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Parameter inference of dynamical systems is a challenging task
faced by many researchers and practitioners across various
fields. In many applications, it is common that only limited
variables are observable. In this paper, we propose a method
for parameter inference of a system of nonlinear coupled
ordinary differential equations with partial observations.
Our method combines fast Gaussian process-based gradient
matching and deterministic optimization algorithms. By
using initial values obtained by Bayesian steps with low
sampling numbers, our deterministic optimization algorithm
is both accurate, robust and efficient with partial
observations and large noise.

1. Introduction

Many problems in science and engineering can be modelled
by systems of ordinary differential equations (ODEs). It is
often difficult or impossible to measure some parameters of
the systems directly. Therefore, various methods have been
developed to estimate parameters based on available data.
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Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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Mathematically, such problems are classified as inverse problems, which have been widely studied [1-4]. [ 2 |
They can be also treated as parameter inference in statistics. Statistical inference enables the construction of
data-efficient learning machines and shows advantages in dealing with noisy data, which is increasingly
being studied and discussed (e.g. [5-7]).

For nonlinear ODEs, standard statistical inference is time consuming as numerical integration is
needed after each update of the parameters [8,9]. Recently, gradient matching techniques have been
proposed to circumvent the high computational cost of numerical integration [7,10-12]. These
techniques are based on minimizing the difference between the time derivatives (gradients) and the
right-hand side of the equations. This usually involves a process consisting of two steps: data
interpolation and parameter adaptation. Among them, non-parametric Bayesian modelling with
Gaussian processes is one of the promising approaches, which includes data interpolation by
Gaussian process and parameter adaptation by matching the solution or model. An adaptive
gradient matching method based on a product-of-experts approach and a marginalization over the
derivatives of the state variables was proposed by Calderhead et al. [8] and extended by Dondelinger
et al. [10]. Barber & Wang [13] proposed a Gaussian process-based method in which the state
variables are marginalized. Macdonald et al. [9] provided an interpretation of the above paradigms.
Wenk et al. [14] proposed a fast Gaussian process-based gradient matching (FGPGM) algorithm with
theoretical framework in systems of nonlinear ODEs, which was indicated more accurate, robust
and efficient.

For many practical problems, the variables are only partially observable, or not at all times [15]. As a
consequence, parameter inference is more challenging, even for a coupled system where the parameters
are uniquely determined by data of partially observed data under certain initial conditions. It is not
clear whether the gradient matching techniques can be applied to the case when there are latent
variables. The Markov chain Monte Carlo algorithm has the ability to sidestep the issue of
parameter identifiability in many cases, but convergence remains a serious issue [7]. Therefore, the
graphical model, density formula and algorithm for inference with partial observations, especially
how to deal with the latent variables, are worth investigation. Moreover, we need to pay attention
to the feasibility, accuracy, robustness and computational cost of numerical computations for
such problems.

In this work, we focus on the case of parameter inference with partially observable data. The main
idea is to treat the observable and non-observable variables differently. For observable variables, we
use the same approach as proposed by Wenk et al. [14]. We will provide three approaches to deal
with the unobserved variables, including numerical integrations and Gaussian process sampling, and
compare their performances. To circumvent the high computational cost of sampling in Bayesian
approaches, we also combine the extended FGPGM with least square optimization method. The
remaining part of the paper is organized as follows. In §2, we give the numerical method to deal with
parameter identification problems with partial observation. Numerical examples are presented in §3.
Some concluding remarks are given in §4.
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2. Algorithm

The main strategy of Gaussian process-based gradient matching is to minimize the mismatch between the
data and the ODE solutions in a maximume-likelihood sense, making use of the property that Gaussian
process is closed under differentiation. In this section, we will extend the FGPGM method proposed in
[14] to the situation that contains unobserved variables.

In this work, we would like to estimate the time-independent parameters @ of the following
dynamical system described by

X(t) = f(X(t), 0), .1

where X is the vector of time derivative of the variable X = (X;(), X, ..., XN, (1) and f can be
nonlinear vector valued functions. We assume only part of the variables are measurable and denote
them as X,s. Throughout the paper, we use subscript M to specify measurable components. They are
observed on discrete time points as Y(¢;)(i=1, ...N,) with noise & such that Y =X, +&. We assume that
the noise is Gaussian e(t;) ~ N(0, ¢°I), then

p(ylxm, o) = N (ylxm, o?D), (2.2)



Figure 1. Chain graph with partial observable variables.

where x), and y are the realizations of Xy, and Y, respectively. The latent/unmeasurable variables are
denoted as X;, with dim (X) + dim (X)) = dim (X).

The idea of Gaussian process-based gradient matching is as follows. Firstly, we put a Gaussian
process prior on xy,

pCem|mar, @) = N Geu|pyy, Co). (2.3)

Here Cg is denoted as the covariance matrix. Its components are given by Cy(, j) = ky(t;, t;) with respect
to a kernel function k4 parametrized by the hyperparameters ¢. Then according to lemma A.8, the
conditional distribution of the kth state derivatives is

pek|xx, ) = N (x| Dixx, Ax), 2.4)
where
Dy = Cy, G, x)Cop, (i, 0~ (i — ) (2.5)
and
Ay = Cy, G, %) — Co, Gig, X)C, (g, x1) " Cp, (g, K1) (2.6)

Here x = (xi(t1), xk(t2), ..., x¢(tn,)). For more details, we refer to appendix A. We set up the following
chain graph to show the relationship between the variables (figure 1). In figure 1, Ey, is the deterministic
output of the measurable parts of the ODEs, whose realization is determined by x and 6. Fy is
introduced to incorporate the model uncertainty, which is assumed to be a Gaussian noise with
standard deviation y so that for its realizationf,, we have

p(f %, V) = N (f %, ¥D). 2.7)
Then the joint density can be represented by the following theorem.

Theorem 2.1. Given the modelling assumptions summarized in the graphical probabilistic model in figure 1,

P(xM/ 0|]// d’/ g, Y)

(2.8)
o< p(ON (xm|0, CoN (y|xar, PDN (Fy,(xar, ¥r.(xm, 6), 0)|Dxag, A + YD),

where x,(xp, 0) involved in fiy is the solution determined by 0 and x.

The proof is given in appendix B.

In our computation, X; can be obtained by integrating the ODE system numerically with proposed
0 and initial values of xy; and x;. Then, the target is to maximize the likelihood function p(xy;, €1y,
0, 0, ).

The present algorithm is a combination of a Gaussian process-based gradient matching and a least
square optimization. In the GP gradient matching step, the Gaussian process model is first fitted by
inferring the hyperparameter ¢. Secondly, the states and parameters are inferred using a one-chain
MCMC scheme on the density as in [14]. Finally, the parameters estimated above are set as initial
guess in the least square optimization. The algorithm can be summarized as follows.
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wStep 2. Infer X, X and 0 usrng MCMC
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s
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wend for
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In Step 1, the Gaussian process model is fitted to data by maximizing the log of marginal likelihood of
the observations y at times

1 1
log (ply|t, &, 0)) = —5y"(Cy+ o)y — 5log |Cy + 0| - glog 2, 2.9)

with respect to hyperparameters ¢ and o. o is the estimated standard deviation of the observation noise
and n is the amount of observations.

For the inference of the unobserved variables, there are the following possible ways. The first method
is to integrate the whole ODE system, which only depends on initial conditions and the proposed value
of parameters. An alternative way is to integrate partially the system, that is, integrate the equations for
the unobservable variables only. The coupled observable variables are regarded as known coefficients
whose values are taken from the observations. In order to ensure the stability and convergence of the
integration, smoothing and interpolation may be necessary if the data of the observable variables are
sparse and noisy. The numerical integration of x; in these two methods are implemented only after
each update of . The third approach to deal with the latent variables is applying the same sampling
process as the observable states under the assumption of Gaussian process and doing the gradient
matching, in which the posterior probability is adapted as

p(xL|xm, 0, @, o, y) = p(ON (x1|0, Co)N(f, (xpm, x1, 0)|Dxp, A + yI). (2.10)

Note that although there is no observation to match for the latent variables, the gradient matching is still
valid. Thus, in the integration approaches only the observable variables are sampled while for the third
one all the variables are sampled together with the updates of the likelihood function in each MCMC
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Figure 2. Reconstruction and inference results for the Lotka—Volterra system, showing the state evolution over time and parameter
distributions. x; is observable and x; is latent variable. The ground truth, FGPGM result, and result from combination of FGPGM and
optimization are compared.

sampling cycle. The performances of these three methods will be discussed in §3.4. The last step is to
solve the following minimization problem:

N»
min [|xp(6) — Yl7on = rnoinz lea(t) — (). (2.11)
i=1

In the optimization process, gradient descent method is adopted where numerical gradient is used in
each searching step. One advantage of least-square optimization is its ability to obtain accurate results
at low computational cost, especially for observations with Gaussian noise. But it requires proper
initial guess of the parameters so as to avoid falling in local minima, whereas gradient matching is
relatively less sensitive to the initial guess. However, for FGPGM a large amount of MCMC samplings
are necessary to ensure the expectations of random variables make sense, which increases
computational cost. Therefore, if we combine these two methods, it is possible to use just a few
MCMC samplings to obtain a good initial guess for the least-square optimization.

3. Experiments

For the Gaussian regression step for observable variables, the code published alongside Wenk et al. [14]
was used. The gradient matching part should then be adapted to the partial observation case according
to figure 1. In the following, we refer to FGPGM as the modified fast Gaussian process gradient matching
algorithm that is adapted for partial observation case.

3.1. Lotka Volterra

The Lotka Volterra system was originally proposed in Lotka [16]. It was introduced to model the prey—
predator interaction system whose dynamics is given by

X1 = 01x1(8) — 61 (Dx2(8) (3.1)

and
f2 = —B52(D) + Bux1 (DD, 32)

where 0y, 0,5, 65, 6,> 0. In the present work, the system was observed with one variable and the initial
value of the other variable. The other set-up is the same as Gorbach et al. [11] and Wenk et al. [14].
The observed series are located in the time interval [0, 2] at 20 uniformly distributed observation
times. The initial values of the variables are (5, 3). The history of the observable variable is generated
with numerical integration of the system with true parameters 6*=(6;, 6,, 65, 6,)=(2, 1, 4, 1) added
with Gaussian noise with standard deviation 0.1. The radial basis function kernel (RBF) was used for
the Gaussian process. For the model uncertainty, we set y=0.3. For the FGPGM step, the burn-in
number and valid number are Npysmin = 7500, Nyemc =10 000, respectively. The results with x; being
observed are shown in figure 2. Those with observation of x, are given in figure 3. The errors of the
reconstructed solution and parameters are summarized in tables 1-4. At this noise level, the inferences
with and without optimization step both perform well with the overall relative error being of order
1072, In the case with measurement of x,, we can see that the optimization process can improve the
results from FGPGM, with the discernable errors of 6; and 6; in figure 3¢ being reduced. Although 6,
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Figure 3. The state evolution over time for Lotka—Volterra system and parameter inference results. x, is observable and x; is latent
variable. The ground truth, FGPGM result, and result from combination of FGPGM and optimization are compared. (a) x;, (b) X,, (¢) 6.

Table 1. Error of reconstructed solution with x; being observable.

b= o =1}z bo—x; 112
[EAIRS : e [EALE
FGPGM 1.69 % 1072 0.83 x 1072 347 x 1072 2.44 % 1072
FGPGM + Opt. 140 x 1072 0.49 x 107 426 x 107 363 %107

FGPGM 8.00 x 1072 479 %1072 8321072 2351072
FGPGM + Opt. 9.82 % 1072 1.88 x 1077 839 % 107 117 x 107*

[l =3 o e llra=x7 |2
A 5 [EAIR

FGPGM 716 1072 0.06 x 1072 134% 107" 0.07 x 1072
FGPGM + Opt. 179 1072 176 x 1072 7.77 x 1072 1.88 x 1072

and 6, appear quite accurate in the case of using FGPGM only (Npysmin = 7500, Nypeme = 10 000) in table 4,
the relatively large error in 6; may affect the reconstructed solution due to the coupling effect of the
parameters in the system. By contrast, the parameter errors after the combination of FGPGM and
optimization are all of order 1072

The sensitivities of the variables to the parameters are listed in table 5.

The sensitivity indexes at the true parameter set * are defined as

1 ox;(t; 0)

06,

Sjj (6%) (3.3)

||xiHL2(T1,T2) Ly(T1,T»)

which are normalized. It is approximated by numerical difference. It is shown that near the true
parameter set, 6; and 65 are relatively less sensitive to the variables than other parameters. This
explains that 6; and 65 are less accurate in the numerical test (figures 2c and 3c).
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Figure 4. Reconstruction and inference results for the Lotka—Volterra system with x; being observable and x, latent. The ground
truth, FGPGM result, and result from combination of FGPGM and optimization are compared. The observation noise has a standard
deviation 0.5 (large noise case). (a) x;, (b) x5, () 6.
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Figure 5. The state evolution over time for Lotka—Volterra system. x; is observable and x; is latent variable. The ground truth,
FGPGM result, and result from combination of FGPGM and optimization are compared. The observation noise has a standard
deviation 0.5 (large noise case). (a) x;, (b) Xy, (0) 6.

Table 5. Sensitivity of each variable to parameters for Lotka—Volterra system at @* =(2, 1, 4, 1). The sensitivity index is
defined in equation (3.3).

Si X X

6 0.20 0.61
6, 0.52 1.13
6; 0.40 0.33
o, 1.27 0.98

Table 6. Error of reconstructed solution with x; being observable (large noise).

o= 1,2
[ 1l,2

Table 7. Error of reconstructed parameters with x; being observable (large noise).

FGPGM 637x 1072 276 107" 2.01 575%x 107"
FGPGM+Opt. 178 %107 1.06 x 107" 275% 107" 5.51% 1072

The cases with larger measurement noise level (with standard deviation 0.5) are shown in figures 4
and 5, corresponding to x; and x, observations, respectively. The errors of reconstructed solution and
identified parameters are summarized in tables 6-9. It can be seen that the prediction of the unknown
variable can deviate far from the ground truth if we use FGPGM method only (without Step 3 in the
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Figure 6. Results for FHN system obtained from FGPGM method, without further optimization. x; is observable and x, is latent
variable. The ground truth, FGPGM result and reconstructed solution (integration of ODEs with inferred parameters) are compared.
(a) xy, (b) Xy.

Table 8. Error of reconstructed solution with x, being observable (large noise).

=% [ ' o =%l
T Tl eo ; : 1l
FGPGM 322x 107" 1.89% 107" 8.80 x 1072 534x 1072
FGPGM + Opt. 6.88 % 1072 6.68 x 1072 840 %1072 7.71% 1072

Table 9. Error of reconstructed parameters with x, being observable (large noise).

FGPGM 6.40 x 107" 344% 107" 1.10 363% 107"
FGPGM + Opt. 435x 1072 435% 107 472x 107" 216 x 107"

algorithm above). The inferring of states and parameters can be improved after further applying the
deterministic optimization. This improvement is more obvious than the low noise case.

3.2. Spiky dynamics

This example is a system proposed by FitzHugh [17] and Nagumo et al. [18] for modelling the spike
potentials in the giant squid neurons, which is abbreviated as FHN system. This system involves two
ODE:s (3.4) and (3.5) with three parameters.

3
X1 =6 (x1 - gl + xz) G4)
and
. 1
Xy = *of(xl — 6, + 05x2). 3.5)
1

The FHN system has notoriously fast changing dynamics due to its highly nonlinear terms. In the
following numerical tests, the Matern 5/2 [19] kernel was used and y was set to 0.3, the same as that
in Wenk et al. [14]. We assume one of the two variables is observable, which was generated with
0" =(61, 6, 65)=(0.2, 0.2, 3) and added by Gaussian noise with average signal-to-noise ratio SNR =
100. There were 100 data points uniformly spaced in [0, 10]. The burn-in number and valid number of
samplings in the FGPGM step are Npymin = 7500, Nyemc = 10 000, respectively.
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Figure 7. The state evolution over time and identified parameters for FHN system. x; is observable and x; is latent variable.
ground truth, FGPGM result, and result from combination of FGPGM and optimization are compared. (a) x;, (b) x5, (¢) 6.
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Figure 8. The state evolution over time and identified parameters for FHN system. x, is observable and x; is latent variable. The
ground truth, FGPGM result, and result from combination of FGPGM and optimization are compared. (a) x, (b) x5, (¢) 6.

Table 10. Sensitivity of each variable to parameters for FHN system at 8% = (0.2, 0.2, 3.0). The sensitivity index is defined as
equation (3.3).

Si X X,

o 233 1.24
6, 0.44 0.31
0; 1.01 0.55

In this case, if we merely use FGPGM step, the reconstructed solution corresponding to the identified
parameters may deviate significantly from the true time series (see figure 6, where data of x; are
observable). It was pointed out [14] that all GP-based gradient matching algorithms lead to smoother
trajectories than the ground truth. This becomes more severe with sparse observation. The least-square
optimization after FGPGM may well reduce this effect and give a better reconstruction of the solution
(figure 7).

Figures 7 and 8 present the results with single x; and x, observations, respectively. In both cases, the
identified parameters are more accurate than using FGPGM only. From the sensitivity check in table 10, it
is expected that 6; is most accurate because it is most sensitive among these three parameters, whereas 6,
is most insensitive and would be harder to be identified. The numerical results agree with that. It is worth
mentioning that in the FGPGM step, only 3500 samplings were taken and the time for optimization step
was much less than FGPGM step. This means the time needed for the whole process can be greatly saved
compared with that in Wenk et al. [14], where 100 000 MCMC samplings were implemented.

In this example, we also notice that if we merely use least-square optimization method, the local
minimum effect would lead to reconstruction being far from the ground truth, which is even less
robust than FGPGM method. For example, if we choose initial guess of the parameters near (6;, 6,,
63)=(1.51, 2.2, 1.78) then the cost functional will fall into the local minimum during gradient-based
search (figure 9). The existence of many local minima in the full observation case has been pointed
out in e.g. [7,20]. These results clearly illustrate the performance of the combination of FGPGM and
least-square optimization to avoid local minimum solution.
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Figure 9. Results of FHN system with x; being latent, obtained by merely using least-square optimization with initial guess of
parameters near a local minimum point. (a) x;, (b) x,.

3.3. Protein transduction

Finally, the protein transduction system proposed in Vyshemisky & Girolami [21] was adopted to
illustrate the performance of the method in ODEs with more equations. The system is described by

X1 = —01x1 — 6x1x3 + O3x4, (3.6)
X = bixy, 3.7)

. x
X3 = —Ohx1x3 + O3x4 + 05 ———, 3.8

O + x5
x'4 = 023(13{3 — 033(4 — 943(4 (39)
. X5

d = Oyx4 — 6 . 3.10
an X5 = O4xg4 — 05 . (3.10)

We adopted the same experimental set-up of Dondelinger et al. [10] and Wenk et al. [14] as follows.
Y= 10~ in FGPGM step. The observation were made at discrete times [0, 1, 2, 4, 5, 7, 10, 15, 20, 30,
40, 50, 60, 80, 100]. The initial condition was [1, 0, 1, 0, 0] and the data were generated by numerically
integrating the system under 6*=[0.07, 0.6, 0.05, 0.3, 0.017, 0.3], added by Gaussian noise with
standard deviation 0.01. A sigmoid kernel was used to deal with the logarithmically spaced
observation times and the typically spiky form of the dynamics as in the previous papers.

Figure 10 gives the result with x; being unobserved. In fact, the situations with one of other variables
being unknown have better results than the case illustrated here, which will not be presented here. We
can see that x3; was not well fitted by merely using FGPGM step (Npurnin =7500, Nycmce =10 000),
whereas further applying the least-square optimization generates satisfactory results, with the
parameters 6, and 6, being significantly improved. The sensitivity check is summarized in table 11,
from which we can see that 6, is less sensitive and thereby harder to infer accurately.

It was mentioned in Dondelinger et al. [10] that 65 and 6 in this system are difficult to fit. 65/6 is
relatively sensitive but is still likely to be overestimated. It was pointed out in [14] that the parameters
of the protein transduction system are unidentifiable. In the present case with partial observation, 6; is
far beyond the truth with the inferred value being around 3.0, which is therefore not presented in the
figure. However, the observation can still be acceptably reconstructed.

It would also be of interest to see the performance of our method for the cases with more latent
variables. In this model, although x, is not involved in equations for other variables, the data of x,
helps infer 6;. We also notice that X3 + x4 + 5 = 0, which means with known initial conditions the
histories of the three variables can be known from any two of them. If x; and x, are both missing, it
is impossible to identify 6;. Therefore, in the following test we choose data of x,, x4 and x5 as
observations. The data have a Gaussian noise with standard deviation 0.01, the same as the previous
case with one latent variable. It can be seen from figure 11 that the result from FGPGM step is worse
than the case with only one latent variable, but the final reconstruction of latent variables and
parameter identification after Step 3 is not significantly different from the case with one latent variable.

In order to imitate real situations, we considered the case with abnormal measurements, in which
some observations have significant deviation from the ground truth. Moreover, only x; and x5 are
observable. Note that further reducing the observable variable will make the system unidentifiable.
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Figure 10. The state evolution over time and inferred parameters for protein transduction system. x; is unknown and other variables
are observable. The ground truth, FGPGM result, and result from combination of FGPGM and optimization are compared. (a) x;, (b)
Xy, (@) X3, (d) Xy, (€) X5, () 0.
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Figure 11. The state evolution over time and inferred parameters for protein transduction system. x; and x; are unknown and other
variables are observable. The ground truth, FGPGM result, and result from combination of FGPGM and optimization are compared.
(@) x1, (0) X, (0) x3, (d) X4, (€) x5, () 6.

Table 11. Sensitivity of each variable to parameters for protein transduction system at @* =1[0.07, 0.6, 0.05, 0.3, 0.017, 0.3].
The sensitivity index is defined as equation (3.3).

Su X1 X2 X3 Xy Xs

6 2.86 9.78 1.73 1.77 3.33
02 ........................... 070 .............................. 0 93 .............................. 022 ............................ 0 59 ............................. 0 4 1
93 ............................ 135 ............................. 2” .............................. 047 ............................. 092 ............................. 0 90
04 ........................... 026 ........................... 043 ............................. 003 ............................ 254 ............................. 0 62 .
95 ,,,,,,,,,,,,,,,,,,,,,,,,,,,, 153 .............................. 258 ,,,,,,,,,,,,,,,,,,,,,,,,,,,, 244 8 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 090 ............................ 49 38 ,
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Figure 12. The state evolution over time and inferred parameters for protein transduction system. x,, X3, x4 are unknown and other
variables are observable. The ground truth, FGPGM result, and result from combination of FGPGM and optimization are compared.
Observations at t =40, 60 are abnormal with significant deviation from ground truth. (a) x;, (b) x5, (<) X3, (d) x4, (€) X5, (f) 6.

Table 12. Error of inferred parameters under various noise levels.

noise level (s.d.) method

0.005 FGPGM 0.0127 0.1009 0.0007 0.0312 0.0372
0005 FGPGM + Opt. 0.0253 0.0489 0.0327 0.0638 0.0602
0.02 FGPGM + Opt. 0.0121 0.1063 1.0824 1.4883 0.0477

The results are shown in figure 12. At +=40 and t =60, the measurement errors are abnormally large
(figure 12a,e). The identified parameters and reconstructed state series seem not severely impacted by
the large measurement errors, which shows some robustness. This also illustrates that the sigmoid
kernel is a proper choice for this example. The performance in more real situations is worth further
investigation, especially for complex dynamical systems.

Besides, the dependence of errors of inferred parameter on the noise levels have also been carried out.
Table 12 gives the comparison among observation noise levels. The measurement errors are Gaussian and
independent and identically distributed. Here x; and x5 are observable. On the whole the identified
parameters become less accurate when the observation noise level increases. When the standard
deviation increases to 0.02, some parameters show quite large errors such that the identification should
be regarded as failed. We need to mention that small errors in part of the parameters does not
necessarily imply a better reconstruction of solution or prediction. It relates to the sensitivities of
parameters and variables, which need further investigation.

3.4. Comparisons among treatments for unobservable variables

Now we illustrate the performances of the three ways to infer the unobservable variables proposed in §2. We
take the spiky dynamics in §3.2 as example and choose x, as unobservable variable. Here the observation
noise for x; is increased with a standard deviation of 0.1 and the time resolution is reduced to 50 points. The
results of these three methods are compared in figures 13-17. In all the cases, 2000 burning cycles and 3000
sampling cycles are implemented. In the full integration case, the ode45 solver is applied, while in the partial
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Figure 13. The state evolution over time and identified parameters for FHN system. x, is unobservable and inferred by the
integration of the whole ODE system. (a) x;, (b) Xy, () 6.
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Figure 14. The state evolution over time and identified parameters for FHN system. x; is unobservable and inferred by integrating
the equation for x, with inferred x; as known coefficient. (a) x;, (b) x,, (0) 6.
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Figure 15. The state evolution over time and identified parameters for FHN system. x, is unobservable and inferred by sampling
under the assumption of Gaussian process. (a) x;, (b) Xy, (¢) 6.

a X b X c 0
@ , 1 ®) _ 2 : ©, .
'-' O tr arams
2t tad 20 |--- E:i‘?ial guess o 3.0 L) FEEPPG‘N? )
o Lo ' 20 o
: 205 | 215
-1 g o
true 0 g 1.0
-2 % observation 05+ 0.5
» FGPGM o o
-3 -1.0 0
0 2 4 6 8 10 05 10 15 20 25 3.0 35
t t parameter value

Figure 16. The state evolution over time and identified parameters for FHN system. x, is unobservable and inferred by sampling
under the assumption of Gaussian process. The initial guess of x, is different from that in figure 15b. (a) x;, (b) Xy, () O.

integration case Eular formula is adopted. Other computational parameters are unified as y=1.0 x 107>,
standard deviations that control the sampling steps are 0.001 and 0.12 for x; and 6, respectively. The
initial guess for the unobservable variable are plotted in dashed line in figure 15b.

The total CPU times corresponding to the full integration, partial integration and sampling approaches
are 207.6 s, 180.7 s and 529.4 s correspondingly. In the partial integration case, if denoise and interpolation
for observed variables or high-order integration scheme are needed to ensure the stability and convergence,
then the computational cost will increase. If most of the variables in a high-dimensional system are

121017 '8 S tadg 205 'y sosy/jeuol/bioBusygndisaposteror [



x x 0
@ 1 @ s ©;5, ; ;
ig § true params
2| o 1.0 - :;‘:fiml guess 3.0 ¢ © FGPGM 8
: FGPGM )
1] B os
=
03 <20
X 0] X, I 5
’ 0} 215
-1 g
| rue 510
L e o 03
3L - - . . | 10! . | 0 Q °
0 2 4 6 8 10 0 2 4 6 8 10 05 10 15 20 25 30 35
! t parameter value

Figure 17. The state evolution over time and identified parameters for FHN system. x, is unobservable and inferred by sampling
under the assumption of Gaussian process. The initial guess of x, at t =0 is also far from the ground truth. (a) x;, (b) Xy, (¢) 6.

unobservable, then the partial integration may not have a significant time saving compared with the full
integration case. At present, the system is so simple that the computational expense for integration is
very low compared with sampling and probability calculation. Therefore, the CPU time is much higher
in the third approach where the sampled states are doubled. However, when the system is complex such
that the computational cost for solving the system becomes an issue, the sampling approach with proper
initial guesses may show advantages since it depends on the time points, and sparse approximation
works well in Gaussian process methods [8]. It can be seen from the results that the sampling approach
gets a better parameter approximation than the integration methods (figure 15c), though the inference of
X> is worse than them in terms of the curve features. It should be noted that the results for the full
sampling method depend on the initial guess. An inappropriate initial distribution may lead to large
deviation from the truth at the same computational parameters (figure 16b,c). If the system is large and
most of the variables are unobservable, then the initial guesses of them may become an issue. To
investigate the case of unknown initial conditions, we propose an initial guess such that x, at t=0
deviates a lot from the ground truth (figure 17b). It can be seen that the sampling is still able to find a
solution close to the truth for this system. We should point out that lack of initial conditions may lead to
non-uniqueness of identification for some systems [22].

According to the above discussions, we suggest that if the system is very small such that solving
ODE:s is cheap in time, one can adopt the integration approaches since they are independent of the
prior information of the unobserved variables. If the integration requires fine time step and most of
the variables in the system are unobservable, then the full integration is preferred since denoise and
interpolation of the observable variables which appear in the equations for unobservable ones can be
avoided. For large-scale problems with reliable prior information, the full sampling method may have
advantages in both accuracy and efficiency.

3.5. Indirect observation

In this section, we consider the case that the observable output y(t) is a function of the original system variable
x(t). Then, the observation with noise becomes Y(t) = y(x(t)) + ¢. Take the following system as example:

X1 = Oixpe”®N (3.11)
and
X =X (3.12)
and the measurement equation is
y=¢e". (3.13)

For such problem, we take time derivative of the output function

:'y = 01x2 e(1*9z)xl

and then have a new three-equation system for {x;, x,, y}, in which the first two variables are unobservable
and the last one is observable. The above method can then be applied to the new system. Assume that the
observation is taken at 25 uniformly distributed time points within [0, 5], with a Gaussian noise of standard
deviation 0.2. The true values of the parameters are 6" = (0.5, 1), and initial values x(0) = [0.5, 0]. In the
Gaussian process gradient matching step, the Matern 5/2 kernel was used and y =107, The numerical
results are provided in figure 18. The burning number and total sampling number are 2000 and 5000,
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Figure 18. The state evolution over time and identified parameters for example 4. Only y(t) = @ is observable. (a) xq, (b) X,
@y (d) 6.

respectively. In this example, the FGPGM step has already reached a satisfactory inference for the
parameters (figure 184), and further application of least optimization loses accuracy at the end of the
time interval due to sparsity of the data (figure 18c) which leads to deviations in the parameters.

4. Discussion

In the work, we proposed an effective method for parameter inference of coupled ODE systems with partially
observable data. Our method is based on previous work known as FGPGM [14], which avoids product of
experts heuristics. We provide the treatment of latent variable and graphical frame for such problems. The
likelihood formula is then derived. In order to improve the accuracy and efficiency of the method, we also use
least-square optimization in our computation. In our numerical tests, we use only 10% of the sampling
number that is suggested in the literature for the FGPGM step, which can already provide a good initial guess
for the least optimization. Owing to the existence of latent variables, three approaches for treatment of
unobservable variables are provided with the performances discussed. Suggestions for choices of the
approaches are given according to the system scales and reliability of prior information. The present algorithm
is robust and accurate with large data noise and partial observations. At the same time, thanks to the step of
Gaussian process-based inference, it is easier to get rid of local minima for the least-square optimization step
and achieve the global minimum, which reduces the dependence on the initial guess of parameters.
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Appendix A. Preliminaries

In the following, we list some preliminaries on derivatives of a Gaussian process that are used in this work, the
proofs can be find in e.g. [14,19,23]. Denote a random process X, its realization x and its time derivative X;.

Definition A.1. [23] The random variable X,, converges to x in the first-mean sense (limit in mean) if
for some X,

lim E(X, — X|) = 0. (A1)
n—00

*sosi/Jeunof/6106uiysgnd/aposjedos

Definition A.2. The stochastic process X; is first-mean differentiable if for some X,

Xivs — X <
lim F|222 2 %,
ot

=0. (A2)
St—0

Definition A.3. For given random variable X, the moment generating function (MGF) is defined by

00

by (8) — El exp (XB)] = J exp (xt)p(r)dx. (A3)

LLLOLT 8 DS uadp oS Y

Proposition A.4. If ®x(t) is the MGF, then

1. d&x/dt|,_, = m, where m is the moment of X.

2. Let X and Y be two random variables. X and Y have the same distribution if and only if they have the same
MGFs.

3. We say X ~N(u, 1% if and only if dx(t) = exp™t/2+ut,

4. If X and Y are two random variables, then the MGF ®x.y(t) = Px(H)Py(t).

By the above propositions, one has

Lemma A.5. If X, Y are two independent Gaussian random variables with means px, uy and covariances
M, MWy, then X +Y is a Gaussian random variable with mean px +p, and covariance 1y + ;.

Definition A.6. [19] A real-valued stochastic process {X;};c;; where T is an index set, is a Gaussian
process if all the finite-dimensional distributions are a multivariate normal distribution. That is, for
any choice of distinct values ty, t,, ...ty € T, the random vector X = (Xy,, ..., X,N)T has a multivariate
normal distribution with joint Gaussian probability density function given by

7 1 1 Ty -1
Px, X, Xy, Ctas oy X)) = o Paera) 2P (_E(x —py) X (- Mx))- (A4
where the mean vector is defined as
(mx)i = E[Xy], (A5)

and covariance matrix (2);; = cov(Xy, X¢)).

The Gaussian processes only depend on the mean and covariance functions. Usual covariance
functions could be squared exponential cov(Xj, Xf/) =ky(ti, t) =exp(—(1 /2P|t — t,-\z), where [ is a
hyperparameter and represents the non-local interaction length scale.

Let ¢y, st €R and X, be a Gaussian process with constant mean u and kernel function ky(t;, t,),
assumed to be first-mean differentiable. Then X, s and X,, are jointly Gaussian distributed

[ Ko }w\/({“}z) (A6)
Xyt ot ®

with density function

1 1 x —p T 1| Xy — M
) - __exp|-= s 0 ) A7
PGty Tio+t) 27 det ()12 exp( 2 |:xt0+8t —p Xtogtot — M A7



where

(A8)

s_( Kaltot)  Kylto, to+ 80
o k¢.(t0 + ot, tg) kd)(tO + 6t tg + 6t) )°

If we define linear transformation

1 0
T=( 1 1/, (A9)
ot ot
then we have
X
oot Ko Lo a([B], e, (A10)
% Xf0+6f 0
ie.
X - X
p(X,,, %):NQ’S},TETT) (A11)
where
kqg(to, tO) kg(to, fo+(zft)0*k¢(fol to)
1T = ko(to + Bto, to + ) — ky(to, to + 88 ko(to + Bt t)) — ko(to, o) |.  (A12)
ka(to+8to, to)—ke(to, to) oty Sty
o o

The above derivation shows that Xy, and (X +s — X4,)/ 6t are jointly Gaussian distributed. Using the
definition of first-mean differential and the fact that rth-mean convergence implies convergence in
distribution, it is clear that X;, and X, are jointly Gaussian

Okg(a, b)
Xfo ~ N 1% kd’(to’ tO) 4,01’17 |ﬂ:t0,b:fo (A 13)
ng 0| | okela, b) ky(a, b) '

Oa |ﬂ:to,h:to 9adb |ﬂ:f0,b:to

In general, X = (X;, ..., X[k)T and X = (X,I, ceey X,k ) are jointly Gaussian

X\ p] [CoX,X) CyX, %
{X} N([O}’{CMX,X) C¢(X,X)D' (A14)

Here (Cy(a, b));; = cov(a;, b)) is the covariance between a; and b;, and predefined kernel matrix of Gaussian
process. By linearity of the covariance operator and the predefined kernel function k4, b), we have

. Oky(a, b)
CoXe, Xi) = =2 lact ety (A15)
. Okyla, b)
CoXe, X1) = =% oy, (A16)
.. Pkyla, b
and CoXy, X)) = % |u:t1,b:t,-' (A17)

Lemma A.7. (Matrix Inversions Lemma) Let X be a p x p matrix (p=n+m):

|2 2
%= {221 222]' (A18)

where the sum matrices have dimension n x n, n x m, etc. Suppose X, i1, Ly are non-singular; and partition the
inverse in the same way as X,

1 A Ar
A=% 7{1\21 Azz} (A19)
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Then
A= G — 23 30!
A =~ — 2035, 300 1203,
At = =G — 30331 133
and Az = S — 3037 S 7

(A 20)

Lemma A.8. (conditional Gaussian distributions) Let X € RP, Y € R, be jointly Gaussian random
vectors with distribution

ﬁf } ~ Ny, 3), (A21)
where
125'¢ Ixx  2xy
- oy = , A22
M [My] * [EYX Eyy] (A22)
Then the conditional Gaussian distributions density functions are
Pxy(x, y) 1 Ty -1
(y|x) = = exp(y — ) 2y xy — ) (A23)
Py|x y| px() QMDD o (Ey\x)l/z PW — Myix) Zyx\Y — Myx
where
Pyix = By + Syx Sy — py) (A24)
and
Syix = Zyy — Syx Sy Xy (A 25)

According to above lemma, we have the condition distribution

Lemma A.9.

p(E|x) ~ N(D(x — py), A), (A26)
where
D = Cy4(X, X)Cy(X, X)" (A27)
and
A= Cy(X, X) — C(X, X)Cy(X, X) ' C4(X, X). (A28)

Appendix B. Proof of theorem 2.1

Proof. The joint density over all variables in figure 1 can be represented as

p(xM/ .X.TM, Yy, xL/f /]_c ’ 0|¢/ g, 7)
= pep(em, XM, Ylb, Dpopefar farr 0, XLlXm, ¥m, V)

pcrCem, X, Y|, 0) = plem| P)pylxar, o) pGeimlxm, &) (B2)

Pope Fars Farr 0, X110, 1, )
== P(G)P(fM, ]_cM/ xL|0/ XM, xM/ 7)

= p(0)p(x1|0, xas)p(F oy, Frrlxr, 0, xu1, Xnm, )

= p(O)8GEL(0, xp1) — x)p(Frps FrglXL, 6, Xut, Fa, V) (B3)

= p(O)p(F |0, xpm1, TL.Cemt, O)p(Fpgliems, VS Fry — Frr)
= p(0)8(f \,(8, xp1, X1.(xn, ) — Fr )N (Fy lim, YD)
= p(O)N(fM(B, XM, 5CL(XM, 0))|XM, ’)/I),
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by which popg, is independent of f,,, f,,, xL- X, is deterministically decided by xy, 6 through integration. [ 19 |

Using lemma A.9, we have

pGepm, 0, yld, o, v) = p(ON (xp|0, CHN (ylxp, DN Gepr| Dy, AN (f 1,00, xp1, XL Cep1, 0))]%pn, VD).

Integrating x out yields

plem, 0, y|d, 0, y) = p(ON (xu|0, CHN (ylxar, TPDN(f,,(0, X0, %101, )| Dxcrs, A + YI).

Finally, we get

plem, Oly, ¢, o, y) o< p(ON (xpm|0, Co)N (y|xum, P DN (f,,(0, xp1, X1.(xum, 0))|Dxpg, A + D).
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