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Life is like a box of chocolates.

You never know what you gonna get.
({Forest Gump))

Life is like a Markov chain.
You never know where you gonna go.

(?)
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Abstract

A classical two-stage method to stochastic inverse problems in groundwater
and petroleum engineering starts from the generation of a series of independent
seed fields and then calibrates those fields to inverse-condition on nonlinearly
dependent state data from different sources, which is known as model calibra-
tion or history matching. However, an inherent deficiency exists in this type of
method: the spatial structure and statistics are not preserved during the pro-
cedure of model calibration and history matching. While the spatial structure
and statistics of models may be one of the most important error sources to
the prediction of the future performance of reservoirs and aquifers, it should
be consistent with the given information just as conditioning to linear data
and inverse-conditioning to nonlinear data. In other words, the realizations
generated should preserve the given spatial structure and statistics during the
procedure of conditioning and inverse-conditioning. Aiming at this problem, a
stochastic approach is presented in this study to generate independent, iden-
tically distributed (i.i.d) realizations which are not only conditional on static
linear data and inverse-conditional on dynamic nonlinear data but also have
the specified spatial structure and statistics.

Unlike those traditional two-stage methods, a conditional and inverse-
conditional simulation approach may directly generate i.i.d realizations to
honor both static data and state data in one step. The Markov chain Monte
Carlo (McMC) method was proved a powerful tool to perform such type of
stochastic simulation. One of main advantages of the McMC over the tradi-
tional sensitivity-based optimization methods to inverse problems is its power,
flexibility and well-posedness in incorporating observation data from different
sources. In this work, an improved version of the McMC method is presented
to perform the stochastic simulation of reservoirs and aquifers in the frame-
work of multi-Gaussian geostatistics.

First, a blocking scheme is proposed to overcome the limitations of the
classic single-component Metropolis-Hastings-type McMC. One of main char-
acteristics of the blocking McMC (BMcMC) scheme is that it fully preserves
the prior spatial structure and statistics as users specified. In addition, it
improves the mixing of the Markov chain and hence enhances the computa-
tional efficiency of the McMC. The LU-decomposition-based sampler is used
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to rapidly generate a huge number of candidates. A synthetic example is
presented to demonstrate the performance of the proposed BMcMC.

Second, in order to make the BMcMC method capable of dealing with
the high-dimensional cases, a multi-scale scheme is introduced to accelerate
the computation of the likelihood which greatly improves the computational
efficiency of the McMC due to the fact that most of computational efforts
are spent on the black-box-liked forward simulations. To this end, a flexible-
grid full-tensor finite-difference simulator, which is widely compatible with
the outputs from various upscaling subroutines, is developed to solve the flow
equations and a constant-displacement random-walk particle-tracking method,
which enhances the computational efficiency at different scales, is employed
to solve the transport problems. The generation of the proposal kernel is also
fast even for the high-dimensional case owing to the employment of an FFT-
based spectral sampler. The performance of the proposed multi-scale blocking
McMC (MsBMcMC) scheme is widely evaluated on the basis of a synthetic
example.

Finally, the uncertainty reduction due to conditioning on various types of
data from different sources is assessed with the aid of the synthetic example.
One of the novel achievements in this work is that the physical models are
constraint to the temporal moments of BTCs that are more easily accessi-
ble than the concentration data which are only sparsely distributed in space.
The worth on uncertainty reduction is evaluated by comparing to other data
sources.
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Resumen

La recopilacién de observaciones de la altura piezométrica y las medidas de
la conductividad hidrdulica local (o transmisividad) proporcionan una ines-
timable informacién para identificar el patrén espacial de los pardmetros en
acuiferos, incluso los caminos de flujo o barreras de flujo, y para reducir la
incertidumbre de los modelos de acuiferos. Para obtener dicha informacion
de conectividad a partir de las medidas y cuantificar la incertidumbre con
exactitud, el método Monte Carlo es normalmente utilizado para generar un
gran nimero de realizaciones de los parametros de acuiferos condicionados a
datos duros (conductividad) e inversamente condicionados a los datos de es-
tado (altura piezométrica). No obstante, la simulacién inversa condicionada
de los parametros de acuiferos es computacionalmente muy pesada, ya que
implica una optimizacion no lineal del problema para generar cada una de las
realizaciones inversas condicionadas. En contraste con algunos de los opti-
mizadores no lineales clasicos y buscadores de algoritmos, en este estudio se
presenta un esquema de cadena Markov Monte Carlo (McMC) para generar
realizaciones condicionadas multi-Gaussianas, muestreando directamente de
una distribucién posterior que incorpora informacioén a priori y observaciones
a posteriori en un esquema Bayesiano. Lo que hace de este método bastante
eficiente en la exploracién del espacio de los parametros del modelo es que el
nucleo propuesto es una aproximacién apropiada a la distribucién del objetivo
posterior y que la generacién de realizaciones de candidatos es muy rapida
debido a la descomposicién LU de la matriz de covarianza. Las realizaciones
generadas de esta forma no estan inicamente condicionadas por los datos duros
sino que también tienen la estructura espacial esperada. El funcionamiento
del esquema McMC propuesto es ampliamente evaluado mediante un ejemplo
sintético que simula el caso de flujo por gradiente natural. La propagacion
de incertidumbre debida al mapeado condicionado e inverso condicionado de
los modelos para acuiferos es entonces cuantificada en términos estadisticos
de tiempos de llegada, resolviendo los estados estacionarios de flujo asumidos
y los problemas de transporte conservativo ideal. La reduccién en la incer-
tidumbre de la prediccion, implica no sélo el valor de la altura piezométrica,
sino también el significado de los momentos temporales y las estadisticas de
conectividad en el mapeado de parametros de acuiferos.
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Una representacion adecuada de la variacién espacial detallada de los
parametros superficiales requiere modelos de acuiferos de alta resolucion. La
caracterizacién precisa de estos modelos a gran escala en un método Monte
Carlo recurre tipicamente a una simulacién estocastica capaz de condicionar
los datos duros (ej. conductividad) y los datos de estado dependientes (ej.
altura piezométrica, concentracién, etc.), conocida como modelacién condi-
cionada e inversa condicionada respectivamente. Se ha comprobado que un
esquema de cadena Markov Monte Carlo (McMC) resulta efectivo y eficiente
para llevar a cabo este tipo de simulaciones condicionada e inversa condi-
cionada, muestreando directamente en una distribucién posterior que incor-
pora la informacién previa y las observaciones posteriores en un marco de
trabajo Bayesiano. A pesar de esto, la utilidad de los métodos McMC pre-
viamente mencionados, se debe a la limitada capacidad de la descomposicién
LU de la matriz de covarianza en desacuerdo con los casos de alta resolucién.
En este estudio se presenta un nuevo esquema McMC para generar realiza-
ciones condicionadas multi-Gaussianas de alta resolucién. Lo que hace de este
método muy eficiente en la exploracion de los parametros espaciales de mod-
elos de elevadas dimensiones, es que el niicleo propuesto es una aproximacion
apropiada para la distribucion posterior del objetivo seleccionado y que la
generacion de realizaciones de candidatos estd basada en la descomposicion
espectral de la matriz covarianza con el fin de aumentar la velocidad de la
transformada de Fourier. Las realizaciones generadas de esta forma, no sélo
estan condicionadas por el registro de conductividad, la altura piezométrica
y los momentos temporales de la concentracion de soluto, sino que también
tienen la estructura espacial esperada. La propagacién de incertidumbre de-
bida al mapeado condicionado e inverso condicionado de los modelos para
acuiferos también es cuantificada.
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Resum

La recopilacié d’observacions de la carrega piezometrica i les mesures de la
conductivitat hidraulica local (o transmissivitat) proporcionen una inestimable
informacié per a identificar el patré espacial dels parametres en aqiiifers, inclus
els camins de fluix o barreres de fluix, i per a reduir la incertesa dels mod-
els d’aqiiifers. Per a obtindre la dita informacié de conectivitat a partir de
les mesures i quantificar la incertesa amb exactitud, el metode Monte Carlo
és normalment utilitzat per a generar un gran nombre de realitzacions dels
parametres d’aqiiifers condicionats a dades durs (conductivitat) i inversament
condicionats a les dades d’estat (carrega piezometrica). No obstant aixo, la
simulacié inversa condicionada dels parametres d’aqiiifers és computacional-
ment molt pesada, ja que implica una optimacié no lineal del problema per a
generar cada una de les realitzacions inverses condicionades. En contrast amb
alguns dels optimadors no lineals classics i buscadors d’algoritmes, en este es-
tudi es presenta un esquema de cadena Markov Monte Carlo (McMC) per a
generar realitzacions condicionades multi-gaussianes, mostrejant directament
d’una distribucié posterior que incorpora informacié a priori i observacions a
posteriori en un esquema Bayesiano. El que fa d’este métode prou eficient
en l'exploracié de l'espai dels parametres del model és que el nucli proposat
és una aproximacié apropiada a la distribucié de I'objectiu posterior i que
la generacié de realitzacions de candidats és molt rapida a causa de la de-
scomposicié LU de la matriu de covarianza. Les realitzacions generades d’esta
forma no estan tinicament condicionades per les dades durs siné que també
tenen l'estructura espacial esperada. El funcionament de ’esquema McMC
proposat és ampliament avaluat per mitja d’un exemple sintetic que simula el
cas de fluix per gradient natural. La propagacié d’incertesa deguda al mapeado
condicionat i invers condicionat dels models per a aqiiifers és llavors quantifi-
cada en termes estadistics de temps d’arribada, resolent els estats estacionaris
de fluix assumits i els problemes de transport conservatiu ideal. La reduccié en
la incertesa de la prediccid, implica no sols el valor de la carrega piezometrica,
siné també el significat dels moments temporals i les estadistiques de conec-
tivitat en el mapeado de parametres d’aquifers.

Una representacié adequada de la variaci6 espacial detallada dels parametres
superficials requerix models d’aqiiifers d’alta resolucid. La caracteritzacio pre-
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cisa d’estos models a gran escala en un metode Monte Carlo recorre tipicament
a una simulacié estocastica capa¢ de condicionar les dades durs (ex. con-
ductivitat) i les dades d’estat dependents (ex. carrega piezometrica, concen-
tracié, etc.), coneguda com modelacié condicionada i inversa condicionada
respectivament. S’ha comprovat que un esquema de cadena Markov Monte
Carlo (McMC) resulta efectiu i eficient per a portar a terme este tipus de
simulacions condicionada i inversa condicionada, mostrejant directament en
una distribucié posterior que incorpora la informacié previa i les observa-
cions posteriors en un marc de treball Bayesiano. A pesar d’aco, la utilitat
dels metodes McMC previament mencionats, es deu a la limitada capacitat
de la descomposicié LU de la matriu de covarianza en desacord amb els ca-
sos d’alta resolucié. En este estudi es presenta un nou esquema McMC per a
generar realitzacions condicionades multi-gaussianes d’alta resolucié. El que fa
d’este metode molt eficient en I'exploracié dels parametres espacials de models
d’elevades dimensions, és que el nucli proposat és una aproximacié apropiada
per a la distribucié posterior de 1’objectiu seleccionat i que la generacié de
realitzacions de candidats esta basada en la descomposicié espectral de la ma-
triu covarianza a fi d’augmentar la velocitat de la transformada de Fourier.
Les realitzacions generades d’esta forma, no sols estan condicionades pel reg-
istro de conductivitat, la carrega piezometrica i els moments temporals de la
concentracié de soluto, siné que també tenen ’estructura espacial esperada.
La propagacié d’incertesa deguda al mapeado condicionat i invers condicionat
dels models per a aqiiifers també és quantificada.
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Introduction

1.1 Motivation and Objectives

Since the physical parameters in subsurface vary in a highly non-deterministic
and unpredictable manner in space, a stochastic simulation approach is often
adopted to quantify this kind of uncertainty. As for a complicated system,
such uncertainty analysis will have to resort to a numerical simulation which is
typically costly in computation. The Monte Carlo method is an indispensable
tool for solving this type of difficult computational problem. Suppose there
is a process generating a random vector  and we wish to compute E[f(x)]
and Var[f(x)] given a function f(x). Suppose further the random vector is
associated with a probability density function p(x). In this study, the terms
“density” and “distribution” are interchangeably used when referring to the
mechanism for generating a random process. The expectation and the variance
may be written as,

Blf(x)] = / f(@)p()da, (11)
Varlf(@)] = E[(f(z) — E[f(=)))?] (1.2)

respectively.

In the communities of petroleum engineering and groundwater, the main
objective of stochastic simulation is to build up a large number of independent,
identically distributed (i.i.d) reservoir models & = (xg, x1, ..., Tn, 1)’ from a

1
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target distribution p(x) as input to assessment systems of the uncertainty of
reservoir behavior, e.g., f(x) = (f(xo), f(1), ..., f(®Xn,1))T, where n, is the
number of reservoir models or realizations. The average estimate of reservoir
behavior can be approximated by,

g =— > flxi), (1.3)

which represents the maximum probable estimate and the corresponding vari-
ance is,

ny—1

oF=— > (fla:) —iiy)?, (1.4)
i=0
which measures the error scope of the maximum probable estimate.

However, this set of i.i.d realizations should be constrained by all informa-
tion available, even though incomplete, in order to further reduce the uncer-
tainty so that they can better reflect the underground reality of reservoir and
aquifer. These information may include some prior concepts about models
(e.g., those from the experts’ subjective imagination on the basis of outcrops,
sedimentary petrography and other geological and geophysical information)
and all posterior objective observations (e.g., those from measurements in the
field). It is also possible that the measurement data are available at different
scales with different precisions.

Basically in mathematic, there are two kinds of measurements being used
to constrain the stochastic models: one is linear and the other is nonlinear.
The linear data may include hard data on the measurement scale typically with
a higher precision, such as permeability measured at the core scale or derived
from well-logging data, and soft data at a larger scale with a lower precision,
such as seismic data. There also is another type of soft data available which
is a combination of the prior and posterior information, such as, variogram
(including sill, hole effect, correlation length, anisotropy and principal direc-
tion, variogram type...), histogram and/or multi-point statistics, since they
depend on both the actual observations and expertise’s imagination. These
data can be directly incorporated into the models by mathematical tools cur-
rently available. The widely used non-conditioning and linear conditioning
algorithms include: the LU-decomposition algorithm (Davis, 1987; Alabert,
1987), the sequential Gaussian simulation, the sequential indicator simula-
tion, the p-field simulation, the simulated annealing algorithm (Deutsch and
Journel, 1998), the FFT-based spectral method (Pardo-Iguzquiza and Chica-
Olmo, 1993; Robin et al., 1993; Gutjohr et al., 1997; Ruan and McLaughlin,
1998), etc.
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The other type is the nonlinear data which are typically time-dependent
known as dynamic data, such as the pressure measurements and water cut
history. In order to integrate nonlinear data into the models, an ill-posed
inverse problem arises and typically has to be solved by some complicated
optimization methods. In the groundwater community this procedure is called
model calibration while in petroleum engineering it is called automatic history
matching. In geostatistics it can be named as inverse-conditioning problem
since an inverse procedure is involved.

The practical meaningfulness of such inverse-conditioning simulation is ob-
vious. For example, in petroleum engineering, one of the main goals of the
numerical modeling is to predict reservoir performance at the spatiotemporal
scale in more details and with higher accuracy than is possible with simple
techniques such as extrapolation. The heterogeneities of subsurface reservoirs
and aquifers are so complex that there are no enough data to predict a future
performance with complete confidence and accuracy. However, the validity of
a physical model can be evaluated by calculating the past performance and
comparing the calculated results to the actual field observations. If the misfit
between the model and the observations is unacceptable, then the input model
parameters must be adjusted until a satisfied consistence is obtained, which is
known as history matching. History matching can be time-consuming, expen-
sive, and frustrating, primarily because reservoir performance can be complex,
responding to numerous interactions that, as a whole, may be difficult to com-
prehend. In general, the parameters to be constructed include permeability,
porosity, geologic facies, fault, and boundary conditions. The dynamic obser-
vation data to be matched consist of pressure, WOR, GOR, gas/water ratio,
fluid contact movement, water and gas arrival times, and fluid saturations
measured in cores, well-logs, and chemical tracer tests.

Similarly, this topic is also found in the groundwater community. For ex-
ample, groundwater flow and contaminant transport modeling has been used
at many hazardous waste sites. Models may be used throughout all phases
of the site investigation and remediation processes. The ability to reliably
predict groundwater flow and contaminant transport is critical in planning,
implementing and managing groundwater remediations. Those models should
not violate specified constraints imposed on them. One type of important con-
straint is the collection of model responses in the real field. One can compare
the observed model responses in the real system with those predicted by the
models. The sought values of model parameters are those that will make the
two sets of values of state variables identical. However, because the models
are only an approximation of the real system, one should never expect these
two sets of values to be identical. Instead, the “best fit” or “optimal” (i.e.,
those values that make the predicted values and the measured ones sufficiently
close to each other) between them must be sought according to some crite-
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rion. Several important model parameters to be identified include hydraulic
conductivity, storage coefficients, dispersivity, retardation factor, mass trans-
fer rate, aquifer boundary conditions, etc. The model responses that could be
collected in the field are piezometric heads, concentrations of contaminants,
travel times of tracers, etc.

The widely used inverse-conditioning algorithms include: the cokriging
method (Kitanidis and Vomwvoris, 1983), the maximum likelihood method
(Carrera and Neuman, 1986), the randomized maximum likelihood method
(Oliver et al., 1996), the pilot point method (RamaRao et al., 1995), the
sequential self-calibration method (Gomez-Hernandez et al., 1997), the simu-
lated annealing method (Datta-Gupta et al., 1995), the gradual deformation
method (Hu, 2000), the ensemble Kalman filtering method (FEvensen, 1994,
2003), etc. A detailed review on these algorithms is outside the scope of this
work. Readers can refer to Yeh (1986), McLaughlin and Townley (1996) and
Zimmerman et al. (1998) for more details. In general, these classical two-stage
methods start from generation of a series of independent seed fields and then
calibrate those fields to honor nonlinearly dependent state data from different
sources.

But what is wrong with these traditional model calibration and history
matching methods to stochastic inverse-conditional simulation for the pur-
pose of generating i.i.d realizations that should strictly honor all information
available? One of the main deficiencies is that the realizations generated as
such do not have the specified spatial statistics and structure for parameters.
The key point is that all these methods to generating conditional and inverse-
conditional realizations overemphasize on minimizing the objective function
which are defined by the mismatch between the simulated and the observed
dynamic state data. The problem arises during the optimization of physi-
cal models where the model parameters (and thus the parameter statistics
and model structure) have to be mathematically adjusted (and thus the prior
parameters are destroyed) to honor the nonlinear observations. The point is
that the prior information is not obeyed during the model update. Such weak-
ness of the classical two-stage methods is inherent and may be unavoidable
since the imposition of two or more images, for example, tends to modify the
structure properties very easily. Even worse, some of them, e.g., the newly
developed and popular ensemble Kalman filtering (EnKF) method, pay too
much attention to the mathematics or statistics of model inputs and outputs
where the physical laws and prior geological information are intentionally ig-
nored in order to accelerate the computation. One of the shortcomings is that
some unreasonable overshooting (unrealistically large values) and undershoot-
ing (unreasonably small values) are easily introduced to the mathematically or
statistically optimized models (e.g., Li et al., 2003; Gao and Reynolds, 2004;
Gao et al., 2005).
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A simple synthetic experiment might be carried out to demonstrate the
problems that the classical history matching methods encounter. Consider a
2D transient flow test on a confined aquifer with 32 x 32 grid-blocks as designed
in Figure 1.1 under the forced-gradient flow condition. The four boundaries are
set to be non-flow. The initial head field is assumed to be zero everywhere in
the aquifer. Nine wells are drilled throughout this aquifer: five of them are the
injection wells with a constant flow-rate (20.5 per day) and the other four are
production wells with a constant pressure (the piezometric head is maintained
at -3.0 for all four wells). The flow-rate data (¢) of the five injection wells
and the bottom-hole-pressure data (BHP) of the four extraction wells are
continuously collected at the first 40.1 days. The inverse stochastic simulation
problem, therefore, is to infer the permeability field (InK') according to the
observed well flow-rate and BHP data. The stochastic InK fields are also
required to be constraint to some given prior information, e.g., InK ~ N(0, 1).
Other flow parameters are assumed to be constant and known perfectly.

(A) Reference InK Field (B) Well Configuration
30

205 30 205

North
u
°
°
®
®
®

Figure 1.1: A 2D synthetic example (A) and well configuration (B): constant
pressure production wells (red) and constant flow-rate injection wells (blue)

First, the LUSIM subroutine (Deutsch and Journel, 1998) is invoked to
generate one hundred seed fields that obey all of the specified prior informa-
tion. Then, the history matching problem is extremely efficiently performed
by the EnKF method (Appendix C gives some details on one of its implemen-
tations for this study) to constrain on the 40.1-day’s dynamic observations
which include the flow-rate and BHP data of all nine wells. Figure 1.2 com-
pares the BHP curves at the well # 6 before and after history matching. The
history matching obviously reduces the uncertainty of predicted BHP. More-
over, the real case (the red line) is well contained in the one hundred stochastic
estimates (the black lines). The accuracy and precision of predicted BHP (up
to 500 days) are highly improved only after matching the first 40.1 days’ data.
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Figure 1.2: Well # 6 bottom-hole-pressure (BHP) history: before history
matching (left) and after history matching up to 40.1 days (right). The red
line denotes the reference BHP curve and the black lines represent those of
100 stochastic realizations.

A similar uncertainty reduction is also observed at the well # 1 whose
flow-rate history is simulated and plotted in the Figure 1.3. One can easily
find that the EnKF extremely efficiently and effectively completes the pure
history matching problem. The reference well flow-rate history is perfectly
reproduced after history matching even though the prediction from the initial
seed fields severely deviate from the real case. Note that the simulated flow-
rates from the initial 100 realizations (the black lines) are much higher than
the real case (the red line).

But what will happen to the updated models after history matching? One
of the facts is that the models generated as such are far from perfect as ex-
pected, e.g., the parameter statistics and model structures severely deviate
from the prior specification for models, even though the prediction of model
responses at the known well locations seems to attain to an ideal result at the
time scale and the updated models do look more similar to the reference field
than the initial seed fields. Figure 1.4 shows the evolution of one realization
(# 1) during the dynamic data assimilation by the EnKF. At the early stage,
e.g, at the day 0.2 and the day 2.4, some unreasonably big parameters and
some extremely small values frequently occur in the physical models which
obviously do no more follow the prior specification, InK ~ N(0, 1).

This phenomenon may be seen more clearly in Figure 1.5 which displays
the evolution of parameter histograms during the data assimilation. One can
easily find that the spreading of InK at the early stage is obviously much wider
than expected. Note that the permeability is shown at the natural logarithm
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Figure 1.3: Well # 1 flow-rate history: before history matching (left) and after
history matching up to 40.1 days (right). The red line denotes the reference
curve and the black lines represent those of 100 stochastic realizations.

scale, i.e., InK, which implies a small fluctuation of InK will cause a huge
change of K. The observations from this experiment indicate that the EnKF
may be only applied to the case that a huge number of dynamic data are
required to assimilate for individual history events, otherwise the generated
models after history matching may severely deviate from the real case. One
explanation for this might be that the EnKF is only accurate in terms of
statistics which calls for a statistically huge number of conditioning data to
assimilate before producing a reasonable result.

In addition, the generated realizations may be far from i.i.d although they
are considered to be a posteriori i.i.d with respect to the initial 100 seed
fields. Figure 1.6 randomly shows six realizations out of 100 updated models
after history matching up to the 40.1 days. These realizations are extremely
similar and the variance between the models is much smaller than expected.
The influence is that it my severely underestimate the uncertainty of future
performance prediction. Moreover, the spatial statistics and structure of mod-
els might disobey the given prior information since the prior is never used to
constrain the models during the history matching.

Actually, the spatial statistics and structure of models, which form the
basis of the representation of the subsurface heterogeneity and should strictly
obey the geologic background, may be one of the more important error sources
for reservoir characterization and performance prediction. This study tries to
draw attention to the spatial structure problem and points out the effects on
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Reference InK Field Initial InK Field

Figure 1.4: FEwolution of a In K realization (#1) during history matching up
to different times (0.2, 2.4, 12.7, and 40.1 days). The reference model and the
initial seed field are listed in the first row.
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Figure 1.5: FEwolution of histograms of InK during history matching up to
different times (0.2, 2.4, 12.7, and 40.1 days). The reference model and the
initial seed fields are listed on the first row.
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Figure 1.6: Updated models after history matching up to 40.1 days (Only siz
out of one hundred realizations are listed.)
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the performance prediction and uncertainty assessment due to the ignorance
of the model structure by means of several synthetic examples.

The objective of this thesis, therefore, is to develop a stochastic simula-
tion algorithm to generating ¢.i.d realizations which not only honor the static
hard and soft data and the dynamic state data but also have the specified
spatial structure and statistics for models. Instead of the two-stage method,
a better choice is to generate realizations in one step which are both condi-
tioned on the linear data and inverse-conditioned on the nonlinear data. With
aid of the Bayesian theorem, a conditional and inverse-conditional simulation
method can draw samples directly from the posterior distribution that incor-
porates both the prior information and the posterior observations. It should
be pointed out that, although some of the two-stage methods are also based
on the Bayesian theorem, the ways to use it are essentially different. The clas-
sic two-stage methods, e.g., the maximum a posteriori (MAP) method, try
to build up parameter models by maximizing the posterior probability while
the method presented in this thesis only weights the candidate realizations
by their posterior densities and just samples those models with the maximum
posterior probabilities.

Thanking to the pioneering works by Omre and Tjelmeland (1996) and
Oliver et al. (1997), the Markov chain Monte Carlo (McMC) method has al-
ready been introduced into the petroleum engineering community to perform
such conditional and inverse-conditional stochastic simulation and uncertainty
assessment. The McMC outstands itself from other inverse-conditioning ap-
proaches because it completely circumvents the numerical instability or the
ill-posedness problem due to the fact that the inverse-conditioning is a sam-
pling procedure rather than an optimization step. But its efficiency deserves
more improving since the McMC is extremely computationally demanding es-
pecially for the high-dimensional case. In this study, we propose an improved
McMC method, called the blocking McMC (BMcMC), to enhance the com-
putational efficiency. To enable the BMcMC capable of handling with the
high-resolution case, a multi-scale scheme is introduced to form an extended
BMcMC version, the MsBMcMC. Beside the improvement in computational
aspects, a more striking characteristic of the proposed MsBMcMC method
is that the prior specification on models is strictly preserved owing to the
introduction of the BMcMC scheme.

1.2 Thesis Organization

The thesis is organized as follows. This chapter gives some simple introduction
on the motivation and objectives of this dissertation.
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Chapter 2 provides a detailed description on the numerical implementa-
tion of the forward simulations which form the basis of the following inverse
problems. A special emphasis is put on the scale problem which is a key factor
to accelerate the forward computation. To this end, a flexible-grid full-tensor
finite-difference simulator, which is widely compatible with the outputs from
various upscaling subroutines, is developed to solve the flow equation and a
constant-displacement random-walk particle-tracking method, which enhances
the computational efficiency at different scales, is employed to solve the trans-
port problems.

The following three chapters consist in three separate, self-contained pa-
pers which may have some contents in common for the sake of completeness.
Chapter 3 introduces a blocking scheme into the classic Metropolis-Hastings-
type McMC method in order to overcome the slow mixing of the Markov chain
and better preserve the spatial structure of physical models. A synthetic ex-
ample is presented to demonstrate the efficiency of the proposed BMcMC. The
performance of the BMcMC is also widely evaluated on the basis of the toy
example. The meaningfulness of emphasizing on spatial structure is also ex-
amined by evaluating the uncertainty reduction due to incorporating distinct
data from different sources.

Aiming at enabling the BMcMC method to deal with the high-resolution
cases, a multi-scale BMcMC (MsBMcMC) method is presented in Chapter 4
to efficiently perform the conditional and inverse-conditional stochastic sim-
ulation. The multi-scale scheme greatly accelerates the computation of the
likelihood especially for the cases with small measurement errors of state vari-
ables. The generation of the proposal kernel is simply based on the FFT-based
conditional and unconditional spectral sampler which makes the proposal of
candidate realizations also fast even for the high-dimensional case.

Chapter 5 presents a complete assessment on uncertainty reduction owing
to conditioning and inverse-conditioning on various types of data from differ-
ent sources by means of the proposed MsBMcMC method. One of the novel
achievements is that the physical models are constraint to the temporal mo-
ments of chemical tracers. Their worth on uncertainty reduction is evaluated
by comparing to other data sources.

Finally, in Chapter 6, several important contributions and conclusions are
summarized or repeated and some interesting topics are outlined for further
investigations.
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Abstract

Since reservoir forward simulations are extremely computationally intensive,
an effective scheme is to reduce the dimension of reservoir (e.g., by upscal-
ing) and run the simulations at a coarsen scale, which calls for the forward
simulators capable of dealing with the flow and transport problems at var-
ious scales. For this purpose, a flexible-grid full-tensor finite-difference flow
simulator, which is widely compatible with the outputs from various upscal-
ing subroutines (Wen and Gomez-Hernandez, 1996b), is developed for the
fast computation of the forward flow problem. This flow simulator has am-
ple abilities to accept the input of aquifer models within irregular grids and
the input InK field could be a full tensor. A constant-displacement random-
walk particle-tracking approach is employed to solve the transport equations
quickly and accurately. In contrast to the scale-dependent constant-time-step
scheme, the scale-independent constant-displacement scheme is implemented
to calculate the travel time of particles aiming at the different scale’s transport
problems. With this scheme, the computation of travel times of particles is
only done in specified steps within one cell, by which numerous computation
times are saved in solving transport problems at the coarse scale and, more-
over, the results are proved to be quite accurate compared to the constant
time scheme (Wen and Gomez-Hernandez, 1996a). In summary, these two
forward simulators developed in this work, i.e., the multi-scale-oriented flow
and transport solvers, pay much attention on the scale problem and hence are
especially suitable for the multi-scale McMC computation.

13
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2.1 Flow and Transport Problems

The flow of an incompressible or slightly compressible fluid in saturated porous
media is described by,

oh

V~(KVh)+q:ssa, (2.1)
where K = K(x) is the 3 x 3 hydraulic conductivity tensor, [LT 1], i.e.,
Kyw Kiy O
K= Ky, Ky, 0 ;

0 0 K,
h = h(x,t) is the piezometric head, [L]; ¢ = q(x,t) is the source or sink term
(positive if fluid is extracted from the reservoir), [T7!]; ss = ss(x) is the
specific storage coefficient, [L™1]; ¢ is the time, [T]; V- = (a%, 8%, %)T is the

divergence operator of a vector field; and V = (a%, 8%7 %)T is the gradient

operator of a scalar field. For a single-phase flow involving both rock and fluid
properties, the partial derivative equation can be rewritten as,

rg = oy
v ( . th) +q = pgoce TR (2.2)

where k = k(x) is the 3 x 3 intrinsic permeability tensor, [L?]; h = h(x,t) =
:%q + z is the piezometric head, [L]; z is the elevation, increasing upward, [L];
¢t = ¢y + ¢cy is the total compressibility of the system, [M “LLT?]; ¢y is the
compressibility of the bulk porous medium, [M~1LT?|; cy is the compress-
ibility of the single-phase fluid, [M~'LT?]; p is the density of single-phase
fluid, [M L~3]; u is the viscosity of single-phase fluid, [M L~1T~1]; ¢(x) is the
porosity, [dimensionless]; and g is the acceleration of gravity, [LT2]. Several
important relations between those parameters are listed as follows,

K = i
I
h="L 4 z,
P9
Ss = pgPcy.

Following the Darcy’s law, the interblock velocity field is calculated by,

q=¢v=—-KVh, (2.3)

where q = q(x,t) = (qm(x,t),qyy(x,t),qzz(x,t))T is the 3 x 1 Darcian flux
vector, [T71]; ¢(x) is the porosity of the porous medium, [dimensionless];
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and v = v(X,t) = (Vg (X, 1), vyy(X, 1), v22(X, )7 is the 3 x 1 pore fluid velocity
vector, [T~1.

The governing equation for three-dimensional advective-dispersive contam-
inant transport in ground water may be written as follows,

Téb% +V-(qc) — V- (¢DVe) + Arec =0, (2.4)

where r = r(x) is the retardation factor, [dimensionless]; ¢ = ¢(x,t) is the
solute concentration, [M L~!] or [ML™3]; D = D(x,t) is the 3 x 3 local hydro-
dynamic dispersion coefficient tensor, [L2T~!]; and X is the first-order decay
constant, [T~1].

The main workflow for forward problems is that, for a given aquifer with
physical parameters, e.g., K(x), ss(x), ¢(x), and r(x), the flow problem with
a set of assumed boundary conditions is firstly solved to obtain the piezo-
metric head field h(x,t), then the corresponding velocity field q(x,t) (so are
v(x,t) and D(x,t)) is established by applying the Darcy’s law, and finally the
concentration field ¢(x,t) is obtained by solving the transport problem.

2.2 Multi-scale-oriented Flow Simulator

2.2.1 Flow difference equation

Consider an unconstructed confined aquifer with a full conductivity tensor,
the flow equation can be rewritten as,

0 oh oh 0 Oh oh 0 oh oh
a_ K:rxi Kx a_ a_ K:I,‘i Ky a_ Kzzi = Ss, -
ax< oz " y8y>+0y< Tl yy8y>+8z< 8z>+q g
(2.5)
If the eleven-point block-centered finite-difference full-tensor scheme is used to

solve the flow problem, the flow equation then can be discretized as follows,

[ Ah Ah Ah Ah
<KmM + Ka:yAy) sliot ik~ <KmM + Ka:yAy) Sli—s—;,j,k} +

[ Ah Ah Ah Ah

N Ah
Koo Slign-1 — KZZAZS|i,j,k+§] +dijk =
Ah,
Ss,mykEﬁwi7j7kﬁy¢,j,kﬁzz‘,j,ka (2.6)

where i € [0,n,),7 € [0,ny),k € [0,n;), and,




“myThesis” — 2007/2/2 — 20:08 — page 16 — #36

16

CHAPTER 2. FORWARD SIMULATORS

Ah hi—l,j,k - hi,jak
(KxxAng> ‘i—%,j,k = (Kx:cs)‘i—%,j,kTH7
2

Ah
(KryAy3> lim1 gk = (Kays)lio1

( Axi1 hij_1k— hijiik Ax;  hi—1j 1k — hi—l,j+1,k>
M

2A:1:]Z-7% Ay|j7%+% QAJU\F% Ayl

-4+

Ah hijk = i1k
(KM> livgan = Baadli a2 G
2

wyAys) |z‘+%,j,k = (K:cys)b%,j,k'

2Ax]i+% Ay|j_%+% 2Ax]i+% Ay|j_%+%

Kya:AxS> |i7j—%,k = (nys)’@j—%,k'

Ay; hicij—1k — hiv1j-1k
2Ay|j_% Az| 7

Ayj1 hi—1k — hit15k
2Ay|. 1 Az|
2
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where s is the interface area between two adjacent cells. Note that for one
cell, the six area sizes are possibly different in the case of a flexible grid.
Conductance items K(x) as input data are defined at the interfaces between
cells, Kpu(x), Kpy(x), Kyp(x), Kyy(x), and K..(x), which can be obtained
from the upscaling subroutines, the random field generators, or simply by
harmonically averaging the permeability values at node centers. In the case
that a scalar hydraulic conductivity field is given, the computation of the
interblock conductance widely employs the weighted harmonic mean,

- KlKQ(Aml + A$2) (2 7)
2 KiAzy + KoAxy ’ '
where Az and Azs are the sizes of two adjacent blocks, and K7 and K5 are
the block-centered conductance. Other parameters, such as ss(x), ¢(x), q(x),
Az(x), Ay(x), and Az(x), are totally defined at the center of grid-blocks.

Although the simulation time t; € [to, tc], ¢ € [0,n¢], for one history event
may be discretized in any way as given by the user in a file format, two
common alternatives are also implemented in the code: one is the equal interval
discretization and the other is the so-called time-step multiplier scheme. The
first scheme just assigns an identical time increment to all time-steps,

K

At; = At = i(te — to);i S [O,Tlt).

Ty

The latter assumes the time increment is multiplied by a constant time-step
coefficient «;, i.e.,

Ati = OéAti_l;’i S (O,Tlt),

and, given the starting and the ending simulation times for one history event,
to and t., the first time-step is calculated by,
a—1
a™ —1

Therefore, the simulation time is discretized as,

Aty =

(te - tO)-

tiv1 =1; + At i € [O, ’/Lt). (2.8)

The advantage of the second scheme is that it allows for an adequate time
discretization at the early stage of simulation if & > 1 such that the simulated
transient head distribution is to the smallest degree influenced by the time
discretization. Note that the simulation time steps are assumed to be identical
for all history events in implementing these two schemes.

Employing an implicit time scheme which less suffers from the numerical
instability caused by the error propagation during the successive simulation
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times, the difference equation for an active cell (i, j, k) at the time t; € (to, t]
can be rearranged as,

ZmYeXe-hijp 1+

2 X - W1+ ZeYmXe - B+ 2V Xy - hly ot
Z2.Y X - hi—l,j,k + Z Y Xc hi,j,k + ZYe Xp - hiJrLj,k+

ZeYpXon - hi_y jorn + ZeYpXe By jia g+ ZYpXp - hiyy jo gt

t—1
ZchXc : hﬁ,j,lﬁ-l = —qijk — Ss,i,j, kﬁAﬂfz,j kAyz,j kAZz,j ks
where,
(K.2s)| ik—1
ZmYeX. = o
Azl _1
Al‘i,j,k (K$y8)|z——,j k Ayz gk (Ky$8)‘ 1,5— 1 K
ZeXm&m = oNel A T oAyl . A
$|i—% y|i—1,j—§+§,k y\ i 2|, +3.0-1 k
A.’L‘Z',l 7.k (nys)|i—%,j,k A.’EZ’+1 7.k (Kmys)|i+57j,k (Kyy5)| J—f k
ZCYmXc — 1J 9 _ 1J )
2Al’|i_% Ay|i’j_%+%’k 2A3:|i+% Ay|i’j_%+%’k Ay|j_7
Axij k (ny5)|i+%,j,k Ayij k (nys”i,jf%,k
A0 O — - ,
QA@"H% Ay‘i-&-l,j—%-ﬁ-%,k 2Ay’j—% A‘r|i—%+%,j—l,k
(Koas)liot e Ay jo1 g Eyas)lij—Lp _AYijrik (Kyos)liji 1
ZcYe Xy = : : ’
Aﬂli% 2Ay| 1 A"L‘|z+§+§d,k 2Ay|j+% Ay|i—%+%,j,k
(Krms)‘i—%,j,k (Kms)‘wr%,j,k (Kyys)’i,j—%,k (Kyys)‘z‘,ﬁ%,k
ZC}/CXC - - - - -
A$|l_% A$|z+% Ay|j_% Ay|j+%
By By o AT BAYig Bz
AZ|k7% AZ|k+% sk tt - tt—l ’
ZCYI:XP _ (sz5)|i+%7j7k Ayl] 1,k (ny5)| 1,j— % k Ayi,j+l,k (Kyl"s”i,j-i-%,k

Al’|l+% 2Ay| 1 A$|1+§+§,j,k 2Ay|j+% Ay|z’—%+%,j,k7
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A d Al‘i%k (Kl‘ys)b—%,j,k Ayi,j,k (ny5)|i,j+%,k
et = oA,y Ay
2

- )
ilj—d+th  2AYL AT

Ax;_qjk (Krys)‘i—%,j,k ATk (K2y8)|i+%,j,lc (Kyys)’z‘,j+%,k

Zchch_
2A$|i—% Ay|i,j—%+%,k 2A:C|i+% Ay’i,j—%—&—%,k Ay’j-i—%
Az g (nys)‘i+%,j,k Ayi ik (nys)|i,j+%,k
ZeYpXp = 2Az|, 1 Ay| 2Ay[.. 1 Az ’
i+ PYlit1i+3+3 0k Yljpl BT 141511k
(Kzzs)" kL
Z,YoX, =
Az‘k+%

in which the interface areas can be obtained by,

Ak + Ayic1k Azigk + Azi1 ik

S| 1 . pry
‘Z—g,J,k 2 2 ’
| _ Ayigk + Ayitjk Azijk + AZiv1 ik
Slitl ik = 9 D) ’
Az e+ Az o1k Dz + AZijo1k
8’173_%}k - 2 2 ’
_ Am gk + Az g Azijk + Az
S’i,j—s—%,k‘ - 9 9 ’
. A+ Arg et Ay + AYigr—1
imjvk*% - 2 2 ’
A g+ A1 AYig e T AYigk1
Sligr+i = B) D) :

Two types of boundary conditions are considered to build the system of
linear equations: (1) non-flow boundary (Neumann’s condition), i.e., no flow-
connection through the external face of a boundary cell nor through the face
shared with a dead cell, and (2) prescribed head (Dirichlet’s condition), which
is located at the center of any active grid-block (not a dead cell).

Three types of well conditions are considered: (1) prescribed head at the
grid-block intersected by a well, (2) constant flow-rate wells (¢ > 0 if fluid
extracted and ¢ < 0 if fluid injected), and (3) observation wells (¢ = 0). Both
vertical and non-vertical wells are considered in the code implementation as
long as the trajectory of the well is given. The trick is that all cells that the
well passes are assumed to be connected by a “high permeability path” which
has a super-K value specified by the user, say, K = 99999. If the well has a
constant flow-rate ¢, then ¢ is fully assigned to the bottom-hole cell (i.e., the
first well cell). If the well has a constant head h, then h is simply assigned to
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all of the cells that the well penetrates. These three operations are applied to
all of the well cells along the trajectory starting from the bottom-hole cell.
Given the initial head distribution h(x) and boundary and/or (well) stress
conditions, the system of difference equations can then be built up for all ac-
tive cells. If there are dead cells in the reservoir, however, the corresponding
difference equations are never built as above. For the purpose of easy identifi-
cation, a special constant head value specified by the user, say, h = —99999; is
simply assigned to those dead cells. Note that the interface permeability val-
ues around dead cells are also required to be set to zero, i.e., no-permeability,
in making difference equations for other active cells. Once the system of lin-
ear equations is built up, a preconditioned bi-conjugated gradient method is
employed to solve the equations sequentially along the given time-steps.

2.2.2 Well flow-rate

The well flow-rate can be easily computed by integrating the flux from various
directions across the well (either production or injection), i.e.,

Gigk = Qv d g T Gimd g T G b ot G- 1 T ligard T -1~ Adigk, (29)

where (i, j, k) is the well position in the mesh and the seven components are
listed as follows,

iyt jo =Kipza(hijh = hig1jr)+

Kizyp(hiv1j-1.6 — hiv1j41.k) + Kipey(hij—16 — hijr1k),
i1 jx =Kimae (i1 gk = hijr)+

Kizym(hi—1j-1k — hic1v1,k) + Kimay(hij—16 — hijr1k),
%t =Hpyy(Pijk = hijrin)+

Kijyap(hi-1jerk = hivrjrie) + Kipya (hio1jk = hivyjin),
Gt =Hgmyy (hi g1k = hi )+

Kjyam(hi-1j-1k — Piv1j-1k) + Kimyz (hi-1jk — hiv1k),
qi7j7k+% :Kk:pzz(hi,j,k - hi,j,k+1)7

k-1 =Kimzz(Pije—1 — hijk)

t_ pt-1
1,5,k ],

k
AqZJ:]C :Ssui’jak t t Aml)])kAyZ7]7kAzz7]7k'
t— U-1

The interface conductances are computed as follows,
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kmzz = Az‘k_l
2
® (Kyys)l; j—3.k
Jmyy =
Ay|j7%
Kimx:p = Wa
i—3
(chs)’i+%,j,k
iprr —
A$‘i+% 7
i (Kyy3)|¢,j+%,k
JpPYY Ay|3+%
(Ke28)li vt
Kkpzz = A—a
Z’k+%

Az g (Kays)li—1

Kixym = 2
K Ayiga FEoas)ijtn
Jyzm =
imxy —
28aly Bylispips’
K Ayi,jfl,k (nys)’i,j_;k
Jmyx = ’
K Ay i FEoed)li g1
Jpyz = 7
2Ay\]+% AIIZ|Z_%+%
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Kipmy =

)
2A$‘z’+% Ay|i,j—%+%,k
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Ayijp Eyes)lijiip
2Ay]j+% Al’|i7%+

Kjyap = R J
§7J+17k
Aa;Mk (Kiys)’i—&—%,j,k
2A$’z‘+% Ayl

Kiwyp = .
2.2.3 Velocity fields

Once the block-centered head field h(x,t) is obtained, the internodal Darcian
velocity field q(x, t) can be easily computed according to the Darcy’s law, i.e.,

q=—-KVh. (2.10)
The corresponding pore fluid velocity field v(x,t) is,

q
o;’

where ¢; is the internodal porosity, which can be approximated by the simple
linear interpolation, i.e.,

(2.11)

VvV =

To— X T
st = ¢x1 + 7(253327
To T
Yo —Y Y
by = Gy + Oy,
Yy Y0 Y1 n Y2
20— % z
¢z = ¢21 + *d)zz:
20 20

in which (¢g, ¢y, ¢-) is the interface porosity to be calculated, (z,y, z) is the
dimension of the block interface, (zo,yo,20) is the dimension of the block
center, and (¢z,, Pus), (Gy1, Oys), and (¢z,, ¢-,) are the internodal porosity of
two adjacent blocks.

If a spatially variable retardation factor r = r(x,t) is considered to depict
the flow and transport of reactive solutes, the internodal pore fluid velocity
field v(x,t) of absorbed solutes is modified by,

v = d
biri’

where r; is the internodal retardation factor, which can be approximated by
the simple linear interpolation, i.e.,

(2.12)
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To— T T
Ty = Ty + ——Tay,
Zo Zo
Yo— Y )
Ty = Ty, + —Tys,
Yy Yo 1 Y0 Y2
zZ0 — % z
Tz = 7121 + 774227
20 20

where (r4,7y,7,) is the interface retardation factor to be calculated, (z,y, 2) is
the dimension of the block interface, (xg, Yo, 20) is the dimension of the block
center, and (74, ,7z,), (Ty;,Tys), and (7,,72,) are the retardation factor of two
adjacent blocks.

2.3 Multi-scale-oriented Transport Simulator

The random-walk particle-tracking method (RWPT) has been widely used to
simulate the conservative and reactive transport in porous media since it is
free from numerical dispersion and computationally efficient. Aiming at the
temporal and spatial distribution of the solute concentration, this approach
simulates the behavior of solute transport by a discrete collection of parti-
cles subject to a deterministic displacement, which depends only on the local
velocity field, and a random Brownian motion. If the number of particles
is sufficiently large, the stochastic differential equation (SDE) of particles in
a Lagrangian framework is equivalent to the advection-dispersion equation
(ADE) of solutes in an Eulerian framework.

A particle in the flow domain €2 is displaced according to the stochastic
differential equation, i.e., the Langevin equation (Lichtner et al., 2002),

X+ At = Xt + aAt + B€ Vv At, (213)

where x; = (x4, yt, zt)T is the spatial position of the particle at time ¢t and At
is the discrete time step. The vector a = a(x,t), [LT 1], is responsible for the
deterministic particle displacement along the flow streamlines, i.e.,

azv—i—;V-(ng):v—i—V'D—FD-V(lnqﬁ), (2.14)

where the local dispersion tensor D = D(x,t) is defined by,

Dmr Dzy D:pz
D= Dys  Dyy Dy
sz Dzy Dzz
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The dispersion tensor B = B(x, ), [LT_%], of the random displacement part
is,

U / _
B = ’L)y\/m Vy Uz 2O£VU Vg \/2a¥(v%+v§)+a¥vg
- — T b
v L vy/ V2402 T \vi4vg v
2 2
vy \/ vzt
ZV2apv 0

(%

v /5 _wevs  f9 Ve W o o7 (WEtvf)tarvd
aLv vy V2402 v \/Ug-l—vg v
Z

2a¥v
(2.15)
where v = (v, vy, v.)" € Qand o, oz¥ and 04¥ are the longitudinal dispersiv-
ity, the transverse dispersivity in the horizontal direction, and the transverse
dispersivity in the vertical direction, respectively, [dimensionless]. And,

€= (&,6.6)" ~N(0,1), (2.16)

is a vector of independent Gaussian random numbers with a zero mean and a
unit variance, [dimensionless].

The three-dimensional expressions for the one-step displacement of a par-
ticle are,

TerAt = Ty + ax At + by VAL, (2.17a)
Yirar = Ye + ayAt + by VAL, (2.17Db)
Zieat = 2t + a At + b,V At. (2.17¢)

The expressions for the deterministic displacement coefficient vector a of
a particle are,

0D, 0D, OD,. dln ¢ dln ¢ dln ¢
o = Vo ¥ Ox + oy + 0z  Daa Ox + Day oy  Daz 0z’
(2.18a)
B 0Dy, 0Dy, 0D, dln ¢ dln¢ Olng
=T o + oy * 0z Dy Ox Dy oy Dy 0z’
(2.18b)
0D., 9D, D., dln é dln ¢ dln ¢
===t Ox * dy * 0z * Ox P oy * 0z
(2.18¢)

Since the particle tracking scheme requires the evaluation of velocity vector
at an arbitrary position in the flow domain, i.e., v = (vy,vy,v,)T € €, for
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the computation of a and B, the velocity components within a block can be
computed by the simple linear interpolation (LaBolle et al., 1996), e.g.,

To— T x
Vye = ’Uzl + 71]%27
Zo
Yo—Y Yy
Vy = Vy, + —V
Yy Y1 Y2
Yo Yo
20— 2 z
Vy = UZI + 7Uz2;
20 20

where (z,y, z) is the position where the velocity components are to be cal-
culated, (xo,yo,20) is the block size, and (v, vy, vz, ) and (Va,, vy,,vs,) are
the interface center velocity of the given block. This scheme assumes that the
velocity component varies linearly within a finite-difference cell with respect
to the direction of that component. The continuous velocity field generated
as such is consistent with the block-centered finite-difference formulation and
conserves locally mass within each block.

The components of the local dispersion tensor D = D(x, t) are defined by
(Lichtner et al., 2002),

1 v2
Dyw = = |apv? + afv? + a2 —=
TT v T T %y T ZU%_'_UZ )
2
1 v
D,, =— aLv2+aHv2+avv2 Y
vy v Y T Yx T zv%_i_vg 3
D.. — 1 2 Vi 2 2
2 = [ava + ap(vi + vy)} ,
2 2
Vzly H_ Y v_ Y
D, =D, = —= [aL —« o
Y yx T ()2 2 T (2 2y |’
v (v2 +v2) (vZ +v7)
VgVy Vv
Dy, =Dy = oy — aT} s

|
Dy. = Dy = 222 [y, — o]

There are two sets of dispersion tensors: (i) Dz, Dyy, D2z, Day, Dya, Dy,
D.;, Dy., and D, are located at the interface center of blocks, so are vy,
vy, and v,, and (ii) Dga, Dyy, D.y Dy, Dys, Dyzy Doy, Dy, and D, are
located at the block centers, so are v, vy, and v,. Both of velocity fields are
approximated by the bilinear interpolation of internodal velocity values before
the local dispersion tensor is calculated (LaBolle et al., 1996). The first set is
for the computation of the divergence of the local dispersion tensor and the
second one is for the terms associated with the gradient of the porosity.
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The divergence of the local dispersion tensor is calculated by the difference
formulae using the second set of dispersion formulae, i.e., of the block center.
The resulted divergence of the local dispersion tensor is interpolated into an
arbitrary position by the linear interpolation rule. The gradient of the porosity
is calculated by the difference formulae. Then it multiplies the local dispersion
tensor of the interface center using the second set of dispersion formulae. The
evaluation of those two set of values, i.e., the second and third terms in the
vector a, at an arbitrary position in the flow domain is propagated by the
simple linear interpolation as well.

The expressions for the random displacement coefficient B€ of a particle
are,

2 2
v VgV v ap (V2 +05) + o
bx:&—x\&aLv—&gL 2a¥v—53 Y \/2 T( z Y Tz
v vy V2 + V2 \/ V2 + vl v

(2.19a)

v VyU +112 )+« 1)2
byzgl—y\/QOéLv_& Y2 \/204T1)+§3 \/ T ,
v v,/vQ—i-v \Jv2 —i—vQ

(2.19D)

. \/ V2 4 vl
b, = &—V2aLv 4+ &H——1 /200 0. (2.19¢)
v v

The computation of these three expressions is straightforward since the ve-
locity field has been interpolated into an arbitrary position within the flow
domain.

In contrast to the constant time scheme, a constant displacement scheme
is considered in the code implementation to improve the efficiency of particle
transport (Wen and Gomez-Hernandez, 1996a). Assuming the particles move
along the x direction, the time step for a constant-displacement scheme in one
grid-block with the size equal to Ax is,

At = 1A2Z (2.20)

n Uy
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A Blocking McMC Method

Abstract

The collections of the observations of piezometric head and the measurements
of local hydraulic conductivity (or transmissivity) provide invaluable informa-
tion to identify the spatial pattern of aquifer parameters, either flow paths or
flow barriers, and to reduce the uncertainty of aquifer models. To extract such
spatial information from the measurements and accurately quantify the un-
certainty, a Monte Carlo method typically calls for generating a large number
of i.i.d realizations of aquifer parameters conditioning to hard data (conduc-
tivity) and inverse-conditioning to state data (piezometric head). However,
inverse-conditional simulation of aquifer parameters is very computationally
intensive, since it involves a nonlinear optimization problem for the genera-
tion of each inverse-conditional realization. In contrast to some classical non-
linear optimizers and searching algorithms, a blocking Markov chain Monte
Carlo scheme (BMcMC) is presented in this study to generate multi-Gaussian
conditional and inverse-conditional realizations by sampling directly from a
posterior distribution that incorporates a priori information and a posteriori
observations in a Bayesian framework. What makes this method quite efficient
in exploring the model parameter space is that the proposal kernel is an appro-
priate approximation to the target posterior distribution and the generation
of candidate realizations is very fast on the basis of the LU-decomposition of
the covariance matrix. The realizations generated in this way are not only
conditioned to hard data and inverse-conditioned to state data but also have
expected spatial structures. A synthetic example which simulates the case of

27
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natural gradient flow is presented to demonstrate the efficiency of the proposed
method. The performance of the proposed BMcMC scheme is widely evalu-
ated on the basis of the synthetic example. The model uncertainty and the
uncertainty of predicted responses due to conditional and inverse-conditional
mapping of aquifer models are then quantified by means of solving an assumed
steady-state flow and ideal, conservative transport problem.

3.1 Introduction

The parameters of interest to both groundwater and petroleum engineering
communities include hydraulic conductivity or permeability, storage coefficient
or porosity, dispersivity, retardation factor, mass transfer rate, etc. Amongst
them, the spatial variation of hydraulic conductivity or permeability predom-
inantly controls flow and transport of solutes. It is also recognized that this
key variable can vary significantly over a short distance showing strong hetero-
geneity and log-normal distribution in space. Furthermore, the experimental
distribution of the parameters is highly non-symmetric which makes most
scholars use log-conductivity as the unknown in order to treat the problem
in a Gaussian framework. The Gaussian distribution is employed because
the stochastic process can be fully described by the mean and the variance
though the method developed in this study is absolutely not limited only to
the Gaussian process. Therefore, how to identify the logarithm of this physical
parameter, x = InK, has become one of the main focuses to both hydrologists
and petroleum engineers.

Unfortunately, the physical model of parameters of interest is almost im-
possible to obtain fully and directly from the underground. On the basis of
some direct but sparse observations from well-bore and some indirect mea-
surements by means of geophysical tools, two types of mathematical tools are
developed to compensate for this under-determination or unavailability of the
underground reality: one is the estimation algorithm and the other is the
simulation algorithm. The estimation algorithm focuses on seeking a single
estimate, e.g., the maximum likelihood (ML) estimate and the maximum a
posteriori (MAP) estimate, of the unknown parameters. The simulation al-
gorithm, on the other hand, aims at constructing a series of equally probable
models of unknown parameters. The most advantage of the simulation algo-
rithm over the estimation algorithm lies in that the former generates a set of
alternative equal-likely models as input to the complicate transfer functions to
appraise the uncertainty of the spatially variable parameters of interest. In-
deed, there are a large number of realizations consistent with the observations
since the parameter measurement is limited in comparison with the unknown
parameter field of interest.
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However, this set of equally probable realizations generated should be con-
strained to all information available in order to further reduce the uncertain-
ties of underground reservoirs and aquifers. This information may include
some prior concepts, e.g., those from the experts’ subjective imagination, and
some posterior observations, e.g., those from the measurements in the field.
It is possible that those observations are linearly related to the parameters of
interest, e.g., those space-dependent static hard and soft data, or even nonlin-
early related, e.g., those time-dependent dynamic observations known as state
data. It is also possible that the measurements are available at different scales
with different precisions. In this case, the simulation is cast as a condition-
ing problem, that is, to make inference to the physical model from the given
observations. Mathematically, it can be expressed as,

y=g(x)+e (3.1)

where & C R" is the parameterized physical model of interest; y = yops C R*
is the error-prone observation; g(x) C RF is the transfer operator that maps
the parameter of interest & to the observation attribute y; € C RF is the system
error generally correlated € ~ N(0,3), and ¥ is the covariance matrix. The
objective of the conditional simulation is to predict the physical model x given
the observation y by assuming some prior error €. In this sense, the conditional
simulation can be coined as an inverse problem, whereas g(x) is the forward
operator governing the transfer between the observation attribute and the
parameter of interest. Here, the procedure of conditioning to the nonlinear
data is termed as “inverse-conditioning problem” just because of the existence
of such inverse problem.

The construction of the physical models honoring the prior information, the
linear data and the nonlinear data is only one aspect of the geostatistical con-
ditional and inverse-conditional simulation. Of equal importance is to perform
uncertainty analysis, e.g., to quantify the reliability of those models, to identify
key uncertainty resources, and to assess the resolutions and confidence regions
of the conditional realizations so as to measure how much the property pa-
rameters can depart from the conditional realizations. Note that the purpose
of the quantitative uncertainty analysis is not to reduce uncertainty which can
only be achieved by collecting additional effective information. Additional ef-
fective information essentially reduces the uncertainty of model. However, not
all conditioning algorithms can detect such uncertainty reduction introduced
by additional effective information. Therefore, quantification of uncertainty
can adversely prove the efficiency of a conditioning algorithm. Assuming that
the uncertainty from numerical simulations is neglected, the uncertainty can
originate from the following three sources: (1) input uncertainty, e.g., from the
data acquisition, (2) conceptual model uncertainty, e.g., from different model
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structures (such as, Gaussian vs. Markovian) and from different structure
parameters (such as, mean, variance, correlation length, sill, and anisotropy
for the Gaussian case), and (3) prediction uncertainty resulting from model
input.

Uncertainty assessment and ranking of uncertainty sources are extremely
useful, e.g., for experimental network design and reduction of uncertainty since
a new optimal experiment design aiming at reducing the most critical uncer-
tainties depends on the identification of uncertainty sources giving rise to the
worst predictions. Once the relative importance of the various error sources
to the prediction of aquifer responses has been established, one can rank the
sources of uncertainty, i.e., to rank the contributions to the error of a response
from different sources, e.g., the model structure, the parameter estimation,
and the inherent variation of aquifers. Inevitably, the relative significance
of different sources is problem specific and it is not expected that a general
conclusion can be drawn from an individual case study.

To these two ends, a blocking McMC (BMcMC) method is presented to
perform Monte Carlo stochastic simulation. This chapter is organized as fol-
lows. The second section presents the BMcMC sampling method and the
measures of the performance of the BMcMC. The third section displays the
efficiency of the proposed BMcMC method for inverse-conditional simulation
and some of the influential factors via a synthetic aquifer. The fourth sec-
tion quantifies the model uncertainty and the response uncertainty and points
out the main error sources. Finally, several conclusions and further research
directions are summarized.

3.2 Blocking McMC Method

Consider a stochastic simulation at n grid nodes conditional to m hard data
and k nonlinear state data. Specifically, let & = (29,21, ...,2n_1)7 C R" de-
note a realization conditional to m hard data &1 = ®ops = (20, 1, ..., Tm_1)" C
R™ and k state data y = Yops = (Y0, Y1, .-, Yo—1)’ C RF. Assuming a multi-
Gaussian process, the spatial distribution of x follows, & ~ N(u, Cg), where
p is the prior mean of the Gaussian process and C, describes the structure
dependence of spatial points from each other. The observation errors of xps
are assumed to be assimilated into the prior statistical model. Assuming a
multi-normal error, the simulated observation yg;, for a given sample & can
be expressed as, Ysim|T ~ N(g(x),Cy), where Cy describes the degree of
discrepancy between the transfer function g(«) and the true but error-prone
observation y. The transfer function g(x) is error-prone since most often an
analytical expression is not available. One generally has to resort to some
complex computer models to simulate the physical process. In such case, its
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accuracy depends on the spatial discretization of the physical model. As the
dimension of parameterization grows, the transfer function becomes more ac-
curate at the expense of the computational efforts. Also, there may exist some
observation errors of y that can be included in this statistical model. In this
sense, Cy measures both the modeling errors and the measurement errors.

In summary, the objective of the stochastic inverse-conditional simulation
is to infer « from y by assuming some spatial statistical structures, where y
is nonlinearly related to @ through a forward operator g(x) and & may be
partly observed. The most challenging part of the conditional simulation is
basically an inverse problem since an inverse operator g~!(z) is applied to the
conditioning procedure.

3.2.1 Bayesian formulation

Assuming a multi-Gaussian distribution & ~ N(u, Cy), the joint prior density
of the random field is,

@) = 0 HCal Fexn {~ja-w M-}, G2
where 7(x) denotes the prior pdf of * C R™; n is the length of the vector
x; p C R™ is the prior mean of the random field; and C, C R™™™ is the
positive-definite covariance matrix of the vector . Note that & may be partly
observed, say, T,s C R™, but seldom fully known, i.e., m < n. The prior
pdf represents some prior knowledge about the parameterization of a phys-
ical model x through the configuration of p and Cg. It should allow for
the greatest uncertainty while obeying the constraints imposed by the prior
information.

Assuming that the observation and modeling errors are normally distributed,
the conditional probability for observing y given the attribute x, 7(y|x), or
equivalently, the likelihood model, L(x|y), is,

Liely) = (2n) G| L eoxp { -5 al@) - 9)7 € o@) - ) | (33)

where y = yos C R¥ represents the values of the observations; g(x) is the
transfer function of &, generally highly nonlinear, by which « relates to y in the
same attribute representation; and Cy C RFXE {5 the covariance matrix of the
vector y. Note that if the observation errors of y are fully independent from
each other, then Cy is a diagonal matrix. The likelihood function, which is
defined by the misfit between the observed data y and the predicted data g(x)
from a candidate parameter model &, measures the probability of observing




“myThesis” — 2007/2/2 — 20:08 — page 32 — #52

32 CHAPTER 3. A BLOCKING MCMC METHOD

the data y for the model . Obviously, the probability of observing the given
data y becomes smaller as the misfit becomes larger.

A normalizing factor that makes the integral of the posterior pdf equal
to unity is called the marginal likelihood, i.e., [ L(x|y)m(x)dx. Since the
marginal likelihood is not a function of @, it is typically ignored in the pa-
rameter estimation problem. Using the Bayes’ theorem and dropping the
normalizing constant, the posterior distribution of & given y, 7(x|y), may be
written as 7(x|y) o« L(x|y) x w(x), i.e.,

wlaly) e exp { (@ - W)€ — ) - 5lal@) - )7 Cy (@) - )
(3.4)
The posterior pdf measures how well a parameter model x agrees with the
prior information and the observed data y.
The objective of the stochastic conditional and inverse-conditional simu-
lation is then transferred to draw independent, identically distributed (i.7.d)
realizations from this posterior distribution.

3.2.2 Blocking McMC scheme

Due to the highly nonlinearity of the log-likelihood model, it is impossible to
sample directly from this posterior distribution m(x|y). The Markov chain
Monte Carlo method (Metropolis et al., 1953; Hastings, 1970), however, is es-
pecially suitable for exploring the parameter space of such type of complicated
posterior distribution. A typical McMC algorithm employing the Metropolis-
Hastings rule to explore the posterior distribution 7(x|y) goes as follows,

(1) Initialize the parameters x;

(2) Update & according to the Metropolis-Hastings rule:

e propose ¥ ~ q(x*|x);

m(z"|y)q(z|z")

e accept * with probability min{1, a}, where o = @)@ D)

(3) Go to (2) for the next step of the chain.

After the chain converges, it will give the independent realizations of x
with the stationary posterior distribution 7 (x|y).

One of the most interesting problems in this algorithm is the configuration
of the proposal transition kernel g(x*|x), which plays a crucial role in the
computational efficiency of a Metropolis-Hastings-type McMC method. If the
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proposal kernel g(x*|x) is chosen to equal the prior model 7(x), then the
acceptance probability is,

_ n(a’ly) glale’) _ n(a")L(a'ly) r(zle’) _ m(a)r(zla’) La*ly)
m(zly) q(xz*|z)  7(x)L(zly) w(z*|x) 7(x)r(z*|x) L(-’L‘Iy)(?)' .
If the proposal kernel does not depend on the current values of &, the chain
constructed is called an independent Markov chain (Liu, 1996). Obviously, the
acceptance probability may be quite low for a high-dimensional problem and
the chain may mix rather slowly, since,

_ n(@)n(elz’) Lialy) _ Liz'ly) 56
m(@)r(z*|e) L(xzly)  L(zly)’
where the candidate model x* is accepted simply according to the ratio of the
likelihood, which is rather random.

On the other hand, if the proposal kernel g(x*|x) is chosen to be the
posterior distribution 7(x|y), then the acceptance probability of x* equals
one,

* *
_ ety alale’) _ .
m(xly) q(z*|)

if the Metropolis-Hastings rule is used to calculate the acceptance rate. In such
case, the candidate model «* is fully accepted, which is also called the Gibbs
sampler (Geman and Geman, 1984). An assumption for this case is that the
posterior distribution 7(x|y) can be sampled directly from which most often
is not the real case for the multi-Gaussian field. Actually, this is just the
McMC explanation for the classical ML method, argmax{n(y|z)}, and the
MAP method, argmax{7(z|y)}, which is regularized by the prior 7 (x).

In the ML method, a seed field « is generated according to the prior
distribution 7 (), then « is calibrated to maximize the likelihood 7 (y|x) to
produce a new field *, which can be considered as a sample from the 7(x|y)
if the prior structure remains unchanged during the calibration. In the MAP
method, the prior structure is explicitly forced to follow since the target model
has been already regularized by the prior model in the Bayes’ rule. In both
methods, therefore, the generated realizations can be viewed as a direct sample
from the posterior distribution 7(x|y) using some optimization techniques.
More realizations can be obtained by repeating the same procedure. If those
realizations are used to construct the Markov chain, then all of them are
accepted to be the output of the McMC samples. In this sense, the McMC
sampler is a superset of the ML method and the MAP method. However,
the challenge of the ML method and the MAP method lies in the extreme
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expensiveness of the optimization routines and the forward operator, generally
high-dimensional and nonlinear. That makes it impossible to use the output
of these two methods as the proposal kernel of the McMC computation.

Therefore, the trade-off between the independent Markov chain and the
MAP method is to use an approximate posterior distribution as the proposal
kernel to construct a Markov chain. The acceptance probability fully depends
on how closely the proposal kernel approximates the posterior distribution.
This idea efficiently improves the mixing of the chain, but also decreases the
expensiveness of the high-dimensional, nonlinear optimization routines. This
is just the origin of the algorithms developed in this study. The proposed
method adopts the blocking update scheme as that in the simple implemen-
tation of the independent Markov chain, but the proposals are more efficient
since they approximate the posterior distribution more closely. Indeed, it is
well known that the blocking scheme helps improve the mixing of Markov
chain (Liu, 1996; Roberts and Sahu, 1997).

The methods developed are more efficient than some algorithms resorting
to the simple Gibbs sampler for the high-dimensional spatiotemporal problem,
e.g., those inverse-conditioning problems haunting both the hydrogeology and
the petroleum engineering community. Generally a Gibbs sampler updates
the attribute field one cell by one cell using the full conditional distribution.
For a high-dimensional nonlinear spatiotemporal problem, the likelihood per-
turbation introduced by the difference of one single cell’s attribute value is
ignorable in the computer implementation. Most often it may be less than the
rounding error of the computation. It makes the simple Gibbs sampler quite
ineffective. A blocking scheme perturbs the attribute field with more elements
and thus results in much more change of the likelihood.

An important implementation detail is the fast generation of the proposal
transition kernel which fully depends on the LU-decomposition of the covari-
ance matrix (Davis, 1987; Alabert, 1987). Since the spatial structure of phys-
ical model is specified a priori and should be maintained for all candidates,
the covariance matrix remains unchanged which makes the LU-decomposition
method full of advantages for repeated generation of candidates because the
decomposition operator is applied only once. Appendix A gives an outline on
the implementation of the LU-decomposition-based sampler.

3.2.3 Performance assessment of the BMcMC

A natural empirical approach to convergence control is to draw pictures of
the output of a chain in order to detect deviant or nonstationary behaviors
(Robert and Casella, 1999). The key output of this method is a sequential
plot, n(xz) = (n(xo),n(x1),...,n(xn,_1))T, given a set of output realizations,
x = (2o, X1, ..., T, 1) .
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Based solely on a single replication, the CUSUM (cumulative sums) plot
is a graphical evaluation of convergence of the McMC, which was proposed by
Yu and Mykland (1998) and was extended by Brooks (1998). It gives both
qualitative and quantitative evaluation of the mixing speed of the chain, i.e.,
how quickly the sample is moving around in the sample space. Given a set
of output realizations (after convergence), * = (xg, T1,...,%n, 1)’ , and an
evaluation function, n(x) = (n(xo),n(x1),...,n(xn,_1))", one can construct
CUSUM path plots of scalar summary statistic as follows,

(1) Calculate the mean of the evaluation function,

ny—1
I O
=0
(2) Calculate the CUSUM,

(n(e:) —n), (3.8)

Ot —

]~

1=0

fort=0,1,...,n, — 1, and o,, = 0;
(3) Define a delta function as,

5 = 1 if (01;1 — O‘i)(Ui — Ui+1) <0
" lo  else

fori=1,2,...,n, — 1;
(4) Calculate the hairiness indices,

1
Si= g Z o, (3.9)

fort=2,3,...,n,.

The key outputs are two sequential plots: o = (09,071, ...,0,,)7 and ¥ =
(20,21, ..., 20, )T, The first one, oy, gives a subjective evaluation of conver-
gence performance of the chain since the mixing rate is reflected by the vari-
ance CUSUMs over blocks of the sequence (Lin, 1992; Brooks, 1998). A slowly
mixing sequence will lead to a high variance for o; and a relatively large ex-
cursion size before returning to 0 at n,. When the mixing of the chain is high,
the graph of o is highly irregular (oscillatory or “fractal”) and concentrates
around 0. When the mixing is slow, the CUSUM path is smooth and has a
bigger excursion size. The second one, >, presents a quantitative measure
of smoothness, hairiness index, to evaluate the convergence performance of a
chain. An ideal convergence sequence will be centered at around 0.5.
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3.3 A Synthetic Example

3.3.1 Reference models

A synthetic two-dimensional aquifer is presented to demonstrate the efficiency
and effectiveness of the BMcMC method. Figure 3.1(A) shows the spatial dis-
tribution of the reference 16 x 16 InK field generated by LUSIM (Deutsch and
Journel, 1998), having a multi-Gaussian characteristic. The mean and vari-
ance of the InK are set to zero and one, respectively. The spatial correlation
structure is specified as an exponential function with a correlation length equal
to 16, which means that the field is highly correlated. An obvious pattern of
the InK distribution is that the lower values, mainly locating at the left-lower
corner, spread along the north-west direction while the higher values locate
mainly at the right-lower corner and some of them at the left-right corner.

(A) InK Field (reference) (B) InK Data to be Conditioned

16]
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Figure 3.1: Conditioning data set and reference In K and head fields (n =
0, \e = 16,02 = 1.0)

An assumed steady flow experiment is performed on this aquifer. The left
and right boundary conditions are set as a prescribed head with fixed values
equal to ten and zero, respectively. Both the upper and the lower bounds are
set as non-flow. The resulting head field is shown in the Figure 3.1(C). The
key pattern of the head distribution is that the flow breakthrough of the lower
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part is much faster than that of the upper part, which is a natural result of the
InK distribution. Nine head observations as the conditioning data set of state
variables are uniformly sampled from the head field as shown in Figure 3.1(D).
Nine InK observations as hard data to be conditioned are also sampled from
the InK field at the same locations as head data, which are shown in Figure
3.1(B).

(A) InK Field (N0.1135) (B) Head Field (No.1135)

16|

North

Figure 3.2: A typical BMcMC realization and predicted head field

3.3.2 An inverse-conditioning experiment

The objective of the inverse-conditional simulation is to generate ¢.i.d realiza-
tions inverse-conditional to the nine head samples using the proposed BMcMC
method. Assume that the flow boundary conditions and the mean and covari-
ance of InK are correctly observed, i.e., u = 0, 02 = 1.0, and Az = 16, although
they may subject to uncertainty as well. The relative measurement error of
state variables is set as 0.1, i.e., 02 = 0.1. Figure 3.2 shows a typical BMcMC
realization of InK and the corresponding head field. Both fields reveal some
of main patterns of reference models.

Figure 3.3 shows the most probable estimate which is obtained by averaging
over 3000 BMcMC realizations. The estimated InK distribution shown in (A)
well matches the distribution of the reference InK field: the lower values,
mainly locating at the left-lower corner, spread along the north-west direction
while the higher values locate mainly at the right-lower corner, although the
reproduction of the left-upper corner is not that so clear. The precision of such
estimate is plotted in (B). One can find that the most uncertain parts are close
to the non-flow boundaries. The mean head field shown in (C) reasonably
reflects the main characteristics of the reference head field (Figure 3.1(C)).
The distribution of head uncertainty as plotted in (D) also demonstrates that
the regions near the non-flow boundaries are subject to the most uncertainties.

The realizations generated strictly follow the prior configuration for model
parameters. For example, the experimental mean and variance of the InK
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(A) InK Field (ensemble mean) (B) InK Field (ensemble variance)
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Figure 3.3: A BMcMC' estimate by inverse-conditioning to head observations
(Az = 16,02 = 1.0,0; = 0.10)
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Figure 3.4: In K distribution and squared head misfit (3000 realizations)
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are -0.13 and 0.98, respectively (Figure 3.4(A)) which approximate to the
corresponding prior specifications, i.e., 4 = 0 and 02 = 1, and those of the
reference field, i.e., 4 = —0.05 and 02 = 0.84. Figure 3.4 shows that the
InK distribution obeys on the Gaussian assumption and the squared head
mismatch follows the log-Gaussian assumption as implied in Equation 3.3.

In summary, head observations may contain important information for the
identification of conductivity distribution. The BMcMC scheme is effective in
performing stochastic simulation inverse-conditioning to head observations.

3.3.3 Factors that affect the performance of the BMcMC

Three important factors are considered in this section to examine their in-
fluences on the performance of the BMcMC method: the correlation length
(Az), conditioning on the hard data (x|x.s), and the relative measurement
error of state variables (az). Several performance measures considered in this
study include the reproduction of reference models, the acceptance rate, and
the mixing of Markov chain.

(A) InK Field (ensemble mean) (B) InK Field (ensemble mean)
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(D) InK Field (ensemble mean)
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Figure 3.5: Factors affecting the reproduction of reference models (o = 1.0,
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(D)m|mob35 Yy, )\m = 4)

North

16|

North
North

of




“myThesis” — 2007/2/2 — 20:08 — page 40 — #60

40 CHAPTER 3. A BLOCKING MCMC METHOD

Four BMcMC simulations with four types of configurations are run on the
basis of the same conditioning data set as above. The most probable estimates
are plotted in Figure 3.5. Obviously, the magnitude of InK is underestimated
by a smaller prior correlation length for both the unconditional and the condi-
tional cases as plotted in (B) and (D), respectively. The identified mean InK
field for the conditional case does contain the contributions from both the krig-
ing and inverse-conditional estimate, though not a simple linear superposition
of them.

Figure 3.6 compares the effects of various BMcMC configurations on the
performance of Markov chain. The effect of the prior correlation length is
rather minor: as for the unconditional case in this study, the correct correla-
tion length (A = 16) yields a slightly better squared head mismatch (as shown
in (A) and (B)) but a slightly worse mixing of chain (a larger excursion size (E)
but better hairiness indices (F)); as for the conditional case, the shorter corre-
lation length produces better results (from (C) through (F)). Conditioning to
hard data has considerate influence on the performance of Markov chain. The
error of squared head misfit obviously decreases, for example, by comparing
(C) to (A), and the chain mixes more rapidly, i.e., a smaller excursion size and
a larger hairiness indices.

In addition, the acceptance rate is quite sensitive to the prior correlation
length and whether or not conditioning on hard data. Conditioning to hard
data significantly enhances the acceptance rate as shown in Table 3.1. The ef-
fect of correlation length is quite complicated: for unconditional case, a correct
correlation length helps increase the acceptance rate; but for the conditional
case, the correct correlation length decreases the acceptance rate.

The quality of measurements for state variables essentially affects the BM-
cMC simulation both in accuracy and in performance aspects. In this case
study, the measurement errors are intentionally assumed to be small so that
such influence can be examined in more details. First, high-quality measure-
ments in essence decrease the acceptance rate (Table 3.1). This is just because
fewer candidates may meet a smaller squared head mismatch. Second, the
chain may mix extremely slowly as plotted in Figure 3.7. The excursion size
is quite large (C) and hairiness indices are rather small (D). Third, many can-
didates with a very small likelihood may be also sampled as i.i.d output such
that the posterior mean estimate may be not accurate as expected as shown
in (A). It should be emphasized that this is not the weak point of BMcMC.
On the contrary, it just demonstrates the width of potential exploration scope
that the Markov chain visits, which is also a measure of efficiency of an McMC
scheme.

Towards this problem, one way out of it is to prune the output of the
BMcMC according to their posterior probabilities, that is, to discard those
realizations with extremely small posterior probabilities. A possible imple-
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Figure 3.6: Factors affecting the performance of Markov chain
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Table 3.1: BMcMC configurations and performance indices

Scenario BMcMC configuration Before pruning After pruning
x \e 0, a(%)  (Ay?) Xt NS
1 x|y 16 0.10 0.1273 1.21  0.256  0.59 0417
2 x|y 16 0.05 0.0175 1.24  0.047  0.37 0.405
3 x|y 16 0.02 0.0030 2.75 0.101  0.67 0.144
4 x|y 4 010 0.0903 1.39 0.238 0.81 0.391
5 x|y 4 0.05 0.0106 1.34 0.072  0.53 0.367
6 x|y 4 002 0.0028 238 0.108 1.05 0.135
7 xlres,y 16 010 0.8381 1.07 0.268 0.32 0.481
8 T|xes,y 16  0.05 0.1128 0.63  0.247  0.33  0.417
9 T|xes,y 16 0.02 0.0082 0.64 0.049 0.19 0.391
10 T|xes,y 4 010 1.4622 1.06 0.281  0.30 0.492
11 T|Tops,y 4 0.05 0.1985 0.65 0.264 0.30 0.448
12 z|xeas,y 4 0.02 0.0109 0.52 0.059 0.18 0.407

mentation to this alternative is to set a threshold for the posterior probability.
Only those realizations with probabilities above this threshold are retained. A
difficulty that a user often faces, however, is that it is quite hard to determine
the threshold of the posterior probability. Another way is to prune outputs
from a very long McMC and retain those realizations as required in quantity
by ranking their posterior probabilities. Figure 3.7 compares the effect of such
pruning procedure on the performance of McMC. After pruning, the squared
head mismatch decreases obviously (from 1.24 to 0.63 as in (A) and (B), re-
spectively) and the chain mixes much faster (a smaller excursion size (C) and
larger hairiness indices (D)). Table 3.1 also summarizes the changes of squared
head mismatch and hairiness indices owing to pruning.

3.4 Uncertainty Assessment

On the basis of the synthetic example as presented above, the uncertainty
reduction owing to conditioning and inverse-conditioning is assessed quantita-
tively in terms of several measures. Two types of uncertainties are considered
in this section: model uncertainty and response uncertainty. The model uncer-
tainty is important at the spatiotemporal scale: not only because the models
generated form the basis for future performance prediction at the existing wells
but also because they serve as risk analysis of candidate wells. The response




“myThesis” — 2007/2/2 — 20:08 — page 43 — #63

CHAPTER 3. A BLOCKING MCMC METHOD

43

30 (A) Sequential Plotof Squared Head Misfi
I (xly: 6,0.0p,\=16, <AH">=1.24)
[ (befqre pruning)
25|
20fF
ERs
10H
.k
%0 000

1000 2000
McMC lteration

ntial Plotof CUSUM o,
05\ 516

before pruning: <AH*>=1.24|
- after pruning:l<AH2>=0.63

1000 2000
McMC Iteration

Figure 3.7: Effect of pruning on the

15r (B) Sequential Plot of Squared Head Misfit
(xly: 6,=0.05,A,=16, <AH">=0.63)
(after pruning)

b v 1 P B

1000 2000
McMC lteration

05 (D) Sequential Plot of Hairiness %,
(x]y: 0,=0.05,A,=16)

04

|
3000

before pruning: <AH*>=1.24
- — — — after pruning: <AH?>=0.63

performance of BMcMC




“myThesis” — 2007/2/2 — 20:08 — page 44 — #64

44 CHAPTER 3. A BLOCKING MCMC METHOD

uncertainty directly measures the prediction ability of models at the time scale.
Several uncertainty sources are also ranked according to their influences on the
uncertainty reduction.

3.4.1 Model uncertainty

Although the reference model is well defined and observable in this study, we
generally do not know what it is in advance in practice. A practical way is to
use the ensemble average of simulated outputs instead of the real model. Two
parameters are computed as the metrics of performance measure to this end,
the ensemble average error (I(x)3) and the standard deviation of the ensemble
average error (I(x)4), which are defined as the Li-norm and Le-norm between
the simulated models and the mean models, i.e.,

1 Ngyz—1 ny—1

I(w)l = Hmszm - jsim”l = Z — Z lﬁfzyr — jfi’, (310&)
Nayz =0 r r=0
1 n.’zyz_l 1 ny—1

I(:L')% = ||[Zsim — jszm”% = — (@i — i‘i)2, (3.10Db)
nmyz =0 Mo r=0

where n, is the number of realizations, n,,. is the number of grid cells, Zgm,
is the vector of simulated attribute values, and &, is the ensemble average
vector of simulated attribute values.

In case of the synthetic example like this study, however, the model uncer-
tainty can be measured by the simulated errors to validate the efficiency of the
proposed method since the real model is available(Deng at al., 1993; Frassen
et al., 2003). In such case, the Li-norm and Lo-norm between the simulated
models and the real models are defined as,

nzyzfl 1 ny—1 )
— > ler - el (311a)
TYz i—0 LA—

I(:l?)3 = stim - CcrefHI =

sim
i,r

I(@)] = | Tsim — Trefll3 = (x x:ef)Q, (3.11Db)

respectively. Note that @x,.s is the vector of reference attribute values. Ob-
viously, the smaller I(x); and I(x)y are, the closer to the real model the
generated realizations are.
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3.4.2 Uncertainty of model responses

A method to examining the effect of conditioning to head data on the un-
certainty reduction of the spatial distribution of hydraulic conductivity is to
examine the decrease of the Li-norm and Ls-norm of the predicted model
responses (Hoeksema and Kitanidis, 1984; Kitanidis, 1986). The four metrics
for the model responses, I(y)1, I(y)2, I(y)s3, and I(y)4, are defined as follows,

Ngyz—1 ny—1
_ 1 &1l -
I(y)l = ||yszm - ysimHl = Z — Z |yi7r - yi|, (312&)
Neyz 55 15
1 nzyzfl 1 nyr—1
I(y)3 = |Ysim — Gsim|3 = S =S Wi — 9% (3.12b)
Nayz 1=0 Mo r=0
1 Ngyz—1 1 ne—1 .
I(y)3 = |Yysim — yreful = Z - Z ’yzs’zrm - y:€f|, (3.12¢)
Mayz 2o T D0
1 Ngyz—1 1 ny—1
1Y) = |Ysim — Yres|3 = = N7 rim -2, (3.124)
Nayz 1=0 N r=0

respectively.

In essence, I(x)1, I(x)2, I(y)1, and I(y)2 measure the degree of precision
that the McMC simulations could render, that is, how narrow the confidence
interval of McMC simulations is. I(x)s, I(x)4, I(y)3, and I(y)s measure the
degree of accuracy that the McMC simulations may attain, that is, how they
are close to the true model and it response. From the standpoint of estimate
and uncertainty, I(x)1, I(x)s, I(y)1, and I(y)s measure the reliability of the
estimated models and their responses while I(x)q2, I(x)4, I(y)2, and I(y)4
measure the uncertainty of the estimates and their responses.

3.4.3 How many realizations are needed?

The number of realizations required to approximate the ensemble statistics
to a sufficient degree of accuracy may be determined either by using the
Kolmogorov-Smirnov and Renyi statistics (Spear, 1970) or, more arbitrarily,
by experience (Beck, 1987). Most often, the latter decides the number of real-
izations by monitoring the degree of convergence of the output statistics. One
of key factors to controlling the number of realizations is the degree of hetero-
geneity of aquifer, e.g., the variance and the correlation length. Generally, a
larger variance and a higher correlation ask for many more realizations.
Actually, a secondary usage of the uncertainty measures as outlined as
above is that they serve to determine the number of realizations that are re-
quired to yield a stable and reliable result in the uncertainty evaluation. In
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Figure 3.8: Relationship between the uncertainty measures and the number of
realizations

other words, how long the Markov chain should be run in order to yield a
reliable result? This question is important since the Markov chain can not
be run forever. The chain should be terminated at a point that more realiza-
tions do not offer better results even though, in theory, more realizations give
better results. This question may be answered by monitoring the uncertainty
measures computed from the output of BMcMC simulation. Figure 3.8 plots
the experimental relationships between the uncertainty measures (I(x); and
I(x)2) and the number of realizations. For both unconditional (A) and condi-
tional (B) cases, the error measures do not fluctuate too much if the number
of realizations is over 100. But if a high reliability is required, 3000 and 1000
realizations are enough to guarantee a stable estimate for unconditional and
conditional cases, respectively. For a smaller variance and shorter correlation
length, fewer realizations are required.

3.4.4 Results

Totally fourteen scenarios of numerical experiments are carried out to system-
atically evaluate the uncertainty reduction owing to conditioning on InK and
inverse-conditioning on head data. Twelve of them are listed in Table 3.1 and
the other consists of two base simulations conditional and unconditional to
InK.

Table 3.2 summarizes the model uncertainty reduction in terms of four
model metrics, I(x)1, I(x)2, I(x)s, and I(x)s. First, an evident observa-
tion is that the real uncertainties indicated by I(x); and I(x)s are uniformly
larger than the estimated uncertainties represented by I(x)s and I(x)s. It
means that the model uncertainty is always underestimated by the BMcMC
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simulation. But the latter two metrics can be used as a substitute of the for-
mer two for uncertainty assessment since they completely reflect the common
rules that the former two reveal. Second, as the measurement errors of state
variables decrease, the model accuracy does not increase too much. One of
main reasons is that a high-resolution indirect measurement is assumed, i.e.,
O'Z is sufficiently small, such that the model estimation suffers from the limi-
tation of exploration ability that the BMcMC scheme has. The post-process
resorting to pruning the output of McMC simulations may help improve the
accuracy for model estimation. Another reason is that, after a certain point
of accuracy, the overemphasis of measurement errors does not help improve
the model estimation.

Table 3.2: Mean absolute error and mean variance of In K

€z x|mobs 33|y x|mobsay $|y m|mobs>y
o; I(x) XAe=16 Xg=16 Xpg=16 Apg=16 Npg=4 Np=4
0.10  I(x) 1.0454  0.8089  0.8686  0.7287  0.9259  0.8684
0.10  I(x)3 1.3072  1.0120  1.0839  0.9216  1.1570  1.1048
0.10 I(x)s  0.7978  0.6205  0.6930  0.4838  0.7525  0.7026
0.10  I(x)7 09992  0.7929  0.8690  0.6238  0.9439  0.8977
0.05 I(x) 1.0454  0.8089  0.8623  0.7174  0.9222  0.8631
0.05 I(x)3 1.3072  1.0120  1.0757  0.9072  1.1531  1.0985
0.05 I(x)3 07978  0.6205 0.6871  0.4743  0.7517  0.6961
0.05 I(x)3 09992  0.7929  0.8615  0.6119  0.9437  0.8900
0.02 I(x) 1.0454  0.8089  0.8766  0.7156  0.9375  0.8583
0.02 I(x)3 1.3072  1.0120  1.0954  0.9056  1.1726  1.0924
0.02 I(x); 07978  0.6205 0.7040  0.4718  0.7648  0.6925

002 I(x)? 0.9992 0.7929 0.8850 0.6095  0.9602  0.8865

Ranking 6 2 3 1 5 4

Third, the bottom line in Table 3.2 ranks the importance of BMcMC config-
urations on the model uncertainty reduction. Compared to the unconditional
case, conditional and/or inverse-conditional simulations do reduce the model
uncertainty. The case that has a correct specification for model structure, e.g.,
Az = 16, conditioning to InK and inverse-conditioning to head data reduces
the model uncertainty to the largest extent. Conditioning to InK more effi-
ciently reduces the uncertainty than inverse-conditioning to head data which
means that the direct measurement of InK is more helpful for the model
parameter estimation than the indirect measurement of dependent state vari-
ables. However, correct configuration for spatial model, e.g., the correlation
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length Az, may play the most important role in the model uncertainty re-
duction. Due to the wrong specification for correlation length, i.e., A\p = 4,
the conditional and inverse-conditional result only ranks the fourth, while the
correct one ranks the first. In summary, the correct configuration for model
structure plays a crucial role in model estimate. The direct measurement of
parameters plays a more important role than the indirect measurement of
dependent state data for the model parameter estimation.

Table 3.3 summarizes the uncertainty reduction of model response in terms
of four response metrics, I(y)1, I(y)2, 1(y)s, and I(y)4. First, just as the ob-
servation as for the model uncertainty, I(y); and I(y)2 are uniformly larger
than I(y)s and I(y)4, which also means that the response uncertainty is always
underestimated by the BMcMC simulation. Second, as the measurement er-
rors of state variables decrease, the model accuracy does not increase too much.
The pruning procedure helps improve the accuracy of estimation. Third, the
bottom line in Table 3.3 ranks the importance of BMcMC configurations on
uncertainty reduction of model response. Again, conditional and/or inverse-
conditional simulations reduce the response uncertainty. The case that has
a correct specification for model structure, conditioning to InK and inverse-
conditioning to head data reduces the response uncertainty to the largest ex-
tent. However, different from the model uncertainty, inverse-conditioning to
head data more efficiently reduces the uncertainty than conditioning to Ink
which means that the indirect measurement of dependent state variables is
more helpful for the response uncertainty reduction than the direct measure-
ment of InK. Moreover, correct configuration for spatial model plays a less
important role in reducing the response uncertainty. In summary, the re-
sponse uncertainty is more sensitive to the measurements of model response
than those of model parameters.

It is worth mentioning that, even though the configurations for model
parameter are not correct, the realizations generated well reproduce the cru-
cial patterns of reference models (e.g., Figure 3.5 (B) and (D)) and both the
model uncertainty and the response uncertainty are reduced owing to inverse-
conditioning and/or conditioning (Table 3.2 and Table 3.3), which proves the
robustness of the proposed BMcMC method.

3.5 Summary

A blocking McMC scheme is presented to generate i.i.d realizations which
are conditional to hard data and inverse-conditional to state data. The pro-
posal kernel for the construction of Markov chain is an appropriate (block-
ing) approximation to the target posterior distribution in the Bayesian frame-
work. The generation of candidate realizations is very fast on the basis of
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Table 3.3: Mean absolute error and mean variance of predicted head

€ w‘xobs x’y x|wob57y x’y w’mob&y
o; Iy) Xae=16 Xg=16 Xg=16 Npg=16 Npg=4 Np=4
0.10 I(y); 09220 0.4943  0.3072  0.2725 0.3583  0.3049
0.10 I(y)3  1.3217  0.7192  0.4347 03815  0.5053  0.4289
0.10 I(y)s  0.6806  0.3836  0.2524  0.2252  0.2834  0.2624
0.10 I(y)7 09516 0.5525 0.3580  0.3160  0.3992  0.3692
0.05 I(y): 09220 0.4943  0.2946  0.2383  0.3446  0.2771
0.05 I(y)3 13217  0.7192  0.4453  0.3363  0.5054  0.3951
0.05 I(y)s  0.6806 0.3836  0.2436  0.1983  0.2825  0.2393
0.05 I(y)7 09516  0.5525 0.3749  0.2797  0.4121  0.3400
0.02 I(y); 09220 04943  0.3616  0.2317  0.3945  0.2621
0.02 I(y)3 13217  0.7192  0.5885  0.3425  0.5957  0.3846
0.02 I(y)s  0.6806 0.3836  0.3146  0.1923  0.3265  0.2280
0.02 I(y)7 09516 0.5525 0.5103  0.2881  0.4838  0.3327

Ranking 6 5 3 1 4 2

the LU-decomposition of the covariance matrix. A numerical experiment on a
synthetic aquifer is carried out to demonstrate the efficiency of the proposed
method in performing inverse-conditional simulation. The performance of this
method is also widely evaluated based on the synthetic aquifer. Numerical ex-
periments show that the relative measurement errors of state data (05), the
degree of heterogeneity of aquifer, e.g., correlation length (Ag), and whether
or not conditioning on the hard data (x|x.s) may play important roles in the
results of inverse-conditional simulations and also affect the performance of
BMcMC itself.

The model uncertainty and the response uncertainty are also assessed.
Both types of uncertainties are reduced due to conditioning on hard data
and/or inverse-conditioning on state data. However, their influences on the
uncertainty reduction may have different weights. As for the effect of the piezo-
metric head (state data) and the hydraulic conductivity (hard data) upon the
model uncertainty of InK, the measurement of InK plays a major role in re-
ducing such uncertainty compared to the head data. Conditioning to head
data, however, does improve the model estimation of InK compared to condi-
tioning to InK solely. This conclusion is completely consistent with the result
of Dagan (1985). The measurement of head is informative on the large-scale
configuration of InK. As for the effect of the piezometric head and the hy-
draulic conductivity upon the prediction uncertainty of head distribution, the
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measurement of head plays a major role in reducing such uncertainty com-
pared to that of InK. Although the prediction of head is quite insensitive to
local InK wvalues, the joint conditioning to InK does improve the prediction
of head compared to inverse-conditioning to head data solely. The local mea-
surement of InK does not carry too much information about the spatial trend
of InK.

However, the efficiency and applicability of the proposed BMcMC method
for conditional and inverse-conditional simulation suffers from several short-
comings. First, the fast generation of proposal kernel is totally based on the
LU-decomposition of the covariance matrix which makes it very limited in
dealing with the high-resolution cases. Second, the computation of the likeli-
hood is extremely time-consuming since the forward simulation g(x) is CPU
expensive. These two bottlenecks limit this method to the extensive appli-
cation in practice for the conditional and inverse-conditional simulation. In
addition, this study only shows the capability of the proposed BMcMC method
conditioning on head data. Actually, the BMcMC method has a great flexibil-
ity in incorporating various data from different sources, e.g., the concentration
data. An improved version of BMcMC method is expected to handle with the
high-resolution case for the integration of various data.
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A Multi-scale Blocking
McMC Method: 1.
Methodology

Abstract

An adequate representation of the detailed spatial variation of subsurface
parameters calls for high-resolution modeling of aquifers. A Monte Carlo
method for such refined characterization of large-scale models typically invokes
a stochastic simulation to generate i.:.d realizations that honor both hard data
(e.g., conductivity) and dependent state data (e.g., piezometric head, concen-
tration, etc.), known as conditioning and inverse-conditioning modeling, re-
spectively. The blocking Markov chain Monte Carlo (BMcMC) method has
been proved to be an effective and efficient scheme to carry out such condi-
tional and inverse-conditional simulation by sampling directly from a posterior
distribution that incorporates the prior information and the posterior obser-
vations in a Bayesian framework. However, the usefulness of the previous
BMcMC method suffers from the limited capability of the LU-decomposition
of the covariance matrix in dealing with the high-resolution cases. In this
study, a new multi-scale blocking McMC (MsBMcMC) scheme is presented to
generate high-resolution, multi-Gaussian, conditional and inverse-conditional
realizations. What make this method quite efficient in exploring the parame-
ter space of high-dimensional models are that the proposal (blocking) kernel

o1
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is an appropriate approximation to the target posterior distribution, that the
fast generation of candidate realizations is based on the spectral decomposi-
tion of the covariance matrix with aid of fast Fourier transform, and that a
multi-scale procedure is used to calculate the likelihood quickly. The adoption
of the blocking scheme is based on three considerations: (1) it helps preserve
the prior spatial statistics and structure, (2) it helps improve the mixing of
Markov chain, and (3) it is more suitable for the introduction of upscaling pro-
cedures to accelerate the computation of the likelihood. The introduction of
the multi-scale scheme efficiently accelerates the construction of Markov chain
because those low probable candidates are rejected without consuming too
many CPU resources in calculating their likelihood. The independent goes-
tatistical realizations generated in this way are not only conditioned to the
conductivity, the piezometric head, the temporal moments of solute concen-
tration, and other measurements available, but also have the expected spatial
statistics and structure.

4.1 Introduction

Collections of direct and indirect measurements provide indispensable but lim-
ited knowledge on the subsurface reservoirs or aquifers which mostly calls for
a stochastic method to characterize their uncertainties. Model uncertainties
can be basically classified into two types: one is the structure uncertainty
which may arise from uncertain hypotheses or unmodeled processes, the other
is parameter uncertainty which may come from measurement errors, inherent
heterogeneity or scaling problem. There are a number of methods for assessing
the impact of parameter uncertainty on performance prediction (Dagan, 1989;
Gelhar, 1993). The majority of them are based on the underlying assump-
tion of a correct model structure and the output uncertainty is evaluated by
propagating the input uncertainty. Traditionally, however, the structure un-
certainty and the parameter uncertainty are seldom isolated from each other
which results in that the prediction uncertainty is generally a combined effect
of both. The worth of measurements on one type of parameter property with
respect to predicted performance is therefore hardly evaluated in a determin-
istic manner since the prediction uncertainty may come from either model
structure or model parameters or both. The data worth evaluation based on
inconsistent model structures may produce a misleading result. Therefore a
Monte Carlo method for uncertainty assessment entails a stochastic method
capable of generating independent, identically distributed (i.i.d) realizations
that share a specified a priori model structure, i.e., identical structure param-
eters.
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A special difficulty occurs in assessing the worth of dependent state data
since a complex inverse problem is involved. Classical optimization-based in-
verse methods for stochastic simulation generally work as follows (Carrera and
Neuman, 1986; RamaRao et al., 1995; Gomez-Hernandez et al., 1997). Assume
an initial model structure, an ensemble of equal-likely realizations constraint
to hard data are obtained by geostatistically-based conditional simulation sub-
routines. Then each of realizations is calibrated to honor dependent state data
by applying an inverse procedure. With these two stages, those models gen-
erated are considered as the independent conditional and inverse-conditional
realizations. Most often, however, the parameter statistics and spatial struc-
ture have to be perturbed, either passively or actively, during the procedure of
parameter calibration in order to match the dependent state data. A problem
arises since the perturbed structure of each realization may differ itself from
another and all of them are considered as the identified correct structure.

Although Gomez-Hernandez et al. (1997) made some advances in retain-
ing the spatial structures through kriging, the superimposition of one or more
perturbated images over the initial seed field tends to modify the given pa-
rameter statistics and structure properties, e.g., mean, variance, sill, angle
orientation, anisotropic rate, correlation length, etc. Such weakness of the
two-stage methods is inherent and hence is unavoidable. In addition, the in-
verse problem is often ill-posed and a unique stable solution can not always be
assured. That means, an inverse-conditional realization is not guaranteed to
be obtained starting from an initial seed field. Actually, for some seed fields,
it does not always hold to attain a convergent result in several iterations be-
cause of the numerical instability. Such instability is worsened by the severe
nonlinearity for the coupled flow and transport problems.

The Markov chain Monte Carlo (McMC) method (Oliver et al., 1997;
Robert and Casella, 1999) outstands itself from other inverse approaches be-
cause it completely circumvents the numerical instability due to the fact that
the inverse-conditioning is simply a sampling procedure rather than an op-
timization step. Moreover, the adoption of the blocking scheme is not only
helpful for the mixing of the chain (Liu, 1996) but also useful for the pre-
serving of spatial statistics and structure (see Chapter 3). Several challenges
that the current McMC methods often face include that they fail to treat the
high-resolution models due to the limitation of the LU-decomposition-based
sampler and that the computation of the likelihood is extremely CPU expen-
sive. To attack these problems, a multi-scale blocking McMC (MsBMcMC)
method is presented in this sequence of papers to generate high-resolution,
conditional and inverse-conditional realizations which strictly obey the speci-
fication of parameter statistics and spatial structures for physical models.

In essence, this approach just thins down, with aid of the McMC theo-
rem, the ensemble of realizations merely conditional to hard data by means
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of judiciously selecting those models inverse-conditional to the nonlinear data,
measured by the posterior probability. It differs itself from other approaches
to inverse problems in several respects: (1) the inverse problem is coined as
inverse-conditioning problems in the framework of geostatistically-based nu-
merical simulation and the inverse-conditioning problem is cast as a sampling
procedure which fully circumvents the ill-posedness that the classical inverse
methods often encounter, (2) the generated realizations strictly follow the
prior configuration of the spatial statistics and structure for model parame-
ters, and (3) the proposed method is effective and efficient for generation of
independent high-resolution models due to the incorporation of the multi-scale
blocking scheme into the classical McMC method.

The purpose of this article is to develop and implement the MsBMcMC al-
gorithm to generate i.i.d high-resolution realizations which not only honor
static hard data and dynamic state data but also preserve specified spa-
tial statistics and structure. A synthetic example under a uniform, natural-
gradient flow condition is presented to demonstrate the efficiency of the pro-
posed method. The performance and influential factors of the MsBMcMC
scheme are also evaluated widely in lieu of the synthetic example. The quan-
titative assessment on model uncertainty, uncertainty of predicted responses
and uncertainty propagation due to conditional and inverse-conditional map-
ping of aquifer models by the proposed method will be presented the second
part of this series. Since the model structure of generated realizations are iden-
tical, the worth of conditioning data from diverse sources may be evaluated
exclusively without structure uncertainty involved.

4.2 Methodology

Consider a stochastic simulation at n grid nodes conditional to m hard data
and k nonlinear state data. Specifically, let & = (29,21, ...,2n_1)7 C R" de-
note a realization conditional to m hard data &1 = ®ops = (20, 1, ..., Tm_1)" C
R™ and k state data y = Yops = (Y0, Y1, .-, Yo—1)’ C RF. Assuming a multi-
Gaussian process, the spatial distribution of x follows, & ~ N(u, Cg), where
p is the prior mean of the Gaussian process and C, describes the structure
dependence of spatial points from each other. The observation errors of xps
are assumed to be assimilated into the prior statistical model. Assuming a
multi-normal error, the simulated observation yg;, for a given sample & can
be expressed as, Ysim|T ~ N(g(x),Cy), where Cy describes the degree of
discrepancy between the transfer function g(«) and the true but error-prone
observation y. The transfer function g(x) is error-prone since most often an
analytical expression is not available. One generally has to resort to some
complex computer models to simulate the physical process, e.g., in Chapter 2.
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In such case, its accuracy depends on the spatial discretization of the physical
model. As the dimension of parameterization grows, the transfer function be-
comes more accurate at the expense of the computational efforts. Also, there
may exist some observation errors of y that can be included in this statis-
tical model. In this sense, Cy measures both the modeling errors and the
measurement errors.

In summary, the objective of the stochastic inverse-conditional simulation
is to infer « from y by assuming some spatial statistical structures, where y
is nonlinearly related to « through a forward operator g(x) and & may be
partly observed. The most challenging part of the conditional simulation is
basically an inverse problem since an inverse operator g~ !(x) is applied to the
conditioning procedure.

4.2.1 Bayesian formulation

Assuming a multi-Gaussian distribution  ~ N(u, Cy), the joint prior density
of the random field is,

@) = 20 HCal Fexp {~jla - w M-} @

where 7(x) denotes the prior pdf of  C R"; n is the length of the vec-
tor ; p C R™ is the prior mean of the random field; and Cp C R™ "™ is
the positive-definite covariance matrix of the vector . Note that  may be
partly observed, say, x,s C R™, but seldom fully known, i.e., m < n. The
prior PDF represents some prior knowledge about the parameterization of a
physical model & through the configuration of p and C. It should allow for
the greatest uncertainty while obeying the constraints imposed by the prior
information.
Assuming that the observation and modeling errors are normally distributed,

the conditional probability for observing y given the attribute x, m(y|x), or
equivalently, the likelihood model, L(x|y), is,

Liely) = (2n) 4Gy exp { -5 ol@) - 9)7C (@) - ) | (12)
where y = yos C R¥ represents the values of the observations; g(x) is the
transfer function of &, generally highly nonlinear, by which « relates to y in the
same attribute representation; and Cy C RFXE {5 the covariance matrix of the
vector y. Note that if the observation errors of y are fully independent from
each other, then Cy is a diagonal matrix. The likelihood function, which is
defined by the misfit between the observed data y and the predicted data g(x)
from a candidate parameter model &, measures the probability of observing
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the data y for the model . Obviously, the probability of observing the given
data y becomes smaller as the misfit becomes larger.

A normalizing factor that makes the integral of the posterior pdf equal
to unity is called the marginal likelihood, i.e., [ L(x|y)m(x)dx. Since the
marginal likelihood is not a function of @, it is typically ignored in the pa-
rameter estimation problem. Using the Bayes’ theorem and dropping the
normalizing constant, the posterior distribution of @ given y, 7(x|y), may be
written as 7(x|y) o L(x|y) x w(x), i.e.,

wlaly) e exp { (@ - 0 €@ — )~ 5lal@) - )7 Cy (@) - )
(4.3)
The posterior pdf measures how well a parameter model x agrees with the
prior information and the observed data y.

It should be pointed out that we deliberately leave alone the prior statis-
tics or the hyperparamters 6 = (0, Gy)T for configuring model parameters x
a priori. Different from the geostatistical approach of Kitanidis (1986) which
aims at 7(x, 0|y), our objective is m(x, y|f), where § may be allowed to fluctu-
ate over a limited scope, 0 € [0pin, Omaz|. Basically, Kitanidis’s geostatistical
approach derives the hyperparameters from the posterior observations y and
Tops while our method treats it as prior configurations. More discussions on
the hyperparameters will be available later in the context of a specific appli-
cation for a case study. If model selection is considered, the final distribution
of x given y is obtained by integrating out 0, 7(x|y) = [ n(x|y,0)dd, which
is out of the scope of this work.

The objective of the stochastic conditional and inverse-conditional sim-
ulation is then to draw +4.i.d samples for ® from this posterior distribution
m(x|y). A multi-scale blocking McMC scheme is presented below to explore
the posterior distribution.

4.2.2 Blocking McMC scheme

Due to the highly nonlinearity of the log-likelihood model, it is impossible to
sample directly from this posterior distribution 7 (x|y). The Markov chain
Monte Carlo method (Metropolis et al., 1953; Hastings, 1970), however, is es-
pecially suitable for exploring the parameter space of such type of complicated
posterior distribution. A typical McMC algorithm employing the Metropolis-
Hastings rule to explore the posterior distribution 7(x|y) goes as follows,

(1) Initialize the parameters x;

(2) Update x according to the Metropolis-Hastings rule:
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e propose ¥ ~ q(x*|x);

m(z*|y)q(z|z”) .

e accept * with probability min{1, a}, where o = @) a(@ D)

(3) Go to (2) for the next step of the chain.

After the chain converges, it will give the independent realizations of x
with the stationary posterior distribution 7(x|y).

One of the most interesting problems in this algorithm is the configuration
of the proposal transition kernel ¢(z*|x), which plays a crucial role in the
computational efficiency of a Metropolis-Hastings-type McMC method. If the
proposal kernel g(x*|x) is chosen to equal the prior model 7(x), then the
acceptance probability is,

_n(a'ly) qlle’) _ (@)L’ ly) r@lz’) _ r(@)r(zle) Lz'ly)
m(zly) q(x*lz)  w(x)L(z|ly) m(z*z) w(z)r(z*|z) L(w\y)(zl' 9
If the proposal kernel does not depend on the current values of «, the chain
constructed is called an independent Markov chain (Liu, 1996). Obviously, the
acceptance probability may be quite low for a high-dimensional problem and
the chain may mix rather slowly, since,

_ m(@)m(xle”) L(z*ly) _ L(z"[y)
= - = ) (4.5)
m(x)m(x*x) L(xzly)  L(zly)
where the candidate model * is accepted simply according to the ratio of the
likelihood, which is rather random.
On the other hand, if the proposal kernel g(x*|x) is chosen to be the
posterior distribution 7(x|y), then the acceptance probability of x* equals
one,

_ (@ y) q(x]z")
m(xly) q(z*|x)
if the Metropolis-Hastings rule is used to calculate the acceptance rate. In such
case, the candidate model x* is fully accepted, which is also called the Gibbs
sampler (Geman and Geman, 1984). An assumption for this case is that the
posterior distribution 7(x|y) can be sampled directly from which most often
is not the real case for the multi-Gaussian field. Actually, this is just the
McMC explanation for the classical ML method, argmax{n(y|x)}, and the
MAP method, argmax{m(x|y)}, which is regularized by the prior = (x).
In the ML method, a seed field x is generated according to the prior
distribution 7(x), then « is calibrated to maximize the likelihood 7 (y|x) to
produce a new field «*, which can be considered as a sample from the 7(z|y)

=1, (4.6)
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if the prior structure remains unchanged during the calibration. In the MAP
method, the prior structure is explicitly forced to follow since the target model
has been already regularized by the prior model in the Bayes’ rule. In both
methods, therefore, the generated realizations can be viewed as a direct sample
from the posterior distribution 7(x|y) using some optimization techniques.
More realizations can be obtained by repeating the same procedure. If those
realizations are used to construct the Markov chain, then all of them are
accepted to be the output of the McMC samples. In this sense, the McMC
sampler is a superset of the ML method and the MAP method. However,
the challenge of the ML method and the MAP method lies in the extreme
expensiveness of the optimization routines and the forward operator, generally
high-dimensional and nonlinear. That makes it impossible to use the output
of these two methods as the proposal kernel of the McMC computation.

Therefore, the trade-off between the independent Markov chain and the
MAP method is to use an approximate posterior distribution as the proposal
kernel to construct a Markov chain. The acceptance probability fully depends
on how closely the proposal kernel approximates the posterior distribution.
This idea efficiently improves the mixing of the chain, but also decreases the
expensiveness of the high-dimensional, nonlinear optimization routines. This
is just the origin of the algorithms developed in this study. The proposed
method adopts the blocking update scheme as that in the simple implemen-
tation of the independent Markov chain, but the proposals are more efficient
since they approximate the posterior distribution more closely. Indeed, it is
well known that the blocking scheme helps improve the mixing of Markov
chain (Liu, 1996; Roberts and Sahu, 1997).

The methods developed are more efficient than some algorithms resorting
to the simple Gibbs sampler for the high-dimensional spatiotemporal problem,
e.g., those inverse-conditioning problems haunting both the hydrogeology and
the petroleum engineering community. Generally a Gibbs sampler updates the
attribute field one cell by one cell using the full conditional distribution. For a
high-dimensional nonlinear spatiotemporal problem, the likelihood perturba-
tion introduced by the difference of one single cell’s attribute value is ignorable
in the computer implementation. Most often it may be less than the rounding
error of the computation. It makes the simple Gibbs sampler quite ineffective.
A blocking scheme perturbs the attribute field with more elements and thus
results in much more change of the likelihood. It helps the introduction of
upscaling procedures to accelerate the computation of the likelihood, which
will be explained with more details below.
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4.2.3 Generation of candidates

The starting point for generation of geostatistical realizations is to sample
the prior distribution m(x) which is an appropriate approximation, at least
in terms of model structure, to the posterior distribution 7 (x|y) by which
the likelihood part is discarded. The meaningfulness of this approximation is
twofold: one is to retain the specified model structure and the other is for the
fast generation of candidates. First, the posterior distribution which combines
the prior and the likelihood does not necessarily mean that, owing to the
introduction of the likelihood, the posterior model structure should be different
than the prior one. It just means that the posterior density is proportional
to the product of the prior density and the likelihood. In other words, the
posterior density weighs a prior model configuration by its likelihood. The
second point is that, for the sake of the repeatable generation of candidates,
the BMcMC prefers a fixed model structure since the decomposition operation
for the covariance matrix is applied once for all and all of the candidates
generated share the same spatial structure. In this sense, a single-component
McMC is more suitable for the case of inverse problem with model selection.

Although many random field generators may generate candidate realiza-
tions conditional to hard and soft data (Deutsch and Journel, 1998), a main
challenge lies in the generation velocity. A fast generator is strongly recom-
mended since a huge number of i.7.d models are required for forward evalua-
tions. The algorithm based on the LU-decomposition of the covariance matrix
was preferred in Chapter 3 since it is quite efficient and effective in generating
a large number of conditional realizations. However, it fails to deal with a
large dimension of models due to the difficulty of the LU-decomposition of
the huge covariance matrix. In this regard, the FFT-based spectral simulator
has a computational ability more powerful than the LU-based generator. It
is well known that the FFT-based sampler is one of the fastest generators for
unconditional simulation, which is quite suitable for the McMC computation.
More implementation details on the FFT-based sampler are referred to rele-
vant literatures elsewhere (Pardo-Iguzquiza and Chica-Olmo, 1993; Robin et
al., 1993; Gutjahr et al., 1997; Ruan and McLaughlin, 1998). Appendix B also
gives some more details on the implementation of the FFT-based sampler.

An important step to generating conditional realizations is the configu-
ration of model structure for candidates. If the two-point geostatistics are
adopted, an ad hoc method is to carry out experimental variogram analysis
of parameters when some direct measurements are available. On the other
hand, the structural parameters of candidates may benefit from fitting to the
observations of state variables (Sun and Yeh, 1985; Kitanidis, 1996). For the
point estimation on model parameters, however, we do not encourage to pay
too much attention on inferring structural parameters from the observations
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of state variables. First, this enhancement is minor when those observations
are sparse in space, which is most often the case, and they are subject to large
uncertainties by themselves. Second, the uncertainty of model structure, in
essence, comes from the parameter model itself and is independent on state
variables although the observations of state variables may adversely help im-
prove the estimate of model structure. Third, one may require conditional
realizations with specified structures which are not allowed to be modified. In
summary, our aim is to generate realizations that strictly follow the specified
prior configuration for model structure. It should be emphasized that the pro-
posed BMcMC scheme is not merely limited to generate realizations with given
structural parameters but also has a capability of fitting to the given observa-
tions by configuring models automatically, named automatic model selection,
which is a topic of our future research.

4.2.4 Multi-scale computation of the likelihood

The need of a prohibited CPU cost for running forward simulations with a
complete candidate model is an obvious shortcoming in calculating the like-
lihood since numerous candidates should be tested and forward simulators
are generally expensive. It is especially true for an McMC scheme dealing
with a high-resolution case, e.g., a refined description of aquifer with a small
variance of state variable. In such case, the model is highly discretized and
the state variable is considered to be highly confident. The acceptance rate
for a candidate may be extremely low and, consequently, a dramatically long
Markov chain, which may be beyond the computer power available currently,
has to be run in order to yield a reliable output. A way out of this dilemma is
to find an alternative to calculate the likelihood fast but accurately as possi-
ble. One possible implementation is to use a fast proxy of forward simulators.
Another one is to use a coarsen version of candidates with aid of upscaling
to speedup the forward evaluation. For the latter, only those candidates po-
tentially with higher acceptance probability are subject to complete forward
simulations. For both cases, however, some candidates may be discarded un-
reasonably for the loss of the information in calculating the real likelihood.
Superior to a single-component version of McMC, the BMcMC is especially
suitable for incorporation of widely used upscaling schemes to speedup the
forward computation. This is because the upscaling procedures tend to aver-
age out the effect of a single component update such that the updated model
is the same as the old one. Hence, all the updated models tend to be accepted
which makes the McMC quite inefficient. It happens more often for a high-
resolution case where small prior variances are specified for state variables. In
such case a very low acceptance rate, say, much less than 0.1% for uncondi-
tional case, is often observed as shown as before. In such case, a large number




“myThesis” — 2007/2/2 — 20:08 — page 61 — #381

CHAPTER 4. A MULTI-SCALE BLOCKING MCMC. .. 61

of candidate models are tested but then discarded due to the small possibil-
ity of being accepted. The introduction of coarsen models helps speedup the
BMcMC computation simply because a large number of computational time
is saved in performing the forward simulations.

In this work, the second option is adopted for fast computation of the likeli-
hood. First, an appropriate (economical) upscaling scheme is selected to yield
less biased models. A large number of approaches have been developed for up-
scaling hydraulic conductivity (Wen and Gomez-Hernandez, 1996b). Second,
the forward simulators should be able to cope with the flow and transport
problems at various scales. For this purpose, a flexible-grid full-tensor finite-
difference flow simulator, which is widely compatible with the outputs from
various upscaling subroutines, is developed for the fast computation of the like-
lihood. This flow simulator has ample abilities to accept the input of aquifer
models within irregular grids and the input InK field could be a full tensor.
A constant-displacement random-walk particle-tracking approach is employed
to solve the transport equations quickly and accurately. In contrast to the
scale-dependent constant-time-step scheme, the scale-independent constant-
displacement scheme is implemented to calculate the travel time of particles
aiming at the different scale’s transport problems. With this scheme, the
computation of travel times of particles is only done in specified steps within
one cell, by which numerous computation times are saved in solving transport
problems at the coarse scale and, moreover, the results are proved to be quite
accurate compared to the constant time scheme (Wen and Gomez-Hernandez,
1996a). In summary, these two forward simulators developed in this work, i.e.,
the multi-scale-oriented flow and transport solvers, pay much attention to the
scale problem and hence are especially suitable for the MsBMcMC sampler.
More implementation details are beyond this paper (see Chapter 2).

Another technical detail that is worth emphasizing on is the scale discrep-
ancy for the point value assignment of hydrological parameters between the
original fine scale and the upscaled coarse scale. The problem arises because
the observation and the computation are performed in two distinct support
scales. The upscaled parameters should be transferred to the scale that the
observations have when evaluating the likelihood, or vice versa. For a fully
penetrated well under transient flow conditions, the well-block head may be
calculated from the following form of the Thiem equations,

_ Q Te
hw = he ﬁ In a s (47)

where h,, is the well-block head; h. is the grid-block head calculated by the
finite-difference model; @ is the total pumping/injection rate from the well;
re is the effective grid-block radius for he; r, is the well-block radius; and
T is the grid-block transmissivity. With this relation, the heads at the fine
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and coarse scales can be transformed into the head at the well-block scale.
In the formula above, the effective grid-block radius 7. should be estimated
before the well-block head is calculated. For a square grid, Az = Ay, it can
be calculated by,

A
re = ——0 = 0.208Ax. (4.8)
exp(%)
For a non-square grid, however, there is no uniform formula applicable.
Pritchett and Garg (1980) presented more discussions on this point.

4.2.5 Post-process of the MsBMcMC outputs

Suppose that an ensemble of i.i.d realizations conditional to observations has
been generated, x ~ 7(x|y), the first two moments of a prediction variable
&, which are often of the most interest, can be obtained by the Monte Carlo
integration,

e = Blé(@) = [ ¢(a)de, (4.92)
7t = El(€@) ~ o)) = [ (@)~ po’de = [ E@lpl@)dn— i, (190)

where p(x) = 7(x|y) is the pdf of the random field . The conventional Monte
Carlo method generally evaluates the moments by,

e == > &lwi), (4.10a)

Gf=— Z & (i) — i, (4.10D)

if the realizations are assumed to be equal-likely and hence may be assigned
to an equal weight of n%

An ideal Markov chain attaining such stable estimate has been observed
with an acceptance rate around 15-25%. However, it is hard to obtain such
ideal acceptance rate for a BMcMC in exploring the parameter space for high
precision cases where a low acceptance rate is usually observed in practice. Due
to such limitation, some extremely low probable models may also be sampled
as the output of i.i.d realizations. It should be emphasized that this is not
a weak point of the BMcMC scheme. On the contrary, it demonstrates the
large exploration scope that the BMcMC scheme has, that is, a large number
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of potential regions are visited by the Markov chain. However, those samples
do have extremely low probabilities and should be assigned the weights less
than % A way out of this problem is to prune the output of the BMcMC
according to their posterior probabilities, that is, to discard those candidates
with extremely small posterior probabilities. A possible implementation is
to set a threshold for the posterior probability. Only those realizations with
probabilities above this threshold are retained. A difficulty that the user faces,
however, is that it is quite hard to determine the threshold of the posterior
probability. Further investigations are expected to automatically quantify the
threshold to attain a stable estimate. An alternative way is to truncate outputs
from a very long BMcMC and retain those realizations as required in quantity
by ranking their posterior probabilities.

Up to now, a complete workflow for implementing the MsBMcMC scheme
may be summarized in Figure 4.1.

Once an ensemble of i.i.d realizations is output from the program, the
most probable estimate and its covariance can be computed from,

Elx|=x = /mp(m)da}, (4.11a)

Covlx, '] = E[(x — z)(x' — z)T] = //(:c —z)(x' — 2) p(x, x')dxd',
(4.11b)

where p(x, ') is the joint pdf of  and &’. The uncertainty of one model
parameter, i.e., its variance, can be easily determined by the norm of the
covariance matrix, Var[z] = ||Cov[z, x]|.

4.2.6 Performance assessment of MsBMcMC

A natural empirical approach to convergence control is to draw pictures of
the output of a chain in order to detect deviant or nonstationary behaviors
(Robert and Casella, 1999). The key output of this method is a sequential
plot, n(x) = (n(xg),n(x1),...,n(xn,_1))T, given a set of output realizations,
x = (o, X1, ..., Tn, 1)

Based solely on a single replication, the CUSUM (cumulative sums) plot
is a graphical evaluation of convergence of the McMC, which was proposed by
Yu and Mykland (1998) and was extended by Brooks (1998). It gives both
qualitative and quantitative evaluation of the mixing speed of the chain, i.e.,
how quickly the sample is moving around in the sample space. Given a set
of output realizations (after convergence), * = (o, ®1,...,®,, 1)’ , and an
evaluation function, n(x) = (n(xo),n(x1),...,n(xn,_1))T, one can construct
CUSUM path plots of scalar summary statistic as follows,
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| Generation of an initial field x, |

| Generation of a candidate x*; |<—

lliscale scheme? ———
yes

| Upscaling to x*; |

no

| Flow simulation h(x*.) |

| Transport simulation #(x*.) |

[ | Computation of the likelihood L(y|x*,) |
2
]
; |Computation of the accept rate o(x* | xc)l
(¢
=
= no
=
a yes
x
C | | Flow simulation h(x*;) |
| Transport simulation #(x*;) |
| Computation of the likelihood L(y|x*;) |
|Computation of the accept rate a(x*fle)|
no
M-H accept x*2
yes
| McMC output x* |
yes

no

[ Post-process of McMC outputs ]

Figure 4.1: Flowchart of the multi-scale blocking McMC scheme
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(1) Calculate the mean of the evaluation function,

1 ne—1
n = ni Z 77(352)7
T =0

(2) Calculate the CUSUM,

¢
or =y (n(@:) — 1), (4.12)
=0
fort=0,1,...,n, — 1, and o,, = 0;
(3) Define a delta function as,

5 — 1 if (01;1 — O'i)(UZ' — O'i+1) <0
"o else

fori=1,2,...,n, — 1;
(4) Calculate the hairiness indices,

t—1
= % Z 5, (4.13)
i=1

fort=2,3,...,n,.

The key outputs are two sequential plots: o = (09,01, ...,0,,)7 and ¥ =
(20,21, ..., 20, )T, The first one, oy, gives a subjective evaluation of conver-
gence performance of the chain since the mixing rate is reflected by the vari-
ance CUSUMs over blocks of the sequence (Lin, 1992; Brooks, 1998). A slowly
mixing sequence will lead to a high variance for o; and a relatively large ex-
cursion size before returning to 0 at n,,. When the mixing of the chain is high,
the graph of o is highly irregular (oscillatory or “fractal”) and concentrates
around 0. When the mixing is slow, the CUSUM path is smooth and has a
bigger excursion size. The second one, >, presents a quantitative measure
of smoothness, hairiness index, to evaluate the convergence performance of a
chain. An ideal convergence sequence will be centered at around 0.5.

4.3 A Synthetic Example

The purpose of this exercise is to examine the efficiency and performance of
the proposed MsBMcMC algorithm to generating independent conditional re-
alizations. It should be mentioned that although the initial and boundary
conditions are subject to the uncertainty as well, we assume these conditions
are known or estimated reasonably in order to ease the computational bur-
den. In addition, although the head and concentration data may provide
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information for identifying the spatial distribution of other parameters, such
as porosity and retardation factor, this study only considers the conditional
and inverse-conditional problem of hydraulic conductivity since the spatial
variability of conductivity predominantly controls the flow of fluid and trans-
port of solutes. In other words, the porosity, retardation factor and other
parameters are treated as the constants or known.

4.3.1 Reference models and conditioning data set

A synthetic 2D highly-correlated multi-Gaussian confined aquifer under a uni-
form, natural-gradient flow condition, as shown in Figure 4.2 (A), serves as
the reference field to illustrate the efficiency of the proposed method for con-
ditional and inverse-conditional simulation.

(B) InK Data to be Conditioned
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Figure 4.2: The conditioning data set and the reference In K and head fields
(p =0, = 50,02 =1.0)

The multi-Gaussian field for reference is chosen because of its simplicity
and traceability in performing input and output analysis. Its spatial structure
can be described completely by its first two moments. This reference Ink
field is generated by the program SGSIM from GSLIB (Deutsch and Journel,
1998). The grid size of the entire computational domain is 100 x 100, i.e.,
ng = ny = 100. The size of each square cell is one by one unit-free, i.e.,
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Az = Ay = 1. The flow domain thus is | = [, = [, = 100. The mean
value is set to zero and its variance is set to one, that is, x ~ N(0,1). An
exponential correlation structure without nugget effect is specified. The InK
field is isotropic and the correlation length of both x and y direction is 50, i.e.,
Az = Ay = 50, which is half of the domain size and hence highly correlated.

The high correlation of the aquifer model is preferred in this study for two
reasons: (1) it provides more straightforward visual comparison between the
simulations and the reference due to the block property of images and (2) only
a few observations are required to capture the critical features of aquifer for
easing the computational burden although the proposed method has potential
to deal with a large number of data. In this paper, the high correlation means
a high ratio of the correlation length to the size of the computational domain
while the grid resolution refers to the cell number per correlation length. For
the InK field in this study this ratio is [ : Az = 100 : 50. The grid resolution
is 50 by 50 per correlation length, i.e., Ry = 50 x 50, which is enough to
characterize the spatial variation in details. However, the highly correlation
tightens the dependence of parameters and decreases the degree of freedom of
aquifer models, which makes more limited the admissible parameter space and
hence increases difficulty for the MsBMcMC algorithm to search for acceptable
models. One side-effect of this is that the acceptance rate is dramatically
lowered for the MsBMcMC scheme which will be discussed with more details
in Section 4.

Another factor to be considered is the ratio of the correlation length to
the sampling spacing since the sampling density may be an important factor
for model identification. Generally speaking, as stated by McLaughlin and
Townley (1996), compared to the sampling spacing, a smaller prior correlation
length yields an inverse estimate that is closer to the prior mean except in the
immediate vicinity of measurements. In principle, parameter variability with
a correlation length smaller than the sampling spacing cannot be determined.
Conversely, a larger prior correlation length yields a smooth estimate which
varies gradually over the region of interest. Besides, it was recognized that
the uncertainties of models and their responses remain significant even with a
large number of hard conditioning data (Harter and Yeh, 1996; van Leeuwen et
al., 2000; Scheibe and Chien, 2003). Eggleston et al. (1996) found that for the
Cape Code aquifer the estimation error is relatively insensitive to the number
of hard data above a threshold of three measurements per integral volume.
For the InK field in this study, this ratio is Ay : As = 50 : 25 which keeps
two sampling points per correlation length which is deemed to be capable of
capture the main characteristics of the real aquifer.

The single-phase flow problem is set up as follows. The upper and lower
boundaries are set as impermeable, i.e., non-flow boundaries. The left and
right sides are set as constant heads ten and zero, respectively, i.e., h_, = 10
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and hy, = 0. The confined steady-state flow problem is solved by a blocking-
center finite-difference simulator developed in this study. The reference head
field is shown in Figure 4.2 (C). Nine points uniformly distributed in the flow
domain are selected as the conditioning positions. The sampling interval thus
is As = As; = Asy, = 25. Nine InK values are shown in Figure 4.2 (B) as
hard data to be conditioned. Nine head values at the same locations are shown
in Figure 4.2 (D) as state data to be inverse-conditioned.

Therefore, the problem is to infer the spatial distribution of InK from
nine InK measurements and nine head observations under the same flow and
transport conditions by the MsBMcMC method.

4.3.2 An inverse-conditional estimate

This part presents a preliminary result by inverse-conditioning to nine head
observations just to show the effectiveness of the proposed MsBMcMC scheme.
A critical pattern of the reference model, as shown in Figure 4.2 (A), is that
the low InK values, mostly locating at the left-lower corner, spread along the
north-west direction while the high InK values locate mainly at the right-lower
corner and some of them at the left-right corner. The main feature of the head
distribution, as shown in Figure 4.2 (C), is that the flow breakthrough of the
lower part is much faster than that of the upper part. Nine head observations
uniformly scattered over the head field, as shown in Figure 4.2 (D), basically
captures the main flow pattern. Therefore, the identified InK field by inverse-
conditioning on the head data is expected to be capable of reproducing the
critical patterns of the reference models.

The main input parameters to the developed MsBMcMC program for
inverse-conditioning are configured as follows. Except for the nine head data,
the InK is assumed as the unknown. Therefore, the output realizations are
only inverse-conditioned to head observations. The expected value is set to
zero and the variance is set to one, z ~ N (0, 1). The model structure of InK is
assumed to be estimated unbiasedly, i.e., an isotropic field is assumed and the
covariance is simulated by an exponential function with a correlation length
equal to 50, i.e., Ap = 50, whence all parameters keep consistent with the
reference model. Note that the experimental mean and variance may deviate
slightly from the input values due to some technical modifications in imple-
menting the FFT-based random sampler. The parameter configuration for
flow simulations is also assumed to be known perfectly, that is, a steady-state
single-phase flow is simulated with boundary conditions consistent with the
reference model. The absolute resolution for parameter calibration is set as
05 = 0.17 which means that the head field may fluctuate around the given
head observations with standard deviation equal to 0.41. In other words, the
head observations h; (i < k) are corrupted by noises 0.41, i.e., h; £0.41 (i < k).
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Three thousand independent realizations, whose InK values closely follow
the given Gaussian distribution, i.e., InK'~ N(0, 1), are generated to calculate
the ensemble mean InK field, which represents the most probable estimate by
the MsBMcMC method. As shown in Figure 4.3 (A), the main distribution
pattern of the reference InK field (see Figure 4.2 (A)) has been well identified
in visual though the amplitude of the mean estimate is weaker than that of
the reference field. Note that the scale of estimate is less than that of the
reference as shown in the legends. The most probable estimate is obviously
over-smoothed and underestimated since local details tend to be smoothed
out during the procedure of inverse-conditioning with only several sparse data,
which is just as done as kriging.

(A) InK Field (ensemble mean)

(B) InK Field (ensemble variance)

100]

North

0 East 100

(C) Head Field (ensemble mean) (D) Head Field (ensemble variance)

100]
X 10
i . i..
ol
0 East 100 0 East 100

Figure 4.3: An MsBMcMC' estimate by inverse-conditioning to head observa-
tions (A\g = 50,02 = 1.0,0321 =0.17)
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North
North
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The norm of the posterior covariance matrix represents the actual error
of parameters in uncertainty quantification. Since the MsBMcMC method
does not resort to the sensitivity matrix for the inverse-conditioning simula-
tion, the uncertainty assessment based on sensitivity is no longer applicable.
Without considering the correlation, however, the ensemble variance (Equa-
tion 4.9b) is in reality an alternative representation of uncertainties. Figure
4.3 (B) plots the variance of the most probable estimate over an ensemble of
three thousand realizations from the MsBMcMC output. It just shows the
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reliability distribution of the InK estimate since a smaller variance demon-
strates a narrower region that InK is allowed to fluctuate over. In turn, it
simply displays the degree of reliability of the most probable estimate of Ink.
The posterior variance obviously decreases compared to the prior one due to
inverse-conditioning. Such decrease is not uniform in space, however, because
of the non-uniform sensitivity of head observations to model parameters.

One could easily find from Figure 4.3 (B) that the inter-well region has
a more reliable estimate than the well-bore region (observation locations for
state variables) and that the worst estimates have been obtained close to the
boundary regions. This is because in this case study both the well-bore region
and boundaries have specified heads that inverse-conditional models have to
honor. The sensitivity of heads to parameters is very low near the locations
with constant heads since there is no change of heads responding to the fluc-
tuation of parameters. Therefore, the uncertainties at those locations are not
significantly reduced by inverse-conditioning to their own head observations.
But the uncertainties can be reduced as benefiting from inverse-conditioning to
head observations at other positions. As a result, the estimated InK near the
center has less uncertainty than that close to other eight points. It is worth-
while pointing out that the conclusion for reliability analysis may only apply
to this example under the steady-state natural-gradient flow condition. More
numerical experiments subject to different flow configurations are required to
reach a more common conclusion for reliability evaluation. Moreover, the con-
clusion drawn from the proposed approach may not be applicable to other
inverse methods.

The same flow experiments as done to the reference model are conducted
for the ensemble of 3000 realizations. The mean head field from the batch flow
experiments is plotted in Figure 4.3 (C), which is quite similar to the reference
head field, i.e., the lower part has earlier breakthrough than the upper part
though the estimated distribution is more regular and smooth. The variance
of estimated head fields is plotted in Figure 4.3 (D), which displays the fluctu-
ation sizes of heads. Note that the values on two boundaries, i.e., the left and
the right side, are not the real cases due to the boundary effect. The reasoning
is that because the head field is highly correlated, just as a natural result of
the highly correlated InK field, and these two boundaries have specified val-
ues, i.e., ten for the left and zero for the right, the head values on the regions
close to these boundaries are more determined from the boundary specifica-
tion rather than the stochastic fluctuation identified by inverse-conditioning.
The constant head configuration prevents the simulated head from changing
significantly for different parameter values. In other words, the sensitivity of
heads to parameters is low near the boundaries with constant heads. The
regions of high head variance are those locations that new observations should
be placed on in the new network design for reducing the uncertainty.
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In summary, head observations, albeit sparse in space, do contain impor-
tant flow information for identifying the large-scale trend of InK, which can be
efficiently extracted, though underestimated in magnitude, by the proposed
MsBMcMC inverse-conditioning algorithm. However, the effect of such under-
estimation in uncertainty assessment may be compensated for by generating
a large number of independent realizations with aid of the Monte Carlo sim-
ulation which is just what the proposed MsBMcMC method aims at.

4.4 Performance Assessment of MsBMcMC

Two key measures for evaluating the performance of the MsBMcMC method
are the acceptance rate and the accuracy of the identified InK field. The
former aims at the evaluation of the efficiency of the MsBMcMC method in
exploring the parameter space. The acceptance rate is one of measures that
are directly related to such efficiency. It also measures the CPU efficiency of
the MsBMcMC method for conditioning and inverse-conditioning procedure.
Since the inverse problem is notoriously computationally intensive a high ac-
ceptance rate is strongly desired for generation of conditional realizations in
a limited CPU time. The accuracy of the identified InK field measures the
goodness-of-fit of conditional and inverse-conditional simulations by the pro-
posed MsBMcMC method. Unfortunately, such accuracy is hardly quantified
systematically. An ad hoc way is to compare, in visual, the simulated results
with the reference fields. On the basis of these measures, several factors that
affect the performance of Markov chains have been examined and analyzed in
total twelve scenarios as shown in Table 4.1.

4.4.1 Effects of spatial correlation

As for classical inverse methods, it is recognized that incorrectly specified
models may have an adverse impact on inverse results because the parameter
estimates are forced to compensate for unacknowledged errors (McLaughlin
and Townley, 1996). The experiments of this and the next subsection are de-
signed to examine such influence from incorrect prior configurations for model
structure, i.e., model uncertainties, on the inverse-conditioning simulation by
the proposed MsBMcMC scheme.

Suppose x is characterized by a constant mean (stationary random field)
and isotropic, exponential covariance, i.e.,

Elx] = u, (4.14a)

Covlz] = o2 exp (-"’”) : (4.14b)
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Table 4.1: MsBMcMC' configurations and performance indices

Scenario x e 02 oy a(%) (AyY) %
1 x|y 50 1.0 1.00 9.50 7.98 0.308
2 x|y 50 1.0 0.25 0.33 3.26  0.243
3 x|y 50 1.0 0.17 0.09 2.41  0.253
4 x|y 20 1.0 1.00 1947 8.01 0.334
) x|y 20 1.0 025 0.71 3.93  0.272
6 x|y 50 0.5 0.17 0.74 2.10 0.324
7 x|y 50 1.5 0.25 0.20 3.21  0.249
8 xz|reps,y H0 1.0 1.00 33.16 5.03 0.362
9 T|xoes,y 50 1.0 0.25 3.95 2.49  0.287
10 @|zeps,y 50 1.0 017 1.40 1.89 0.284
11 T|xes,y 20 1.0 1.00 31.56 5.83 0.384
12 z|zwsy 20 1.0 025 247 296  0.266

where dg is the separate distance and A, = A, is the correlation length. For
the case as used in this synthetic example, the key structure parameters boil
down to 0, = (02, \z). The attention is then focused on the effect of a priori
specifying the spatial correlation length A\, (this subsection) and the variance
o2 (the next subsection) on the estimation of model parameters.

Figure 4.4 compares the influence of correlation length on the reproduction
of reference fields. The left column indicated by (A) shows the result of A\p =
50 (correctly specified) while the right one indicated by (B) shows the result of
Az = 20 (wrongly specified). Both of the InK fields (A.1 and B.1) reproduce
the main characteristic of the reference InK field (Figure 4.2 (A)). However
the identified magnitudes are different. The correct correlation length better
improves the signal-to-noise ratio. Note that the left image (A.1) has a larger
scale of legend. Moreover, the variance of estimated InK fields as shown in
A.2 is smaller than that of the right one (B.2) which means that the correct
Az yields more reliable estimates. The simulated head fields also show the
same trend: the one from correct A\, (A.3) is closer to the real case (Figure
4.2(C)) than the wrong one (B.3). This numerical experiment shows that
a prior A\, configuration closer to the reality gives more stable and reliable
estimates. However, even though the correlation length is wrongly specified a
priori which most often happens since the underground reality is never fully
observed or is observed but with large errors, the main features of the reference
fields are also reproduced which proves the robustness of the proposed method.

Figure 4.5 reveals the effect of correlation length on the performance of
MsBMcMC. The sequential plots as shown in (A) and (B) demonstrate the
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(A.1) InK Field (ensemble mean) (B.1) InK Field (ensemble mean)

(B.2) InK Field (ensemble variance)
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Figure 4.4: Effect of prior correlation length on the reproduction of reference
fields (07 = 1.0,07 = 0.25, (A) Az = 50, (B)Ag = 20)
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squared head mismatch resulted from the correct correlation length configura-
tion (Ax = 50) and wrong one (A\g = 20), respectively. Statistically, the correct
one has a smaller mean mismatch (3.26 for A\ = 50 and 3.93 for A\, = 20)
which implies that the correct identification of correlation length produces
results more reliable and closer to the reality. Figure 4.5 (C) compares the
sequential CUSUM where the correct Ay obviously has a slightly smaller ex-
cursion size which means the chain mixes a little more rapidly. Moreover, the
degree of smoothness does not alter a lot as shown in Figure 4.5 (D) where the
hairiness indices of two graphs are very similar (0.243 for A\, = 50 and 0.272
for Az = 20). In summary, correct identification and configuration for corre-
lation length help, but slightly, improve the mixing of the chain and produce
results more reliable and closer to the reality.

" (A) Bequential Plot of Squared Head Misfit
| (0;=1.0,0,=0.25,,=50, <AH?>=3.26)

ared Head Misfit
=3/93)

, <AH*3=3/93

AH?

| I

b

— - — M
1000 . 2000 3000 0 1000 . 2000 3000
McMC Iteration McMC lteration

180~ (C) Sequential Plot of CUSUM o, 05 (D) Sequential Plot of Hairiness £,

I
" W
; S ¢
3 v R e g
(A AN M
9 TR SN
-

0°=1.0,0°=0.25 A, =50
- - - - 0=100,=0.25)=20 - - - - 0=10,0,=0.251,=20

0°=1.0,0°=0.25,A =50

qgob— v L

1000 2000
McMC lteration

n ] n n n n 1 n n n n ]
3000 0 1000 2000 3000
McMC lteration

Figure 4.5: Effect of prior correlation length on the performance of MsBMcMC
(02 =1.0,07 = 0.25, (A)Ag = 50, (B) Az = 20)

The correlation length of model parameters has a certain effect on the
acceptance rate which can be seen from Table 4.1. Such influence is more
apparent for the case unconditional to the hard data. Compared to basic
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configurations in scenario 1 and 2 (Az = 50), experiments in scenario 4 and
5 (Az = 20) are designed to examine such influence for the cases where the
candidates are not conditioned to the hard data. The shorter correlation length
obviously enhances the acceptance rate, i.e., from 9.50% to 19.47% for the case
05 = 1.00 and from 0.33% to 0.71% for the case 0’5 = 0.25. However, for the
case where the candidates are conditioned to the hard data, the acceptance rate
almost remains unchanged which can be observed clearly by comparing the
scenario 11 (31.56%) to the scenario 8 (33.16%) and the scenario 12 (2.47%)
to the scenario 9 (3.95%). The reasoning for this observation is as follows.
A longer correlation length increases the dependence of model parameters
which makes it less free for the proposal kernel to move around the parameter
space that the MsBMcMC has to explore extensively. In other words, if their
correlation length is longer the candidates have less degree of freedom, and
hence the size of the admissible model set becomes smaller and the acceptance
rate decreases correspondingly. However, conditioning to hard data effectively
decreases the dimension of candidates which essentially relaxes this rigidity of
degree of freedom that a long correlation length strictly sets on. As a result,
the acceptance rate increases in nature.

4.4.2 Effects of variances of model parameters

Several conventional means for estimating the variances of model parameters
include, (1) collecting the direct measurements of parameters, (2) collecting
the indirect geophysical measurements, and (3) analogizing to the geological
observations from the outcrop. Although the determination of the variance
benefits from such information, the assumed statistics from this are difficult to
verify in practice. For this reason, it is of considerate interest to analyze the
sensitivity of inverse results on the prior variances of model parameters. As
shown in Equation 4.1, the mean spatial distribution p is practically unknown
a priori so that a large variance for Cy, is most often specified in order to avoid
an unreliable estimate of .

Figure 4.6 displays the effect of the prior variance configuration for model
parameters on the reproduction of reference fields. The left column indicated
by (A) plots the results from a smaller variance specification (o2 = 0.5) and
the right column indicated by (B) plots the results from a larger variance spec-
ification (02 = 1.5). Other relevant results for the base variance (02 = 1.0) are
plotted in Figure 4.4 (A) and Figure 4.3 for 05 = 0.25 and 05 = 0.17, respec-
tively. One can easily find that the a priori underestimated variance gives rise
to incorrect, at least in visual, estimations for both the InK field (A.1) and
the head field (A.3) that obviously deviate from true cases (Figure 4.2 (A) and
(C), respectively) even though the posterior uncertainties are reduced due to
condition on head data (A.2) which demonstrates the robustness of the pro-
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posed MsBMcMC method. On the other hand, the overestimated variance
yields visually correct estimations for both the InK field (B.1) and the head
field (B.3). Another observation is that such overestimation helps improve the
identification of signal in amplitude (B.1) but the posterior uncertainties are
also exaggerated (B.2).

(A.1) InK Field (ensemble mean)

(B.1) InK Field (ensemble mean)

100]
10
i. |
10
ol
o East 100
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(A.3) Head Field (ensemble mean)
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Figure 4.6: Effect of prior variances (o2) on the reproduction of reference fields

(Az =50, (A)oz = 0.5,02 = 0.17, (B)o2 = 15,0, = 0.25)

Figure 4.7 compares the effect of different variance specifications on the
performance of the MsBMcMC method. It is hard to tell the difference of
estimated accuracy between the correct variance and the wrong one only from
the sequential plot for squared head mismatch (Figure (A) through (D)) but a
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smaller variance gives a slightly smaller mismatch. From the sequential plots
of CUSUM (E) and hairiness indices (F), one can find a smaller variance seems
to mix more rapidly and renders a more stable and reliable estimation.

Prior specification for the variance of model parameters has a significant
effect on the acceptance rate as shown in Table 4.1. A small variance enhances
the acceptance rate while a large variance lowers the acceptance rate. By com-
paring the scenario 3 to the scenario 6, one can find that the variance decreases
from 1.0 to 0.5 and the acceptance rate increases from 0.09% to 0.74% cor-
respondingly. Similarly, by comparing the scenario 2 to the scenario 7, one
can find that the variance increases from 1.0 to 1.5 and the acceptance rate
decreases from 0.33% to 0.20% correspondingly. In a certain limit, a larger
prior variance obviously decreasing the acceptance rate is due to the larger
uncertainty of model parameters while a smaller prior variance increasing the
acceptance rate is because the model parameters are relatively deterministic.
Another reason is that the smaller variance yields smoother candidates and
the fluctuation of their likelihoods is limited to a smaller range, so does the
fluctuation of the posterior densities. A natural result is that it increases the
possibility of accepting a candidate. However, this conclusion is not always
applicable for all the prior variances. For example, if the prior mean is over-
confident and the variance is extremely small, the acceptance rate may be
small as well since the probability of a candidate matching state data becomes
extremely nondeterministic.

4.4.3 Effects of variances of state variables

Carefully examining the Equation 4.3 for the posterior distribution, one can
weigh the worth of information provided by the prior assumption for the model
(essentially from the direct measurements) and by the posterior observations
of state variables. The weight of the prior term is small if the measurement
errors of state variables are large while the weight of the likelihood will be small
if the prior statistics are uninformative, i.e., the variance is relative large. Due
to the worth discrepancies that sources of information hold, different relative
weights may be assigned to different types of conditioning data, i.e., the direct
measurements of model parameters and indirect observations of state variables.
For the sake of retaining the model structure, Cy and p are generally specified
a priori before the conditional simulation starts, therefore, a user is more than
encouraged to adjust Cy to weigh the state data for the inverse-conditional
simulation. The weight assignment of state variables fully depends on the
reliability of observations. As the information content of observations of state
variables increases, i.e., a decrease of their variances, the output of MsBMcMC
reproduces more features of the reference field. Figure 4.8 compares such effect
of different variances of head data on the reproduction of reference fields.
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Figure 4.8: Effect of variances of head data (05) on the reproduction of refer-
ence fields (Ay = 50,02 = 1.0, (A)o; = 1.00, (B)o; = 0.25), (C)o; = 0.17)
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The left column indicated by (A) in the figure shows a rather big variance
of state variables (o2 = 1.00), the middle one indicated by (B) shows a rather
moderate variance (op = 0.25), and the right one indicated by (C) shows a
rather small variance (05 = 0.17). One can easily find that the ability of the
reproduction of reference fields increases as the variance decreases. The crucial
pattern of the reference InK field is well uncovered by all of them (from A.1
through C.1) but the mean InK field of the small variance is closer to the
reality. Notice that the amplitude of signal of (C.1) is obviously higher than
the others (A.1 and B.1). The variance of estimated InK fields decreases as the
decrease of the variance of state variables (from A.2 through C.2) which means
that the small variance specification gives more stable estimation. Moreover,
the estimated head distribution is closer to the real case (from A.3 through
C.3) and more reliable and stable (from A.4 through C.4) as the variance
decreases.

Figure 4.9 displays the effect of variances of state data on the performance
of MsBMcMC. The sequential plots (A) and (B) show the squared head mis-
match resulted from different variance specification, 05 = 1.00 and 0.17, re-
spectively. For 05 = 0.25, the sequential plot is shown in Figure 4.5 (A).
Obviously, as the decrease of variances, the mismatch significantly decreases.
The mean squared head misfits are 7.98, 3.26, and 2.41 for 05 = 1.00, 0.25, and
0.17, respectively. Figure 4.9 (C) and (D) show the sequential plots of CUSUM
and their hairiness indices, respectively. It can be observed that a smaller vari-
ance has a smaller excursion size. But at the same time, the hairiness indices
also drop down from 0.308 to 0.243 to 0.253 as the variance increases from
1.00 to 0.25 to 0.17. Therefore, the variance of 022/ has a significant influence
on the performance of MsBMcMC.

The acceptance rate is prominently affected by the variances of state vari-
ables which can be seen clearly from Table 4.1. The increase or decrease of the
acceptance rate « is positively proportional to the increase or decrease of the
variances of state variables (ag). For example, from the scenario 1 through 3,
the acceptance rate decreases from 9.5% to 0.09% as the variance decreases
from 1.00 to 0.17. The same trend is also observed in the case of shorter
correlation length (scenario 4 and 5) and in the case conditional to hard data
(scenario 8 through 10). The reasoning for such observation is as follows. As
the variances of state variables increase, the state data becomes less infor-
mative and their constraints on the candidates become less rigorous. More
candidates are therefore accepted as the components of the Markov chain.
On the contrary, as the variances decrease, the state data are considered as
more accurate measurements and their constraints are stricter. Fewer candi-
dates may meet more stringent constraints and the acceptance rate decreases
correspondingly since the parameter space remains unchanged.
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4.4.4 Effects of conditioning on hard data

Conditioning to hard data efficiently decreases the degree of freedom of a
stochastic process and hence narrows down the size of the parameter space, i.e.,
from R™ to R™~™, which adversely helps improve the exploration efficiency of
the MsBMcMC method owing to the increase of the weight of the potentially
admissible parameter space. In the case of highly correlated random field,
such improvement is more significant since the correlated neighborhood also
benefits from the conditioning.

One direct result is the enhancement of the acceptance rate which can be
easily observed from the Table 4.1. From the scenario 8 through 12 which
are the cases conditional to the hard data, the acceptance rates are obviously
higher than the unconditional cases (from the scenario 1 through 5, respec-
tively). The enhancement is more obvious for the cases with a small variance
of state variables. Note that in the scenario 3 and 10 where the variance is 0.17
the acceptance rate increases from 0.09% to 1.4% by conditioning on nine hard
data. It should be pointed out that such big influence of conditioning to the
hard data on the acceptance rate may be only applicable to the case of high
correlation as in this case study. The effect of the conditioning number of state
data and hard data on the estimation is undergoing more investigation. But
from the experience of the authors, an effective number of measurements for
the most probable estimate is about [ : Ay, i.e., the ratio of the computational
domain to the correlation length, specifically 2 x 2 in this case study.

Figure 4.10 plots an MsBMcMC estimate by conditioning to the hard data.
The mean InK field (Figure 4.10 (A)) can be viewed as a superimposition of
the kriging estimate on the unconditional estimate (Figure 4.3 (A)). The dis-
tribution of high and low values basically reflects the main features of the
reference field both in location and in magnitude. Figure 4.10 (B) shows
the uncertainty of estimated InK fields. Since the local values at the nine
observation points are fully honored their variances are zero. In the neighbor-
hood of the nine observations the variance decreases obviously. Close to the
boundaries the estimate is subject to more uncertainties. Compared to the
unconditional case as shown in Figure 4.3 (A) and (B), the kriging estimate
seems to dominate the magnitude over the inverse-conditional estimate. The
simulated head field (Figure 4.10 (C)) reproduces the reference model slightly
better than that of unconditional estimate (see Figure 4.3 (C)). The reliability
of such estimate also improves (Figure 4.10 (D)). Note that the variances close
to boundaries may not necessarily decrease due to the influence of boundary
conditions. But at the center part of computational domain the variances do
decrease compared to Figure 4.3 (D).

Figure 4.11 demonstrates the effect of conditioning to hard data on the
performance of MsBMcMC. The sequential plot (A) shows the squared head
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Figure 4.10: Effect of conditioning to hard data on the reproduction of reference

fields (\e = 50,07 = 1.0, 07 = 0.17)
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mismatch for the case unconditional to the hard data while the plot (B) shows
the squared head mismatch for the case conditional to the hard data. Obvi-
ously, conditioning to hard data makes the estimated mismatch smaller, i.e.,
from 2.41 to 1.89. The graph (C) plots the CUSUM sequences and the graph
(D) plots their hairiness indices. Conditioning to hard makes small the excur-
sion size and also increases the irregularity of CUSUM sequence. The hairiness
indices increase from 0.253 to 0.284 owing to conditioning to hard data. Both
measures show that conditioning to the hard data helps improve the mixing
of the chain.
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Figure 4.11: Effect of conditioning to hard data on the performance of MsBM-
cMC

4.4.5 Improve output by pruning

The evaluation of model responses &(x) is computationally demanding since
the number and dimension of random fields are usually large. On the other
hand, the MsBMcMC method generally calls for a large number of realizations
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to obtain a stable estimate for a stochastic process in order to compensate for
the anomalous cases of low probabilities. A way to mitigating this discrepancy
is to select only the most probable models subject to the forward response
evaluation. It achieves by ranking the geostatistical realizations according to
their weights of probability and selecting only those with top scores of ranking.
Indeed, when the most probable estimate and its variance are computed from
output i.i.d realizations as follows,

T = /a:p(a:)dm, (4.15a)
Varjz] = /(:B — z)*p(x)dz, (4.15b)

those realizations with low posterior probabilities, i.e., when p(x) = 7(x|y)
is small, may be discarded by which the estimate should not be affected too
much since their weights are generally small.

The advantage of this post-process can be verified by examining the resid-
ual distribution of InK field. Actually, one of main results that should be
extracted from the head observations by inverse-conditioning is the reproduc-
tion of the large-scale spatial trend of InK distribution. If the relationship
between the spatial trend and the random fluctuation is considered as signal
to noise (McLaughlin and Townley, 1996), the signal-to-noise ratio defined as
such is a performance measure of an algorithm. A simple way is that, by means
of subtracting the identified trend (signal) from the reference field (system),
the uncorrelated degree of residual distribution (noise) measures the efficiency
of the algorithm. The residual distribution tends to behave like white noise if
the signal is separated perfectly. Figure 4.12 (B) plots such noise distribution
by subtracting the signal identified by 3000 realizations (Figure 4.12 (A)) from
the system (Figure 4.2 (A)). The degree of correlation has been efficiently de-
creased visually in comparison with the original reference model (Figure 4.2
(A)). Notice that the clouds of the high and low values are de-coagulated
and the correlation length is significantly shorter which exhibits some trend,
though not perfect, to the behaviors of a white noise. The reason for such
imperfect is partly due to the underestimation of the amplitude of signal.

However, the post-process of MsBMcMC outputs can efficiently improve
the estimate of the amplitude of signal. Figure 4.12 (C) plots the identified
mean InK distribution by selecting the first 100 realizations with top rankings
amongst the original 3000 realizations. One can easily find that the magnitude
of (C) is obviously greater than that of (A). Statistical analysis shows that the
standard deviation of the former (0.54) is higher than that of the latter (0.45)
and the mean remains unchanged (0.03). Figure 4.12 (D) plots the noise
distribution by subtracting the identified signal from the system. The de-
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aggregation of extremes is in a certain degree enhanced especially around the
center of computation domain. As for the estimate of the phase of signal, the
design of observation networks is mainly responsible for detecting the locations
of the high and lower values.

(A) InK Field (ensemble mean)
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Figure 4.12: Identified mean In K fields and residual distributions (Ay = 50,
o2 = 1.0, O',Z = 0.17). Note that (A) and (B) are resulted from 3000 realiza-
tions, while (C') and (D) are based on 100 realizations.

4.5 Conclusions and Discussions

A multi-scale blocking McMC method is presented to generate independent
realizations that honor both the static measurements and the dependent dy-
namic observations. The proposal kernel for the Monte Carlo integration is
an appropriate approximation to the target posterior distribution due to the
adoption of the blocking scheme, which efficiently improves the mixing of chain
and hence saves a large number of computational times. The generation of
candidate realizations is fast even for a high-dimensional case simply because
the spectral decomposition of the covariance matrix is quickly done with aid
of the fast Fourier transform. The computation of the acceptance rate is eco-
nomical since an upscaling procedure is integrated into the algorithm such
that the coarse-scale model can be used to quickly evaluate the likelihood by
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the multi-scale-oriented flow and transport simulator developed in this study.
Several important influence factors on the performance of the MsBMcMC have
been widely examined on the basis of a synthetic example under the uniform,
natural-gradient flow condition. Results show that the parameter configu-
ration for models and the measurement errors of state data have important
effects on the reproduction of reference models and computational efficiency.

Unlike the traditional inverse methods, one of the most important features
of the proposed method is that the generated realizations have the specified
spatial structure and parameter statistics as the user expected. The essential
difference between the traditional inverse methods and the presented MsBM-
c¢MC method in handling with the model structure problem can be explained
under the Bayesian framework. The MAP method, for example, typically
assumes a prior model structure and generates an ensemble of initial seed
fields conditional to the hard data. Then those realizations are subject to a
model calibration procedure in order to inverse-condition on the dependent
state data. Classically, a conditional and inverse-conditional realization is
constructed by minimizing the objective function,

1

0= w'Cyl(e—m)+ (olw) ) Cylg(x) ~y).  (416)

During the procedure of model calibration, the initial seed field following
x ~ N(pu,Cy) is perturbed so as to match the state data and at the same time
the parameter statistics and model structure have to be modified correspond-
ingly, i.e., * ~ N(tm,Cp). Indeed, the posterior mean and the posterior
covariance matrix of the final individual realizations, in a linear approxima-
tion, are,

pm = p+ (JCyJ" + Ca) ' I Cy(y — g(n)), (4.17a)
Cn=(JTC'T+C,"), (4.17D)

where J = % is the Jacobian matrix. The second formula means that the
structure of conditional and inverse-conditional realizations, C,,, depends not
only on the prior specification for model parameters, C,, but also on the
posterior observations of state variables, Cy. This is the way that the MAP
method views the parameter statistics and model structure of conditional re-
alizations, which is also applicable to other sensitivity-based inverse methods,
such as, the ML method (Carrera and Neuman, 1986), the pilot point method
(RamaRao et al., 1995), and the sequential self-calibration method (Gomez-
Hernandez et al., 1997). In summary, the modification on parameter statistics
and model structure for matching the state data is not a requirement as a pri-
ori specified but a passive result from the model calibration which is inherent
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to the algorithms. This fault is not the prior configuration for models but the
posterior assignment for parameter values.

From the viewpoint of the blocking McMC method, however, the parame-
ter statistics and model structure are specified a priori and remain unchanged
in generating all of candidates, i.e.,

Bm = K, (4.18a)
Cy, = Cy. (4.18b)

Then the McMC theory is invoked to select those candidates which are consid-
ered to inverse-condition on the state data under the scope of the observation
errors. Therefore, the final realizations closely follow the prior specification on
parameter statistics and model structure, i.e.,  ~ N(tp,,Cp,) = N(u, Cq).
In essence, the prior statistics for model parameters are independent from the
observations on other parameters, including the dependent state variables.
However, although the inference on parameter statistics and model structure
may, in theory, benefit from the observations of relevant variables, it should
be warned that the reliability of such structure analysis is always doubtful
because of the inherent sparseness of relevant variables on which the inference
making is based. The overconfidence on derivation of parameter statistics and
model structure from highly incomplete information is unreliable and thus dis-
couraged. Estimation on parameter statistics and model structure from state
data is different than that from hard data. The former is useful but secondary
for structure estimation while the latter is required especially for the prior
configuration for models.

In addition, the proposed method has several other advantages over clas-
sical inverse methods: (1) Unlike those conventional approaches, the MsBM-
cMC method is remarkably stable and well-behaved. It fully circumvents
the difficulties of ill-posedness and identifiability as faced by the conventional
sensitivity-based approaches. (2) It is easy to implement although a lot of cares
should be taken in coding. (3) It has an ability to incorporate all linear and
nonlinear data into the parameter models without invoking the failure-prone,
usually highly nonlinear, optimization procedure as done as other widely used
inversion procedures. (4) It is not restricted to the assumption of a multi-
Gaussian process for model parameters and can be easily extended to other
stochastic process, such as, Markovian.

However, the disadvantages of the proposed method are also obvious. First,
the presented MsBMcMC scheme is extremely computationally intensive. A
large number of candidate realizations have to be provided to construct the
Markov chain. Just like all of the other Monte Carlo methods, the number
of realizations to be generated can not be efficiently determined in order to
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obtain a convergent result. Second, the efficiency of the proposed MsBMcMC
method in exploring parameter space is desired to improve. The main dis-
crepancy lies in the tradeoff between the acceptance rate of candidate models
and the accuracy of state data. If the state data are considered to be highly
confident, i.e., the measurement errors are extremely small, the exploring effi-
ciency of the Markov chain will decreases drastically since the acceptance rate
is dramatically low. Fortunately, this study finds that the high confident mea-
surement errors make no significant difference for the estimation on the model
parameters in the synthetic example problem. But this conclusion deserves
more validation of real field applications.
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A Multi-scale Blocking

McMC Method: 2.
Uncertainty Assessment

Abstract

A multi-scale blocking McMC (MsBMcMC) method has been presented in
Chapter 4 to perform conditional and inverse-conditional simulations honor-
ing both the static data and the dynamic data. However, the purpose of the
stochastic simulations to generating physical models is not only to reproduce
the observations as precisely as possible but also to characterize model pa-
rameters between the observations in space and to predict model responses
that have not yet been observed in space and time. Inevitably, an inherent
uncertainty occurs in predicting the spatiotemporal distribution of model pa-
rameters and their responses. This study presents a synthetic example to
validate the efficiency and robustness of the proposed MsBMcMC method for
performing conditional and inverse-conditional simulations. Specifically, the
models are configured a priori, either correctly or wrongly. Then the MsBM-
cMC approach is invoked to generate independent realizations conditioning
on hard data and inverse-conditioning on state data, e.g., the head observa-
tions and the temporal moments of tracer data. Finally the estimated models
and the predicted responses are compared with the real case. Results show
that the hydraulic conductivity only contains local information on the spatial
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distribution of model parameters while piezometric head and tracer data in
conjugation with sampling network may convey regional or global informa-
tion on the spatial trend of model parameters. The uncertainty propagation
due to conditional and inverse-conditional mapping of aquifers is quantified
in terms of the scale-dependent macrodispersion by means of solving assumed
steady-state flow and ideal, conservative transport problems under a natural-
gradient flow condition. It is found that inverse-conditioning to the temporal
moments of BTCs, or equivalently, the spatial moments of concentration data,
substantially improves the estimation on the solute spreading. The reduction
of uncertainties proves not only the worth of hydraulic conductivity and piezo-
metric head but also the significance of the temporal moments of tracer data
in mapping model parameters and predicting model responses.

5.1 Introduction

In general, there are three methods for uncertainty assessment in inverse
stochastic modeling: the linear (first-order second-moment) method, the non-
linear method, and the Monte Carlo method (Carrera et al., 2005). Amongst
them, the Monte Carlo method is probably the most widely used though com-
putationally burdensome. The MsBMcMC is by nature a Monte Carlo method
for uncertainty assessment but it also has the ability to constrain the models
on both the static data and the dynamic data.

The groundwater flow inverse problem is to estimate parameters of phys-
ical model from head observations, which is well demonstrated in Chapter 4.
The groundwater transport inverse problem consists of estimating parameters
of physical model on the basis of concentration measurements. The concentra-
tion data for inverse stochastic modeling is attractive due to their abundance
in aquifer measurements. However, it is a challenging task since the highly
nonlinear relationship between the heterogeneity of hydraulic conductivity and
the spatial variability of solute concentration, which are governed by the flow
and transport equations.

The concentration data have been directly used to the parameter inference,
e.g., characterization on the spatial correlation structure and the point esti-
mation on local parameters, in several literatures (Graham and McLaughlin,
1989a, 1989b; Sun and Yeh, 1990a, 1990b; Woodbury and Sudicky, 1992; Deng
et al., 1993; Anderman and Hill, 1999). For instance, Ezzedine and Rubin
(1996) derived, in a geostatistical approach, the cross covariance between the
tracer concentration data and the hydrogeological variables such as conductiv-
ity and head, which allows for the utilization of tracer data for estimating the
spatial distribution of conductivity. Franssen et al. (2003) used the sequential
self-calibration method to generate realizations conditional to the spatially dis-
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tributed concentration data with aid of the adjoint-state method to calculate
the sensitivity matrix. A synthetic study was presented to show the worth of
concentration data.

However, the direct use of concentration data for inverse-conditional mod-
eling generally requires a large of concentration samples extensively distributed
over the entire flow domain over space and frequently sampled over time in
order to obtain an exact description of spatial and temporal distribution of
tracers, which is quite expensive and even impractical. An example is the Cape
Cod tracer experiment where 9840 sampling points in the 656 monitoring wells
were used to measure the concentration of tracers (LeBlanc et al., 1991). By
contrast, the travel time is a cheaper alternative for parameter inference to
condition on the concentration data due to the low cost in the data acquisi-
tion. Indeed, collecting travel time of tracers only invokes couples of wells for
forced-gradient flow or a series of wells distributed along a plane perpendicu-
lar to the mean flow direction for natural-gradient flow (Rubin and Ezzedine,
1997). Fernandez-Garcia et al. (2005) found that, even under a uniform,
natural-gradient flow condition, only several full-penetrated wells are required
to accurately estimate the first two moments of BTCs obtained from total
mass fluxes passing through the control planes. Additionally, there are also
some merits in the computational aspects (Harvey and Gorelick, 1995). For
example, the travel times are scale-independent and thus avoid the disparity
problem between the model resolution and the measurement scale since the
travel times are typically computed in a Lagrangian framework rather than
the grid-based Eulerian method when solving the forward transport problem.

Several literatures have been found for conditioning aquifer parameters on
the travel time. Vasco and Datta-Gupta (1999) developed an asymptotic so-
lution to the solute transport, in a single forward simulation, to calculate the
sensitivities for the inversion of the tracer data. Then an iterative linearized
inversion algorithm is used to infer the parameter distribution. Wen et al.
(2002) derived sensitivity coefficients of tracer travel time with respect to the
permeability by tracking streamlines between the well pairs. The sequential
self-calibration method is then employed to construct geostatistical realiza-
tions conditional to concentration data. Results from a synthetic aquifer show
that tracer concentration data carry important information on the spatial
variation of permeability in the inter-well areas while the pressure data only
provide information near the well-bore.

In contrast to the entire BTCs, a variety of statistical measures computed
from the BTCs, e.g., the peak concentration arrival times, the percentiles of
travel times, and the temporal moments of tracer data, can also be used for
the inverse-conditional simulation and mitigate the computational effort. Sev-
eral methods based on the temporal moments and statistics of the BTCs have
been used for parameter inference. Cirpka and Kitanidis (2001) developed
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a sensitivity matrix of the temporal moments of tracer data with respect to
the conductivity using the adjoint-state method. On the basis of such sen-
sitivity matrix (of the first moment), the quasi-linear geostatistical inversion
or iterative cokriging method is employed to conditioning the conductivity on
the tracer data. A synthetic example demonstrates a minor improvement of
the integration of tracer data (in terms of the first temporal moment) into
the estimate of conductivity compared to the result of head data. Rubin and
Ezzedine (1997), Woodbury and Rubin (2000), and Bellin and Rubin (2004)
proposed to use the peak concentration arrival times to infer the geostatis-
tical models of conductivity. Actually, public officials assessing health risks
associated with contaminant exposure in a drinking water supply system may
be most concerned with peak concentration or the corresponding arrival time
(Lemke et al., 2004). Moreover, one appealing point in data acquisition is
that the peak concentration arrival time is less affected by the truncated BTC
records, e.g., the missing early or late arrivals due to the infrequent sampling
and the insensitivity of measurements. Wilson and Rubin (2002) used the
indicator variable of solute arrivals for the inference of parameters controlling
the heterogeneous structure of conductivity and the mean flow velocity.

The meaningfulness of conditioning on the various percentiles of the BTCs
is apparent in physics. The early arrivals in the BT Cs follow the fastest path-
ways between the release source and the control plane, which are dominated
by preferential flow, i.e., flow conduits. On the other hand, the late travel
times reflect a more integral behavior, or even flow barriers. Therefore, differ-
ent inversion results provide different knowledge about the flow and transport
properties. High connectivity generally results in earlier breakthrough, i.e., an
earlier front part of breakthrough curve. Failing to account for such case will
have too conservative conclusion in risk analysis in that the real arrival time
may be too much faster than that estimated (Gomez-Hernandez and Wen,
1997). On the other hand, low connectivity results in later breakthrough. An
aquifer remediation design without considering such feature may fail because
the resident contaminants will be removed more slowly than expected ( Wagner
and Gorelick, 1989). Harvey and Gorelick (1995) presented a method for esti-
mating the spatial pattern of conductivity from the quartiles of solute arrive
times. In a hypothetical aquifer example, they found that adding the median
quartile of the BTCs to the cokriging procedure does improve the accuracy of
the estimate of conductivity. But the tails of the BTCs (0.1 and 0.9 percentiles
in their case) do not convey much more information about the conductivity
field than the median quartile on the basis of the first-order approximation of
the flow and transport equations.

The transformations of the raw measurement data of dependent state vari-
ables as the input to the inversion procedure have their own advantages. First,
such preprocess decreases the inconsistency or reduces the discrepancy between
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the raw data, which helps to improve the stability of the inversion procedure,
but not of the methodology itself, and the identification of the subsurface re-
ality. This is straightforward since the acquisition of raw data contain a huge
number of errors. One advantage of using temporal moments as conditioning
data, for example, is that the derivation of travel time moments from the raw
BTC can efficiently average out the measurement errors. An alternative is to
assign a pdf to define measurements instead of individual raw values. Second,
it may increase the sensitivity of state data to the model parameters. Third,
it may convey a more useful information for engineering design. For instance,
a surfactant flooding scheme requiring delivery of surfactant at concentrations
exceeding a specified threshold for a minimum time period might be more
concerned with second temporal moment, i.e., dispersion. The first purpose
of this study, therefore, is to constrain the stochastic models on the moments
of BTCs by the MsBMcMC.

The construction of the physical models honoring the prior information,
the linear data and the nonlinear data is only one aspect of the geostatistically-
based conditional and inverse-conditional simulation. Chapter 4 has already
presented a detailed description on the MsBMcMC approach to this problem.
Of equal importance, on the other hand, is to carry out uncertainty analysis,
e.g., to quantify the reliability of those models, to identify key uncertainty
resources, and to assess the resolutions and confidence regions of the condi-
tional realizations (Vasco et al., 1997; Deutch and Journel, 1998), so as to
measure how much the property parameters can depart from the conditional
realizations. It becomes more valuable in integrating nonlinear data since
most often there are not sufficient high-resolution, conditional realizations
available for the Monte Carlo assessment due to the computational expense
of the inverse-conditional simulation. Note that the purpose of quantitative
uncertainty analysis is not to reduce uncertainties which can only be achieved
by collecting additional effective information. Additional effective information
essentially reduces the uncertainty of model. However, not all conditioning al-
gorithms are sensitive to, and thus are capable of detecting such uncertainty
reduction introduced by, additional effective information. In this regard, quan-
tification of uncertainty can adversely check the efficiency of a conditioning
algorithm.

The second purpose of this work, therefore, is to investigate the worth of
various types of data and to assess the uncertainty reduction caused by the
conditional and inverse-conditional simulations in a synthetic example under a
natural-gradient flow condition. First, the worth of local conductivities, piezo-
metric head and travel time data is evaluated by the errors of the generated
realizations deviated from the real model in terms of the spatial distribution
of the hydraulic conductivity following the line of Franssen et al. (2003).
Then, the predicted uncertainties of head distribution due to the conditioning
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to various types of data are assessed. Finally, the uncertainty propagation
of conditional simulations is quantified in terms of the longitudinal macrodis-
persion to further validate the worth of various measurements. It is worth
pointing out that since the model structure of realizations generated by the
MsBMcMC are identical, the worth of conditioning data from diverse sources
are evaluated exclusively without structure uncertainty involved.

5.2 Uncertainty Assessment

Two types of uncertainties are considered in this section, model uncertainty
and prediction uncertainty. The model uncertainty is important at the spa-
tiotemporal scale not only because the models generated form the basis for
future performance prediction at the existing wells but also because they serve
as risk analysis of candidate wells. The prediction uncertainty directly mea-
sures the prediction ability of models at the spatiotemporal scale. In addition,
the purpose of the assessment on uncertainty propagation is straightforward,
that is, to determine which sources of uncertainty contribute mostly to the
uncertainties of the predicted responses and hence to further design experi-
ments to reduce the most critical uncertainties. Assuming that the uncertainty
from numerical simulations is negligible and considering that the uncertainty
of data acquisition is uncontrollable, the model uncertainty (e.g., from differ-
ent model structures, such as, Gaussian vs. Markovian, and from different
structure parameters, such as, mean, variance, correlation length, sill, and
anisotropy for the Gaussian case) is essentially responsible for the resulted
prediction uncertainty.

5.2.1 Model uncertainty

Although the reference model is well defined and observable in this study, we
generally do not know what it is in advance in practice. A practical way is to
use the ensemble average of simulated outputs instead of the real model. Two
parameters are computed as the metrics of performance measure to this end,
the ensemble average error (I(x)s) and the standard deviation of the ensemble
average error (I(x)4), which are defined as the Li-norm and Le-norm between
the simulated models and the mean models, i.e.,

1 nzyzfl 1 ne—1
I(:B)l - Hmszm - i’sim”l = Z - Z |xi,r - ji|7 (513)
Nayz 525 T 150
1 nxyz_l 1 ne—1
I(a:)% = || sim — isxm”% = Z — (i — ji)g’ (5.1b)
Ngyz Ny
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where n, is the number of realizations, ng,. is the number of grid cells, T,
is the vector of simulated attribute values, and &, is the ensemble average
vector of simulated attribute values.

In case of the synthetic example like this study, however, the model uncer-
tainty can be measured by the simulated errors to validate the efficiency of the
proposed method since the real model is available(Deng at al., 1993; Frassen
et al., 2003). In such case, the Li-norm and Lo-norm between the simulated
models and the real models are defined as,

Neyz— 1 1 ny—1
()3 = |sim — Trefll1 = — Z i — 27, (5.2a)
Yz i Ny —
nzyz_l ny—1
2 2 1 1 sim ref\2
I(@) = ||Tsim — Tregllz = — D (@ =), (5.2b)
wyz =y 3

respectively. Note that x,.s is the vector of reference attribute values. Ob-
viously, the smaller I(x); and I(x), are, the closer to the real model the
generated realizations are.

5.2.2 Uncertainty of model responses

A method to examining the effect of conditioning to head data on the un-
certainty reduction of the spatial distribution of hydraulic conductivity is to
examine the decrease of the Li-norm and Ls-norm of the predicted model
responses (Hoeksema and Kitanidis, 1984; Kitanidis, 1986). The four metrics
for the model responses, I(y)1, I(y)2, I(y)s, and I(y)4, are defined as follows,

1 Nxyz— 1 ny—1
I(y)l = Hyszm - 'gsim”l = 7 Z |le y’L (53&)
Naxyz i—0
) ~ ) Nyyz— 1 1 ny—1
I(y)2 - Hyszm - ysimH2 = Z Z Yi,r yl ) (53b)
Nayz =0 o r=0
1 nzyzfl 1 ny—1
I(y)s = [Yim = Yrefli = —— D — > |ui" - i, (5.3¢)
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respectively.
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In essence, I(x)1, I(x)2, I(y)1, and I(y)2 measure the degree of precision
that the McMC simulations could render, that is, how narrow the confidence
interval of McMC simulations is. I(x)s, I(x)4, I(y)s, and I(y)s measure the
degree of accuracy that the McMC simulations may attain, that is, how they
are close to the true model and it response. From the standpoint of estimate
and uncertainty, I(x)1, I(x)s, I(y)1, and I(y)s3 measure the reliability of the
estimated models and their responses while I(x)2, I(x)4, I(y)2, and I(y)s
measure the uncertainty of the estimates and their responses.

5.2.3 Macrodispersion

In addition, the macrodispersion coefficient can be viewed as an important pa-
rameter to represent the spatial variability of hydraulic conductivity. Indeed,
experimental and theoretical results have suggested that macrodispersion of
solutes is essentially produced by the spatial variation of the fluid velocity re-
sulting from the heterogeneity of hydraulic conductivity. Because the physical
models inverse-conditional to the concentration data and the head data are
expected to preserve the main flow and transport pattern, the objective of this
study is to validate the capability of the conditioning algorithm employing the
McMC scheme to capture such features by comparing the macrodispersion of
the conditional realizations with that of the unconditional realizations.

The scale- or time-dependent macrodispersion is defined as the change rate
of the second-order moment of a solute plume. Extensive studies on the effects
of hydraulic conductivity on macrodispersion of solutes have shown that, un-
der steady-state flow conditions with a uniform mean hydraulic gradient in the
statistically stationary media of finite correlation length of hydraulic conduc-
tivity, macrodispersion increases with time from the point at which the solute
body first enters the flow domain, until after the solute cloud has traveled a
few tens of correlation length of the hydraulic conductivity and then reaches
a constant asymptotic value (Dagan, 1984; Khaleel, 1994).

One possible way to estimating the macrodispersion of solutes is to carry
out a series of Monte Carlo numerical simulations to calculate the temporal
moments at various displacement distances using the statistics of the BTCs
and transverse drifts. The longitudinal and transverse macrodispersion can be
then computed from the particle arrival times and arrival transverse positions
to those distances, respectively. In this study, only the longitudinal macrodis-
persion is considered. Specifically, given an ensemble of aquifer realizations,
say, n,, one can get a set of BTCs at different control planes, say, n., perpen-
dicular to the mean fluid velocity, i.e., {t(zo),t(z1), ..., t(xn,—1)}r,7 € [0, 1),
by solving the steady flow and transport problems. The longitudinal macrodis-
persion for a given control plane can be calculated from the temporal moments
of an ensemble of BTCs by (Fernandez-Garcia et al., 2005),
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A == 5.4

where x denotes the travel distance (i.e., the distance between the control
plane and the tracer source in the z direction) and () denotes the ensemble
average operator. In the formula above, (07(x)) is the expected variance of
travel time, (0%(z)) is the expected variance of mean travel time, and (T'(z))?
is the expected average travel time. A detailed procedure for computing these

three values is given as follows.
(1) Expected average travel time (T'(z))

T'(z) is the first-order moment of travel time for one single realization, i.e.,
the average arrival time of a given realization, which can be approximated by,

npr—1
1«
T, (x) = - Z tri(z);r €[0,n,),
Pr =0

where n,, is the total number of tracer particles that arrive at the control
plane and ¢, ;(x) is the travel time of the ith particle for the rth realization.
(T'(x)) is the ensemble mean of the average arrival time over all the realizations,
which can be approximated by,

ny—1

(T(@) = = Y To(a)
" r=0

(2) Expected variance of travel time (o?(z))

o2(x) is the second-order moment of travel time for one single realization,
ie.,
1 Np,r—1
2 2 2
O—t,r(m) - tr,i(x) Tr (x)a re [07 nr)a
Mpyr 1=0

(3) Expected variance of average travel time (0%(z))
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a%(:c) is the variance of the first temporal moment, i.e., the squared devi-

ation of average arrival time of a single realization from the ensemble average
arrival time,

oty (2) = (Tr(z) = (T()))*;7 € [0,nr),

and, then, the ensemble mean (0% (z)) is,

ny—1

()= Y o, (x).
" r=0

An alternative way to calculating the apparent longitudinal macrodisper-
sion is to use the coefficient of variation of the BTCs (Kreft and Zuber, 1978,;
Desbarats and Srivastava, 1991; Wen and Gomez-Hernandez, 1998),

T 0'2 T
M= 3oy

(5.5)

where m;(z) and o?(z) are the mean and variance of travel times at the dis-
placement distance x, respectively. To overcome the sensitivity of o?(x) to
the presence of outlier travel times, the distribution of log travel time was
suggested to calculate the temporal moments,

me(a) = exp { () + ) |
7 (w) = md () (exp (o)) ~ 1)

following Khaleel (1994) and Wen and Gomez-Hernandez (1998). my, ()
and o2 ,(z) are the mean and variance of log travel times at the displacement
distance x, respectively.

5.3 Synthetic Experiments and Results

The stochastic inverse-conditional simulation to generating models is not only
to reproduce the observations as precisely as possible but, even more impor-
tantly sometimes, to characterize parameters where we do not know such as
at those points between the observations and to make inference to the fu-
ture performance of wells, either old or virtual. Correspondingly, an inherent
uncertainty occurs in predicting the spatiotemporal distribution of parame-
ters and their responses, which are called model uncertainty and prediction
uncertainty, respectively. A classical method for inverse stochastic modeling
includes two stages, model identification and parameter estimation. Although
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the McMC method may merge these two stages into one procedure by auto-
matic model selection, this study intentionally separates them for comparing
and validating the efficiency and robustness of the proposed MsBMcMC in
uncertainty assessment. Specifically, the models are configured a priori, ei-
ther correctly or wrongly. Then the McMC approach is invoked to generate
independent realizations conditioning on the hard data and inverse condition-
ing on the state data, e.g., the head observations and temporal moments of
tracer data. Finally the model uncertainty and the prediction uncertainty are
quantified in comparison with the assumed real case.

5.3.1 Experiment configurations

The synthetic example as given in Chapter 4 is employed again to assess the
uncertainties and the worth of diverse source data under a natural-gradient
flow condition. The reference InK model, the reference piezometric head field,
and the corresponding conditioning data set are already displayed in Figure
4.2. Starting from the InK field, once the head field is obtained by solving the
flow problem, the Darcian velocity field at cell’s interface can be established
by applying the Darcy’s law. The porosity field is assumed to be homogenous
with a constant, ¢ = 0.3. The conservative transport problem is then solved
by the constant-displacement random-walk particle-tracking algorithm in the
Lagrange framework as implemented in Chapter 2. The effect of pore-scale
dispersion is neglected, i.e., oy, = a7 = 0. In such case, the solute particles are
convected along the streamlines of the steady velocity field. Hence the solute
plume is confined transversally by the two no-flow boundaries. Molecular
diffusion is also neglected in this example problem. Two thousand particles,
randomly uniformly distributed on the left boundary, are tracked until they
arrive at the control plane located at the right boundary. The travel time
is recorded at the control plane and forms a pdf to describe the transport
property of conservative mass. The statistics of the BTC computed from
the reference travel time distribution are shown in Table 5.1 as state data
to be inverse-conditioned. The tracer test designed as such is based on two
considerations: (1) it allows to fully capture the globally spatial variations of
InK and (2) the observation well system is rejected since the natural-gradient
flow pattern may cause a rather low particle capture rate at the well-bores.

Therefore, the aim of conditional and inverse-conditional problems is to
infer the spatial distribution of InK from nine InK measurements, nine head
observations and statistics of travel time under the identical flow and transport
conditions by the MsBMcMC method.

Totally six scenarios of stochastic simulations and numerical experiments
are carried out as listed in Table 5.2. To ease the computational burden, the
relative errors of head and travel time data are assumed to be rather large.
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Table 5.1: Statistics of reference travel time

Statistics Travel time

05 percentile of the BTC 912.39520
25 percentile of the BTC  1013.97559
50 percentile of the BTC  1081.44373
75 percentile of the BTC ~ 1232.37927
95 percentile of the BTC  1823.62537
1st moment 1192.83350

2nd moment 98379.28125

The relative resolution of head observations is set as ‘7}% = 0.2 which means
that the head field may fluctuate around the given head observations with
standard deviation equal to 0.45 times observations. In other words, the head
observations h; (i < k) are corrupted with noises 0.45 x h;. The relative
resolution of travel time is set as o7 = 1.0 which means that travel times may
fluctuate around the given residual time observations with standard deviation
equal to 1.0 times observations. Owing to the multi-Gaussian property of the
InK field, the moments of BTC may simply replace the entire BTC as the
conditioning data. This set of parameter configurations for MsBMcMC make
possible all of the simulations and computations to run with a cheap PC.

Table 5.2: Parameter configuration for stochastic simulations

Scenario  Model McMC configuration

1 x|— po =0, 02 =1, \gg =50

2 x|z, fe =0, 02 =1, \g =50, 02, = 0.0

3 x|h pz =0, 02 =1, Ay =50, 07 = 0.2

4 x|t po =0,02 =1, gy =50, 02 =1.0

5 x|h,t pe=0,02=1, Ay =50, 02 = 0.2, 07 = 1.0

6 x|z, h,t fip=0,02 =1, =50, 02 =0.0,0; =02, 07 =10

For each scenario, the MsBMcMC is invoked to generate 100 i.i.d InK re-
alizations by assuming that the other parameters are free from uncertain and
known perfectly. A batch of flow and transport simulations that are configured
in the same manner as the reference case are run to build the spatiotemporal
distribution of head fields and travel times. The model uncertainty metrics,
I(x)y, I(x)2, I(x)3, and I(x)4, the response uncertainty metrics, I(h)1, I(h)s,
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I(h)s3, and I(h)4, and the scale-dependent macrodispersion coefficient Ay (z)
are computed by the Equation 5.1 through 5.5, respectively. The importance
of hydraulic conductivity, piezometric head, and travel time (moments) on re-
duction of model uncertainty and prediction uncertainty is analyzed as follows.

5.3.2 Model uncertainty

Figure 5.1 shows the spatial distributions of the mean InK due to conditioning
data from various sources. In visual, inverse-conditioning to head data does
give rise to a correct large-scale trend about the InK distribution, e.g., Scenario
3 and b5, although the amplitudes are much less than the reference case which
has been plotted in Figure 4.2(A) as the reference. Note that the legends
used are different from each other. As expected, the conditioning data of Ink
only convey some local information even though the field is highly correlated
(see Scenario 2). Inverse-conditioning on travel time moments should help
identify the regionally spatial pattern of physical models, but Scenario 4 does
not give an ideal image as expected. One possible reason is due to the network
design of tracer experiment for recording the travel time. Since the tracer test
is designed to cover the entire flow region, fully from the left to the right
boundary, the travel time record only reflects an average transport property
of the physical model. No further information about spatial configuration of
model parameters could be extracted from one single BTC record. However,
it adversely proves the importance of sampling density and sampling network
design in model identification and uncertainty reduction.

Figure 5.2 shows the uncertainties of the estimates given in Figure 5.1.
Conditioning on InK measurements only makes the uncertainties of estimates
reduced at the local regions around the measurement points (Scenario 2). The
uncertainty reduction due to inverse-conditioning to head and/or travel time
observations is fully regional (Scenario 3-5). Jointly conditioning to conduc-
tivity and inverse-conditioning to head and/or travel times does reduce both
the local and global uncertainties (Scenario 6).

It is worth noting that Figure 5.1 and 5.2 seemingly tell us that both the
head data and the tracer data may convey useful information on the spatial
trend of InK distribution fully at the regional scale. However, Wen et al.
(2002) found that the tracer breakthrough data carry out important informa-
tion on the spatial variation of InK in the inter-well areas while the pressure
data provide information at near well-bore areas. This minor discrepancy is
probably because (1) Wen et al.’s observations are based on the radial, forced-
gradient flow condition while the example presented in this study simulates the
uniform, natural-gradient flow condition, (2) the sampling network design for
recording the BTCs is in part responsible for such disagreement, and (3) the
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Figure 5.1: The mean InK fields due to conditioning to various source data
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Figure 5.2: The variances of InK fields due to conditioning to various source
data
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InK field is highly correlated such that the model responses at the observation
points is also “kriged” or propagated to the neighborhood.

Besides, from the Scenario 4 and 5 in Figure 5.2, one can find that the
uncertainty reduction in the upstream is larger than that in the downstream
after inverse-conditioning to temporal moments, which agrees to the finding
presented by Franssen et al. (2003) whose observation is based on inverse-
conditioning to spatial concentration data using the sequential self-calibration
method. The reason why it happens is still not very clear to the authors but
Franssen et al. (2003) contributed this phenomenon to more sensitivity of
concentration to flow velocity in the upstream zone. This explanation seems
unreasonable since it ignores the fact that the mean hydraulic gradient is uni-
form over the entire field in their case study. It never means that the velocity
in the upstream is necessarily higher than that in the downstream. One reason
is possibly due to the measurement error assignment to the travel times dur-
ing the inverse-conditioning. Since an equal relative weight is imposed on the
travel times for both the upstream and and downstream, the upstream part
actually is set a smaller error for inverse-conditioning which yields a more
accurate result than the downstream.

Table 5.3 summarizes four metrics for measuring the credibility and un-
certainty of conditional and inverse-conditional simulations. Although it is
unfair to compare the absolute worth of distinct source data since the mea-
surement errors are most often involved, it is important to know their essential
significance on model identification and uncertainty reduction. Basically, the
collection of direct measurements of InK is extremely important for the config-
uration of the prior model parameters while the collection of state data helps
identify the spatial trend of physical models. From Table 5.3, it is hard to
tell which data source is more important than the other although hard data
(Scenario 2), head data (Scenario 3), and travel time moments (Scenario 4) do
enhance the reliability of estimates (I(x); and I(x)3) and decrease the uncer-
tainty of models (I(x)2 and I(x)4) in comparison with the unconditional case
(Scenario 1). Besides, the sampling density may also play an important role in
uncertainty reduction. In this example problem, head data (Scenario 3) seems
to reduce the model uncertainty slightly more than hard data (Scenario 2) due
to a rather dense sampling spacing, i.e., two samples per correlation length.
Inverse-conditioning on travel time moments (Scenario 4) gives a rather unre-
liable estimate, e.g., I(x); and I(x)y are inconsistent with I(x)s and I(x)4.
But just because the data from diverse sources contain distinct information on
physical models, joint integration of multi-source data can efficiently improve
the estimates to the greatest extent, e.g., Scenario 5 and 6.

In addition, correct prior configurations for spatial statistics and model
structure also play important roles in reducing model uncertainty. Two sets
of experiments have already been conducted in Chapter 4 to show the worth
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Table 5.3: Mean absolute error and mean variance of In K

Scenario 1 2 3 4 5 6
x|— x|z, x|h x|t x|h,t x|x1,h,t
I(x), 0.8170 0.7262 0.7122 0.7032 0.6800 0.6446
I(z)? 1.0210 0.9135 0.8913 0.8812 0.8537  0.8127
I(x)s 1.1539 0.9836 0.9749 1.1364 0.9450 0.8905
I(z)? 1.4484 1.2444 1.2244 1.4241 1.1871 1.1297

of model statistics and spatial structure: one is the variance of parameter
variables and the other is the spatial correlation length. Comparing to the
wrong specifications, the correct cases obviously render the better reproduc-
tion of the reference models (see Figure 4.4 and Figure 4.6). Figure 5.3 plots
the histograms of InK distributions before and after conditioning on diverse
source data. The InK fields generated by MsBMcMC obviously follow the
prior specification, e.g., InK ~ N(0,1), which significantly differ itself from
the traditional inverse methods (e.g., Figure 1.5 in Chapter 1).

5.3.3 Response uncertainty

Once the physical models of InK are generated by the MsBMcMC, the flow and
transport experiments may apply to these realizations to predict the model
responses at the spatiotemporal scale, e.g., the piezometric head distribution.
Figure 5.4 compares the predicted steady-state head distribution. The ref-
erence field has been depicted in Figure 4.2(C). Conditioning on hard data
(Scenario 2) seems to reproduce the main points of the reference head distri-
bution, but it does not reflect the real worth of hard data in model response
prediction. The truth is that nine samples uniformly distributed over the field
produce a kriging field that can sufficiently catch the main pattern of the real
field since the InK field is highly correlated (A = 50). Inverse-conditioning
on travel time moments (Scenario 4) obviously fails to reproduce the spatial
pattern of head. It does not mean that the travel times do not carry out much
useful information for model response prediction. The sampling density and
network configuration is mostly responsible for such failure since the travel
time under the uniform flow condition is only an integrated response of InK
variability in space. One single BTC does not have enough ability to recover
the spatial configuration of model parameters. As expected, joint integration
of diverse source data does improve the prediction of model responses to the
greatest extent, e.g., Scenario 5 and 6.
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Figure 5.5 plots prediction uncertainties of model responses. Conditioning
merely on hard data (Scenario 2) and inverse-conditioning only to travel time
moment produce responses that remain rather large uncertainties. Inverse-
conditioning to head observations, either solely or jointly, reduces the uncer-
tainty much more than other types of data do, which seems to say that the
head observations have the largest worth in reducing the uncertainty of head
prediction.
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Figure 5.5: The wvariances of head fields due to conditioning to data from
various sources

Table 5.4 summarizes four metrics for measuring the reliability and un-
certainty of predicted head distributions. It seemingly shows that inverse-
conditioning on the head observations gives better reliability and less uncer-
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tainty than conditioning on InK and inverse-conditioning on travel time. If
both the head data and the others (InK and travel time) are honored, the
uncertainty reduces to the largest extent.

Table 5.4: Mean absolute error and mean variance of predicted head

Scenario 1 2 3 4 5 6
x|— x|z, x|h x|t x|h,t x|x1,h,t
I(h)y 0.7499 0.5344 0.3017 0.5071 0.3196 0.2703
I(h)3  0.9889 0.7292 0.3961 0.6532 0.4130  0.3620
I(h)s 1.0021 0.6514 0.4110 0.8550 0.4378 0.3429
I(h)?7 1.3594 0.8837 0.5504 1.1164 0.5749  0.4712

In addition, from Table 5.3 and Table 5.4, one can easily find that the
McMC simulations always underestimate the real uncertainties and give more
optimistic predictions than they are. Note that I(x); < I(x)s, I(x)2 < I(x)4,
I(h)l < I(h)g, and I(h)g < I(h)4.

5.3.4 Uncertainty propagation

Rubin (1991) had examined the uncertainty propagation due to conditioning
on the InK and h measurements with respect to the prediction of tracer plume
migration. This study tries to include the temporal moments of BTCs into the
conditioning and inverse-conditioning procedure and to investigate its impact
on the prediction of solute plume spreading. Two underlying assumptions for
the Rubin’s or other traditional methods should be pointed out: one is the
linearization of the flow and transport equations and the other is that structure
uncertainty is often involved. Our method is free from these two assumption
and hence some more general results are expected to be reached.

By setting various control planes in the x direction, the unconditional and
conditional macrodispersion coefficients may be computed by Equation 5.4 or
5.5 from the temporal moments of the BTCs. Figure 5.6 compares the scale-
dependent macrodispersion coefficients with the reference curve. Due to the
limitation of experimental design, only the early time, small-scale macrodis-
persions have been computed and plotted, i.e., x/ Az < 2.

Several observations may be drawn from the Figure 5.6. First, inverse-
conditioning to travel time moments substantially improves the estimate of
macrodispersion. Note the decrease in Ap(z) by comparing Scenario 4-6 to
Scenario 1-3. This finding based on inverse-conditioning to temporal moments
of BTCs is totally consistent with the result based on inverse-conditioning to
spatial distribution of tracer concentration which was provided by Woodbury
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and Sudicky (1992). On the basis of the bromide and chloride tracer tests
performed at the Borden aquifer in Ontario, Canada, they found that inverse-
conditioning to spatial moments of concentration data considerably enhances
the estimation on the rates of plume spreading in the longitudinal direction
compared to the unconditional case (e.g., Figure 5 over 4 in their article).
Therefore one can conclude from this experiment that even though inverse-
conditioning to temporal moments of BTC may not reduce the uncertainties
of InK and head by much, it may serve to identify other components such as
the spreading of solute plume, which is even more of interest for the water
resource management.

Second, the InK measurements (Scenario 2) seemingly contain more infor-
mation for determining macrodispersion than the head observations (Scenario
3). Rubin (1991) also found that introduction of head data does not cause any
considerable improvement for estimation on the solute plume migration. The
travel time data (Scenario 4) may convey more information on macrodisper-
sion than both the InK measurements and the head observations.

Third, jointly conditional and inverse-conditional simulations tend to ren-
der the most abundant information for macrodispersion determination after a
certain distance from the source, i.e., z > 1.5\ (Scenario 5 and 6). At the
early stage when the control plane is close to the source, however, the impact
of conditioning on determining the macrodispersion coefficient is complex. A
general conclusion is hardly to arrive at since the results are highly depen-
dent on the local conditions of InK distribution (Rubin and Dagan, 1992).
Moreover, unlike the results from the linearization of flow and transport equa-
tions, our numerical results is fully the nonlinear responses to the InK fields
which makes the distribution of macrodispersion coefficient less regular than
the linear method, e.g., Rubin’s (1991).

By comparing Table 5.3, Table 5.4, and Figure 5.6, one can find that
conditioning data may have not too much influence on the uncertainty re-
duction of model parameters, but the uncertainties of model responses may
be reduced remarkably. For example, inverse-conditioning on ¢ (Scenario 4)
does not reduce the uncertainties of InK and h distributions by too much
(e.g., the relative uncertainty to the unconditional case is less than 14% and
32%, respectively), but the prediction on the rate of solute plume spreading
is significantly improved (Scenario 4 in Figure 5.6). Similarly, collection of
h only slightly enhances the estimation of model, e.g., the model uncertainty
decreases only 14% compared to the unconditional case. It also has not too
much influence on the estimation of Ay (z), e.g., very slightly better than the
unconditional case by comparing Scenario 3 to 1 in Figure 5.6. But the predic-
tion of hs has been highly improved, almost 60%. That is because the method
presented in this study strictly preserves the model statistics and structure,
the model uncertainty may not be reduced to very high degree even though a




“myThesis” — 2007/2/2 — 20:08 — page 114 — #134

114 CHAPTER 5. A MULTI-SCALE BLOCKING MCMC. ..

large number of hard data are available. But inverse-conditional simulations
do remarkably decrease the uncertainties of model responses. On the other
hand, the uncertainty reduction of predicted responses is aim-dependent, i.e,
the collection of state data improves the prediction of response of the same
type to the greatest extent which is consistent with the intuition.

In addition, the evolution of the plume front and tail is of interest for the
risky analysis on a radioactive waste repository. The ensemble mean of the 5
and 95 percentile of BTCs, denoted by t5y and tgs, represent the behavior
of contaminant plumes at the early time (plume front) and the late time
(plume tail), respectively. tsy reflects the earliest times that a contaminant
plume arrives at a location of interest while tg50; estimates the operational
time to remove most of contaminants from the aquifer. Figure 5.7 plots the
evolution history of contaminants plume’s front and tail along the mean plume
trajectories before and after conditioning to diverse data.
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Figure 5.7: A comparison on evolution history of contaminant plumes (A) at
the early time tsy, and (B) at the late time tosy due to conditioning to data
from various sources

Two observations from Figure 5.7 (A) are that conditioning and non-
conditioning make no evident difference to the estimation on the plume’s front
(t59) and that the stochastic simulations obviously underestimate the the early
arrival time, i.e., a conservative estimation is obtained. From Figure 5.7 (B),
one may find that inverse-conditioning to the temporal moments of BTCs
underestimates the plume’s tail (tg5% ), non-conditioning to the temporal mo-
ments overestimates the late time, and jointly conditioning to hard data, head
data and temporal moments yields the best estimate. But in general, hard
data, head data and temporal moments of BT'Cs seemingly do not contain too
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much information on the estimation of the early and late time. This result
may come from two facts: (1) conditioning to the given data, especially the
temporal moments of BT Cs, only is an integrated, average reflection of aquifer
properties while t5o, represents the fastest flow track and tgse, represents the
slowest path, both of which are the extreme responses of aquifer properties,
and (2) the isotropic multi-Gaussianity of the random fields is partly responsi-
ble for it since, unlike a non-Gaussian, multi-modal field, the isotropic multi-
Gaussian model tends to give rise to an extremity-free response.

5.4 Conclusions and Discussions

The MsBMcMC method is an useful stochastic conditional and inverse-conditional
simulation tool for quantitative uncertainty evaluation. A synthetic example
under a uniform, natural-gradient flow condition is presented to show its use-
fulness in uncertainty assessment and data worth evaluation. One of the most
appealing points is that this method is capable of generating ¢.7.d conditional
and inverse-conditional realizations that have an identical model structure
as specified a priori, which makes parameter uncertainty separated from the
model structure uncertainty such that uncertainty assessment on parameter
variability may be carried out exclusively without other factors involved. As
a result, it can give a more accurate measure on the data worth from diverse
sources in quantifying uncertainty reduction due to conditioning and inverse-
conditioning. In this study, three types of distinct data, hydraulic conductiv-
ity InK, piezometric head h, and travel time ¢ (or concentration c), have been
compared to examine their worth on the uncertainty reduction. The results
are summarized as follows.

First, as for the effect of InK, h and ¢t upon the model uncertainty of
InK, the InK measurements play a major role in reducing such uncertainty
compared to h and t especially for the prior configuration on model parameters.
Jointly inverse-conditioning on h and t does improve the model estimation on
InK compared to conditioning on InK solely. However, the information on
model extracted from various source data may be totally different, for example,
the measurements on h and ¢ are informative on the large-scale trend of InK.
The measurements on InK do not carry too much information on the spatial
trend of InK but can essentially reduce the local fluctuation.

Second, as for the effect of InK, h and ¢t upon the prediction uncertainty
of h, the measurement on h plays a major role in reducing such uncertainty
compared to that of InK and t. Although the prediction of A is quite insensitive
to local InK values and temporal moments of ¢, jointly conditioning on InK and
t does help improve the model prediction of h compared to inverse-conditioning
on h solely.




“myThesis” — 2007/2/2 — 20:08 — page 116 — #136

116 CHAPTER 5. A MULTI-SCALE BLOCKING MCMC. ..

Third, as for the effect of InK, h and ¢ upon the uncertainty of the predicted
macrodispersion coefficient, inverse-conditioning to the temporal moments of
t substantially reduces such uncertainty. Both the measurements of InK and
h may play positive roles in reducing such uncertainty, but it is hard to dis-
tinguish the majority from the other as for the example problem in this study.
Hard data, head data and the first two temporal moments of BTCs seemingly
do not contain too much information for the estimation on the early and late
time in an isotropic multi-Gaussian case.

In addition, the sampling density and network design for the collection of
conditioning data may have a certain influence on the uncertainty reduction.
The improvement is more considerable if the measurements are carried out at
sampling spacing smaller than the correlation length of InK, which was also
observed by Dagan (1985) and Rubin and Dagan (1992). Relatively larger
sampling spacing on state data yields inverse estimates closer to the prior
mean while relatively larger correlation length of InK yields inverse estimates
smoother (e.g., McLaughlin and Townley, 1996).

One of the main findings from this study is that the measurements on
aquifers mostly improve the estimation on model parameters and/or responses
of the same type. In other words, the main error source of aquifer parameters
and/or responses is the scarcity of measurements from parameter and/or re-
sponse themselves. For example, the data acquisition on InK mostly improves
the estimation on spatial distribution of InK. The observations of h extremely
improve the estimate of h itself. Along the same line, the measurements on ¢
are more beneficial to the depiction on ¢ distribution. On the other hand, the
measurements on dependent state variables do provide invaluable, complemen-
tary information for estimating model parameters, that is, the coupled/joint
inversion is helpful in pattern recognition of aquifers. Actually, head observa-
tions and travel time moments are informative only about the large-scale vari-
ability of parameters while direct measurements of parameters are informative
only about their small-scale fluctuation. The variances of model parameters
may not necessarily be reduced significantly by inverse-conditioning to head
observations and travel time moments but the identified large-scale trend may
be the most important information for regional groundwater management.

This finding has some important applications, e.g., in the network design
for improving the reliability of groundwater modeling. Since the goal of an
optimal network design scheme is to minimize sampling costs of aquifer pa-
rameters while estimating aquifer responses to a specified precision (James
and Gorelick, 1994), the worth of installing a monitoring well (sampling cost)
is linked to how much the information (on uncertainty reduction) that it pro-
vides can be used to reduce the remediation cost (of aquifer responses). Apart
from the economical factor in the network design (James and Gorelick, 1994;
Criminisi et al., 1997), which is beyond the scope of this article, most of
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algorithms construct the objective function to be optimized either based on
the error reduction of state variables or dependent on the decrease of predic-
tion error (e.g., McKinney and Loucks, 1992), but seldom both. Our results
from the evaluation on uncertainty propagation show that the conditional and
inverse-conditional simulation may not always meet all the ends, that is, the
uncertainty of some responses may be reduced more significantly than the oth-
ers and some of them even not at all. More reliable selection of the “best”
aquifer parameter measurement locations should comprehensively account for
various uncertainties if no individual aim is specified ahead.

Since the relative sensitivity of one type of state variable to the spatial
variability of InK, the estimation performance may not improve dramatically
when more measurements on the same type of property are included. A smaller
number of measurements on other state variables such as the solute concentra-
tion may provide more valuable information, which is known as the coupled
inverse problem. Even more, the estimation on InK may benefit more from
the economical measurements on other model parameters which is known as
the joint inverse problem. The geophysical measurements, e.g., the seismic,
the ground-penetrating radar, and the electrical resistivity, may also provide
indirect, supplementary determination of Ink.

Any emphasis on decreasing only a certain type of error and ignoring the
other may not result in an improvement of prediction accuracy (Warwick,
1989; Gaganis and Smith, 2001). Actually, as observed by Sun and Yeh (1992),
additional head observations decrease the model prediction errors, but only
with a minor improvement in parameter estimation. Dagan (1985) also ob-
served that the effect of conditioning to head on x is much weaker than that
of conditioning to « itself and moreover, head measurements, no matter how
dense, reduce o2 to no less than 30% for his study in absence of neighboring
InK measurements.

Once the relative importance of the various error sources to the prediction
of aquifer responses has been established, one can rank the sources of uncer-
tainty, i.e., to rank the contributions to the error of a response from different
sources, e.g., the model structure, the parameter estimation, and the inherent
variation of aquifers. The ranking procedure can be achieved by examining
the degree of correlation between the predicted response errors and the param-
eter errors. Inevitably, the relative significance of different sources is problem
specific and it is not expected that a general conclusion can be drawn from
one single case study. Ranking of uncertainty sources is extremely useful for
experimental network design and uncertainty reduction since a new optimal
experiment design aiming at reducing the most critical uncertainties depends
on the identification of uncertainty sources giving rise to the worst predictions.
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Conclusions and Suggestions

6.1 Summary

A Markov chain Monte Carlo method for stochastic mappings of physical mod-
els is presented in this study to honor both static and dynamic observations on
the subsurface reservoir or aquifer properties and to quantitatively assess un-
certainties. Several main, novel contributions from this work are summarized
as follows.

Besides its stability, well-posedness and flexibility, one of the most striking
features, which is also one of the main objectives of this thesis, is that the
proposed algorithm can generate i.i.d realizations that strictly preserve the
specified spatial statistics and model structure while most of inverse methods
fail to do so. It matters since the spatial statistics and model structure may
be one of the main error sources for performance prediction and uncertainty
assessment at the spatiotemporal scale. Stochastic models should honor all
of the given information extracted from geological settings or other sources.
Traditional inverse methods tends to destroy these parameters in order to
match the observed state data during the procedure of model calibration and
history matching. Chapter 1 reports some challenges that traditional inverse
methods have to face but are hard to overcome.

Any forward solver to the flow and transport problems may be simply
integrated into the proposed algorithm as a black-box which makes it very
attractive since the computation of the sensitivity coefficient is no more nec-
essary which saves a lot of time in coding and computing. In dealing with a
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high-dimensional case, however, the limitation of the present computer power
available entails a coarser model for forward simulations which calls for an
upscaling process that can generate a coarse-scale model from the fine scale.
In order to be widely compatible with various upscaling subroutines, a multi-
scale-oriented flow and transport simulator is developed to fast but accurately
perform the forward simulations at a lower computational cost. Chapter 2
presents a complete description on the implementation details of the flexible-
grid full-tensor finite-difference flow simulator and the constant-displacement
random-walk particle-tracking transport simulator.

Although some classic McMC methods have been applied into stochastic
simulations for honoring both the linear and nonlinear data, their efficiency
deserves more improvement in order to ease the intensively computational bur-
den of inverse problems. A blocking McMC scheme is presented in this work
to improve the computational efficiency and to preserve the specified spatial
statistics and model structure at the same time. This scheme is implemented
in an example problem under the framework of multi-Gaussian process. The
proposal kernel for the McMC integration are generated very fast on the ba-
sis of the LU-decomposition of the covariance matrix owing to its Gaussian
property. Chapter 3 details the proposed method and widely evaluates its
performance and influence factors based on a synthetic example. The uncer-
tainty assessment proves the usefulness of the presented method in performing
conditional and inverse-conditional stochastic simulations.

Due to the limitation of the LU-decomposition of the covariance ma-
trix, however, the implementation in Chapter 3 fails to cope with a high-
dimensional case which is a basic requirement in high-performance reservoir
simulation for both petroleum engineering and groundwater communities. The
key problem lies in the computational velocity, which is twofold: one is the
fast generation of the proposal kernel and the other is the fast computation of
the likelihood. An FFT-based spectral conditional simulator, which is known
as one of the fastest random field generator, is employed to attack the first
problem. To the second problem, an upscaling scheme is used to generate a
coarser version of the fine-scale model as the input to the multi-scale-oriented
flow and transport simulator presented in Chapter 2 for the fast computation
of the likelihood. Chapter 4 gives a detailed description on the development
of the proposed MsBMcMC method and its performance evaluation.

However, the objective of inverse stochastic simulations is not only to gen-
erate i.i.d realizations that honor all of the given information but also to
quantitatively predict reservoir performances and assess their uncertainties.
By examining the reduction of uncertainties due to conditioning, the worth
of data from various sources can be evaluated and ranked for further sam-
pling design, aquifer remediation operation and reservoir management. Three
types of data sources, i.e., static hard data (InK), piezometric head (h) or
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pressure data (p), spatial concentration data (c) or temporal moments (t) of
tracer data, are systematically evaluated in Chapter 5 with aid of a synthetic
example under a uniform, natural-gradient flow condition. One of the main
findings from these experiments is that the uncertainty reduction mostly ben-
efits from measurements on the property of the same type. In other words, the
main error source of model or prediction uncertainty comes from the scarcity
of measurements on parameters or responses themselves. The measurements
on other properties play a secondary but complementary role in reducing the
uncertainty of interest by means of jointly conditional simulations. Second,
conditioning on static hard data only makes the uncertainties of estimates re-
duced at the local regions around the measurement points. The uncertainty
reduction due to inverse-conditioning to head observations or travel time mo-
ments is fully regional. Third, inverse-conditioning to travel time moments
significantly improves the estimation on the spreading of solute plume, i.e., the
apparent macrodispersion coefficient. Fourth, uncertainty propagation due to
conditioning on various types of data is examined and its meaningfulness on
the risk assessment of radioactive waste repository is also pointed out.

6.2 Recommendations for Further Research

This study mainly focuses on the feasibility, the correctness and the perfor-
mance evaluation of the proposed McMC scheme under the framework of the
multi-Gaussian process. Further extensions to other stochastic processes, more
applications to real case studies and detailed comparisons to other inverse
methods are expected to carry out in the near future. Specifically, several
challenges and interesting topics that deserve more investigations are listed as
follows.

e Improvement of the computational efficiency of McMC. Al-
though this study made some trials and advances on the McMC in
dealing with the inverse problem, the computational efficiency is far
from perfect especially for the high-dimensional and high-resolution case
which has been proved extremely demanding in computation. Actually,
the McMC method is quite an active topic in statistics community up to
now. Further advances in easing the computational burden are expected
to be integrated into the proposed methods in this work.

e Extend to real-world field applications. In this study, all exper-
iments are performed on the basis of several synthetic examples. Ac-
cordingly, some general conclusions are hardly drawn only from those
toy case studies. The efficiency and effectiveness of the methods are
needed to be checked in real applications. Especially the significance of
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preserving the statistics and spatial structure for models is expected to
be investigated in more applications on some real cases.

Extend to 3D multi-phase, transient flow problem. This study
only presents the results from the steady-state single-phase flow exper-
iments. Application on transient problems is expected. The extension
to two-phase and multi-phase flow problems is also of interest to both
petroleum engineering and groundwater communities.

Extend to non-Gaussian, multi-modal cases. One of the important
requirements in practice is to constrain the non-Gaussian, multi-modal
permeability model on the geological mapping which is based on out-
crop’s analogue, sedimentary study, geophysical imaging, etc. In other
words, use the geological mapping as a training image to generate i.i.d
non-Gaussian, multi-modal physical models for flow simulations. Even
though the proposal kernel is no longer multi-Gaussian, the BMcMC
scheme still applies. To this end, however, a new method for generat-
ing non-Gaussian, multi-modal candidate fields is needed. In addition,
the extension to fracture and fault zones is also a challenging but active
topic.

Extend to integrate indirect geophysical measurements, e.g.,
seismic data, ground-penetrating radar (GPR), etc. For example, seis-
mic data may provide densely sampled but low-resolution spatial infor-
mation which complements the inability of hard data and state data
that are most often collected at sparsely distributed well sites. However,
a striking problem is that, unlike well logging data, seismic data are
highly uncertainly related to hydraulic properties which generally en-
tails a statistical method to extract the spatial information of physical
models from the seismic properties. For this reason, indirect geophysical
measurements are often called soft data. Integration of soft data into
the stochastic simulation is expected to remarkably reduce the uncer-
tainties (Rubin et al., 1992; Hyndman et al., 1994; Copty and Rubin,
1995; Hyndman and Gorelick, 1996).

Extend to other parameter identification, e.g., porosity ¢, distri-
bution coefficient K or retardation factor R (Huang et al., 2004), lo-
cal dispersivity coefficients oy, and ap (Nowak and Cirpka, 2006), mass
transfer rate (3, radioactive decay coefficient A ( Varni and Carrera, 1998),
etc. For the high-dimensional cases, however, some basic rules should be
built up for upscaling these flow and transport parameters, see Gomez-
Hernandez et al. (2005) for R, Held and Celia (2001) and Christ et al.
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(2006) for 3, etc. The joint inversion on the combination of permeability
(Ink) and other physical parameters is also useful in practice.

e Compare with a forced-gradient flow case. The evaluation of the

proposed McMC scheme in this study is totally based on synthetic exam-
ples under a uniform, natural-gradient flow condition. A radial, forced-
gradient flow experiment may produce a distinct result.

Compare with other inverse methods, e.g., real-time SSC, EnKF,
MAP, etc. This study presents a stochastic simulation algorithm and
its implementation for computationally intensive inverse problems. A
special emphasis is put on preserving the spatial statistics and structure
for models, but the importance on the uncertainty reduction and prop-
agation has not been fully elaborated. A detailed comparison to other
inverse approaches is expected through some real-world case studies.

Integrate into the cost-effective, on-line sampling network de-
sign. The sampling design in the synthetic example presented in this
study is purely based on the empirical consideration. It was found that
the installation of sampling network (including the sampling density and
the network orientation) for collecting conditioning data might have re-
markable influence on uncertainty reduction. For example, for the col-
lection of state data (e.g., h, ¢ and t), a sampling spacing less than
the correlation scale of physical model along the mean flow direction
and mean travel path can greatly reduce prediction uncertainty (Da-
gan, 1985). For the collection of static hard data (e.g., InK and ¢),
model uncertainty becomes less important as the number of condition-
ing data increases since substantial uncertainties remain even at a very
high sampling density (Harter and Yeh, 1996). But if the economic of
the dynamic constraint is considered, the sampling design on uncertainty
reduction could be different than that based on the pure scientific value.
The meaningfulness of the economical constraint is twofold: one is the
cost of data acquisition and the other is the economical value of the
uncertainty reduction that the data provide. A cost-effective network
design should provide a balance between these two costs. To such prob-
lem, a complex, sometimes real-time, optimization procedure is involved
to seek the best solution (see Knopman and Voss, 1987, 1988a, 1988b,
1989; Freeze et al., 1992; James and Freeze, 1993; James and Gorelick,
1994; Wagner, 1995; Freeze and Gorelick, 1999).

Integrate into the closed-loop aquifer remediation strategy or
reservoir production scheme. An optimal decision-making process
for a closed-loop remediation strategy in contaminant reclamation or a
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closed-loop reservoir development scheme, which includes well-site selec-
tion, pumping-injection rate, etc., should take into account the uncer-
tainties of the models and the predicted responses ( Wagner and Gorelick,
1987, 1989). The information value of conditioning data (including, InK,
h, ¢, t, etc.) also depends on to what extent they affect the optimal deci-
sion (Wagner et al., 1992). Seamless integration of stochastic conditional
and inverse-conditional simulation into such decision-making system is
expected to be capable of improve its reliability (Loaiciga and Maririo
1987; Bakr et al., 2003).
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An LU-decomposition-based
Sampler

The BMcMC computation needs a fast sampler to generate a large number
of candidate realizations. The joint prior density of a multi-Gaussian random
field is,

7(w) = (2m)]|Call ¥ exp {;@c WO m} |

where 7(x) denotes the prior pdf of ® C R™; n is the length of the vector
x; u C R™ is the prior mean of the random field; and C, C R™*™ is the
positive-definite covariance matrix of the vector . Note that & may be partly
observed, say, s C R™, but seldom fully known, i.e., m < n. In such case,
the sample is called a conditional simulation on linear hard data, i.e., zs|x1,
where, 1 = &y, C R™, & = (1, 22)7, and o C R"™.

The objective is to draw randomly a large number of equi-probable realiza-
tions from the distribution & ~ N(u, Cy). The LU-decomposition algorithm
is quite efficient and effective in generating a large number of realizations as
required by the BMcMC computation since the LU-decomposition of the co-
variance matrix can be done once for all (Davis, 1987; Alabert, 1987). The
simulated results are rather more precise and accurate than some of others,
e.g., the sequential simulation algorithm.

1. Unconditional Sampler
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Sample Algorithm 1. Unconditional sample  ~ N(u, Cy) , where , u C
R", and C, C R™*™:

(1) Cholesky decompose Cz = LL”, where L ¢ R™™;
(2) Randomly draw z ~ N(0,1) C R";
(3) Calculate v = Lz C R™;
(4)

4) Generate an unconditional sample @ = pu + v.

Note that the step 1 is only needed to be done once, which takes most of
computational time. More realizations can be obtained by repeating from
the step 2 to the step 4. The computational effort lies in the matrix-vector
multiplication, i.e., Lz, as in the step 3.

2. Conditional Sampler

The joint distribution of = (x1, 22)”

T\ N I3 Ci1 Ciz
9 p2 )| Co Co ’

where 1 C R™ is the (normalized) conditioning dataset; o C R™ ™ is
the (normalized) conditional simulated values; C1; C R™*™ is the data-to-
data covariance matrix; Coy C R(n=m)x(n=m) iy the unknowns-to-unknowns
covariance matrix; and Cy; = C1, is the unknowns-to-data covariance ma-
trix, Cy C R(n=m)xm Tt can be shown that the expected value of xo is
Lo + CglCl_ll(azl — p1), which is known as the simple kriging estimate, and
the covariance matrix of xy is Cog — 0210;11 C1>. Therefore, the conditional
realizations can be drawn from,

is,

@y ~ N(p*, C"),

where,

= pg + Con Crt (1 — ),

and,

C*=Cy + 02101_11(712.

The covariance matrix for all n grid nodes including m conditioning data
can be decomposed into the product of a lower triangular matrix and an upper
one,
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Ci Coi2 }
[ Co Cx
_ [ Li; O ] [ Uin Ui ] _ [ LUy L11U; 5
Ly Loy 0 U LUy LoyUjg + LaoUsy |

Therefore, Llla L21, and L22 can be obtained by Cll = L11U11, 021 ==
Lo Uy, and Coo = LoyUjs + LooUss, respectively. Note that the matrix
multiplication, the matrix minus and the LU-decomposition are involved in
the procedure of calculating the lower triangle matrices.

A conditional realization x is obtained by the multiplication of L with a
column vector z C R",

T — L, O z1
= LZ = s
[332—#2} |:L21 L22]{22]
where the sub-vector z; C R™ is set as z; = L; (1 — p1) and the sub-vector

z9 C R™™ consists of the n — m independent standard normal deviates.
Therefore, a conditional realization can be obtained by,

®y = po + Lo1z1 + Logzo = po + Lot L] (1 — p1) + Logzs.

Sample Algorithm 2. Conditional sample x3|x;, where the unknowns
x2 C R™™ and the hard data 1 C R™, and ©* ~ N(u,Cyg), in which
x = (x1,22)T C R", u C R", and Cp, C R™™:

1) Calculate L1y € R™*™ from Cy1 = LHLfl;

2) Calculate Loy € RM=™M)XM from Cyy = L21L{1;

3) Calculate Loy € RM®=™X(=m) from Coy = Loy Uyg + Loo L,

5) Randomly draw zo ~ N(0,1) C R™"™™;

6

(1)
(2)
(3)
(4) Calculate the simple kriging field v; = L21L1_11 (1 — py) C R ™,
(5)
(6) Calculate vy = Logzy C R™™™;

(7)

7) Generate a conditional sample xs = ps + v1 + vo.

Note that the step 1 through the step 4 are only needed to be done once which
consumes the largest part of the computational efforts of this algorithm. More
realizations can be obtained by repeating from the step 5 to the step 7. The
computational effort focuses on the matrix-vector multiplication, i.e., Loozo,
as in the step 3.
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An FFT-based Spectral
Sampler

Despite the merit of quite cheaply repeatedly generating realizations, the LU-
based sampler has rather limited capability of generating high-dimensional
random fields due to the expensive, even unavailable, computational resources
for the LU-decomposition of a huge covariance matrix. In this regard, the
FFT-based spectral simulation algorithm can handle with quite large scale
random field. Moreover, it is well known that the FFT-based sampler is one
of the fastest generators, which is quite suitable for the BMcMC computation.

Again, our objective is to draw randomly a large number of equi-probable
realizations from the distribution & ~ N (u, Cy) whose joint prior density is,

@) = (2n) HICsl exp { 5@~ w5 e - )},

where 7(x) denotes the prior pdf of * C R"™; n is the length of the vector
x; p C R™ is the prior mean of the random field; and C, C R™*™ is the
positive-definite covariance matrix of the vector . Note that & may be partly
observed, say, s C R™, but seldom fully known, i.e., m < n. In such case,
the sample is called a conditional simulation on linear hard data, i.e., zs|x1,
where, 1 = &y, C R™, 3 C R*™™, and & = (1, x2)” .

1. Basic theory of FFT
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A physical process can be described either in the time domain by its at-
tribute value h as a function of time ¢, i.e., h(t), or in the frequency domain
by its amplitude H as a function of frequency f (or w = 27 f), i.e., H(f) (or
H(w)). One can go back and forth between these two representations of the
same function by means of Fourier transform equation pairs,

H(f) = / h(t)e2™ L,
ne) = [ H(e
where,
o k
x T
e —Zﬁ
k=0

The Fourier transform of a function can be estimated from a finite number
of sampled points, which is known as discrete Fourier transform equations,

n—1 ]
—2milk
Hk = hje n,
J=0
n—1
1 K
hj = — Hie i
n
k=0

One appealing point is that these two Fourier transform can be quite efficiently
computed using the FFT algorithm.

Since it often happens that a physical process can be performed more
efficiently in the frequency domain than attacking it in the time domain, one
can take advantage of the fact that this physical process can be transformed
to and from using the Fourier transform, typically by FFT, and that the
computation is efficiently performed in the frequency domain. For example,
the convolution of two digital signals can be computed much more efficiently
by transforming them to the frequency domain and performing an element-
wise multiplication there instead of a series of scalar products in the time
domain.

Similarly, a stochastic process @, which is assumed to be second-order
stationary in the space domain, can be constructed in terms of its spectral
representation w in the “Fourier” domain by,

o .
T = / e Tdw.
—00
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The Fourier increment of the attribute value, dw, must satisfy the following
orthogonal conditions,

E[dw] =0,
Eldw - dw™] = 0; (w # w™),
Eldw - dw] = |S(w) - dw|; (w = w™),

where F[] indicates the mathematical expectation operator, * denotes the com-
plex conjugate operator, the differential vector dw represents the n-dimensional
differential wave number volume elements, dw = (dwp, dwy, ..., dw,_1)" C R",
and S(w) is the density spectral function which is linked to the covariance
function C(h) through the Fourier transform,

C(h) = /_OO e“h. S(w) - dw,

S(w) = / e"“h.C(h)-dh.
—0o0

If one can generate a stochastic process w in the “Fourier” domain, which
has the statistics satisfying orthogonal conditions, then one can generate its
counterpart x in the space domain, e.g., by the numerical integration through
the discrete Fourier transform. From this fact we can do the simulation in the
“Fourier” domain but retain the structure feature of the specified covariance
in the space domain. Why and how should we do simulations in the “Fourier”
domain? The trick lies in that we only need to multiply the amplitude, which
is derived from the specified covariance function, by a randomly drawn phase,
which has a uniform distribution between 0 and 1 (or between 0 and 27 in
the angular frequency), to form a stochastic process in the “Fourier” domain,
which can be easily and quickly mapped to the space domain through the fast
Fourier transform.

2. Unconditional Sampler

The classical spectral representation theorem shows that any sequence x
can be expressed as a finite series of Fourier coefficients, o and 3:

n—1 n—1
ks k k
T = F_l(a) — Zaje%”%j = Z [aj cos (27Tnj> +i3; sin <27rnj>} ,

J=0 J=0

where k € [0,n), aj = aj —iB; = |ajle™ is the jth complex Fourier co-

efficient, |a;| = ,/ajz + ﬂ? is the amplitude, and ¢; = arctan(—/0;/c;) is the
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phase of the jth Fourier coefficient. The amplitude |a;]| is related to the discrete
spectral density s; by |a;|? = s;, 7 € [0,n). The complex Fourier coefficient is
given by,

a; = |a;le™"% = |a;| cos ¢; — ila;| sin b,
where j € [0,n), and the phase ¢; is drawn randomly from the uniform distri-
bution between 0 and 27.

The idea of generating an unconditional random field  given a covariance
C(h) is as follows. Inverse Fourier transform of a provides a discrete finite
realization of & with a specified covariance spectrum s. Perturbing the phase
¢ will produce a series of such realizations. This procedure can be done very
fast with prime factor FFT.

Sample Algorithm 1. An FFT-based unconditional simulation algorithm
typically includes,

Construct the covariance matrix C.
Construct the vector s = (Cy, C1,Co, ...,Cp—1,Ch, Cp_1, ...,C1);

Compute the FFT s of the vector s;

Generate a random vector € = €1 + i€z, where €1, €2 ~ N(0,1);
Construct the Fourier coeflicients a = \/§e;

)
)
)
4) Compute the vector v/3;
)
)
) Generate a realization through the inverse FFT of a;
)

Go to step (5) for the next realization.

Since the implementation of the spectral simulation as above will yield
some deviations of mean and variance from the real case, some corrections
will have to be applied to generate the desired physical models.

Sample Algorithm 2. The procedure of the unconditional simulation con-
sists of,

(1) Sample the discrete covariance, C. There are some additional details for
correcting the mean and variance deviations:

o Shift the covariance: First calculate the covariance values by C'(h) =
C(ho) —(h). Then calculate their mean p(C). Shift all covariance
values by the current ones, C*(h) = C(h)—pu(C), so that the shifted
covariance has a zero mean.
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e Rescale the covariance by C(hg)/(C(ho) — u(C)), so that the gen-
erated realizations have the correct variance.

(2) Calculate the discrete spectral density, s. This procedure can be done
by FFT transforming of the sampled covariance sequence, i.e.,

n—1

1 -
5§ = ZC’ke_%”%k;j €[0,n).
k=0

(3) Retrieve the amplitude |a| by |a;| = /55, j € [0,7n).

(4) Randomly draw the phase ¢ by,

(bj ~ U(0727T);j € [O,?’L)

(5) Build up the Fourier coefficients a, and thus o and 3, by,

a; = ]aj]e_i‘bj = |aj| cos ¢; —i|aj|sing;;j € [0,n).

(6) Generate the random field « by inverse FFT transforming a, e.g.,

n—1
T = Fﬁl(a) = Z aje%ri%j
7=0
n

. k k
= [aj cos <27Tj> +43; sin (277]’)} ik €[0,n).
n n
—

J

(7) Go to step (4) for the next realization.

3. Conditional Sampler

The realizations output from the FFT-based unconditional simulator are
independent, identically distributed (i.i.d) which need to be constraint to the
hard data, a posteriori observations, that is, to minimize the objective func-
tion,

m—1

J= 3 (- ap,

=0
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where x; = z" is the unconditional simulation value at the observation

location and $iob is the corresponding observed value. It can be viewed as to
tune the unconditional realizations to honor the observation.

Kriging tunes the realizations simply by setting the objective function to
zero. In this sense, Kriging is a minimum (square) error estimator. The critical
step in the kriging-based conditional simulation is to perform a smooth inter-
polation of the difference between conditioning data and the unconditional
simulation values. A traditional way to conditioning on local data is simply
to add an independently simulated residual by kriging into the unconditional
simulation (Journel and Huijbregts, 1978). This process calls for solving one
kriging system per location. In the code implementation, the basic conditional
simulation can be expressed by the kriging mean and error components condi-
tional to linear data plus a stochastic component through any unconditional
simulation. Mathematically it can be written as follows,

S

T =xy + (T — Ty i),

where x, is the stochastic component through FFT and x}. — ) - is the
kriging error.

Sample Algorithm 3. Steps to obtaining a conditional simulation are as
follows,

(1) Generate an unconditional realization x,, e.g., by an FFT-based method;
(2) Obtain the kriging estimate 7, using the data x.ps;

(3) Obtain the kriging estimate x, ;- using the unconditional simulated data
x,, at the corresponding conditioning locations;

(4) Add the kriging error @, — ), j to the kriging estimate zj,.
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Ensemble Kalman Filtering

Without considering hard data, the objective of the EnKF for dynamic data
assimilation is to draw samples  ~ 7(x|y). Define a joint vector ¢, t € [0, ny],
whose components are given by,

wt,r

d)t,r — |: Yir

] ;T € 0,n,), (C.1)
where x; = (¢, C R™v=;r € [0, n,))" is the vector of static model parameters
to be estimated; y; = (y, C R™t;71 € [0, n,))" is the vector of dynamic model
responses at the given time ¢ which either have been observed in the actual
field (y?%*) or have been predicted on the basis of the given models (y;™); the
subscript r € [0,n,) denotes the index of realizations; n, is the total number
of realizations; and the subscript ¢t € [0,n] = [to,t.] indicates the index of
times (n; is the total time steps, and tg and ¢, are the initial and last times for
dynamic history observations, respectively.). The initial condition %) is given
as follows,

'l;bO,r = |: Tor :| NS [Oanr>7
Yo

where o = (@,;7 € [0,n,))" is an ensemble of initial realizations of static

model parameters which are generated by conditional simulation subroutines;

yo is the given initial conditions which may be the same for all realizations.

Then, the EnKF for joint updating of the models and their responses can be

viewed as a Markov chain in time,

135
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'lnb = (¢07¢1a"'a¢ta---)T' (CQ)
Following this Markov process, therefore, the dynamic history observation data
yobs = (ygbs,yfbs, ...,yfbs)T can be sequentially assimilated into the models

x = (xg, 21, ..., mt)T which are of the most interest in reservoir engineering.
The performance prediction of reservoir is always based on the latest models.

There are two steps involving the implementation of the EnKF method:
(1) a forecast based on current model parameters and (2) the updating of
model parameters by assimilating nonlinear data. For example, for t = 1,
ailming at the first set of dynamic observations yfbs, the predicted dynamic
data after running the forward simulator are yf’l” = g(zo,), r € [0,n,), and
the joint vector thus becomes,

i To,r

stm __ 9 .

1r — |: sim :| S [O,TLT).
yl,r

However, a problem arises since there is a mismatch between the observed and

the computed responses,

obs sim obs

Ayrr =y7"” — Yir, =Y — g(xor) # 0,

which holds almost for all realizations r € [0,n,). The current models x( have
to be updated as 7 in order to make the model responses y;™ = g(x) agree
with the given observations y§%°.

In the EnKF, the models are updated by minimizing the error variance of
models and their responses. One of the crucial assumptions for the EnKF is
that the pdf of the joint vector ¥, can be approximated by a multi-Gaussian
distribution whose basis is that the dynamic data y; , are linearly related to the
model parameters x;,. The details on development of the updating formula
are given by Evensen (1994, 2003) in the Bayesian framework. Starting from
the time ¢ = 1 when the nonlinear dynamic observations are available, the

joint vector is updated by,

Vi = fzrm + Gy (yfbs +e€ — Ht%bf,irm) ;

="+ Gy (yfbs + € — yff?) ; (C.3)

where €, ~ N(O, ai) C R™t is the random observation error vector and the
Kalman gain matrix Gy C R("=v=Fna.)xndt is computed by,

G; = CiimHE (H,CmHE + Cy,) (C.4)
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where Csm C RMeyztna)x(ney=+nas) ig the covariance matrix of the joint
vector ’l,bt - at the time ¢t = 1,

Cf/fT: [( S qplrue) (ghsim true)T}

which can be estimated by,
éf/;t;n - E [( fim o _fzm) ( sim ,lpszm) :|

— Z ( Zz;"m_ _fzm)( szm ,lbszm) (05)

where 1™ C R(wy=tna1)X7r i5 a vector which consists of a ensemble of simu-
lated joint vectors at the time ¢ = 1 and "™ C R"ev=*"dt is a vector which is
the ensemble mean of the simulated joint vectors 1;™; H; C R" tX(Noyz+na,)
is a matrix operator that maps the joint vector 1; to the dynamic observation
vector y;, which has a form of,

H, =10,1],

where 0 C R"t*"#vz and 1 C R"t*"dt; Cyy C RMt*M4t g the covariance
matrix of the dynamic observation y"bs which is a diagonal matrix if the
observation errors of state variables are assumed to be independent from each
other. The components of Cy ; are randomly drawn from a normal distribution
with a zero mean and a small deviation, e.g., 2x 10716, The introduction of this
random noise may also help maintain the matrix HthZ;”H? + Cy,+ positive-
defined so that it can be directly inverted numerically, which consists of a key
part of this method. It should be pointed out that if different measurements
are assimilated simultaneously, the observed data need to be nondimensional
or scaled to have the similar variabilities (Fvensen and van Leeuwen, 2000;
FEvensen, 2003). By doing so, the eigenvalues of the matrix HtCS””Ht +Cy ¢

corresponding to each of the measurement types have the same magmtude

Note that not all of the elements of Cflf”; are necessary to be calculated and

stored since only Cfb”"HtT is needed for the computation of the Kalman gain.
Actually, one can easily find that in the formula of the Kalman gain for the
time ¢,

S’Lm stm
where y;7" is the simulated dynamic response for the realization r; f/jglt

denotes the simulated covariance between the joint vector ¥ and the response

sim
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y; and C;% denotes the simulated covariance between the responses y. The
preceding procedure can be directly applied to the numerical implementation
if HthZ;”HtT + Cyﬂ'g is positive-defined. However, the potential singularity
of the matrix Hthng”‘Hf + Cy,+ entails the use of the pseudo-inverse of a
matrix, e.g., the singular value decomposition (SVD) method, which involves

the computation of the eigenvalue decomposition from the matrix, i.e.,

H,CJ'MH + Cyy = VAV,
; -1 _
(H,CZTH] + Cyy) = ViAWV

This two-step procedure for model updating is repeatedly advanced for ¢t =
2,3, ...,ny until all the observations are assimilated into the physical models.

Therefore, the EnKF for history matching is essentially a Monte Carlo
sequential Bayesian inverse method where an ensemble of reservoir models are
used to construct the error statistics for both model parameters and model
responses. The ensemble of models evolves in a Markov chain fashion over
the parameter space with the ensemble mean as the best estimate and the
ensemble variance as the error spread. The prediction of the estimate and
uncertainty is performed by integrating the ensemble of reservoir models.
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