H. Tchelepi, "Tie-Simplex Based Mathematical Framework for

Thermodynamical Equilibrium Computation of Mixtures with an Arbitrary Number of

Phases", Fluid Phase Equilibria, Volume 283, 2009, pp. 1-11 states that a tie-line based

parameterization method improves both the accuracy of the phase-behavior representation as

well as the efficiency of equation of state (EOS) computations in compositional flow

simulation. For immiscible compositional simulation, the technique is stated to use

compositional space adaptive tabulation to avoid most of the redundant EOS calculations.

However, matrix and vector operations are not optimized.

[0010] C. Rasmussen, et al, "Increasing the Computational Speed of Flash Calculations

with Applications for Compositional, Transient Simulations", SPE Reservoir Evaluation and

Engineering, Volume 9, Number 1, 2009, pp. 32-38 states that in a conventional flash

calculation, the majority of the simulation time is spent on stability analysis. The technique

is stated to decide when it is justified to bypass the stability analysis, and does not optimize



matrix and vector operations in instruction limited algorithms that perform EOS calculations.

[0011] E. Hendriks and A. Van Bergen, "Application of a Reduction Method to Phase-

Equilibria Calculations", Fluid Phase Equilibria, Volume 74, 1992, pp. 17-34 states that for

specific thermodynamic models, the number of equations to solve a set of nonlinear equations

relating to phase equilibrium of a mixture can be reduced. Problem size and the

computational effort may be reduced through a variable transformation. Additionally, the

smallest number of reduced variables that properly describe the phase behavior of the mixture

may be determined. However, matrix and vector operations in instruction limited algorithms

that perform EOS calculations are not optimized.

SUMMARY

[0012] An exemplary embodiment of the present techniques provides a method of

optimizing matrix and vector operations in instruction limited algorithms that perform EOS

calculations. Each matrix associated with an EOS stability equation and an EOS phase split

equation may be divided into a number of heterogeneous or homogenous sized tiles. Each

vector associated with the EOS stability equation and the EOS phase split equation may be

divided into a number of strips. The tiles and strips may be organized in main memory,

cache, or registers, and the matrix and vector operations associated with successive

substitutions and Newton iterations may be performed in parallel using the tiles and strips.

[0013] An exemplary embodiment of the present techniques provides a system that

includes a processor and a tangible, machine-readable storage medium that stores machine-

readable instructions for execution by the processor, the machine-readable instructions

including code that, when executed by the processor, is adapted to cause the processor to

divide each matrix associated with an EOS stability equation and an EOS phase split equation

into a number of tiles, wherein the tile size is heterogeneous or homogenous. The code may,

when executed by the processor, be adapted to cause the processor to divide each vector

associated with the EOS stability equation and the EOS phase split equation into a number of

strips, and store the tiles and strips in main memory, cache, or registers. Additionally, the

code may, when executed by the processor, be adapted to cause the processor to perform the

matrix and vector operations associated with successive substitutions and Newton iterations

in parallel using the tiles and strips.



[0014] An exemplary embodiment of the present techniques provides a non-transitory,

computer readable medium comprising code configured to direct a processor to divide each

matrix associated with an EOS stability equation and an EOS phase split equation into a

number of tiles, wherein the tile size is heterogeneous or homogenous. Each vector

associated with the EOS stability equation and the EOS phase split equation into a number of

strips. The tiles and strips may be stored in main memory, cache, or registers, and the matrix

and vector operations associated with successive substitutions and Newton iterations may be

performed in parallel using the tiles and strips.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Advantages of the present techniques may become apparent upon reviewing the

following detailed description and drawings of non-limiting examples of embodiments in

which:

[0016] FIG. 1 is a process flow diagram summarizing a method of optimizing matrix and

vector operations in instruction limited algorithms that perform EOS calculations according

to an embodiment of the present techniques;

[0017] FIG. 2 is a diagram that shows a memory hierarchy according to an embodiment

of the present techniques;

[0018] FIG. 3 is a diagram illustrating how two-dimensional matrices map into linear

memory using three different storage formats according to an embodiment of the present

techniques;

[0019] FIG. 4 is a diagram that shows homogeneous tiles and heterogeneous tiles

according to an embodiment of the techniques;

[0020] FIG. 5 is a diagram that illustrates how the number of instructions may be reduced

by SIMD/SIMT vectorization according to an embodiment of the present techniques;

[0021] FIG. 6 is a process flow diagram summarizing a method of performing an EOS

calculation according to an embodiment of the present techniques;

[0022] FIG. 7 is a process flow diagram summarizing the iterative nature of stability and

phase-split algorithms for an EOS calculation according to an embodiment of the present

techniques;

[0023] FIG. 8 is a process flow diagram summarizing a method of performing the

successive substitution and Newton algorithms according to an embodiment of the present

techniques;



[0024] FIG. 9 is a process flow diagram summarizing a method of how compositions

may be updated within a Newton iteration according to an embodiment of the present

techniques;

[0025] Fig. 10 is a block diagram of a computer system that may be used to optimize

matrix and vector calculations in instruction limited algorithms according to an embodiment

of the present techniques.

DETAILED DESCRIPTION

[0026] In the following detailed description section, specific embodiments are described

as examples. However, to the extent that the following description is specific to a particular

embodiment or a particular use, this is intended to be for exemplary purposes only and simply

provides a description of the exemplary embodiments. Accordingly, the present techniques

are not limited to embodiments described herein, but rather, it includes all alternatives,

modifications, and equivalents falling within the spirit and scope of the appended claims.

[0027] At the outset, and for ease of reference, certain terms used in this application and

their meanings as used in this context are set forth. To the extent a term used herein is not

defined below, it should be given the broadest definition persons in the pertinent art have

given that term as reflected in at least one printed publication or issued patent.

[0028] The term "cell" refers to a collection of faces, or a collection of nodes that

implicitly define faces, where the faces together form a closed volume. Additionally, the

term "face" refers to an arbitrary collection of points that form a surface.

[0029] The term "communication limited" refers to when the execution speed of an

algorithm is limited by the speed at which processing cores are able to communicate and

synchronize their work through shared memory or high speed networks.

[0030] The term "memory limited" refers to when the execution speed of an algorithm is

limited by the rate at which data moves between memory and the CPU.

[0031] The term "instruction limited" refers to when the execution speed of an algorithm

is limited by the rate at which instructions are processed by the CPU.

[0032] The term "compositional reservoir simulation" refers to a simulation used to

simulate recovery processes for which there is a need to know the compositional changes in

at least part of the reservoir. For example, compositional simulations can be helpful in

studying (1) depletion of a volatile oil or gas condensate reservoir where phase compositions

and properties vary significantly with pressure below bubble or dew point pressures, (2)



injection of non-equilibrium gas (dry or enriched) into a black-oil reservoir to mobilize oil by

vaporization into a more mobile gas phase or by condensation through an outright (single-

contact) or dynamic (multiple-contact) miscibility, and (3) injection of CO2 into an oil

reservoir to mobilize oil by miscible displacement and by oil viscosity reduction and oil

swelling.

[0033] Compositional reservoir simulations that use an EOS to describe the phase

behavior of multi-component fluid mixtures may be time consuming due to the large number

of iterative phase equilibrium calculations and the large number of flow equations to solve.

The number of equations that are solved in EOS calculations is proportional to the number of

components in the fluid. Since a reservoir fluid can contain hundreds of pure components, it

may not be practical to perform compositional simulations in which all reservoir components

are used in the calculations. It is therefore desirable to keep the number of components used

in describing a fluid mixture to a minimum.

[0034] The term "computer component" refers to a computer-related entity, hardware,

firmware, software, a combination thereof, or software in execution. For example, a

computer component can be, but is not limited to being, a process running on a processor, a

processor, an object, an executable, a thread of execution, a program, and a computer. One or

more computer components can reside within a process or thread of execution and a

computer component can be localized on one computer or distributed between two or more

computers.

[0035] The terms "equation of state" or "EOS" refers to an equation that represents the

phase behavior of any fluid, including hydrocarbons. In a reservoir simulation, an equation

of state may be used for hydrocarbon phases only, and empirical correlations may be used to

describe the aqueous phase. The EOS may be used in computer-based modeling and

simulation techniques to create a model for estimating the properties and/or behavior of the

hydrocarbon fluid in a reservoir of interest. Once an EOS model is defined, it can be used to

compute a wide array of properties of the petroleum fluid of the reservoir, such as gas-oil

ratio (GOR) or condensate-gas ratio (CGR), density of each phase, volumetric factors and

compressibility, heat capacity and saturation pressure (bubble or dew point). Thus, the EOS

model can be solved to obtain saturation pressure at a given temperature. Moreover, GOR,

CGR, phase densities, and volumetric factors are byproducts of the EOS model. Transport

properties, such as conductivity, diffusivity, or viscosity, can be derived from properties

obtained from the EOS model, such as fluid composition.



[0036] The terms "non-transitory, computer-readable medium", "tangible machine-

readable medium" or the like refer to any tangible storage that participates in providing

instructions to a processor for execution. Such a medium may take many forms, including

but not limited to, non-volatile media, and volatile media. Non-volatile media includes, for

example, NVRAM, or magnetic or optical disks. Volatile media includes dynamic memory,

such as main memory. Computer-readable media may include, for example, a floppy disk, a

flexible disk, hard disk, magnetic tape, or any other magnetic medium, magneto-optical

medium, a CD-ROM, any other optical medium, a RAM, a PROM, and EPROM, a FLASH-

EPROM, a solid state medium like a holographic memory, a memory card, or any other

memory chip or cartridge, or any other physical medium from which a computer can read.

When the computer-readable media is configured as a database, it is to be understood that the

database may be any type of database, such as relational, hierarchical, object-oriented, and/or

the like. Accordingly, exemplary embodiments of the present techniques may be considered

to include a tangible storage medium or tangible distribution medium and prior art-

recognized equivalents and successor media, in which the software implementations

embodying the present techniques are stored.

[0037] The term "latency" refers to a measure of time delay experienced in a system.

[0038] The term "phase behavior" refers to how a fluid mixture splits into two or more

phases as a function of pressure, temperature, and composition. A mixture's phase may be

either solid, vapor, liquid, or supercritical.

[0039] The term "phase" refers to a chemically or physically uniform quantity of matter

that can be separated mechanically from a non-homogenous mixture. It may consist of a

single substance or a mixture of substances. Generally, the four phases of matter are solid,

liquid, gas, and plasma. However, the term "phase" is also used to describe other properties

or states of matter, such as separated layers of non-miscible liquids, colloidal substances or

mixtures, and amorphous solids. In hydrocarbon production, aqueous (water), liquid (oil),

and vapor (gas) phases are often present.

[0040] The term "property" refers to data representative of a characteristic associated

with different topological elements on a per element basis. Generally, a property could be

any computing value type, including integer and floating point number types or the like.

Moreover, a property may comprise vectors of value types. Properties may only be valid for

a subset of a geometry object's elements. Properties may be used to color an object's

geometry. The term "property" may also refer to characteristic or stored information related

to an object. Application of the appropriate definition is intuitive to one skilled in the art of



computer science.

[0041] The term "specialization" refers to generating a version of a computer program or

algorithm for a specific set of input parameters.

[0042] The term "thread" refers generally to an instance of execution of a particular

program using particular input data. Parallel threads may be executed simultaneously using

different processing engines, allowing more processing work to be completed in a given

amount of time.

Overview

[0043] 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 implement an example methodology. Blocks may be

combined or separated into multiple components. Furthermore, additional and/or alternative

methodologies can employ additional, not illustrated blocks. While the figures illustrate

various serially occurring actions, it is to be appreciated that various actions could occur

concurrently, substantially in parallel, and/or at substantially different points in time.

[0044] An embodiment provides a method for optimizing matrix and vector operations in

instruction limited algorithms on arbitrary hardware architectures. Computer algorithms may

contain various matrix and vector operations. The speed of any computer algorithm is

limited by three possible bottlenecks: instruction throughput, memory throughput, and in the

case of clusters, communication throughput. Most scientific algorithms are either memory or

communication limited by the hardware on which they are processed. However, EOS

calculations are typically instruction limited, meaning the ultimate speed of EOS algorithms

may be determined by the rate at which the hardware is able to execute the individual

operations. As a result, optimization may involve efficiently moving data between cache and

the hardware registers where calculations take place. This data may include matrix and

vector data.

[0045] FIG. 1 is a process flow diagram summarizing a method 100 of optimizing matrix

and vector operations in instruction limited algorithms that perform EOS calculations

according to an embodiment of the present techniques. At block 102, each matrix is divided

into a plurality of tiles. A tile may be generally described as a smaller sub-matrix formed

from the original, larger matrix. FIG. 3 further describes dividing matrices into tiles.

Additionally, each matrix may be associated with an EOS stability equation or an EOS phase



split equation with either a heterogeneous or homogeneous tile size. At block 104, each

vector is divided into a plurality of strips. Like a tile, a strip may be generally described as a

smaller sub-vector, formed from the original, larger vector. Each vector may be associated

with the EOS stability equation or an EOS phase split equation.

[0046] At block 106, the tiles and strips may be organized in computer storage, such as

main memory, cache, or registers. Before the data contained in the tiles and strips can be

operated upon, at least one of the operands is transferred to the hardware registers.

Unnecessary data transfers may slow down the CPU execution speed. To make data transfers

more efficient, modern hardware architectures may use a cache memory as a buffer between

main memory and registers, as cache memory can be faster and have a lower latency

compared to main memory. At block 108, matrix and vector calculations may be performed

in parallel using tiles and strips, with all matrix and vector calculations expressed in terms of

tile and strip operations. Further, in EOS calculations, the matrix and vector operations

associated with successive substitution and Newton iterations may be performed in parallel

using the tiles and strips. FIGS. 6-9 further describe successive substitutions as well as

Newton iterations. Parallelization can be used to speed up the individual tile and strip

operations or to perform multiple tile and strip operations simultaneously.

[0047] FIG. 2 is a diagram 200 that shows a memory hierarchy according to an

embodiment of the present techniques. As illustrated by diagram 200, modern CPUs

typically have a multilevel cache hierarchy 202. Diagram 200 has three levels of cache,

Level 1 at 204, Level 2 at 206, and Level 3 at 208. Cache Level 1 at 204 is closest to the

registers 210, and cache Level 3 is closest to main memory 212. Accordingly, speed 214

increases and latency 216 decreases the closer to the registers 210 that data is stored. Every

data transfer between main memory 212 and the multilevel cache hierarchy 202, within the

multilevel cache hierarchy 202 itself, or between the multilevel cache hierarchy 202 and

registers 210 takes a finite amount of time. Unnecessary data transfers may cause the

hardware to waste several computer clock cycles waiting for data to process. On modern

CPUs, data associated with small problems such as EOS calculations may fit completely

within cache memory levels. Accordingly, data transfer issues on modern CPUs typically

occur between cache memory levels and registers. Conversely, modern GPUs typically have

a significantly smaller amount of cache memory available. Thus, data transfer issues on

modern GPUs typically occur between cache memory levels and main memory.



Optimization Techniques

[0048] Optimization techniques to address instruction throughput include tiling, per-tile

optimizations, specialization, strips, and vectorization. Implementing them efficiently may

be a challenge because although matrices are two-dimensional data structures, matrices are

typically stored in one-dimensional memory. The manner in which a matrix is stored in

memory influences the number of data transfers needed to perform a matrix operation. As

discussed above, unnecessary data transfers may cause the hardware to waste several

computer clock cycles waiting for data to process.

[0049] Generally, there are two types of computer architectures available, scalar and

vector. Scalar architectures may operate on a single data element at a time, while vector

architectures may operate on several data elements simultaneously. The central processing

unit (CPU) found in various computer and mobile devices is an example of a scalar hardware

architecture. The graphical processing unit (GPU) found on computer video cards is an

example of a vector hardware architecture. Both architectures may consist of several cores

between which the work can be divided. Division of the work can achieved by splitting the

work into smaller subtasks called threads.

[0050] FIG. 3 is a diagram 300 illustrating how two-dimensional matrices 304 - 308 map

into linear memory 302 using three different storage formats according to an embodiment of

the present techniques. One common method of storing a matrix is to place rows of data next

to each other. This is referred to as a row-major storage format, and is shown at row-major

matrix 304. Alternatively, one can place columns of data next to each other to obtain a

column-major storage format, shown at column major matrix 306. These two storage formats

may yield a high number of unnecessary data transfers between hardware registers and cache

memory when applied to various calculations. The data transfer issue may be resolved by

dividing the matrix into smaller sub-matrices called tiles, which are shown at tiled matrix

308. The size of an individual tile 310 is selected to ensure that at least one operand in each

arithmetic operation and the intermediate results associated with a tile operation remain in the

registers. In this manner, data transfer between registers and cache may be minimized, and as

a result, a larger fraction of the CPU cycles may be spent on computations. Matrices may be

subdivided into homogeneous tiles or heterogeneous tiles. Using heterogeneous tiles may

allow matrices of any size to use a tiled storage format.

[0051] FIG. 4 is a diagram 400 that shows homogeneous tiles and heterogeneous tiles

according to an embodiment of the present techniques. A matrix 402 contains tiles at

reference number 404, each of which is the same size. Thus, the tiles of matrix 402 are



homogeneous tiles. A matrix 406 contains tiles at reference number 408, tiles at reference

number 410, and tiles at reference number 412. The tiles at reference number 408, the tiles at

reference number 410, and the tiles at reference number 412 vary in size. Thus, the tiles of

matrix 402 are heterogeneous tiles. Matrices with homogenous tiles as well as matrices with

heterogeneous tiles may be used in the present techniques. Moreover, the tiles may be

organized or stored in the main memory, cache, or registers in a sequential or interleaved

fashion. Strips, as discussed herein, may also be organized or stored in the main memory,

cache, or registers in a sequential or interleaved fashion. Further, the tiles may be

implemented using a scalar hardware architecture or a vector hardware architecture.

[0052] The size of the tiles, whether homogenous or heterogeneous, may be selected in

order to minimize data transfer between different levels of the memory hierarchy within a

single hardware architecture. When the tiles are homogeneous, the matrix size may be

restricted to be an integer multiple of the tile size. This integer multiple matrix size can be

achieved for any matrix by padding the matrix with dummy elements to a size that allows for

the use of homogeneous tiles. However, unless matrix size is significantly larger than tile

size, padding the matrix may significantly increase the computational time of a matrix

operation. In this scenario, using heterogeneous tiles may eliminate this increase in

computational time because the matrix can be divided into tiles without the use of padding.

[0053] Using tiles allows for optimization on a per-tile basis. In other words, per-tile

optimization facilitates using a divide and conquer approach, where optimizing the matrix

operations may be reduced to operating a handful of tile operations. For example, EOS-

specific tile operations may be used to calculate fugacity derivatives and for construction of

the Jacobian matrix in the Newton algorithms. The Newton algorithm also uses linear solvers.

In EOS calculations, the Jacobian matrices are dense, such that most elements are nonzero.

Two common algorithms solving linear sets of equations with dense Jacobian matrices are

Gaussian elimination and Upper-Lower (UL) factorization, which can both be expressed in

terms of tile operations. Per-tile optimization may reduce loop overhead and jump overhead.

The loop overhead refers to the computational overhead associated with each loop. This

overhead may be a result of conditions that must be evaluated during each iteration of the

loop to determine whether or not a subsequent iteration of the loop will occur. Likewise, the

jump overhead refers to the computational overhead associated when a computer program

encounters an instruction telling it to jump from one line in the code to another. Jump

overhead typically occurs as a result of function calls, loop iterations, or when the execution

path depends on the outcome of some test (branching). Such jump instructions can slow



down execution speed considerably unless the jump overhead is small compared to the time it

takes to execute the code between jumps.

[0054] In order to reduce loop and jump overhead, modern compilers may "unroll" loops,

if possible. When unrolling a loop, the compiler may evaluate the condition controlling the

number of iterations of the loop, and translate the loop into corresponding non-loop

instructions. For example, in EOS algorithms, the number of loop iterations may be

controlled by the number of components in the mixture. Typically, the number of

components in the mixture is not available to the compiler, preventing loop unrolling from

taking place. In contrast, tiles associated with EOS calculations may have a predetermined

size, and each loop that has been associated with a tile operation and is based on tile size can

be completely unrolled. Similarly, in EOS calculations, each loop that has been associated

with a strip and is based on the strip size can be completely unrolled.

[0055] Another optimization technique may be to use register variables. A common

programming practice when using data structures such as vectors and matrices is to use

pointers that point to the address of the first data element in the structure. Using this address

as a reference, the algorithm knows how to access other data elements. The use of pointers in

this manner can lead to unnecessary data transfer between hardware registers and cache

memory, especially when the compiler assumes that multiple pointers may point to the same

data address. To avoid data inconsistencies, any data element modified in the registers may

be copied to cache memory to ensure that every pointer has access to the latest update.

Similarly, a data element may be copied from cache memory every time it is to be operated

upon to make sure the register variable is up to date. Excess data transfers can be avoided by

using register variables for intermediate calculations or to hold copies of input data. Thus,

data in the register variables are not accessible by pointers, and data is no longer copied

unnecessarily between registers and cache memory.

[0056] Optimization with specialization involves making several versions of the

optimized algorithms to accommodate unrolling loops that are dependent on an unknown

number of tiles, as opposed to loops that are dependent on tile size. As discussed herein,

loops that are based on tile size may be unrolled, as tile size is known to the compiler.

However, the number of tiles may be unknown. Thus, loops depending on the number of

tiles may not be unrolled. Specialization provides an algorithm for each number of tiles of

interest. Each algorithm version has a known number of tiles, which allows loops based on

the number of tiles to be unrolled. Specialization also applies to loops associated with vector

operations, and can be automated using templates. For example, unrolling loops through



specialization may occur when a number of different EOS algorithms are generated for

mixtures with different numbers of components.

[0057] Tiling does not apply to vectors, as vectors are one-dimensional data structures.

In order to reduce loop and jump overhead associated with vectors, the vectors can be divided

into strips. Using strips facilitates loop-unrolling and the use of register variables in the same

manner as tiles. For example, loops may be unrolled based on the strip size. Strips take

advantage of various algorithms that involve vector operations, separate and distinct from

vectorization, as discussed herein.

[0058] Single instruction multiple data (SIMD) and single instruction multiple threads

(SIMT) vectorization may also optimize instruction limited algorithms. A SIMD instruction

simultaneously operates on multiple data elements. Most modern CPUs implement SIMD

instructions, often referred to as vector extensions. With GPUs however, there are both

SIMD and SIMT architectures. SIMD instructions may be executed by a single processing

core while SIMT instructions are executed by multiple processing cores. Both SIMD and

SIMT instructions may be used to speed up instruction limited algorithms.

[0059] FIG. 5 is a diagram 500 that illustrates how the number of instructions may be

reduced by SIMD/SIMT vectorization according to an embodiment of the present techniques.

Each array 502-508 represents a data segment which may be operated upon. The numbers

identify the instructions operating on the individual data elements. Double precision scalar

instructions are shown at reference number 502 and double precision vector instructions are

shown at reference number 504. Single precision scalar instructions are shown at reference

number 506, and single precision vector instructions are shown at reference number 508. For

example, assume the size of each vector to be 128 bit. The same operation may be performed

on each element in an array. Using double precision vectors, each operation operates on two

data elements, reducing the number of instructions by a factor of two. Single precision

vectors contain twice the number of data elements and the number of instructions is reduced

by a factor of four. Thus, single precision, double precision, or mixed precision vectorization

of data elements may be used with SIMD or SIMT vector instructions. Further, single

precision, double precision, or mixed precision vectorization may be used to perform EOS

calculations in parallel, where each EOS calculation may correspond to a different mixture.

[0060] In instruction limited algorithms, switching from double to single precision may

not speed up calculations. Although the size of the data elements is reduced, the number of

instructions remains the same. Taking advantage of single precision involves using vector

instructions. Speed-up occurs with single precision vector instructions because single



precision vectors hold twice as many elements when compared to double precision vectors.

Thus, each instruction operates on twice the number of data elements.

[0061] SIMD/SIMT vectorization can be used to speed up individual tile and strip

operations. In this scenario, the tiles and strips may be an integer multiple of SIMD/SIMT

vector length. Consequently, this approach is used for short SIMD/SIMT vectors.

Alternatively, SIMD/SIMT vectorization can be used to perform several tile and strip

operations in parallel. In this scenario, the tiles and strips may be interleaved, such that each

SIMD/SIMT vector instruction accesses single elements from each tile or strip. Since the

data elements accessed by each SIMD/SIMT vector instruction belong to separate tiles or

strips, the a SIMD/SIMT vectorization with tile and strip operations in parallel may not add

any restrictions to vector or strip size, and can be used with SIMD/SIMT vectors of arbitrary

length. In this manner, single precision, double precision, or mixed precision vectorization of

tile and strip operations associated with EOS calculations, or data elements within the tiles

and strips associated with EOS calculations, may use single instruction multiple data or single

instruction multiple thread vector instructions. The vector registers of most modern CPUs

can hold two double precision or four single precision elements, or even four double

precision or eight single precision elements.

Examples

[0062] The various optimizations described herein can be combined in many different

ways and may be tailored for the particular hardware on which the algorithm may run. For

descriptive purposes, three examples are illustrated. However, the examples are for

descriptive purposes and are not intended to limit the present techniques. As such, the first

example may be designed for hardware without SIMD instructions, the second example may

be designed for hardware with short SIMD vectors, and the third example may be designed

for hardware with SIMD vectors of arbitrary length.

[0063] I . In the first example, the hardware may not support SIMD instructions. All

matrices may be organized into tiles, and data inside the tiles may use either a row-major,

column-major, or tiled storage format as described herein. Tiles inside the matrices may be

organized or stored sequentially in main memory, cache, or registers. The tile size may be

selected in a manner that uses the registers as efficiently as possible. Currently, typical

desktop and workstation CPUs may have 16 registers, thus three-by-three and four-by-four

are reasonable tile sizes. Using homogeneous tile sizes introduces granularity in the number

of components. For example, using a tile size of n-by-n may drive the number of components

to be a multiple of n. For mixtures where the number of components is not a multiple of n,



the adding trace amounts of dummy components may allow the component total to be a

multiple of n. To avoid excessive padding, tile sizes may be kept small, even when using

hardware with a large number of registers.

[0064] Alternatively, padding can be avoided completely by dividing matrices into tiles

of different sizes. Tile operations performed may include linear algebra operations like

matrix-matrix multiplication, matrix-vector multiplication, and matrix inverse. In addition,

the various sets of linear equations may be solved using a linear solver based on optimized

tile operations.

[0065] Additionally, when used on hardware without SIMD instructions, vectors may be

organized into strips. Strip length may match the tile size. For example, using a tile size of

n-by-n implies using a strip length of n. Vector operations may be expressed as a series of

strip operations. This allows partial unrolling of corresponding loops as described herein.

Other loops may be unrolled using specialization. However, within the linear solver, some

loops may be too complex for the compiler to unroll. These loops may be unrolled manually

or through the use of templates.

[0066] II. In the second example, the hardware may support SIMD instructions on short

vectors. Accordingly, SIMD instructions may be used to speed up the individual tile and

strip operations through vectorization as discussed herein. This implies that computations

related to several data elements may be performed in parallel, and both single and double

precision SIMD vectors may be used. All matrices may be organized into tiles, and data

inside the tiles may use either a row-major or column-major storage format. The tile size

may be selected in a manner that uses the registers as efficiently as possible. Since

vectorization is used to speed up the individual tile operations, the tile size may be selected to

be an integer multiple of vector length, even if the tile sizes are heterogeneous. Typical

desktop and workstation CPUs that implement SIMD vectors can hold two double precision

or four single precision elements, or even four double precision or eight single precision

elements. Additionally, strip length may also be an integer multiple of vector length and can

be chosen to match the tile size.

[0067] In the second example, tile operations may be redesigned to work in terms of

SIMD instructions. In addition to matrix-matrix multiplication, matrix vector multiplication,

and matrix inverse operations, an algorithm to calculate the matrix transpose may also be

implemented. Apart from using the SIMD based tile-operations, the linear solver may be

nearly identical to the first example. However, for the second example, one main difference

is that SIMD vector alignment inside each tile has to be taken into account. Horizontal SIMD



vector alignment implies that all data elements in a SIMD vector belong to the same row in a

tile. Similarly, vertical SIMD vector alignment implies that all data elements in a SIMD

vector belong to the same column in a tile. The individual tile operations assume a particular

SIMD vector alignment and occasionally, the SIMD vector alignment inside a tile has to be

flipped. This can be done by using the matrix transpose operation. Strip operations may be

expressed in terms of SIMD instructions, and specialization may occur with loops unrolled

manually or through the use of templates.

[0068] In a partial implementation of the second example, the optimized algorithms were

tested by performing EOS calculations on a twenty component mixture and recording average

execution times for various sub-algorithms. Optimizations related to using strips were not

included. Table 1 shows the execution times obtained for the stability and phase-split

algorithms. The implemented optimizations led to an average speed-up of a factor of 2.2.

[0069] The speed-up was largely due to a significant performance improvement in the

Newton algorithms performed in the stability and phase split algorithms. Table 2 shows the

performance improvement seen for the both the successive substitution and Newton

algorithms as applied to the stability and phase split algorithms.

S = Stability, PS = Phase-Split

[0070] The significant speed-up in the Newton algorithms was anticipated because

several of the matrix operations take place in the Newton algorithms, and the matrix

operations can greatly benefit from the optimizations described herein. The Newton

algorithms call a handful of fundamental sub-algorithms, such as the Jacobian and linear



solver, while calculating the EOS parameters involves a matrix-vector multiplication and

finding the roots of a cubic equation. Table 3 lists the performance improvement in these

fundamental algorithms. A significant speed-up occurred in the linear solver, where

performance was increased by nearly a factor of six.

Table 3; Execution Times for Fundamental Al orithms

S = Stability, PS = Phase-Split

[0071] III. The third example is applicable to hardware supporting SIMD vectors of

arbitrary length. The implementation uses SIMD vectors to run several algorithms in parallel

by reordering the loops such that the innermost loops depend on the number of simultaneous

calculations. Both single and double precision SIMD vectors may be used in vectorization as

described herein. Data organization or storage may include interleaving tiles as opposed to

storing tiles sequentially in memory. Interleaving tiles can improve SIMD vectorization.

The number of interleaved tiles may match the length of the SIMD vector, which may also

depend on the hardware architecture. Strips can be interleaved in a similar fashion. Table 4

shows the execution times obtained for the stability and phase-split algorithms for the second

and third approaches as compared to a reference execution time.

[0072] Table 5 shows the performance improvement seen for the both the successive

substitution and Newton algorithms as applied to the stability and phase split algorithms for

the second and third approaches as compared to a reference execution time.



Substitution (PS)
Newton (S) 82.0µ 22.3 µ 9.5 µ8
Newton (PS) 37.9µ 13.9µ 6.7µ8

S = Stability, PS = Phase-Split

[0073] Table 6 lists the performance improvement in these fundamental algorithms for

the second and third approaches as compared to a reference execution time. Note that Tables

4-6 included updated calculations for the second approach that differ slightly from the results

of Tables 1-3, respectively.

Table 6; Execution Times for Fundamental Al orithms

S = Stability, PS = Phase-Split

[0074] In the third example, tile size may no longer be affected by vector length and may

be chosen to utilize the registers as efficiently as possible. On GPUs where a small amount

of cache memory is available, tile size can be chosen to reduce data transfer between main

and cache memory. Likewise, strip length is no longer affected by vector length and can be

chosen to match tile size.

[0075] Further, tile operations may be redesigned to work in terms of SIMD instructions.

Due to a different data structure, the design in the third example may be different than in the

second example. A matrix transpose operation may no longer be necessary. Similarly, apart

from using the SIMD based tile-operations, the linear solver in the third example may be

identical to the linear solver in the first example. Strip operations may be expressed in terms

of SIMD instructions and specialization may be used. The complex loops in the linear solver

may be unrolled manually or through the use of templates.

Industry Examples

[0076] The matrix and vector optimizations in instruction limited algorithms described

herein may be applied in various scenarios, such as 3D graphics analysis, encryption, data

mining, compression, signal processing, image processing, chain rule evaluation, numerical

methods such as finite element and finite volume analysis, and pattern recognition such as

seismic patterns. In the case of 3D graphics analysis, the matrices can be so small that tiling



may not be necessary, but other optimizations described herein may be used. In other cases

such as image processing, the matrices can be so large that the operations are memory

constrained and maximum speed is obtained when the matrices are tiled for efficient data

transfer between memory and cache. For such large matrices, a nested tiling strategy may be

used to optimize data transfer between the different cache levels and between cache and

registers. Finding optimal tile sizes may rely on trial and error. Moreover, using

heterogeneous tiles provides freedom in the choice of tile size.

[0077] Additionally, using the present techniques with finite element methods can ensure

maximum efficiency when operating on each block without putting any restrictions on the

block-size. The variation within each finite element numerical cell may be described by

shape functions. This may imply that the coefficient matrix of the linear system resulting

from the shape functions is block-sparse, where the non-zero elements appear in clusters.

Sparse matrix storage formats may take advantage of this structure by storing each block

contiguously in memory. Block sparse matrices can also appear in other numerical methods,

such as the finite volume method.

[0078] The present techniques may be applied to seismic pattern recognition, where a set

of matrix operations are performed on each data point and the neighbors of each data point.

The included neighbors define a 3D window centered on the data point of interest. The size

and shape of the 3D window is determined by the geological feature one is looking for.

Through tiling, the matrix operations may be more efficient.

[0079] The present techniques may also be applied to chain rules, where chain rules are

used to calculate the derivatives of one set of variables with respect to another when there is

an implicit relationship between the two variable sets. Tile and strip optimizations may be

applied where small matrix vector operations are associated with chain rules.

[0080] Likewise, tile and strip optimizations may be applied to EOS calculations in an

EOS model on arbitrary hardware architectures. EOS calculations may be used to determine

the stable thermodynamic state of a mixture, and typically include a number of nested loops.

The loop and jump overhead associated with loops in EOS calculations may be as

computationally expensive as the operations inside the loop. Efforts to analyze EOS models

have generally focused on reducing the computational effort associated with the EOS

calculations without attention to how the individual EOS calculations may be implemented to

take full advantage of the underlying hardware.

[0081] Finding the stable thermodynamic state of a mixture corresponds to finding the

global minimum of a thermodynamic function, such as Gibbs free energy. Although global



minimization techniques exist, they are generally too computationally expensive to include in

reservoir simulations. As a result, the petroleum industry has largely converged on an

equation-solving approach where EOS calculations are divided into stability tests and phase

split calculations.

[0082] A stability test may determine whether a given phase is stable or splits into at least

two distinct phases. If the test phase is unstable, the amount and composition of all phases

may be determined by a phase split calculation. Subsequently, the stability test may be

repeated for at least one of the new phases to determine if more phases exist. The stability

test may be repeated until a stable configuration of phases has been determined. Generally,

water is considered immiscible with all other phases, and only non-aqueous phases are

included in the EOS calculations.

[0083] FIG. 6 is a process flow diagram summarizing a method of performing an EOS

calculation according to an embodiment of the present techniques. At block 602, the starting

point is initialized with a guess for the equilibrium ratio Ki defined as the mole fraction ¾ of

component i between phase B and a reference phase A, such that the conditions in Eqn. 1 are

satisfied.

i = ni /niA (1)

At block 604, a stability test checks how the formation of a tiny amount of a second phase

affects the Gibbs free energy of the mixture, based on an initial guess for ¾ . In other words,

the stability test may determine if the mixture splits into at least two phases. The small

perturbation of the original composition justifies using a first order Taylor expansion to

describe the Gibbs free energy of the abundant phase. The resulting set of non-linear

equations to solve is shown in Eqn. 2.

In i + In φ Τ ,Ρ ,η - µ ,Ρ ,η ) = 0 (2)

In Eqn. 2, µ is chemical potential, φ is fugacity, and the superscript '0' denotes the fluid

properties of the original mixture. The variable relates to mole fractions ¾ through the

expression shown in Eqn. 3.

¾ = Ni/∑Nj (3)



[0084] At block 606, the stability of the mixture is determined. If the stability test

concludes that the mixture is stable, the method proceeds to block 610. A stable mixture

requires no further phase split because there is only one phase present, and the Gibbs free

energy will not decrease with the formation of another phase. However, if the stability test

concludes that the Gibbs free energy does decrease with the formation of another phase, the

mixture is not stable and the method proceeds to block 608. At block 608, a phase split

calculation is performed. The phase split will determine the amount and the composition of

each phase present in each simulation cell. The corresponding set of non-linear equations to

solve expresses chemical equilibrium between phases, as shown in Eqn. 4.

In ¾ - In φ Α(Τ ,Ρ ,η Α) + h φ (Τ ,Ρ , ) = 0 (4)

From mass conservation it can be shown that mole fractions ¾ relate to equilibrium ratios by

the expressions in Eqn. 5.

n A = ni°/(l+P(Ki-l)), η = ¾ n A (5)

In Eqn. 5, β is the solution to the Rachford-Rice equation given by Eqn. 6.

The approach readily extends to multiple phases.

[0085] After completing the phase split calculation, the method proceeds to block 610,

where selected fluid properties and derivatives are computed for each phase. This

information is needed when modeling the flow of each phase in the simulation.

[0086] The non-linear nature of the stability and phase split equations requires an

iterative solution procedure. A common approach is to use successive substitutions (SS) until

a switching criterion is met and then use Newton iterations until convergence.

[0087] FIG. 7 is a process flow diagram 700 summarizing the iterative nature of stability

and phase-split algorithms for an EOS calculation according to an embodiment of the present

techniques. At block 702, successive substitution is performed. The steps of successive

substitution are further described in FIG. 8. At block 704, a check on the convergence of the

successive substitution is performed. If the successive substitution has converged, the

method proceeds to block 706. If the successive substitution has not converged, the method

returns to block 702. In this manner, successive substitution is performed, in a loop, until a



switching criterion is met, as described below.

[0088] Likewise, at block 706, the Newton calculation is performed. The steps of a

Newton calculation are further described in FIG. 8. At block 708, a check on the

convergence of the Newton calculation is performed. If the Newton calculation has

converged, the method terminates at block 710. If the Newton calculation has not converged,

the method returns to block 706. In this manner, the Newton calculation is performed in a

loop until the calculation has converged.

[0089] Typically, checking for convergence may imply comparing a norm of the

residuals of Eqn. 2 or Eqn. 4 to a predetermined criterion. With the successive substitution

loop, the criterion may be relatively loose, while the criterion for the Newton loop may be

much stricter. Because the convergence criterion of the successive substitution loop

determines when the algorithm switches to the Newton loop, it is frequently referred to as the

switching criterion.

[0090] FIG. 8 is a process flow diagram 800 summarizing a method of performing the

successive substitution (block 702 of FIG. 7) and Newton algorithms (block 706 of FIG. 7)

according to an embodiment of the present techniques. Both the successive substitution

algorithm (block 702 of FIG. 7) and Newton algorithm (block 706 of FIG. 7) involve the

same basic calculations. At block 802, the composition is updated. The main difference in

the successive substitution algorithm (block 702 of FIG. 7) and Newton algorithm (block 706

of FIG. 7) is how the composition is updated.

[0091] When performing successive substitution, the composition is updated by updating

In Ni and In K directly from Eqn. 2 and Eqn. 4. Subsequently, the corresponding mole

fractions are computed from equations Eqn. 3 and Eqn. 5, respectively. The Newton

algorithms update composition based on the residuals of equations Eqn. 2 and Eqn. 4. The

residuals of Eqn. 2 and Eqn. 4 may be described as the amount by which the left hand side of

each respective equation deviates from zero. Exactly how the residuals translate into

composition updates is determined by the Jacobian of the linear systems. The Jacobian of the

linear systems refers to the matrix the derivatives of equations Eqn. 2 and Eqn. 4,

respectively. Additionally, the Newton algorithms involve calculating fugacity derivatives

and solving a linear system of equations, as further explained in FIG. 9.

[0092] While the Newton algorithm converges rapidly whenever a good initial guess is

provided, it may diverge when the initial guess is far from the true solution. Accordingly, the

more robust successive substitutions may be used to obtain a good initial guess. The Newton

algorithm may then be applied until convergence. Although the Newton algorithms are



computationally more costly than successive substitutions, the cost may be justified by an

increased convergence rate.

[0093] At block 804, the EOS parameters are updated, and at block 806 fugacity

coefficients are updated. At block 808, residuals are updated. At block 810, a check for

convergence is performed. If the algorithm has converged, the method terminates at block

812. If the algorithm has not converged, the method returns to block 802.

[0094] FIG. 9 is a process flow diagram summarizing a method of how compositions

may be updated within a Newton iteration. At block 902, fugacity derivatives with respect to

mole fractions are computed.

[0095] At block 904, the fugacity derivatives are used to construct the Jacobian matrix of

the nonlinear system of equations to be solved. The Jacobian matrix is defined as the residual

derivatives with respect to primary variables. In the stability and phase split algorithms,

residuals are defined by Eqn. 2 and Eqn. 4, respectively.

[0096] At block 906, the resulting linear system of equations is solved to update the

primary variables. Once the primary variables are determined, composition is readily

updated. Through specialization, EOS algorithms may be generated for selected numbers of

components, allowing the compiler to unroll more loops. Also, an alternative use of

SIMD/SIMT vectorization is to run EOS calculations for multiple mixtures in parallel by

reordering the loops, such that the innermost loops depend on the number of simultaneous

EOS calculations. Using tiles reduces loop and jump overhead in EOS calculations because

the number of iterations of loops associated with the matrix operations depends on the

number of tiles instead of the number of components in the mixture. EOS tile operations may

also be used to calculate fugacity derivatives and for construction of the Jacobian matrix in

the Newton algorithms. The Newton algorithm also uses linear solvers. In EOS calculations,

the Jacobian matrices are dense, such that most elements are nonzero. Two common

algorithms solving linear sets of equations with dense Jacobian matrices are Gaussian

elimination and LU factorization, which can both be expressed in terms of tile operations.

System

[0097] FIG. 10 is a block diagram of a computer system 1000 that may be used to

optimize matrix and vector calculations in instruction limited algorithms according to an

embodiment of the present techniques. A central processing unit (CPU) 1002 is coupled to

system bus 1004. The CPU 1002 may be any general-purpose CPU, although other types of

architectures of CPU 1002 (or other components of exemplary system 1000) may be used as

long as CPU 1002 (and other components of system 1000) supports the operations as



described herein. Those of ordinary skill in the art will appreciate that, while only a single

CPU 1002 is shown in FIG. 10, additional CPUs may be present. Moreover, the computer

system 1000 may include a graphics processing unit (GPU) 1014. The system may comprise

a networked, multi-processor computer system that may include a hybrid parallel CPU/GPU

system. The CPU 1002 and GPU 1014 may execute logical instructions according to various

exemplary embodiments. For example, the CPU 1002 may execute instructions in parallel

with GPU 1014 for performing processing according to the operational flow described above

in conjunction with FIGS. 1, and 6-9. The processing described may be performed in

parallel.

[0098] The computer system 1000 may also include computer components such as non-

transitory, computer-readable media. Examples of computer-readable media include a

random access memory (RAM) 1006, which may be SRAM, DRAM, SDRAM, or the like.

The computer system 1000 may also include additional non-transitory, computer-readable

media such as a read-only memory (ROM) 1008, which may be PROM, EPROM, EEPROM,

or the like. RAM 1006 and ROM 1008 hold user and system data and programs, as is known

in the art. The computer system 1000 may also include an input/output (I/O) adapter 1010, a

communications adapter 1022, a user interface adapter 1024, a display driver 1016, and a

display adapter 1018. The I/O adapter 1010, the user interface adapter 1024, and/or

communications adapter 1022 may, in certain embodiments, enable a user to interact with

computer system 1000 in order to input information.

[0099] The I/O adapter 1010 may connect additional non-transitory, computer-readable

media such as a storage device(s) 1012, including, for example, a hard drive, a compact disc

(CD) drive, a floppy disk drive, a tape drive, and the like to computer system 1000. The

storage device(s) may be used when RAM 1006 is insufficient for the memory requirements

associated with storing data for operations of embodiments of the present techniques. The

data storage of the computer system 1000 may be used for storing information and/or other

data used or generated as disclosed herein. User interface adapter 1024 couples user input

devices, such as a keyboard 1028, a pointing device 1026 and/or output devices to the

computer system 1000. The display adapter 1018 is driven by the CPU 1002 to control the

display on a display device 1020 to, for example, display information or a representation

pertaining to the simulation resulting from calculations according to certain exemplary

embodiments.

[00100] The architecture of system 1000 may be varied as desired. For example, any

suitable processor-based device may be used, including without limitation personal



computers, laptop computers, computer workstations, and multi-processor servers.

Moreover, embodiments may be implemented on application specific integrated circuits

(ASICs) or very large scale integrated (VLSI) circuits. In fact, persons of ordinary skill in the

art may use any number of suitable structures capable of executing logical operations

according to the embodiments.

[00101] In an embodiment, input data to the computer system 1000 may include 3D

graphics data, image data, reservoir models, and EOS models. Input data may additionally

include various matrix and vector data.

[00102] The present techniques may be susceptible to various modifications and

alternative forms, and the exemplary embodiments discussed above have been shown only by

way of example. However, the present techniques are not intended to be limited to the

particular embodiments disclosed herein. Indeed, the present techniques include all

alternatives, modifications, and equivalents falling within the spirit and scope of the

appended claims.



Claims

What is claimed is:

1. A method of optimizing matrix and vector operations in instruction limited

algorithms that perform EOS calculations, comprising:

dividing each matrix associated with an EOS stability equation or an EOS

phase split equation into a number of tiles, wherein the tile size is

heterogeneous or homogenous;

dividing each vector associated with the EOS stability equation or the EOS

phase split equation into a number of strips;

storing the tiles and strips in main memory, cache, or registers; and

performing the matrix and vector operations associated with successive

substitutions and Newton iterations in parallel using the tiles and strips.

2. The method recited in claim 1, comprising storing tiles or strips sequentially

or interleaved in main memory, cache, or registers.

3. The method recited in claim 1, wherein the tile size is selected in order to

minimize data transfers between different levels of a memory within a single hardware

architecture.

4. The method recited in claim 1, comprising unrolling loops based on tile or

strip sizes associated with the EOS calculations.

5. The method recited in claim 1, comprising dividing each matrix into a number

of tiles, wherein the matrix is padded to a size that allows for the use of homogeneous tiles.

6. The method recited in claim 1, comprising unrolling loops through

specialization, wherein a number of different EOS algorithms are generated for mixtures with

different numbers of components.

7. The method recited in claim 1, comprising single precision, double precision,

or mixed precision vectorization of EOS calculations or data elements within the tiles and



strips associated with EOS calculations using single instruction multiple data or single

instruction multiple thread vector instructions.

8. A computer system that is adapted to optimize matrix and vector operations in

instruction limited algorithms that perform EOS calculations, the computer system

comprising:

a processor; and

a tangible, machine-readable storage medium that stores machine-readable

instructions for execution by the processor, the machine-readable instructions

comprising:

code that, when executed by the processor, is adapted to cause the

processor to divide each matrix associated with an EOS

stability equation and an EOS phase split equation into a

number of tiles, wherein the tile size is heterogeneous or

homogenous;

code that, when executed by the processor, is adapted to cause the

processor to divide each vector associated with the EOS

stability equation and the EOS phase split equation into a

number of strips;

code that, when executed by the processor, is adapted to cause the

processor to store the tiles and strips in main memory, cache, or

registers; and

code that, when executed by the processor, is adapted to cause the

processor to perform the matrix and vector operations

associated with successive substitutions and Newton iterations

in parallel using the tiles and strips.

9. The system recited in claim 8, wherein the processor forms a scalar hardware

architecture or a vector hardware architecture.

10. The system recited in claim 8, comprising a main memory, cache, or register

that stores tiles or strips sequentially or interleaved.



11. The system recited in claim 8, comprising code that, when executed by the

processor, is adapted to cause the processor to unroll loops based on tile or strip sizes

associated with the EOS calculations.

12. The system recited in claim 8, comprising code that, when executed by the

processor, is adapted to cause the processor to divide each matrix into a number of tiles,

wherein the matrix is padded to a size that allows for the use of homogeneous tiles.

13. The system recited in claim 8, comprising code that, when executed by the

processor, is adapted to cause the processor to generate a number of different EOS algorithms

for mixtures with different numbers of components.

14. The system recited in claim 8, comprising code that, when executed by the

processor, is adapted to cause the processor to perform vectorization of single precision,

double precision, or mixed precision EOS calculations or data elements within the tiles and

strips associated with EOS calculations using single instruction multiple data or single

instruction multiple thread vector instructions.

15. A non-transitory, computer readable medium comprising code configured to

direct a processor to:

divide each matrix associated with an EOS stability equation and an EOS

phase split equation into a number of tiles, wherein the tile size is

heterogeneous or homogenous;

divide each vector associated with the EOS stability equation and the EOS

phase split equation into a number of strips;

store the tiles and strips in main memory, cache, or registers; and

perform the matrix and vector operations associated with successive

substitutions and Newton iterations in parallel using the tiles and strips.

16. The non-transitory, computer readable medium recited in claim 15,

comprising storing tiles or strips sequentially or interleaved in main memory, cache, or

registers.



17. The non-transitory, computer readable medium recited in claim 15,

comprising unrolling loops based on tile or strip sizes associated with the EOS calculations.

18. The non-transitory, computer readable medium recited in claim 15,

comprising dividing each matrix into a number of tiles, wherein the matrix is padded to a size

that allows for the use of homogeneous tiles.

19. The non-transitory, computer readable medium recited in claim 15,

comprising unrolling loops through specialization, wherein a number of different EOS

algorithms are generated for mixtures with different numbers of components.

20. The non-transitory, computer readable medium recited in claim 15,

comprising single precision, double precision, or mixed precision vectorization of EOS

calculations or data elements within the tiles and strips associated with EOS calculations

using single instruction multiple data or single instruction multiple thread vector instructions.
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