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Background: Many mathematical models have now been employed across every area of systems biology.
These models increasingly involve large numbers of unknown parameters, have complex structure which can
result in substantial evaluation time relative to the needs of the analysis, and need to be compared to observed
data of various forms. The correct analysis of such models usually requires a global parameter search, over a
high dimensional parameter space, that incorporates and respects the most important sources of uncertainty.
This can be an extremely difficult task, but it is essential for any meaningful inference or prediction to be made
about any biological system. It hence represents a fundamental challenge for the whole of systems biology.

Results: Bayesian statistical methodology for the uncertainty analysis of complex models is introduced, which
is designed to address the high dimensional global parameter search problem. Bayesian emulators that mimic
the systems biology model but which are extremely fast to evaluate are embeded within an iterative history
match: an efficient method to search high dimensional spaces within a more formal statistical setting, while
incorporating major sources of uncertainty. The approach is demonstrated via application to a model of
hormonal crosstalk in Arabidopsis root development, which has 32 rate parameters, for which we identify the
sets of rate parameter values that lead to acceptable matches between model output and observed trend data.
The multiple insights into the model's structure that this analysis provides are discussed. The methodology is
applied to a second related model, and the biological consequences of the resulting comparison, including the

Conclusions: Bayesian uncertainty analysis for complex models using both emulators and history matching is
shown to be a powerful technique that can greatly aid the study of a large class of systems biology models. It
both provides insight into model behaviour and identifies the sets of rate parameters of interest.
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Background

Fundamental challenges facing systems biology

Recent advances in genome sequencing techniques, a
variety of ‘omic’ techniques and bioinformatic anal-
yses, have led to an explosion of systems-wide bio-
logical data. Thus, identification of molecular compo-
nents at the genome scale based on biological data
has become possible. However, a major challenge in
biology is to analyse and predict how functions in
cells emerge from interactions between molecular com-
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ponents. Computational and mathematical modelling
provide compelling tools to study the nonlinear dy-
namics of these complex interactions [1]. A particu-
lar example is kinetic modelling, in which the kinet-
ics of each biological reaction are described in accor-
dance with the corresponding biological process, and
the properties of the whole system are described using
differential equations: a common tool for analysing bi-
ological systems [2—4].

A critical problem found in the mathematical mod-
elling of many complex biological systems, which is
of particular severity in kinetic modelling, is that the
models often contain large numbers of uncertain pa-
rameters (a common type being reaction rate param-
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eters). In most cases, such kinetic parameters cannot
be directly measured as experiments typically measure
concentrations rather than rates. Even when such pa-
rameters can be measured ‘directly’, this is usually in
experimental conditions that are significantly different
from the cellular environment we wish to study. There-
fore, we have to compare the mathematical model’s
outputs with experimental observations, often in the
form of measured concentrations and trends, and de-
termine which values of the input or rate parameters
will achieve an acceptable match between model and
reality. This involves consideration of several sources
of uncertainty including observation error, biological
variability and the tolerance we place on the model’s
accuracy, known as the model discrepancy. It is vital
that we perform a global parameter search for all input
parameter settings that achieve an acceptable match.
This is because a single solution for the rate parame-
ter values may suggest certain biological implications
and give particular predictions for future experiments,
both of which could be gravely misleading were we to
explore the parameter space further and find several
alternative solutions that give radically different im-
plications and predictions. This is a mistake that is
disturbingly common.

Unfortunately, performing global parameter searches
over high dimensional spaces can be extremely chal-
lenging for several reasons, most notably: (a) the com-
plex structure of the model and hence the complex way
it imposes constraints on the parameters, (b) the sub-
stantial model evaluation time relative to the needs of
the analysis, (c) the need for a careful assessment of an
“acceptable match” that incorporates appropriately all
the complexities and uncertainties of the comparison
between the model and the real system, and (d) high
dimensional spaces, being extremely large, require vast
numbers of model evaluations to explore. For example,
some spatial models of root development [5] require
at least several minutes for a single evaluation. It is
worth considering how large high dimensional spaces
are: were we just to evaluate the model in question at
the corners of the initial input space, in say 32 dimen-
sions, we would require 232 ~ 4.3 billion evaluations,
which would take approximately 136 years if the model
took 1 second per evaluation. However, global param-
eter searches are essential for any meaningful inference
or prediction to be made about the biological system.
Therefore this represents a fundamental challenge for
the whole of systems biology. This article describes
practical methodology to address this problem, based
on Bayesian statistics methodology for the uncertainty
analysis of complex models [6-9].

Bayesian emulation and uncertainty analysis
The issues surrounding the analysis of complex mod-
els under uncertainty, and specifically the global pa-
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rameter search problem, are not unique to systems
biology, and have been encountered in many differ-
ent scientific disciplines. An area of Bayesian statistics
has arisen to meet the demand of such analyses. This
area, sometime referred to as the uncertainty analy-
sis of computer models, centres around the construc-
tion of Bayesian emulators [6-9]. An emulator is a sta-
tistical construct that mimics the scientific model in
question, providing predictions of the model outputs
with associated uncertainty, at as yet unevaluated in-
put parameter settings. The emulator is however, ex-
tremely fast to evaluate [10]. It provides insight into
the model’s structure and, thanks to its speed, it can
be used to help perform the global parameter search
far more efficiently than approaches that just use the
comparatively slow scientific model itself (for examples
see [6, 8, 11-14]).

Many analyses and corresponding parameter searches
still fail because an appropriate measure of an accept-
able match between model and reality is not defined.
This can lead to the use of badly behaved objective
functions that do not properly capture the desired
match criteria, and which are often harder to ex-
plore in high dimensions, due to increased numbers of
ridges, spikes and local minima. The Bayesian emula-
tion methodology we introduce naturally incorporates
more detailed statistical models of the difference be-
tween the model outputs and the observed data, which
allow the inclusion of important sources of uncertainty
such as observational error and model discrepancy, the
later being the upfront acknowledgement of the lim-
itations of the current model. Various structures of
increasing complexity are available for the representa-
tion of these uncertainties, depending on the require-
ments and importance of the study (see [6, 15-18] for
examples and discussion).

It is worth noting that due to their speed, the use of
emulators would greatly improve the efficiency of many
forms of analysis that a modeller may wish to perform,
e.g. for a fully Bayesian MCMC analysis [9, 19, 20] or
for more direct global parameter searches such as [21].
However for high dimensional models, the particu-
lar strategy chosen for a parameter search is vital.
Many approaches struggle due to being trapped in lo-
cal minima (of which there may be many) or because
they chase the scientifically spurious best match pa-
rameter setting. Here, we describe an efficient global
parameter search method known as Bayesian history
matching, which has proved very successful across a
wide range of scientific disciplines including cosmol-
ogy [6, 7, 15, 22-24], epidemiology [11, 25], oil reser-
voir modelling [8, 26-28], climate modelling [12] and
environmental science [16]. It utilises Bayesian emu-
lators to reduce efficiently the input parameter space
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in iterations or waves, by identifying regions that are
implausible as matches to the observed data, with the
objective of identifying all acceptable input parameter
settings. It is a careful approach that avoids many of
the traps of common parameter search techniques.

Hormonal crosstalk network in Arabidopsis root
development

Understanding how hormones and genes interact to
coordinate plant growth is a major challenge in de-
velopmental biology. The activities of auxin, ethylene
and cytokinin depend on the cellular context and ex-
hibit either synergistic or antagonistic interactions.
Previously, three of our authors developed a hormonal
crosstalk network for a single Arabidopsis cell by iter-
atively combining modelling with experimental anal-
ysis [29]. Kinetic modelling was used to analyse how
such a network regulates auxin concentration in the
Arabidopsis root, by controlling the relative contribu-
tion of auxin influx, biosynthesis and efflux; and by in-
tegrating auxin, ethylene and cytokinin signalling [29].
Although some of the parameters in the model were
based on experimental data, most parameters were
chosen in an ad hoc way, by adjusting them to fit ex-
perimental data. Conditional on those somewhat ad
hoc choices, it was shown that the hormonal crosstalk
network quantitatively describes how the three hor-
mones (auxin, ethylene, and cytokinin) interact via
POLARIS peptide (PLS) [30, 31] to regulate plant root
growth [29].

In this work we demonstrate the power of the
Bayesian emulation methodology by applying it to
the hormonal crosstalk network in Arabidopsis root
development. Specifically, we explore the model’s 32-
dimensional parameter space, and identify the set of
all acceptable matches between model outputs and
experimental data, taking into account major sources
of uncertainty. This provides much insight into the
model’s structure and the constraints imposed on the
rate parameters by the current set of observed data.
We apply the methodology to a second, competing
model, and hence are able to investigate gene func-
tions robustly. As an example, our analysis suggest
that, in the context of the hormonal crosstalk net-
work, POLARIS peptide (PLS) must have a role in
positively regulating auxin biosynthesis.

The paper is organised as follows. In the Methods
section we begin by defining a simple 1-dimensional
toy model that we use to illustrate our definitions and
to demonstrate the three main parts of the Bayesian
methodology: linking the model to reality, Bayesian
emulation, and history matching. In the Results and
Discussion section we describe in detail the applica-
tion of this methodology to the full 32 dimensional
Arabidopsis model, and discuss the relevant insights
and biological implications obtained.
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Methods

Simple 1-dimensional exponential example

Here we introduce a simple 1-dimensional exponen-
tial toy model example which we will use to illustrate
our definitions of all the parts of a typical systems bi-
ology analysis, for example, the model, the input or
rate parameters, observations with errors, model dis-
crepancy, Bayesian emulators, implausibility measures
and history matching. Specifically, this 1-dimensional
example will be used throughout this Methods section
to demonstrate each of the three main parts of our
approach:

e Linking the model to reality
e Bayesian Emulation
e History matching: a global parameter search

Say we are interested in the concentration of a chem-
ical which evolves in time. We represent this concen-
tration as fi(z) where x is, for example, a reaction
rate parameter and ¢ is time. We model f;(z) with the
differential equation:

dfi(z)
dt

z fi(z) (1)
which in this case we can solve precisely to give

fil@) = fo exp(at) (2)
We will temporarily assume the initial conditions are
fo = fi=o(z) = 1. The system runs from ¢ = 0 to
t = 5 and we are at first interested in the value of
fi(x) at ¢ = 3.5. This mathematical model features
an input or rate parameter z, which we wish to learn
about. We do this using a measurement of the real bi-
ological system at ¢ = 3.5 which we denote z, which
corresponds to, but is not the same as, the model out-
put fi=3.5(z). Note that usually, for models of realistic
complexity, we would not have the analytic solution for
fi(z) given by equation (2). Instead we would resort to
a numerical integration method to solve equation (1)
that might require significant time for one model eval-
uation, ranging from less than a second to hours, days
or even weeks, depending on the full complexity of the
model [6, 12]. Such a computational cost, for a sin-
gle evaluation of the model, means that a full global
parameter search is computationally infeasible, espe-
cially when the model has many rate parameters and
therefore a high dimensional input space, which may
require vast numbers of evaluations to explore fully.
We typically begin the analysis by exploring the
model’s behaviour for several different values of the un-
known rate or input parameter x. Figure 1 (left panel),
shows five evaluations of the model f;(z) for different
values of x between x = 0.1 and 0.5, coloured red to
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purple respectively, with time on the x-axis. The mea-
surement of the system is denoted z, and is represented
as the black point in figure 1, with £30, error bars rep-
resenting observational error, defined precisely below.
This measurement was made at ¢ = 3.5 shown as the
vertical dashed line. The most important questions for
the biologist at this point are: can the model match
the observed data z at all, and if so, what is the entire
set of input parameter choices that give rise to ac-
ceptable matches between model output and observed
data? Figure 1 (right panel) represents this question
as it now shows only f;—35(z) but now represented
purely as a function of the input parameter x on the
x-axis, with the red to purple points consistent with
those in the left panel. The observed data z is now
represented as the solid black horizontal line, with the
+30, error bars as the horizontal black dashed lines.
We see that there will be acceptable values of = ap-
proximately between 0.3 and 0.35.

For a general complex model f;(x), that possesses a
large number of input or rate parameters and possi-
bly several outputs, a full analysis of the model’s be-
haviour encounters the following issues:

1 When comparing the model to observed data from
the real biological system, an adequate statistical
description of the link between model and reality,
covering all major uncertainties, is required.

2 For complex models, the time taken to evaluate
the model numerically is so long that an exhaus-
tive exploration of the model’s behaviour is not
feasible.

3 The appropriate scientific goal should be to iden-
tify all locations in input parameter space that
lead to acceptable fits between model and data,
and not just find the location of a single good
match.

Methods to address these three fundamental issues are
described in the next three sections.

Model Discrepancy and Linking the model to reality

Most systems biology models are developed to help ex-
plain and understand the behaviour of corresponding
real world biological systems. An essential part of de-
termining whether such models are adequate for this
task is the process of comparing the model to experi-
mental data. As a comparison of this kind involves sev-
eral uncertainties that cannot be ignored, it is there-
fore vital to develop a clearly defined statistical model
for the link between systems biology model f(z) and
reality z. This allows for a meaningful definition of an
‘acceptable’ match between a model run and the ob-
served data. Here we describe a simple yet extremely
useful statistical model for the link between the bio-
logical model and reality, that has been successfully
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applied in a variety of scientific disciplines, for exam-
ple climate, cosmology, oil reservoir modelling and epi-
demiology [6, 8, 11, 12].

The most recognisable source of uncertainty is that
of observational or experimental error. We represent
the uncertain quantities of interest in the real biologi-
cal system as the vector y, which we will measure with
a vector of errors e to give the vector of observations
z, such that

z = y+e (3)
where we represent the errors as additive, although
more complex forms could be used. Note that z, y and
e here represent vectors of random quantities, which
will reduce to scalar random quantities if there is only
one quantity of interest. A common specification [6]
that we will employ here is to judge the errors to be
independent from gy, and unbiased with expectation
E(e) = 0 and, for the scalar case, Var(e) = o2.

An important distinction to make is between the
model of the biological system, represented as the vec-
tor f(z), and the system itself y. We represent the dif-
ference between these using a model discrepancy term
as follows. Even were we to evaluate the model f(x) at
its best possible choice of input z*, the output f(z*)
would still not be in agreement with the real biologi-
cal system value y, due to the many simplifications and
approximations of the model. Hence we state that:

f(@®) + e (4)

where the € is the model discrepancy: a vector of uncer-
tain quantities that represents directly the difference
between the model and the real system. Again we treat
y, [, z* and € as vectors of random quantities. A simple
and popular specification [6] would be to judge that € is
independent of f(z*), z* and e, with E(e) = 0 and, in
the scalar case, Var(e) = 2. In a multivariate setting,
where f(x) describes a vector of outputs (for example,
with each output labelled by time t), the vector € may
have an intricate structure, possessing non-zero covari-
ances between components of €. This could capture the
related deficiencies of the model across differing time
points. Various structures of increasing complexity are
available (for examples see [6, 8, 9]), along with meth-
ods for specification of their components [6, 16].
While the explicit inclusion of the model discrepancy
term e is unfamiliar, it is now standard practice in the
statistical literature for complex models [7, 9, 17, 32].
Furthermore, any analysis performed without such a
term has to be conditioned with the statement “given
the model is a perfect representation of reality for some
value of the inputs z”, a statement that is rarely true.
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Figure 1 Left panel: five evaluations of the model f;(x) for different values of = between x = 0.1 and 0.5, coloured red to purple
respectively, with time ¢ on the z-axis. The measurement of the real system at ¢t = 3.5 is denoted z, and is represented as the black
point, with 30, error bars representing observational error. Right panel: the model at t = 3.5. The curved dashed line gives
ft=3.5(x) but now it is represented purely as a function of the input parameter x on the z-axis, with the red to purple points
consistent with those in the left panel. The observed data z is given by the solid black horizontal line, with the £30, error bars as
the horizontal black dashed lines. We see that there will be acceptable values of & approximately between 0.3 and 0.35.
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We can specify probabilistic attributes of € a priori,
or learn about them by comparing to observed data.
For direct specification, there are often various simple
experiments that can be performed on the model itself
to obtain assessments of o, and other aspects if nec-
essary. For example, often models are run from exact
initial conditions, so performing a set of exploratory
model evaluations with the initial conditions appro-
priately perturbed would provide a lower bound on
0. See [16] where several such assessment methods
are demonstrated, for more details.

1-dimensional example

Figure 2 (left panel) shows the case for the simple
1-dimensional exponential example model when both
the observation error e and model discrepancy e are
ignored. The model f(z) is given by the purple line,
while the observed data z is given by the horizontal
black line. Here only one value of x can be viewed as
acceptable (coloured green) while all others are unac-
ceptable (red). This particular value of z is not unique
in that if we were to perform the measurement again,
due to measurement error we would get a different
value for z and hence for x. More importantly, if the
model had a second output, say corresponding to a
different time, that also depended on the same input
x, we would be extremely unlikely to be able to match
both outputs to their measurements as we would have
to obtain exact matches simultaneously for precisely
the same value of x. Inferences and predictions about
the biological system made from this case, using this
value of x are not trustworthy.

Figure 2 (right panel) shows the far more realistic sit-
uation where we include both observation error e (the
black dashed lines represent z & 30.) and model dis-
crepancy € (the purple dashed lines show f(z) % 30.).
As we have taken into account both major types of un-
certainty there is now a range of acceptable values for
x (green points) with borderline/unacceptable points
in yellow/red. If we were to consider additional out-
puts of the model, we still have a chance to match
them simultaneously to data for a subset of the cur-
rently acceptable points. If on the other hand we can-
not find any acceptable points x even given the un-
certainties represented by e and €, then we can state
that the model is inconsistent with the observed data
and therefore most likely based on incorrect biological
principles. Further, inclusion of the observation error
and model discrepancy terms often aids a global pa-
rameter search as they tend to smooth the likelihood
surface (or comparable objective function), making it
both easier to explore while simultaneously more ro-
bust. They also help reduce the temptation to chase
the scientifically meaningless global minimum, such as
the lone green point in figure 2 (left panel), instead
suggesting that the identification of a set of accept-
able input points is the appropriate goal for such a
search (see the green points in figure 2 (right panel)).

Bayesian emulation of systems biology models

Many complex mathematical models have been devel-
oped and employed within the area of systems biology.
Often these models have high dimensional input spaces
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Figure 2 Left panel: the unrealistic case when both the observation error e and model discrepancy e are ignored. The model f(z) is
given by the purple line, the observed data z by the horizontal black line. Here only one value of = can be viewed as acceptable
(coloured green) while all others are unacceptable (red), however a repeat of the experiment would yield a slightly different z and
hence z. Right panel: the more realistic situation where we include both observation error e (the black dashed lines represent

z + 30¢) and model discrepancy e (the purple dashed lines show f(z) & 30.). There is now a range of acceptable values for = (green
points) with borderline/unacceptable points in yellow/red. It now may be possible to simultaneously match multiple outputs.
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in that they posses several input parameters, for ex-
ample reaction rate parameters, that must be specified
in order to evaluate the model. We represent the list of
such inputs as the vector x, with individual inputs as
xp with £ =1,...,d. The model may have any number
of outputs, denoted as the vector f(x), with individ-
ual outputs as f;(x) with ¢ = 1,...,¢, the behaviour
of which we want to investigate, possibly comparing
some of these to observed data. For example, the in-
dex i may label the different times we are interested in,
or the different chemical outputs of the model, or both.
Most models are complex enough that they require nu-
merical integration methods to solve, and hence take
appreciable time to evaluate. This evaluation time can
range anywhere from less than a second to minutes,
hours or even days for highly sophisticated models:
our approach is applicable in any of these cases, and
adds more value as the dimensionality and evaluation
time of the model increases.

A Bayesian emulator is a fast, approximate mimic of
the full systems biology model. It gives insight into the
structure of the model’s behaviour and can be used in-
stead of the model in many complex calculations. The
emulator gives a prediction of what the model’s out-
put f(x) will be at a yet to be evaluated input point z,
and additionally provides an associated uncertainty for
that prediction (these are often expressed as posterior
distributions, or simply expectations and variances in
some cases). Critically an emulator is extremely fast
to evaluate as it only requires a few matrix multipli-
cations, and hence can be used to explore the input

space more fully, as for example in a global parameter
search.

A popular choice for the Bayesian emulator for model
f(z), which has individual outputs f;(x),i=1...q,is
structured as follows:

fil®) = Bijgij(wa,) + wi(wa,) + wi(z) (5)

J

where the active variables x4, are a subset of the in-
puts x that are most influential for output f;(z). The
first term on the right hand side of the emulator equa-
tion (5) is a regression term, where g;; are known deter-
ministic functions of x4,, a common choice being low
order polynomials, and 8;; are unknown scalar regres-
sion coefficients. The second term, u;(x4,) is a Gaus-
sian process!! over 24, which means that if we choose

a finite set of inputs {xilli), ... ,qusi) }, the uncertain out-

puts u; (ZESB), e 7%(335:3) will have a multivariate nor-
mal distribution with a covariance matrix constructed

from an appropriately chosen covariance function, for

example:
b o
2

where o7 and ¢; are the variance and correlation
length of u;(x 4,) which must be specified [6]. The third

4, — 'y |7
Cov(ui(xa,), wi(zly,)) = U?M_exp {—92 As
i

(Or in a less fully specified version, a weakly second
order stationary stochastic process.
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term w;(x) is a nugget, a white noise process uncorre-
lated with f;;, u;(z4,) and itself such that

if =2
otherwise

ag

Cov(w;(z), w; (")) = { 6%’ (7)

with expectation zero and Var(w;(z)) = o2, , that rep-
resents the effects of the remaining inactive input vari-
ables [6].

The emulator, as given by equation (5), possesses
various desirable features. The regression term, given
by >, Bijgij(za,), is often chosen to represent say a
third order polynomial in the active inputs. This would
attempt to mimic the large scale global behaviour of
the function f;(x), and in many cases, will capture a
large proportion of the model’s structure?!. The sec-
ond term wu;(x4,), the Gaussian process, mimics the
local behaviour of f;(x) and specifically its local de-
viations from the third order polynomial given by the
regression terms. We can choose the list of active in-
puts x4, using various statistical techniques for exam-
ple, classical linear model fitting criteria such as AIC
or BIC [6]. A list of say p active inputs for a particular
output f;(x) means that we have reduced the input
dimension from d to p dimensions, which can result in
large efficiency gains. The small remaining effect of the
inactive inputs is captured by the third term w;(z) in
equation (5).

We proceed by performing an initial set of carefully
chosen model evaluations, often picked to be ‘space fill-
ing’, i.e. well spread out over the input space. For ex-
ample we may use a maximin latin hypercube design,
an approximately orthogonal design which attempts to
ensure there are no large holes in-between the run lo-
cations (see figure 3 and [33-35]). An n point latin hy-
percube design is created by dividing the range of each
input into n sub-intervals, and placing points to ensure
there is only ever one point in each sub-interval (this
can be done using the lhs() function in R [36]). Many
such latin hypercube designs are generated and the
one with maximum minimum distance between points
is chosen.

We then fit the emulator given by equation (5) to the
set of model runs using our favourite statistical tools,
guided by expert judgement. Specifically we would
prefer a fully Bayesian approach if we required full
probability distributions [9], and a Bayes Linear ap-
proach [37, 38], which we will describe below, if we re-
quired purely expectations, variances and covariances

(21Tt is worth noting that reasonably accurate emulators
can often be constructed just using regression models,
for example using the lm() function in R. This can be
a sensible first step, before one attempts the construc-
tion of a full emulator of the form given in equation (5).
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of f(x). We make certain pragmatic choices in the emu-
lator construction process, for example, while we keep
the regression coefficients f3;; uncertain, we may di-
rectly specify Ugi, 03“ and 0; a priori, or use suitable
plugin estimates [6].

The emulators then provide an expectation and vari-
ance for the value of f(x) at an unexplored input point
. We can test the emulators using a series of diagnos-
tics, for example checking their prediction accuracy
over a new batch of runs [39]. See [10] for an introduc-
tion and [6, 7, 9] for detailed descriptions of emulator
construction.

While there are several approaches to emulator con-
struction, our preferred choice is to use Bayes Linear
methods, which is a more tractable version of Bayesian
statistics which requires a far simpler prior specifica-
tion and analysis [37, 38]. It deals purely with expecta-
tions, variances and covariances of all uncertain quan-
tities, and uses the following update equations to ad-
just our beliefs in the light of new data. Say we had
performed an initial wave of n runs at input locations
M 2@ 2™ giving a column vector of model
output values D; = (fi(z™M), fi(x®),..., fi(z™NT,
where i labels the model output. We obtain the ad-
justed expectation and variance for f;(x) at new input
point x using:

Ep,(fi(z)) = (8)
E(fi(z)) + Cov(fi(z), D;)Var(D;) ' (D; — E(D;))
Varp,(fi(z)) = 9)
Var(fi(z)) — Cov(fi(x), Di)Var(D;) ' Cov(D;, fi(x))

All quantities on the right hand side of equations (8)
and (9) can be calculated from equations (5) and (6)
combined with prior specifications for E(8;;), Var(5;;),
o2, oz and 6;. Note that we could have used the en-
tire collection of model outputs D = {D1, D2, ..., D}
instead of just D; in equations (8) and (9), if we had
specified a more complex, multivariate emulator [40].

Ep,(fi(x)) and Varp, (f;(x)) are used directly in the
implausibility measures used for the global parameter
searches described below.

1-dimensional example

We now demonstrate the construction of an emula-
tor for the simple one dimensional exponential model.
As there is only one output dimension, f(z) is now a
scalar, so we drop the ¢ index from equations (5-9).

Figure 4 (left panel) shows output from such an em-
ulator of the simple model defined by equation 1. We
suppose that only n = 5 runs of the model have been
performed at the locations (/) = 0.1,0.2,0.3,0.4, 0.5,
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Figure 3 Maximum minimum distance Latin hypercube designs of size n = 8 (left panel) and n = 20 (right panel). The blue points
represent locations in rate or input parameter space where we would run the full systems biology model. These designs are both
space filling and approximately orthogonal, both desirable features for fitting emulators. Note that the construction process of a latin
hypercube ensures that there is a blue point within each of the n subintervals of both inputs, ensuring excellent coverage.

which are shown as the purple points (these are the
same as the five coloured points in figure 1). We there-
fore have the model output values

 fa®)T

60.5><3.5)T

D= (f(aW), f(=®),...

(60'1X3'5, 60.2><3.5

(10)

yeeey

where again the output of interest has t = 3.5.

We use a simplified form of the emulator given by
equation (5), where we choose the polynomial terms
Bjg;j(xa) to represent only a constant term y. As we
only have one input variable, there is no distinction be-
tween inactive and active variables so we also set w(x)
to zero, and hence the emulator equation (5) reduces
to

fx) = Bo+ulx) (11)

For simplicity we treat the constant term [y as known
and hence set Var(5y) = 0, and choose prior expecta-
tion E(By) = Bo = 3.5, a value which we expect the
function outputs to be approximately centred around.
We specify the parameters in the covariance function
for u(x) given by equation (6) to be o, = 1.5 and
6 = 0.14 representing curves of moderate smoothness:
this process will be discussed in more detail for the full
Arabidopsis model.

All expectation, variance and covariance terms on
the right hand side of equations (8) and (9) can now be

found using equations (11), (6) and (10), for example,

E(f(z)) = Bo (12)
Var(f(z)) = o2 (13)
E(D) = (507"‘7ﬂ0)T (14)

while Cov(f(x),D) is a row vector of length n with
jth component

Cov(f(x), f(z1)))
2 lz — 22
= 0,exp {02}

and similarly Var(D) is an n x n matrix with (j, k)
element

Cov(f(z),D);

(15)

Var(D)jk

Cov(f(z9), f(z™)) (16)
k

2l — o)
I B —

We can now calculate the adjusted expectation and
variance Ep(f(z)) and Varp(f(x)) from equations (8)
and (9) respectively.

Figure 4 (left panel) shows Ep(f(x)) as a function
of x as the blue line. We can see that it precisely in-
terpolates the five known runs at outputs D, which is
desirable as f(x) is a deterministic function. The blue
line also gives a satisfactory estimate of the true func-
tion f(x) = exp(3.5z). The red pair of lines give the

credible interval Ep(f(x)) £34/Varp(f(z)) as a func-

tion of x. This defines a region between the lines that
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Figure 4 Left panel: an emulator for the simple 1D exponential model. The purple points show five evaluations D of the model at
rate parameter locations z(9), which are the same as the 5 coloured points in figure 1. The blue line represents the emulator’s
updated expectation Ep(f(z)), and the pair of red lines give the credible interval Ep(f(z)) & 3y/Varp(f(z)), both as functions of
x. This defines a region between the red lines that we believe is highly likely to contain the true function f(x). Note that evaluation
of the emulator is extremely fast, as it only requires matrix multiplication. Right panel: an emulator for the more complex function
given by equation (17). The true function f(z) is shown as the black line, which lies within the emulator credible intervals at all

we believe is highly likely to contain the true function
f(x). Another desirable feature of the emulator is that
these credible intervals decrease to zero width at the
five known run locations, as is appropriate for a de-
terministic function, as we precisely know the value of
f(z) there (and because we have no inactive variables).
Therefore when x is close to a known run we are more
certain about the possible values of f(z), compared to
when z is far from any such runs.

Figure 4 (right panel) shows an emulator as applied
to a more complex 1-dimensional function. Here the
true function is

4 (577(90 - 0.1))

f@) = = (17)

which has been simulated at only 10 input points
evenly spread between z(!) = 0.1 and z(19 = 0.5.
Here the prior emulator specifications were as in the
previous example, but with E(8y) = 0, 0, = 0.6
and 6 = 0.06 allowing for functions with more curva-
ture, centred around zero. As before the blue and red
lines show Ep (f(z)) and Ep(f(z))£3+/Varp(f(x)) as
functions of x. The true function f(z) is given by the
solid black line and it can be seen that it lies within
the credible region for all z, only getting close to the
boundary for > 0.5. This demonstrates the power of
the emulation process: with the use of only 10 points
the emulator accurately mimics a reasonably complex
function with five turning points. We will demonstrate
the effectiveness of emulators in higher dimensions for
the main Arabidopsis model example.

History matching: an efficient global parameter search
Bayesian emulation is very useful in a variety of sit-
uations. As emulators are extremely fast to evaluate,
they can replace the original model in any larger calcu-
lation, for example when designing future experiments
[41, 42]. They can also provide much structural in-
sight into the behaviour of the model. One of the most
important applications of emulation is to the prob-
lem of performing a global parameter search. In this
section we describe a powerful iterative global search
method known as history matching, which has been
successfully employed in a variety of scientific disci-
plines [6, 8, 11, 12], including to models with substan-
tial runtime for which the process of emulation is vital.
When confronting a systems biology model with ob-
served data the following questions are typically asked:

1 Are there any input parameter settings that lead
to acceptable matches between the model output
and observed data?

2 If so, what is the full set X that contains all such
input parameter settings?

History matching is designed to answer these ques-
tions. It proceeds iteratively and employs implausibil-
ity measures to determine parts of the input space that
can be discarded from further investigation.

We can ask the question: for an unexplored input
parameter setting x, how far would the emulator’s ex-
pected value for the individual function output f;(z)
be from the corresponding observed value z; before we
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could deem it highly unlikely for f;(z) to give an ac-
ceptable match were we to evaluate the function at this
value of z? The implausibility measure I;(z) captures
this concept, and is given by:

(Ep, (fi(x)) — z)?

112(55) = Val"Di(fi(ﬂf)) + Var(ei) + Var(ei)

(18)

The numerator of equation (18) gives the distance be-
tween the emulator expectation Ep, (f;(z)) and the ob-
servation z;, while the denominator standardises this
quantity by all the relevant uncertainties regarding
this distance: the emulator variance Varp, (fi(z)), the
model discrepancy variance Var(e;) and the observa-
tion error variance Var(e;). This structure is a direct
consequence of equations (3) and (4). A large value
of I;(x) for a particular = implies that we would be
unlikely to obtain an acceptable match between f;(z)
and z; were we to run the model there. Hence we
can discard the input z from the parameter search if
I;(z) > c, for some cutoff c. We may choose the cutoff ¢
by appealing to Pukelsheim’s 3-sigma rule [43], which
states that for any continuous, unimodal distribution,
95% of its probability must lie within +30, regard-
less of asymmetry or skew, suggesting that a choice of
¢ = 3 could be deemed reasonable [6].

We can combine the implausibility measures I;(z)
from several outputs in various simple ways, for exam-
ple we could maximise over all outputs defining

In(z) = maxI;(z)

1€Q (19)
where () represents the collection of all outputs, or
some important subset of them (often we will only em-
ulate a small subset of outputs in early iterations). A
more robust approach would be to consider the second
or third maximum implausibility, hence allowing for
some inaccuracy of the emulators [6]. Also, multivari-
ate implausibility measures are available (see [6] for
details), but these require a more detailed prior speci-
fication, for example this requires covariances between
different components of e and e.

We proceed iteratively, discarding regions of the in-
put parameter space in waves, refocussing our search
on the remaining ‘non-implausible’ inputs at each
wave. Prior to performing the kth wave, we define the
current set of non-implausible input points as X} and
the set of outputs that we considered for emulation in
the previous wave as Qr_1. We proceed according to
the following algorithm.

1 Design and evaluate a well chosen set of runs over
the current non-implausible space X};. e.g. using a
maximin Latin hypercube with rejection [6].
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2 Check to see if there are new, informative outputs
that can now be emulated accurately (that were
difficult to emulate well in previous waves) and
add them to the previous set Qx_1, to define Q.

3 Use the runs to construct new, more accurate em-
ulators defined only over the region X} for each
output in Q.

4 The implausibility measures I;(z), ¢ € Qy, are
then recalculated over Xj, using the new emula-
tors.

5 Cutoffs are imposed on the Implausibility mea-
sures [;(z) < ¢ and this defines a new, smaller
non-implausible volume &4 which should sat-
isfy X C X1 C X

6 Unless a) the emulator variances for all outputs of
interest are now small in comparison to the other
sources of uncertainty due to the model discrep-
ancy and observation errors, or b) the entire in-
put space has been deemed implausible, return to
step 1.

7 If 6 a) is true, generate as large a number as
possible of acceptable runs from the final non-
implausible volume X', sampled depending on sci-
entific goal.

We then analyse the form of the non-implausible vol-
ume X, the behaviour of model evaluations from differ-
ent locations within it and the corresponding biological
implications.

The history matching approach is powerful for sev-
eral reasons:

e As we progress through the waves and reduce the
volume of the region of input space of interest, we
expect the function f(z) to become smoother, and
hence to be more accurately approximated by the
regression part of the emulator f3;;g;;(x4,), which
is often composed of low order polynomials (see
equation 5).

e At each new wave we have a higher density of
points in a smaller volume and hence the Gaussian
process term u;(z 4,) in the emulator will be more
effective, as it depends mainly on the proximity
of = to the nearest runs.

e In later waves the previously strongly dominant
active inputs from early waves will have their ef-
fects curtailed, and hence it will be easier to select
additional active inputs, unnoticed before.

e There may be several outputs that are difficult to
emulate in early waves (perhaps because of their
erratic behaviour in uninteresting parts of the in-
put space) but simple to emulate in later waves
once we have restricted the input space to a much
smaller and more biologically realistic region.
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Figure 5 Left panel: the emulator expectation and credible intervals as in figure 4, however now the observation z plus observed error
has been included as the horizontal black solid and dashed lines respectively. The implausibilities I(x) are represented by the colours
on the x-axis: red, yellow and green for high (I(z) > 3.5), borderline (3.5 < I(z) < 3) and low (I(z) < 3) implausibility respectively,
with the green interval defining the non-implausible region X2 for the second wave. Right panel: the second wave is performed by
evaluating two runs located within X2. The emulator becomes more accurate over X5 and the implausibility more strict, hence
defining the smaller non-implausible region X3, given by the green interval. As the emulator is now far more accurate that the
observed errors within X3, additional runs will not significantly reduce X3 any further, and hence the history match is complete.

1-dimensional example

We now demonstrate the history matching process
as applied to the simple 1-dimensional exponential ex-
ample. Figure 5 (left panel) shows the emulator ex-
pectation and credible intervals as in figure 4, however
now the observation z plus observed error has been in-
cluded as the horizontal black solid and dashed lines
respectively. Here we have set the model discrepancy to
zero (0. = 0) and reduced the size of the observation
errors o, for clarity. Also given are the implausibili-
ties I(x) as represented by the colours on the x=axis:
red, yellow and green for high (I(x) > 3.5), borderline
(3.5 < I(z) < 3) and low (I(x) < 3) implausibility
respectively.

The non-implausible space X; at wave 1 is the full
initial range of the rate parameter x, which is 0.075 <
x < 5.25. If we impose cutoffs of I(x) < 3 then this
defines the wave 2 non-implausible space Xy as shown
by the green region of the x-axis in figure 5 (left panel).

We then perform the second wave by designing a set
of two more runs over X5, reconstructing the emula-
tor over this region, and recalculating the implausibil-
ity measure I(z). The results of this second wave are
shown in figure 5 (right panel). It can be seen that the
emulator is now highly accurate over the A5 region and
that the non-implausible region in green has been fur-
ther reduced. As the emulator is now far more accurate
than the corresponding observation error, we may stop
the analysis with this wave as X3 ~ X, implying that
further runs will do little to reduce the non-implausible
region further. Note that providing we have enough

runs in each wave, we would often create new emula-
tors at each wave, defined only over the current green
non-implausible region [6], instead of updating emula-
tors from previous waves, as in figure 5.

We now apply the techniques of Bayesian emulation
and history matching to the full hormonal crosstalk
network in Arabidopsis root development model.

Results

Application to the hormonal crosstalk network in
Arabidopsis root development model

We now describe the relevant features of the hormonal
crosstalk in Arabidopsis root development model [29],
in preparation for the application of the Bayesian
emulation and history matching processes introduced
above.

The hormonal crosstalk in Arabidopsis model was
constructed on the basis of known molecular inter-
actions and experimental evidence, and models the
crosstalk between auxin, ethylene and cytokinin via
the PLS gene in Arabidopsis root development. The
network for the model is shown in figure 6 which dis-
plays the two main modules of auxin and ethylene sig-
nalling. A full description of the model, along with jus-
tifications of the various modelling choices employed,
can be found in [29].

The mathematical representation of the Arabidopsis
model, given in table 1, is a set of 15 ordinary dif-
ferential equations that describe the evolution in time
of 15 different biological quantities. Note the analogy
with equation (1) describing the simple exponential
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Figure 6 The network for the hormonal crosstalk in
Arabidopsis model, displaying the two main modules of auxin
and ethylene signalling, as described in detail in [29].

model. The Arabidopsis model requires the specifica-
tion of 32 input or rate parameters before it can be
evaluated: these are represented in table 1 as the pa-
rameters (k1,kiq,- .-, Kivetn). The rate parameter kg
is an exception: it is a control parameter and is set to
0.3 to represent the wildtype and O to represent the
pls mutant [29], and hence it will not be included in
our parameter search, leaving 31 free parameters.

As we will compare the model output to data at
equilibrium only [29], we can perform a substantial di-
mensional reduction of the input space. Referring to
the model equations given in table 1, we see that at
equilibrium the derivative on the left hand side of each
equation will equal zero, and that the right hand side
can hence be rearranged in terms of one less rate pa-
rameter. For example, the equation for d[Ra]/dt be-
comes:

0 = —[Auzin][Ra] + (Zi) [Ra*] (20)

which depends only on the ratio of (k5/k4). Hence data
at equilibrium can inform only about the ratio (ks /k4)
and cannot provide any constraint upon the original
parameters k4 and ks individually!3!. We can therefore

(BTt is worth noting that if the model was a stochastic
model instead of a deterministic model, it may be pos-
sible to learn about the parameters individually, even
at equilibrium, as discussed in chapter 1 of [44].
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d[Auzxin] kia kot koo [ET) [PLSp]
dt T 14 X1 7T [ [CKI ky, + [PLSP]
k1 Fap
(k3 + k3o [X])[Auzin] + kivauzin [[AA]
X
% =  kig — k16a [CTRI*} — k17[X]
d[PstSp L k[PLSm] — ke[PLSP]
d[f;"“} =  —ks[Auzin][Ra) + ks[Ra*]
d“z‘ L kalAuwin][Ra] — ks[Ra*]
K a L
dCK] = kis — — k19|CK] + k1yc K [cytokinin]
dt 1+ [Auzin]
kig
d[ET
[dt ] = ki2 + k12q[Auzin][C K] — k13[ET] + k1yeth [ACC]
d[PLSm)| _ k@[RthT} ~ ke [PLSM)
d[R
% = ki1[Re*][ET] — (k10 + k10a[PLSp])[Re]
d[Re*
R = R REIIBT] + (k1o + Fioa PLSH)[Re
1
% = —]{:14[Re*][CTR1] + k15[CTR1*]
d[CTR1*
% —  kwl[Re*][CTRI] — kis[CTRI*]
d[IAA] — 0 d[cytokinin] _ 0 d[ACC] _ 0
dt ’ dt ' dt

Table 1 The hormonal crosstalk in Arabidopsis root development
model differential equations. See [29] for details.

remove a total of 8 parameters and reduce the dimen-
sion of the input space from 31 to 23, by choosing to
work with appropriate rate parameter ratios. The spe-
cific rate parameter ratios we use as well as the unal-
tered rate parameters are given in table 2. Also shown
are the ranges used to define the initial search space
X4, discussed further below.

As we consider ranges of the rate parameters and
their ratios which are always positive and span two or
more orders of magnitude, we choose to convert to a
log scale. Hence we define the 23-dimensional vector x
of input parameters for the model as:

xr = (10g(k‘1), log(kg/kla), e alog(klveth/km)) (21)

which corresponds to the first column of table 2, with-
out the inclusion of the control parameter kg. It is this
vector of inputs x that will be used in the emulator
equations (5), (6), (8), (9), and that is directly analo-
gous to the 1-dimensional input x of the simple model
given in equations (1) and (2). The Arabidopsis model
also requires initial conditions for each of the 15 model
outputs [29], and the values used are given in table 3.
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Input Rate Minimum Maximum
Parameters
k1 0.1 10
k‘g/k1a 0.02 2
k2a/k1a 0.28 28
kaop 0.1 10
kac 1x10-¢ 1
k‘3/k1a 0.2 20
ksa/k1a 0.045 4.5
ks /ka 0.1 10
ke Control: 0 (pls mutant) or 0.3 (wildtype)
kea 0.002 2000
k7 0.1 10
ko /ks 0.1 10
k10a/k10 166 1.66x10%
k11/k10 166 1.66x10°
k12q/k12 0.1 10
kis/ki2 1 1000
k15/k14 2.83x1074 0.283
ki6a/k16 0.33 333
ki7/k1ie 0.033 3.33
kis 0.01 10
ki9/k18a 0.01 10
kluauzin/kla 0.1 100
k1vck /kiga 0.1 10
kivetn/k12 1 100

Table 2 The input or rate parameter ranges that define the initial
search region X7 over which the history match is performed. Due
to symmetries in the model at equilibrium, only ratios of certain
parameters will be constrained, hence we choose to work directly
with these ratios, as given in the left column. Note that kg is a
control parameter used to define wildtype or pls mutant, and
hence is not included in the parameter search.

Model Initial Measurement
Output Concentration Available
Auxin 0.1 Yes

X 0.1

PLSp 0.1

Ra 0

Ra* 1

CK 0.1 Yes
ET 0.1 Yes
PLSm 0.1 Yes
Re 0

Re* 0.3

CTR1 0

CTR1* 0.3

1AA Oorl

cytokinin Oorl

ACC Oorl

Table 3 The list of 15 original model outputs, their initial
conditions and whether measurements are available. For simplicity
of terminology, exogenous application of IAA, cytokinin or ACC is
referred to as "feeding auxin, cytokinin or ethylene” . The values of
0 or 1 for IAA, cytokinin and ACC correspond to no feeding or
feeding of auxin, cytokinin or ethylene respectively. See [29] for
details.
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We are primarily interested in the behaviour of
the four measurable outputs: [Auxin], [PLSm], ethy-
lene [ET] and cytokinin (represented as [CK] in
the model). These were measured for the following
cases: wild type (wt), pls mutant (mu), wild type fed
auxin (fa), wild type fed ethylene (fe), wild type fed
cytokinin (fc) and pls mutant fed ethylene (mu_fe).
The critical behaviour that we want the Arabidop-
sis model to capture is that of the trends exhibited
between certain pairs of measurements. For example,
the auxin level is seen to decrease in the pls mutant
compared to that of the wild type, while it is seen to
increase when ethylene is fed to the wild type com-
pared to the wild type with no feeding. A summary
of the 16 experimental trends that were used in this
analysis is given in table 4 (see [29] for details). The
six different experimental scenarios are correspond-
ingly represented in the model by choosing certain
values for the control parameter kg (which corresponds
to the effect of the PLS gene) and the initial condi-
tions for TAA, ACC and cytokinin, which represent
the concentration of feeding chemicals present. The
wild type and pls mutant cases correspond to setting
k¢ = 0.3 and kg = 0 respectively, while no feeding im-
plies IAA=ACC=cytokinin=0, with TAA=1, ACC=1
or cytokinin=1 corresponding to the feeding of auxin,
ethylene or cytokinin respectively (see table 4).

To represent the possible model outputs correspond-
ing to each of the cases, we define the time dependant
function h:

hja(z,t), a€{wt,mu,fa,fe, fc, mu_fe}

j € {Auzin, PLSm, ET,CK}
T = (1Og(k1>7 s alog(klveth/kl2))

where we have introduced a control parameter a that
represents the combined choice of plant type and feed-
ing action, the subscript j indexes each of the four
measurable chemicals, the vector x represents the vec-
tor of rate parameters as before and ¢ represents time.

We are mainly interested in matching the observed
trends which are often specified as ratios to wild type.
Therefore we choose to work with the log ratio of
model outputs, as these will be more robust and allow
multiplicative error statements. We also equate these
trends to the output of the model at equilibrium [29],
that is for ¢ — oo, and hence we define the main out-
puts of interest to be

file) = iy, los {M} (22)
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Trend relative to wild type with no feeding Trend relative to pls mutant with no feeding
(ke = 0.3, IAA=ACC=cytokinin=0) (ks = 0, INA=ACC=cytokinin=0)

Chemical | pls mutant Feed Auxin  Feed Ethylene  Feed Cytokinin pls mutant + Feed Ethylene
Output (ke =0) (IAA=1) (ACC=1) (cytokinin=1) (ks = 0 and ACC=1)
Auxin Down Up Up Down Down
PLSm - Up Down Down -
ET No change Up Up Up -
CK Up Down Down Up -

Table 4 Summaries of the direction of observed trends of the four measurable chemicals, relative to wild type for the four types of
experiment: pls mutant, feeding auxin, ethylene and cytokinin respectively (first four columns). The final column gives the trend for the
case of feeding ethylene to the pls mutant, relative to the pls mutant with no feeding. See the text and also [29] for more detail on the

size and related uncertainties for each of the measured trends.

where the subscript ¢ indexes the elements of the list
{j,a1,a2} corresponding to the 16 trends that were
actually measured, as presented in table 4. It is this
function f;(x) that will be directly compared to the
observed trends. Again, note the analogy with f;(z) as
defined by equations (1) and (2). We also append to
fi(x) two additional outputs of interest which are not
ratios: log(hquwin,we(z,t)) and log(hck wie(x, 1)), again
evaluated as t — oo. These will ensure the acceptable
matches found will not have unrealistic concentrations
of auxin and cytokinin. Note that the Bayesian emula-
tion and history matching methods we propose could
be applied to outputs at any time point, and not just
to the equilibrium points of primary interest here.

The primary question that the modeller may ask at
this point is whether the outputs of the model, in the
form of f;(x), match the observed trends given in ta-
ble 4, to within an acceptable level of tolerance, and
what is the set X’ of all rate or input parameters cor-
responding to such acceptable matches.

The initial input space X that we choose to perform
the global parameter search or history match over is
defined in table 2. This was constructed by specify-
ing ranges on the 23 inputs that covered at least one
order of magnitude above and below the single input
parameter setting found in [29]. The ranges of some
parameters of particular interest were subsequently in-
creased to allow a wider exploration. This means we
will explore a biologically plausible space that covers
at least two orders of magnitude in every dimension,
centred (on a log scale) around the original parameter
point. This gives rise to a large space X7, of suitable
size to demonstrate our methodology. Note that we
could make these ranges wider still if this was deemed
plausible, which would simply result in us having to
perform more waves to complete the history match.

Linking the Arabidopsis model to reality

The next task is to link the Arabidopsis model formally
to reality [6, 7, 15]. The Bayesian paradigm allows us
to represent scientific judgements as probabilistic spec-
ifications or, if we follow the Bayes Linear approach, as
expectation and variance statements [38]. As we do not

have access to the precise quantitative values for the
observations z; that feature in equation 3, we instead
propose values for the observations, observation errors
Var(e;) and model discrepancy Var(e;) that are consis-
tent both with the observed trends given in table 4 and
with expert judgement concerning the accuracy of the
model and the relevant experiments. We do this for two
reasons: firstly to demonstrate that our approach can
be reasonably applied to situations where only quali-
tative data is available, and secondly to highlight what
kinds of analysis are possible if quantitative measure-
ments are actually available across all the outputs of
interest, hence motivating more detailed future data
collection. There are several possible ways to assess
these quantities while conserving consistency with the
observed trends. We choose a conservative, minimal
approach, and specify for the “Up”, “Down” and “No
Change” trends that z; = 1.24, —1.24 and 0, and that
o; = 0.35,0.35 and 0.061 respectively, where o; rep-
resents the combined model discrepancy and observed
errors

o; = +/Var(e;) + Var(e;). (23)
These combined specifications have been made so that
the intervals

represent an increase of between 20% to ten fold for
the “Up” trends, a decrease also of between 20% to
ten fold for the “Down” trends, and an interval of 40%
decrease to 40% increase for the “No Change” trend.
These intervals, assumed symmetric on the log scale,
were formulated by answering the natural question:
where would each model output have to lie to avoid
violating the trends given in table 4, considering rele-
vant observational and model uncertainties? This spec-
ification captures the main features of the trend data
and is sufficient for our purposes of demonstrating the
Bayesian history matching methodology. Obviously, a
more detailed treatment would involve having more
information regarding the observations z; themselves,
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and their associated measurement errors represented
by Var(e;). Also, were we to consider in more detail
the known deficiencies of the model, we could give a
more detailed specification of the model discrepancy
Var(e;), which would most likely include correlations
between different outputs. See [6], [16] and [8] for ex-
amples of more detailed model discrepancy specifica-
tions in alternative applications, and [18] and [15] for
further discussions.

Figure 7 shows all 16 intervals corresponding to
the measured trends, as represented by equation (24),
given as the black error bars, on a log scale. Also shown
(as the first two errors bars from the left) are the two
additional non-ratio wildtype outputs for Auxin and
Cytokinin, which are given reasonably wide intervals
of 0.24 plus or minus an order of magnitude [29].

The specification of z;, Var(e;) and Var(e;) or equiv-
alently o;, can be used to define an ‘acceptable match’
between model output and observed data via the im-
plausibility measures of equation (18), as any model
evaluation that satisfies I;(z) < ¢ for some cutoff c.
A common choice is ¢ = 3, based on Pukelsheim’s 3-
sigma rulel® (see [43]). We may impose this constraint
simultaneously across all of the 18 outputs shown in
figure 7, by demanding that Ip;(z) < ¢ where I/ (x) is
the maximum implausibility defined by equation (19),
or we could impose a less stringent criteria by con-
straining the second or third maximum implausibility
instead, which would allow model runs to deviate from
one or two outputs respectively.

Bayesian emulation of the Arabidopsis model

We can now proceed with the first wave of emulation
of the Arabidopsis model as follows. First we design
a set of 2000 wave 1 runs over the initial search re-
gion X; based on a maximin latin hypercube design
(see figure 3 and [33, 34]), using for example the lhs()
function in R [36]. Each of these runs specifies a dis-
tinct set of values of all the rate parameters in z, and
therefore for each run the differential equations given
in table 1 were solved numerically using the lsoda()
function again in R, with initial conditions given in
table 3, up to t = 10000 seconds to ensure equilibrium
is reached (equilibrium was then checked). Each run
took approximately 1 second of real time to evaluate,
implying that although this is a relatively fast model,
it is still too slow to exhaustively search the full 23
dimensional input space, which would likely require a
vast number of runs. The emulators that we develop

4 Pukelsheim’s 3-sigma rule is the powerful result that
states that any continuous unimodal distribution will
have a least 95% of its probability within p + 30, re-
gardless of any asymmetries, large skew or heavy tails.
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turn out to be 4 orders of magnitude faster than the
model, and hence allow a much more detailed and effi-
cient exploration. This ratio of emulator speed versus
model speed actually improves as the model complex-
ity increases, as the speed of an emulator is a function
of the number of runs used to construct it [6].

The wave 1 run outputs f;(x) for all 18 outputs con-
sidered (see equation (22)) are shown in figure 7 as the
purple lines, with the observed data intervals z; & 30;
given as the black error bars, and the best run previ-
ously found by and discussed in [29] shown as the light
blue line. As these runs were generated from a space
filling design, they can give substantial insight into the
broad behaviour of the model over the initial search
region X;. We can see that some outputs are seem-
ingly constrained to give only positive (e.g. Auxin_fa)
or negative (e.g. Auxin_mu) trends, and that many of
the runs are far from the target ranges (as the y-axis
is on a log, scale). We also find that no individual
wave 1 run passes through every one of the target in-
tervals. This all suggests that the volume of the non-
implausible space X containing only acceptable runs
may be small or indeed zero, and hence we may need
several waves for the history match.

We employ the more general emulator structure as
represented by equation (5). For each output f;(z),
we identify the list of active input parameters x4, by
fitting first order polynomials in x and selecting the
active inputs based on AIC criteria (using for example
the Im() and step() functions in R [36]). We choose
the set of deterministic functions g;;(xa,) by select-
ing terms from the complete third order polynomials
in the active inputs, discarding terms again based on
AIC criteria (see [6, 7, 15, 22] for more details). Due
to the large number of runs and in the absence of
strong prior information, we set E(8;;) = 0 and take a
large Var(f;;) limit. The f;; terms will hence behave,
after the Bayes Linear update represented by equa-
tions (8) and (9), approximately like their Ordinary
Least Squares linear model fits (see [6] for details).

We choose the combination of the Gaussian process
and nugget variances a?i = 012” + 012”1_ to be equal to
the residual standard error from the OLS linear model
fit [6], and set o2, = poZ where p is a parameter
governing the proportion of variance explained by the
inactive variables, taken to be between 0.05 to 0.1,
and checked with emulator diagnostics described be-
low. Note that we could design more runs that vary
the inactive variables to assess p more accurately, as is
done in [6]. Following the arguments presented in [6]
for choosing correlation lengths for emulators that con-
tain low order polynomials, we set the (scaled) corre-
lation lengths 6;, required for equation (6), to be 0.35,
where the inputs = have all been scaled to the range
[—1,1].
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the observed data z; + 30; given as the black error bars, and the best run previously found by [29] shown as the light blue line. The
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Finally, we constructed the emulators by using the
Bayes Linear update equations (8) and (9) to ob-
tain Ep,(f;(x)) and Varp,(f;(x)) for each output 4,
where D, is the corresponding vector of 2000 run
output values. Emulator diagnostics were then per-
formed by evaluating 200 new diagnostic runs and
comparing them to the corresponding emulator predic-
tions, in the form of prediction intervals Ep, (f;(z)) +
3y/Varp, (fi(z)) (see [39] for detailed emulator diag-
nostics). In the first wave we found that 13 out of the
18 outputs were straightforward to emulate, in that
their emulators were of sufficient accuracy to allow rea-
sonably large parts of the input space to be removed,
while simultaneously satisfying emulator diagnostics.
The remaining 5 outputs were left to be considered
in later waves. Each of these 13 outputs (that define
Q1) required between 7-13 active inputs z4,, out of

a total of 31 full or 23 reduced input parameters x,
which represents a substantial dimensional reduction
and hence a large benefit to the emulator construction
process and subsequent parameter search, as discussed
in [15]. This is in addition to the speed increase of us-
ing emulators as they are in this case 10 times faster
to evaluate than the full Arabidopsis model. Note that
each one of the 23 inputs featured in at least one of
the 13 emulators.

History matching the Arabidopsis model
We now employ the iterative history matching strategy
described above to the Arabidopsis model.

As well as the maximised implausibility Ins(x) de-
fined by equation (19), we also use the more robust
second and third maximum implausibilities denoted
Iop(2z) and I3ps(x) respectively, defined using the set
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Figure 8 Two different ways to view the non-implausible input or rate parameter space (on a log scale) after waves 1, 2 and 4 (left,
middle and right columns respectively). The top row gives the minimised implausibility Ip(z’), where

' = (k1vauzin/k1a, K1veth/k12). The red and dark grey regions imply that no matter what values are chosen for the remaining 21
inputs, the model will still be a poor match to the data for these settings of k1yquzin/kia and kiyetn/k12. The bottom row gives
the optical depth p(z’) which shows the thickness or depth of the non-implausible region X} in the remaining 21 input dimensions,

as a proportion of the depth of the original space X .

Q@ of outputs considered in wave k, as these implau-
sibility measures are more robust to emulator failure.
In the first wave, only Iops(x) and Isps(z) were used
with conservative cutoffs ¢ of 3.25 and 3 imposed re-
spectively. This defined X5: the non-implausible space
remaining after wave 1, which had a volume of 2.06 x
10! of the original input space Xj.

Figure 8 top left and bottom left panels show two
ways of visualising the shape of the non-implausible re-
gion X5 resulting from the wave 1 analysis. The former
is the minimised implausibility plot. This is formed by
using the emulators to evaluate the implausibility of a
large number of points within the 23 dimensional Xj.
These implausibilities are then projected down to two
dimensions (the input parameters kiyquzin/k1o and
E1vetn/k12 in this case) by minimising the implausibil-
ity over the remaining 21 dimensions. If we partition
x into (z',2"”) where 2’ is the two dimensional vector
representing the inputs we wish to project onto and
z' is the remaining 21 inputs, then the minimised im-
plausibility is defined as:

Ip(2") = min Iy (2',2") (25)

The plot has the following interpretation: the red /dark
grey regions correspond to high implausibility and im-
ply that no matter what values we choose for the
remaining 21 inputs, the Arabidopsis model will not
give good matches to the data in these regions of
(k1vauzin/k1a, k1veth/k12) space. The green/yellow re-
gions imply that somewhere within the 21-dimensional
space there are low implausibility points with these
values of k1pauzin/k1a and kiyern/k12. We are there-
fore looking at the silhouette of X for various different
cutoffs represented as colours [7]. The green and yel-
low regions will be investigated further in subsequent
waves.

The bottom left panel of figure 8 shows an op-
tical depth plot again for the inputs kiyeuzin/k1a
and kyyen/k12. This gives the 21 dimensional thick-
ness or depth of X5 as a proportion of total depth,
for each point 2’ in the 2-dimensional (k1pquzin/k1a,
k1veth/k12) space. It is defined as

(1?’) _ Vzl{l‘ c Xy | z/ ﬁxed}
P V21{£L' c X | ! ﬁxed}’
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Wave | Outputs | Active Cutoffs ¢ used Prop. Space
Emul. Inputs | Ipy  Iopr  Isy Non-imp.

1 13 7-13 - 3.25 3 2.06 x 10~ 1

2 18 6-15 - 3.1 2.8 4.83 x 103

3 18 6-16 5 2.9 2.7 4.34 x 104

4 18 11-19 | 3.2 2.8 2.65 | 2.69 x 10~°

5 - - 3.2 - - 1.21 x 106

Table 5 Summary of the 4 waves of emulation. Col. 2: no. of
outputs emulated, Col. 3: the no. of active inputs used; Col. 4-6:
the implausibility thresholds; Col. 7: the proportion of the
parameter space deemed non-implausible. The 5th wave was
performed but not emulated.

where Vy1{.} denotes the 21-dimensional volume of
the remaining space. p(z’) can therefore show where
large or small amounts of non-implausible points can
be found, conditioned on z’, providing further insight
into the structure of Xy. Both Ip(2’) and p(x’) are gen-
eralisable to higher dimensions if necessary, and vari-
ous computational shortcuts in the emulator calcula-
tions can be exploited (see [6, 7, 15, 22] for details).

We then proceeded with a total of 4 waves of emu-
lation and history matching. Summaries of the waves’
properties in terms of outputs emulated, numbers of
active inputs used, and cutoffs and implausibility mea-
sures employed can be found in table 5. The final
column gives the proportion of non-implausible space
remaining in terms of the original input space, after
each wave. At each wave emulator diagnostics are per-
formed by evaluating another 200 model runs over the
current non-implausible space, and checking that the
new emulators predict these 200 runs with appropriate
accuracy (see [39] for more details on emulator diag-
nostics).

Figure 8 middle and right columns, show the min-
imised implausibility and optical depth plots after
wave 2 and wave 4 respectively, again for the inputs
K1vauzin/k1a and kiyetn /K12, and highlight the progres-
sion of the history match and the sequential reduction
of the non-implausible space. Note that in the opti-
cal depth plot after wave 4 (bottom right panel), the
depth of the non-implausible region is now very small.
Even if we were to set the inputs kiyquzin/k1a and
K1vetn /K12 to values corresponding to the largest depth
(given by the dark red region), the chances of finding a
non-implausible point by randomly choosing the other
inputs is approximately 2.3 x 10~%, highlighting the
difficulty of manual or ad hoc searches of the input
space.

The history matching process is terminated with the
evaluation of a wave 5 set of uniformly drawn accept-
able runs. As shown in table 5, the non-implausible
space X was now 1.21 x 1076 smaller than that of
the original X;: a small target, which would require on
average a total of 830000 runs chosen at random to ob-
tain 1 single acceptable run, requiring approximately
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230 hours of processor time. In contrast, our history
matching approach generated hundreds of acceptable
runs using only 10000 model evaluations, requiring ap-
proximately 2.7 hours of processor time. For a more
expensive model in terms of evaluation time, such ef-
ficiency gains would be even more dramatic [6, 7, 15].

We now go on to describe the results of the param-
eter search and discuss their implications.

Discussion of the results of the parameter search
Figure 9 shows the wave 5 minimised implausibility
(below diagonal) and optical depth (above diagonal)
plots for the 12 most informed input rate parameters,
as labelled along the diagonal. For example, the top
right panel gives the optical depth plot with kqyetn /K12
on the x-axis and ko,/k1, on the y-axis, while the
bottom left plot gives the corresponding minimised
implausibility plot with the x- and y-axis swapped.
The input location in parameter space of the previous
best run as described in [29] is shown as the single
white point in all panels: this corresponds to the sin-
gle light blue run in figure 7. Along the main diagonal,
1-dimensional optical depth plots are given, showing
that we have learnt most about inputs kieq/k16, K1s,
k19/k18a7 klvauazin/kla and klveth/k12~ All inputs that
are not shown in this plot were either not constrained
at all, or only loosely constrained by the observed data.
Often, a “pairs plot” such as shown in figure 9, can pro-
vide much insight into both the structure of the model
and the complex constraints placed upon the input
rate parameters by the data. For example, we instantly
see that input k16a/k16 is highly constrained and must
lie close to a value of 1/0.3, which we can see is the
value that precisely balances the first two terms on the
right hand side of the differential equation for dX/dt
(given in table 1), when CTR1* obtains its maximum
value of 0.3. The ki3/k1a vs kaq/k1, panel (top row,
fifth along from the left) shows a linear relationship
(on a log scale) between ki3/k12 and kog/k14, in that
high values of ky3/k12 require high values of koq/k14
to compensate them, and vice versa. The input kgq,
for which a large range was explored, is constrained
to lower values, and has subtle relationships with both
the inputs koy/k1, and koo (see the panels third from
the left in the top two rows). This has important conse-
quences as discussed below. We also see that although
the previous best run is close to being an acceptable
input point, it is not actually contained within the
wave 5 non-implausible volume, as can be seen from
the k11/k10 vs ki15/k14 plot. This implies that we now
have a large number of wave 5 runs that are superior
fits to the data than were previously found.

Figure 10 shows the waves 1, 3 and 5 runs as the pur-
ple, green and red lines respectively, for the 18 model
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k2a/k1a

Figure 9 The wave 5 minimised implausibility (below diagonal) and optical depth (above diagonal) plots for the 12 most informed
input rate parameters, as labelled along the diagonal. Note that the input rate parameters are on a log scale as given by

equation (21) with ranges consistent with table 2. The input location of the previous best run as described in [29] is shown as the
single white point. Along the main diagonal, 1-dimensional optical depth plots are given.

i
N
k1veth/k12

outputs of interest. The targets for the history match
given by the intervals z; £ 30;, are shown as the black
error bars, and the previous best run found by [29] is
again shown as the light blue line. Note that the first
two error bars correspond to the extra two ouputs of
Auxin and CK wildtype with no feeding, while the
remaining 16 are the trend data from table 4. The
horizontal black line at zero represents no trend. We
see that the history match has proceeded as expected,
with the runs from subsequent waves getting closer and
closer to the target data. In wave 1, none of the runs
simultaneously passed through all the targets, which
we now know is due to X being so small (1.21 x 107°),
however we now have hundreds of acceptable runs from
within & shown here as the wave 5 red runs, all of

which are a better match than the previous best run,
and we can quickly generate more.

Figure 10 also informs as to the class of possible ob-
served data sets that the model could have matched,
and hence gives insight into the model’s flexibility. We
see that 6 out of the 16 trend outputs could have pre-
dicted either positive or negative (or zero) trends, and
hence could possibly have fitted many different data
sets, although further investigation of the joint struc-
ture of these outputs would be required to confirm
this. For example, if these 6 outputs were found to
vary independently, then they could be adjusted to fit
any combination of positive, negative (or zero) trends.
However the remaining 10 trend outputs are restricted
to giving the ‘correct’ trend, and hence seem not to be
flexible at all. In general, we may be concerned about
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an overly flexible model, possessing say a high num-
ber of rate parameters, and specifically about claims
that it has been validated based purely on a compar-
ison to data, as it would be no surprise when it fits
the observed data well, and therefore it may not con-
tain much inherent biological structure at all. This is
clearly not the case for the Arabidopsis model con-
sidered here. Only by performing a global parameter
search such as described here, can one guard against
such issues.

We can gain further insight into the model’s struc-
ture by plotting pairs of outputs against each other,
for each wave, as is shown in figure 11. Here the colour
scheme is consistent with figure 10 with the wave 1,
3 and 5 runs as purple, green and red points respec-
tively, the target intervals are now represented as 2D
boxes and the previous best run given as the light blue
point. The top right panel, for example, shows the
Auxin output for the pls mutant strain (Auxin_mu)

on the y-axis and the PLSm output with Auxin feed-
ing (PLSm_fa) on the x-axis. This suggests that large
negative trends for the Auxin_mu output can only oc-
cur when the PLSm_fa trend is close to zero. Similarly,
a high PLSm _fa trend implies Auxin_mu must also be
close to zero. These plots also highlight previously un-
known model constraints between the outputs e.g. the
Auxin_fa vs CK_fa panel shows that these two trends
satisfy a strict inequality in log space that bisects the
target box. Similar strict constraints are seen in the
Auxin_mu vs CK_mu and Auxin_fa vs PLSm_fa panels.
We now go onto discuss in more detail the implications
for gene functions of the parameter search results.

Discussion

Evaluation of gene functions using Bayesian emulation
methodology

In the previous sections, we have shown that Bayesian
emulation and history matching methodology allows
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Figure 11 We can gain further insight into the model’s structure by plotting pairs of outputs against each other, for each wave. Here
the colour scheme is consistent with figure 10 with the wave 1, 3 and 5 runs as purple, green and red points respectively and the
outputs labelled along the diagonal. The target intervals are now represented as 2D boxes and the previous best run given as the
light blue point. We can hence see several hard constraints between the model’s outputs, for example between Auxin_fa and CK_fa.
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extensive exploration of the input rate parameter
space, giving multiple insights into the model’s struc-
ture, constraints placed upon it by the observed data
and on the corresponding biological consequences.

Here we further demonstrate that this methodology
can be used to evaluate regulatory relationships and
gene functions in hormonal signalling systems, by ex-
amining both the above results and the results ob-
tained from a second history match of an alternative
model.

The kg, rate parameter describes the regulatory
strength of ethylene as applied to the PLS transcrip-
tional rate. It features in the first term on the right
hand side of the d[PLSm]/dt equation in table 1, and
in the limit kg, — oo we have that

kg [Ra*]

[ET]

k‘6 [Ra*]
I+ 5

(27)

Therefore increasing kg, decreases this regulatory
strength. Thus, low values of kg, indicate that a reg-
ulatory relationship of ethylene inhibiting PLSm pro-
duction is required. The optical depth and minimised
implausibility plots corresponding to kg, in Figure 9
show that high values of kg, are ruled out. Our analysis
suggests that no acceptable parameter combinations
with large kg, can be found that are consistent with
the target data, and hence our results strongly support
the assertion that the inhibition of PLSm production
by ethylene is required for predicting known experi-
mental trends, conditional on the remaining specifica-
tions made in the analysis.

The k2c¢ parameter describes the very important
question of whether the PLS gene has a function in
auxin biosynthesis. Examining the third term on the
right hand side of the d[Auxin]/dt equation in table 1,
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we see that as ko, — 0 we have that

k2a [ET] [PLSP]
1+ % koc + [PLSp]

k2a [ET]

[CK]
L+ kap

(28)

Therefore the k3. = 0 case implies that the PLS gene
has no direct function in auxin biosynthesis, where the
koe > 0 case would imply that it does. However, for
several of the outputs considered, [PLSp] can also tend
to zero, implying that the limit given in equation (28)
is not uniquely defined, and that the original model is
not continuous at ko. = 0. Hence, to answer questions
regarding the role of the PLS gene in auxin biosynthe-
sis we cannot simply examine low values of ko.. As the
ko = 0 case effectively defines a distinct model, we
perform a new 5 wave history match to find any ac-
ceptable matches to the observed data, following the
same methodology as described above. The results of
the new history match are given in figure 12, and no-
tably we again found several acceptable wave 5 runs
shown as the red lines, that are in agreement with the
observed trends. The acceptable runs were found in
a smaller region than previously, with a volume of X
approximately 2.4 x 1078 of that of X;.

Comparing the results of the ko, = 0 case (figure 12)
with the results of the ko, > 0 case (figure 10) we can
immediately see some important differences between
the two models. For the Auxin_mufe output (7th error
bar from the left), the ko, > 0 model always returns
the correct negative trend. In contrast the ko = 0
model returned the incorrect positive trend for the
vast majority of the wave 1, 2 and 3 runs, implying
that there is only a very small region of input space
that returns the correct negative trend, a region lo-
cated by the history match analysis and explored by
the wave 5 runs. Without such an analysis it would be
easy to incorrectly conclude that the ko, = 0 model
is inconsistent with the observed data. This demon-
strates perhaps the most important difficulty in
exploring high dimensional models: there may be one
(or more) extremely small regions of input space of
scientific interest, and conventional optimisation tech-
niques may easily get stuck in local minima far away
from these regions. Our Bayesian history matching ap-
proach however is specifically designed to combat such
difficulties by carefully exploring the space using ef-
ficient emulator based global search methods, as we
have demonstrated here.

After considering that the PLS gene is required for
the response of ethylene downstream based on exper-
imental observations (mathematically this is equiva-
lent to the response of ethylene downstream, X, re-
maining constant for the pls mutant (k¢=0) fed with
ethylene), previous research [29] deduced that the PLS

Page 22 of 26

gene does indeed have a function in auxin biosynthe-
sis. However, the history match of the ko, = 0 model
(figure 12) suggests that, given the specification of the
trends and their relevant uncertainties, the ko, = 0
model is consistent with observed data, and hence it
may not be essential for the PLS gene to play a role
in auxin biosynthesis.

However, examining the differences between the two
models reveals some interesting results. Figure 13 sum-
marises the history match results of both the ko, > 0
and ko, = 0 models. It shows a comparison of the
spread of input parameter locations of the acceptable
runs found for the k2. > 0 model (red box plots) and
the ko, = 0 model (blue box plots) in terms of individ-
ual input rate parameters as labelled along the x-axis.
Note that the two sets of acceptable runs being com-
pared correspond to the red lines in figures 10 and 12
respectively. The y-axis is on a log;, scale, and the
grey rectangles show the initial ranges that define the
original search region X as given in table 2. The light
blue horizontal lines show the input parameter values
of the previous best run as found by [29]. The main
differences between the two models’ acceptable runs
are exhibited by the following parameters or ratios
Of parameters: k‘g/k‘la, kgb, k‘3/k‘1a, ]433,1/]411,1, k‘lga/klg,
k1s/k14, k1s, k19/k1s. To the best of our knowledge,
the biological significance of many of these differences
cannot be judged using current biological insight. How-
ever, two ratios, ko/k1, and kso/k14, do reveal some
important results. ki, is the maximal rate of trans-
porting auxin from shoot to root; ko is the back-
ground auxin biosynthesis rate; k3, is the rate con-
stant describing the control of ethylene downstream
over auxin transport from root to shoot. First, biolog-
ically ko/k1, must be very small. This is because the
background auxin biosynthesis rate, ks, must be very
small and usually biologically negligible, as it repre-
sents the non-enzymatic process in auxin biosynthesis.
Moreover, auxin transport from shoot to root, whose
maximal rate is k14, is an important process, as evi-
denced experimentally [45]. Therefore, k1, should be
large. However, for the ko = 0 model to match target
data, the majority of acceptable runs have relatively
large ko /k14, while for the ko > 0 model much smaller
and more realistic values are preferred. Second, bio-
logically ks, /k1, should be small. This is because it is
known that auxin more predominantly transports from
shoot to root, to form an auxin concentration maxi-
mum in the root tip [46, 47]. However, for the ko. =0
model to match target data, the set of acceptable runs
suggest that relatively large k3, /k1, is required. There-
fore, the differences between the two models’ parame-
ter ratios highlight that, although we have found ac-
ceptable matches for the ky. = 0 model, these matches
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have not been found at biologically realistic parame-
ter values. While we must be cautious about such con-
clusions that are based on the finite sampling of the
non-implausible regions, we have generated hundreds
of approximately uniformly sampled acceptable runs
from each model that do indeed exhibit the features
discussed. Therefore our results suggest that biological
insight clearly favours the model with ks, > 0, i.e. that
the PLS gene does have a function in auxin biosynthe-
sis. More detailed measurements of the key outputs
that restrict ko/k1, and ksq/k1, would of course fur-
ther clarify this issue.

Our results show that Bayesian emulation and his-
tory matching methodology can be used to evaluate
regulatory relationships and gene functions in hor-
monal signalling systems. To further improve the ac-

curacy of the results of this methodology, the follow-
ing aspects should be considered. First, experimen-
tal data should be more quantitatively measured, to
define more accurate trends. The example trends we
have used in this work, as summarised in table 4 and
the associated discussion, are mainly formulated based
on qualitative or semi-quantitative experimental data,
combined with scientific judgement. Second, model de-
velopment should include more components, to better
describe the experimental systems. Third, Bayesian
emulation methodology should be used to study the
effects of additional experiments, such as the response
of ethylene downstream when feeding ethylene, etri
mutant and etri-pls double mutant, on the evaluation
of regulatory relationships and gene functions. Fourth,
Bayesian emulation methodology should also be used
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to explore the effects of the uncertainty of quantita-
tive trends on the evaluation of regulatory relation-
ships and gene functions, as in most cases trends of
biological data are not sufficiently quantitative.

Conclusions
We have provided an introduction to the study of com-
plex systems biology models using Bayes linear uncer-
tainty analysis. This represents a possible solution to
the fundamental challenge that faces systems biology
in terms of the necessity of global parameter searches
of high dimensional models. Our approach features
three main aspects:
e A more formal statistical model linking the bio-
logical model to reality, which encompasses major

sources of uncertainty such as observational errors
and model discrepancy.

e A Bayesian emulator allowing a very fast explo-
ration of model behaviour, applicable to models
even with very long evaluation times.

e A careful history match using implausibility mea-
sures that performs an iterative global exploration
of the input parameter space using the emula-
tors, to find the region containing all acceptable
matches to the observed data.

We applied this methodology to two versions of
the hormonal crosstalk in Arabidopsis root develop-
ment model, and in each case identified the small re-
gion of input space containing scientifically interesting
matches. The two models and their biological impli-
cations were then compared in a robust manner and
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used to discuss gene functions. We found that although
some acceptable matches to the specified trends could
be found for the ko, = 0 model, these were only found
at parameter settings that violated other known bio-
logical evidence, whereas the ko, > 0 model’s accept-
able matches seemed far more realistic. This implied
that PLS does indeed play a role in auxin biosynthe-
sis. Our results also strongly supported the assertion
that the inhibition of PLSm production by ethylene
is required for consistency with known experimental
trends.

We would stress that searching for all acceptable
matches between model output and observed data is
vital for several reasons. It avoids the danger of false
conclusions being made, based on the analysis of a sin-
gle run (or a small number of runs) consistent with the
data: conclusions that could easily change if an alter-
native run was found instead, that also matched the
data but which provided different biological implica-
tions. If we want to use the model to make predictions
for the results of future biological experiments, all ac-
ceptable matches must be found and the correspond-
ing range of predictions examined. A narrow range of
predictions from the acceptable runs for a particular
proposed future experiment, for example, would imply
that it would be a good test of the model as it could
possibly rule it out, while a large range implies that
this experiment would most likely be informative for
the model’s rate parameters. Model predictions, using
all the acceptable runs, can then be used to design ef-
ficient sets of future experiments that are most likely
to realise particular scientific goals, such as learning
about all or subsets of the rate parameters, testing
the model or distinguishing between certain biological
hypotheses. We would assert that this design prob-
lem is also a fundamental challenge to the area of sys-
tems biology, but leave a detailed exposition to future
work [41, 42].

Since plant root development is regulated by mul-
tiple hormones in a coordinated way [48], unravelling
the regulatory relationships and gene functions for root
development is a difficult task that requires the in-
vestigation of how biological information is spatiotem-
porally integrated and communicated [49]. Modelling
hormonal crosstalk as an integrative system is an im-
portant aspect for integrating information in plant
root development [5, 29, 50-53]. This work demon-
strates that a combination of experimental data, a
model of hormonal crosstalk in Arabidopsis root devel-
opment, and Bayesian emulation and history match-
ing methodology is able to evaluate regulatory rela-
tionships and gene functions in a hormonal signalling
system. In particular, Bayesian emulation and history
matching methodology is an essential method for per-
forming a global parameter search to attempt to find
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all input parameter settings that achieve an acceptable
match.
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