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SI Materials and Methods
GP Regression. We use GP regression, a nonparametric Bayesian
method for nonlinear regression, to model the concentration of
each species as a function of time, x,(¢), and the corresponding
derivatives, x,, (¢), from time course data for each species. For our
application, data are simulated from the initial candidate ODE
model we wish to analyze for sensitivity to topological alter-
ations. We used MATLAB functions from the GPML Toolbox
(1, 2) to infer hyperparameters and fit the GP regression models.
A GP is a collection of random variables, any finite subset of
which follows a multivariate Gaussian distribution (2). For GP
regression we assume a GP prior over a function, denoted, e.g.,

% (t) ~GP (m(t),k(t,t')), [s1]
where m(t) is a mean function for the values taken by variable x;,

at times t and k(t,t’) is a covariance function. We use a zero-
mean function and a squared covariance function,

2
_ 2 (ti - tj)
k(ti,4;) = of exp(— 2 ) [S2]
where oy and [ are hyperparameters defining the distribution. We
assume the data are subject to normally distributed noise with
constant variance o2, thus inducing a GP prior over the observed
outputs for species n, y,(t),

Yu(t) ~GP (my(t),ky (t, 1)), [S3]

with my(t;) =m(t;) and ky(4;,5) =k(t;,4;) + 625, where §; is the
Kronecker delta function.

Given the assumed GP prior and noise model we can write the
joint distribution,

Yo | m K+c* K,
(T )
where y, = [y, (11), ..., ya(t)]" is a set of observed outputs at times
Hyoots X =D (1), - (2] for any finite set of time points
£, tsm=[mt),...,m()])" and m.=[m(c),...,m@))" are

vectors specified by the mean function m(t); I is the s xs identity
matrix; and entries in the covariance matrices are given by

K,j—k(ti,t]),
(Kow )y =k (t:,17),
(Keo)y =k (£} 1),
(K )y =k (£,17)

We can specify the likelihood p(y,) as

7 exp<—%(yn _m)T(K+0fI)_] (y, — m)>.

Y ) = i
2() (271')3/2’K+0'21|

[S5]
Following the method of Rasmussen and Williams (2), we de-

termine values for the GP hyperparameters (o7, 1, o) by maximizing
the likelihood function with respect to these parameters.
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We obtain the posterior distribution for our function x,,(t) by
updating the GP prior using the observed dataset y,. From the
joint distribution in Eq. S4 we can specify the GP posterior for
x,(t) conditioned on the observed data:

bou (1) 17"

Y NN(mpostaKpost)7 [Se6]
where

-1
My =M, + Koo (K +021) " (y, —m),

Kpost =Ko = Keo (K +621) " K.

Using this approach, we can sample realizations of the function
X, (¢) at any chosen time point.

Similarly, we can specify the joint distribution of the corre-
sponding derivative x,,(¢) and the observed data y, to obtain the
GP posterior distribution for the derivative,

[xn(tl)7 oo 7xn(£T)]T

Y. NN(LDF (K+O'§I)_1yn,M

— Lor (K +62) ‘1LFD) . IsTl

where covariance matrix entries are defined by

: d (i —1;)
(Lrp); = cov (X, (), %, (1)) =Ek(ti, 4) ZTK[’" [S9]
i
, d (6 —t)
(Lpr);= cov (X, (1), % (1)) == k(t,1;) =TK,-]- [S10]

dt;

. ) d? 1 ti—t 2
M), =cov(x,(%),%,(5)) ZCTdtjk(ti’tj) = ((_2_ ( e4]) )K,j
[S11]

Here we assumed a zero-mean function for m(f) and only con-
sidered the time points 71, ..., of the observed data points to
simplify the notation. Samples of the derivative function at other
time points were obtained by calculating the corresponding co-
variance matrix entries.

Simulation Parameters for Synthetic Datasets. Data in Fig. 3 were
simulated from model A with parameters s, =0.2, §,, =2, my =5,
and 6, =1.5 for all n,k; and values for y, given by the nth com-
ponent of vector y =[0.9,0.9,0.7, 1.5, 1.5]. Initial concentrations of
species in the system were set to x(0) =[1,0.5,1,0.5,0.5].

Trajectories in Fig. S2B were simulated from model A with
parameters s, and y, given by the nth components of vectors
$=[0.5,0.5,0.2,0.2,0.2] and y=1[0.9,0.9,0.7,0.5,1.3], respecti-
vely, and the parameters associated with interactions set to
(ﬂ157ﬂ217ﬂ317ﬂ417ﬂ437ﬂ527ﬂ54) = (27 15,3,1,2,2, 2)’ (9157 621,031,
041,643,052,054) = (1,1,1,1,2,1.5,1.5), and (ms,ma1,ms1,ma1,
maz,msy,msg) =(3,2,2,2,3,1,4). Initial species concentrations
were set to x(0) =1[0.1,0.5,1,0.5,0.5] for condition 1 and x(0) =
[0.1,0.1,0,3,2.5] for condition 2.

10f 10


www.pnas.org/cgi/content/short/1414026112

L T

/

1\

=y

Fig. 44 data were simulated from model B with parameters
r, given by r=[0.3,0.7,0.5,0.4,0.4], and (ai3,4a1s,a24,0a42,0a43,
as;) =(0.4,0.7,1.5,1.4,0.7,1.2). Initial species populations were
set to x(0)=[0.2,0.5,0.2,0.2,0.3].

Data used for Bayesian inference (Fig. S4) were simulated from
model C with parameters r=[0.3,0.7,0.5,0.4,0.4] and (ap,a,
az1,a%,a31,a34, 441,445,051, as4) = (0.4,0.3,1.5,1.4,0.7,1.2,0.6, 1.5,
1.1,0.2).

During gradient-matching parameter estimation, the allowed
values for parameters were constrained by the limits 0.1 <s, <1,
01<7,<2,05<p6,,<4,0.2<60,, <3, and 0.7 <m,y <5 for gene
regulatory network models, and 0.1 <r, <2 and 0.1 <a,; <5 for
competitive population dynamics models.

Parameter Inference. We used one of the following methods (as
stated in the main text) to infer model parameters from the
synthetic or experimental datasets. In all cases we specified
likelihoods by assuming Gaussian noise with fixed variance.
Maximum likelihood estimation plus parametric bootstrap. Maximum
likelihood estimates for the parameters were obtained from the
original dataset and used to simulate trajectories for all species;
replicate datasets were generated based on these trajectories
assuming additive Gaussian noise. We obtained parameter esti-
mates from each replicate dataset using constrained optimization
to generate approximate sampling distributions for each pa-
rameter (3).

Nested sampling. Nested sampling is an algorithm developed by
Skilling (4) to estimate the evidence for a particular model which
also provides samples from the posterior distribution. We used
a C implementation of the algorithm (5) with uniform priors for
all parameters and a random walk sampling algorithm.
Metropolis—Hastings. This is a Markov chain Monte Carlo method
that enables sampling from the joint posterior distribution (6, 7);
we used a Gaussian transition kernel to generate parameter
proposals, and uniform priors for all parameters.

Laplace approximation. This method approximates the posterior by
a multivariate normal probability density function. Although
unlikely to be a good global approximation of the posterior, it may
nevertheless provide a good local approximation in the region of
the estimated parameter vector (obtained using constrained
optimization techniques, as in “Maximum likelihood estimation
plus parametric bootstrap” above). We used the R implementa-
tion provided in the LaplacesDemon package (8).

SI Results

Automated Model Generation and Ranking. As described in the
main text, we construct and rank all possible component equa-
tions that describe the dynamics of each species in a system using
gradient-matching parameter estimation. Fig. S24 illustrates the
rankings of the 165 possible component equations calculated
using the oscillating GP regression model trajectories displayed
in Fig. 3 (main text), and the rules described in the accompa-
nying section of the main text (titled “Automated Model Gener-
ation and Ranking”). We combine component equations for each
species to create a set of coupled ODEs describing the dynamics
of the complete system. As shown in Fig. 3 (main text), the best
model accurately captures the desired dynamics, whereas lower-
ranked models deviate from these trajectories. The “top-ranked
ODE” in Fig. 3 was created by combining the top-ranked com-
ponent model for each species, whereas the exemplar “lower-
ranked ODE” was constructed by combining the eighth-ranked
component equations. For clarity, in Fig. 3 we only show simu-
lations from two possible ODE models, but there are many al-
ternative highly ranked models that also produce the desired
dynamics displayed by the best model.

The relative rankings of models depend on the particular
dataset to which they are fitted during this parameter estimation
step. If we have multiple simulations from our candidate model,
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corresponding to the known behavior of the modeled system
under different experimental conditions, we can use this in-
formation to reduce the set of compatible models. For example,
Fig. S2B shows trajectories simulated from model A using
identical parameter values but two different initial conditions
(see SI Materials and Methods for simulation parameters). As
before, we generate the same 33 X5 =165 component equations,
which combine to give 33°=3.9x 107 possible complete ODE
models, and rank these complete models under each condition
(Fig. S2 C and D). Although there is some correlation between
the rankings, adding additional datasets clearly identifies a
smaller group of models with dynamics consistent with the data-
generating model.

Parametric Bootstrap Distributions. Fig. S3 extends Fig. 4B from the
main text, by showing bootstrap distributions for all parameters
present in the true model.

Bayesian Inference. Additional Bayesian inference results are given
here for the best close models selected by nested sampling—those
with estimated evidence (Table S1) greater than or equal to
the true model (model C, Fig. 2), and differing by just a single
edge. Posterior samples were obtained using two algorithms,
Metropolis—Hastings and nested sampling, with the same ar-
tificial dataset.

Selection of Models for Yeast Gene Expression Data. We constructed
an initial candidate model for the dynamics of clustered yeast
gene expression profiles (data from ref. 9) using the network
inference approach described by Lu et al. (10), as implemented
in D-NetWeaver (11). We sampled ODE models with X edges
randomly rewired, relative to this initial candidate model, to find
alternative models with consistent dynamics. To do this, X
nonzero entries in connectivity matrix A (each corresponding to
an interaction) were chosen at random to delete, and replaced by
new interactions absent from the initial model; in this way model
complexity (measured as the total number of edges and pa-
rameters) remained constant across all tested models.

We sampled 5x 10* rewired models for each of X =1,2,3,
5,10,20,0r30 rewired edges, and estimated the associated pa-
rameters by gradient matching [using GP regression estimates
of concentrations x(t) and derivatives x(¢), calculated from tra-
jectories simulated from the initial candidate model]. The top 50
models within each rewiring category were selected based on log-
likelihood values calculated using the gradient-matching pa-
rameter estimates (O ); this provided a group of 350 models, in
addition to our initial candidate model, for further analysis.

To assess the robustness of parameter estimation to topological
alterations, we then used constrained optimization (using the
fmincon function in MATLAB, with parameter bounds of +5,
and initializing the algorithm at the corresponding gradient-
matching parameter estimates, 6gy) to obtain maximum likeli-
hood estimates of the parameters for each of the 351 models, by
fitting to the cluster means. We denote these estimates by Oopr.

To allow for the possibility that, for some of the models, the
optimization algorithm may only have converged to a local op-
timum, we performed a second round of optimization for each
model, using alternative starting points. To obtain “good” al-
ternative starting points for each model, we made use of the set
of all 351 estimates @ppr; (one for each model), and took the
median for each parameter (calculated from Oppr;, over all of
the 351 models in which it appears). We denote the resulting
estimates by Ooprs.

Finally, for each model we chose whichever of 8ppr; and Oopr:
had the higher likelihood value (in most cases this was 6ppr1, but
in a few cases Oppr> provided a marginal improvement).

Despite performing a restart of the optimization algorithm, we
still cannot be entirely certain that the final parameter estimate
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for each model corresponds to the true global maximum likeli- practice, because (for any realistic practical problem) all that will
hood estimate. This problem is ubiquitous in maximum likelihood be available is the output of such an algorithm, which cannot be
estimation problems. As a result of this, we cannot strictly say that guaranteed to be equal to the global MLE. TSA as performed
we are performing a topological sensitivity analysis of the true here then lends increased credibility to those model features that
(global) maximum likelihood parameter estimate. Instead, we are are supported by all or, more likely, the majority of models. Any
performing a TSA of the parameter estimates provided by an aspect that is only displayed by a few of the models, by contrast,
algorithm that targets the true maximum likelihood estimate ought to either be viewed with skepticism or be investigated
(MLE). This accurately reflects what will generally be possible in further, ideally in carefully designed experiments (12, 13).
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Fig. S1. Reducing combinatorial complexity using gradient-matching parameter estimation. (A) Considering the regulation of each species independently
reduces the search space of possible models. For a system with 3 species and interactions possible between any pair of species (including self-interaction) there
are 512 possible topologies for the complete network. If we always consider the complete ODE system (i.e., the complete set of parent sets, C) we would need
to test 512 models to do an exhaustive search. We can reduce this search space by considering the possible parent sets Pa(x,) for each species n independently;
for this example there are 8 possible parent sets for each species so we only need to test 24 models to search all possible network topologies. We obtain the
overall network topology by combining a selected parent set for each species to obtain the complete set C. (B) Overview of the gradient-matching parameter
estimation method. GP regression models are fitted to time course data (circles) for all species, in this case two, to provide estimates of species concentrations
Xgp(t). GP estimates for the corresponding derivatives Xy, (t) are also calculated. A second model-derived estimate of the derivatives X,qe/(t) is calculated using
the GP estimates of species concentrations and the ODE model, f(Xgp,t,0). ODE model parameters 6 are estimated by minimizing the discrepancy between the
data-driven and model-driven estimates of the derivatives (Xg, and Xnoqe, respectively) using a constrained optimization algorithm or linear regression as
appropriate (the fmincon or fitim MATLAB functions, respectively).
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Fig. S2. Example of automated model generation and ranking for a five-species gene regulatory network (model A). (A) Rankings of models describing the

regulation of each species 1-5, calculated using the GP regression models illustrated in Fig. 3 of the main text. For each species, 33 models were tested during
an exhaustive search of all possible models within the chosen rules—a maximum of 2 parents, and 2 possible types of interaction (activation or inhibition). Bar
graphs show the minimized distance obtained during gradient-matching parameter estimation for each model. The edges present in each model are indicated
by the colored plots below the bar graphs (activating interactions are shown in blue, and inhibiting interactions in red). (B) Trajectories simulated from model A
using two different initial conditions (S/ Materials and Methods). Data for all species at 40 equally spaced time points were used to test potential ODE models.
(C) Comparison of complete ODE model rankings for each initial condition dataset. Each model is indicated by a gray dot, with the ranks of the true model
shown by a red circle. Models were ranked by AIC. weights calculated for all possible complete ODE models (total number of possible models is 33° =3.9x 107).
(D) Enlarged section of Fig. S2C to show the ranks of the model used for simulation. Note that, as in this example, the true model may not rank first because

[¢)]

parameter estimation relies on the GP regression mean estimates X,(t) and not the exact noiseless values x,(t).
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models (ranked by AIC, values). Solid lines indicate kernel density estimates of the distributions obtained for each of the alternative model structures; vertical
gray lines indicate the true model parameters used to simulate the noisy dataset. Horizontal axes are limited to the parameter ranges allowed during con-

strained optimization.
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Fig. S4. Nested sampling posterior predictive trajectories. Concentration trajectories for the five species in model C were simulated using the posterior
samples obtained by nested sampling for each selected alternative model. Graphs are arranged with the data for each species in a different column, and each
model in a different row; black circles show the noisy synthetic dataset D¢ used for inference.
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Consistent pairwise parameter dependencies were also inferred using the Metropolis-Hastings algorithm.

Babtie et al. www.pnas.org/cgi/content/short/1414026112 8 of 10


www.pnas.org/cgi/content/short/1414026112

L T

z

1\

BN AS  DNAS P

Gene expression profile:

Initial candidate ODE model: =——

Rewired ODE models: =—

ci c2 c3 c4 c5 c6 c7
2 1 1 2 2 2 2
0 _/\_/\ 0 M 0 \/\-— O O TN N2 0 /\,—-\ 0Nl
-2 -1 -1 -2 -2 -2 -2
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
c8 c9 c10 ci1 c12 c13 cl4
2 2 2 2 2 2 4
WNAN N NS \Y 0 0 /\/\ 0 0 /\/\
_ | |
o -2 -2 -2 -2 -2 -2 -4
— 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
S ci15 c16 cl7 ci18 c19 c20 c21
N 2 2 2 2 4 2 2
(@)
(@]
— 0 0 _/\/'\ 0 /v, 0 f\/\/- Oy 0 —\/\/ 0 W
~~
C
o -2 -2 -2 -2 -4 -2 -2
n 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
8 c22 c23 c24 c25 c26 c27 c28
— 2 3 2 2 2 2 5
o
X
O o ‘/\/‘ 0 /\/ 0 0 NS \4 0 0 _\/\/
(0]
[
o -2 -3 -2 -2 - -2 -5
o 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
c29 c30 c31 c32 c33 c34 c35
5 4 4 3 3 2 2
0 \/\/ 0 \/“ 0 \/— 0 ¥\— 0 L\/\/ 0 /\/\/ 0 N
-5 -4 -4 -3 -3 ‘ -2 -2
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
c36 c37 c38 c39 c40 cd1
3 3 3 2 5 4
0 N o /\/\ 0 0 0 \/\ 0 \
-3 - _ - - —
0 50 100 0 50 100 0 50 100 0 50 100 0 50 100 0 50 100
Time / min

Fig. S7. Comparison of selected linear ODE models describing the dynamics of cell-cycle regulated yeast genes. Clustered gene expression profiles for yeast
genes are shown in gray (a-factor synchronized expression data from ref. 9). Maximum likelihood point estimates were obtained by fitting models to the mean
expression profile for each gene cluster (clusters labeled “c1-c41"”); simulated trajectories from the optimized models are shown in red (initial candidate model)
and blue (seven selected rewired models). The rewired models include the best model from each tested level of rewiring (models with 1, 2, 3, 5, 10, 20, or 30
edges rewired at random relative to the initial candidate model).
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Fig. 8. Comparison of parameter estimates obtained using alternative models for clustered yeast gene expression data. Point estimates were obtained using
maximum likelihood estimation for each of the eight selected models (initial candidate and seven rewired models). Graphs show the values estimated using the
different models for 132 equivalent parameters that are common to all selected models (i.e., parameters corresponding to the same interaction or constant
term). Each line indicates the optimized values obtained for these parameters using one of the models; shaded regions indicate 95% confidence intervals
obtained using a Laplace approximation (8)—we have chosen to represent discrete data as continuous in this case for clarity (overlaid error bars would be hard
to distinguish).

Table S1. Nested sampling evidence estimates for the best
models (those with evidence greater than or equal to the

true model)

Model Evidence, In Z (+1 SD)
15 81.9 (+0.1)

13 81.5 (+0.1)

12 80.2 (+0.1)

18 80.1 (+0.1)
True 79.4 (+0.1)

8 79.4 (+0.1)
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