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Abstract

Based on the theory of stochastic chemical kinetics, the inherent randomness and stochas-
ticity of biochemical reaction networks can be accurately described by discrete-state
continuous-time Markov chains, where each chemical reaction corresponds to a state tran-
sition of the process. However, the analysis of such processes is computationally expensive
and sophisticated numerical methods are required. The main complication comes due to
the largeness problem of the state space, so that analysis techniques based on an explo-
ration of the state space are often not feasible and the integration of the moments of the
underlying probability distribution has become a very popular alternative.

In this thesis we propose an analysis framework in which we integrate a number of
moments of the process instead of the state probabilities. This results in a more time-
efficient simulation of the time evolution of the process. In order to regain the state
probabilities from the moment representation, we combine the moment-based simulation
(MM) with a maximum entropy approach: the maximum entropy principle is applied to
derive a distribution that fits best to a given sequence of moments.

We further extend this approach by incorporating the conditional moments (MCM) which
allows not only to reconstruct the distribution of the species present in high amount in the
system, but also to approximate the probabilities of species with low molecular counts.

For the given distribution reconstruction framework, we investigate the numerical accuracy
and stability using case studies from systems biology, compare two different moment
approximation methods (MM and MCM), examine if it can be used for the reaction rates
estimation problem and describe the possible future applications.






Zusammenfassung

Basierend auf der Theorie der stochastischen chemischen Kinetiken knnen die inhrente
Zufalligkeit und Stochastizitdat von biochemischen Reaktionsnetzwerken durch diskrete
zeitkontinuierliche Markow-Ketten genau beschrieben werden, wobei jede chemische Reak-
tion einem Zustandsiibergang des Prozesses entspricht.

Die Analyse solcher Prozesse ist jedoch rechenaufwendig und komplexe numerische Ver-
fahren sind erforderlich. Analysetechniken, die auf dem Abtasten des Zustandsraums
basieren, sind durch dessen Grofe oft nicht anwendbar. Als populére Alternative wird heute
haufig die Integration der Momente der zugrundeliegenden Wahrscheinlichkeitsverteilung
genutzt.

In dieser Arbeit schlagen wir einen Analyserahmen vor, in dem wir, anstatt der Zus-
tandswahrscheinlichkeiten, zugrundeliegende Momente des Prozesses integrieren. Dies
fithrt zu einer zeiteffizienteren Simulation der zeitlichen Entwicklung des Prozesses. Um
die Zustandswahrscheinlichkeiten aus der Momentreprsentation wiederzugewinnen, kom-
binieren wir die momentbasierte Simulation (MM) mit Entropiemaximierung: Die Maximum-
Entropie-Methode wird angewendet, um eine Verteilung abzuleiten, die am besten zu einer
bestimmten Sequenz von Momenten passt. Wir erweitern diesen Ansatz durch das Ein-
beziehen bedingter Momente (MCM), die es nicht nur erlauben, die Verteilung der in grofler
Menge im System enthaltenen Spezies zu rekonstruieren, sondern es ebenso ermoglicht,
sich den Wahrscheinlichkeiten von Spezies mit niedrigen Molekulargewichten anzunéhern.

Fiir das gegebene System zur Verteilungsrekonstruktion untersuchen wir die numerische
Genauigkeit und Stabilitdt anhand von Fallstudien aus der Systembiologie, vergleichen
zwei unterschiedliche Verfahren der Momentapproximation (MM und MCM), untersuchen,
ob es fiir das Problem der Abschétzung von Reaktionsraten verwendet werden kann und
beschreiben die mogliche zukiinftige Anwendungen.
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Chapter 1

Introduction

Recently, the single-cell imaging techniques has become one of the primer focuses of the
research community in the drug development and microbiology experiments. This also
has raised interest for the influence of stochastic effects onto the living systems. These
systems are successfully modeled and analyzed using the Markov chains formalism

However, one of the main problems that hinders Markov chains from being applied to any
stochastic model is the existence of possibly unbounded number of system configurations.
It may be partially mitigated by changing the formal representation, treating chemical
species present in high amount as continuous variables and predicting their dynamics with
moment closure techniques.

The hybrid approach, where low-amount species are represented by the Markov chain
and the high-amount ones are approximated by moments reveals to be very beneficial.
However, the moment approximation can only provide the averaged statistical metrics.

Hence, the goal of this doctoral thesis is to develop the efficient methods to approximate
the underlying stochastic distribution of the Markov chain when the dynamics is described
using cumulative quantities such as moments.

This work relies on the work of Abramov [3] and Hasenauer et al. [105]. We succeeded
in joining the hybrid moment computation and maximum entropy reconstruction of the
conditional and joint distributions for several models from stochastic chemical kinetics. It
is shown that this combination of techniques provides benefits to the approximation of
such stochastic systems behavior from computational point of view, where the underlying
state space is discrete and too large to be treated by direct solution methods.

Here we solve the following problem: given the approximation of (finite amount of) mo-
ments at a certain time point, reconstruct the underlying discrete-state stochastic distri-
bution, where the moment constraints come from the standard or conditional moment
closure. This allows to obtain the state-wise description of the model at certain time in-
stant without losing much accuracy and several times faster than applying direct solution
approaches to solve the chemical master equation.



Introduction 2

The structure of the thesis is as follows. The basic notation and theoretical background
on the stochastic chemical kinetics is provided in Chapter 2. The moment approxima-
tion methods, namely moment closure and method of conditional moments are described
in Chapter 3. The theoretical background on inverse moment problem and maximum
entropy method and its application to the synthetic examples is considered in Chapter 4.
The numerical analysis of the models from systems biology using the proposed combina-
tion of techniques is conducted in Chapter 5 together with the approach to parameter
estimation. The details of the implementation and miscellaneous background information
is given in Appendix A.

Through the thesis you find the biological models and examples defined in green and

beige boxes. Each table and figure is referenced using hyperlinks and we use the symbol
< in the caption to return to the mention of table or figure in the text. For each reference
given in the bibliography, you find the list of pages (together with link to the mention in
text) where this reference is cited.



Chapter 2

Stochastic Modeling

2.1 Chemical Reaction Kinetics

The variety of mathematical models were used for a long time in science to describe the
interactions between chemical compounds. Following the progress of recent developments
in singe-cell imaging techniques, discrete stochastic models gained a lot of attention and
have become a very popular description of biochemical reactions that take place in living
organisms. We consider chemical reaction networks given as a set of Ng stoichiometric
equations

Rj : €j7151 + ...+ gj:NSSNS c_]> ngSl + ..+ gj,NsSNy

where £;;,{;; € Ny are stoichiometric coefficients that refer to the number of molecules used
up and produced by the reaction R; and Sy, ..., Sy refer to Ng distinct chemical species.
Stochastic reaction rate constant [32] ¢; determines the average speed of the reaction R
and depends on the temperature, the reaction volume and the affinity of the chemical
species. We associate a change vector v; = (vj1,...,VNng) € ZNs Vj; = gj,i — (3,1 that
gives the population change caused by a single firing of the reaction R;. The state x of the
system is given by the population X; (cf. Modeling Approaches) of each chemical species
S; such that x = (X1,..., Xn). Below we provide the example of the chemical reaction
system that describes the simple dimerization process:

Biological model 2.1 (Simple Dimerization). <= We consider the dimerization
kinetics [238, p. 163] of a protein P in a bacterial cell. The stoichiometric equations
that correspond to forward and backward reactions are

R,: 2P % P,
RQI P2i>2p,

where 61’1 = 5271 = 2, 62’2 = gLQ =1 and 6172 = 62’1 = gl,l = gg,g = 0. Note that we
omit terms which are zero.

In the sequel we also restrict to chemical reactions that are at most bimolecular, i.e.,

we assume that Zi]isl ¢;; € {0,1,2}, which is a reasonable assumption because reactions
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Stochastic Modeling 4

where more than two molecules have to collide can usually be decomposed into smaller
ones where at most two molecules collide [33].

2.2 Modeling Approaches

We distinguish three approaches to model the chemical reaction systems. To put these
systems on a common framework, we emphasize that they share a population structure,
so that a system consists of Ng different populations whose amounts determine the future
behavior. The state x of the system consists of quantities that are usually non-negative,
and might all be discrete, real-valued or mixed. Also they might be bounded or unbounded.
Usually the state of the system changes over time and time can be treated as discrete or
continuous'. Here we consider three modeling semantics:

e deterministic semantics
e stochastic semantics
e hybrid semantics

In the deterministic setting X is a function and in stochastic and hybrid settings it
corresponds to the stochastic process.

2.2.1 Deterministic Semantics

The dynamics of biochemical reactions can be modeled using the system ordinary differ-
ential equations that describe the evolution of species concentrations in time [133] (i.e.,
molecules per volume, commonly measured in mol/L). The state of the system at the
given time instant ¢ is given by the vector of concentrations z = ([X1],...,[Xng]). The
state space in that case is continuous, i.e., X : R — RYs. We define the deterministic

propensity adRet (x) of a reaction R for state x as

Ng
agt(r) = it - H[Xi]ZR’ia
i=1

det

where ¢§* differs depending on the type of the model [239]. The exponent (g ; is the
number of occurences of the species in the reaction R. The definition of the rate function
is given by the law of mass action [17], which serves as the basis for such models in enzyme
kinetics as Hill and Michaelis-Menten equations [109, 185]. Given the vector of initial
concentrations X (0), the future behavior is determined by the system of ODEs (reaction
rate equations)

X(t) = Z via o (X (1)), (2.1)

'Tn this thesis we consider only continuous-time models.



Stochastic Modeling )

The deterministic framework does not account for possible measurement errors neither
for uncertainties in states which limits its direct application to such tasks as parame-
ter inference. Stochastic differential equations [10] framework is capable to take these
considerations into an account.

Example 2.1. <= The ODE for the Simple Dimerization model as obtained from the
CRN is constructed as follows:

X)) =F2 1" af™(X(0) + 2-1]" - 5™ (X (1))

with a$e®(z) = ¢ - [X )%, a**(x) = §°° - [Xs].

This framework can be extended to account for the spatial information by considering the
system to be compartmental [31, 102].

2.2.2 Stochastic Semantics

Under the certain conditions the deterministic modeling formalism is not the appropriate
framework to describe the behavior up to the required accuracy level. Namely, when the
number of molecules in the cell is small the role of the stochastic noise can not be ignored.

There are two possible sources of stochasticity in modeling. The first one is so-called
extrininsic noise that is associated with the measurement error, environmental changes
or interference with other processes [17, 29, 66, 71, 85, , |. The second source of
stochasticity is the intrinsic noise that governs the stochastic evolution of the system.
One simple example is the event of collision of two molecules of a gas in a large volume.
Intrinsic noise can also be associated with the speed or the orientation of the molecules.

Example 2.2. <~ Consider the simple bi-molecular chemical reaction
A+B =7

where a molecule of species A collides with a molecule of species B (the result of
this collision is currently of no interest). Two molecules are assumed to collide if
the distance is less then a reacting distance (. The probability of such collision in
the reaction volume () under the assumption that we can neglect the size of both
molecules and consider them as particles is given by

PH(!E,y,Z)A - (.T,y,Z)B| < C]v

where the tuple (v, 2)4 describes the coordinates of species A molecule in R3. This
probability can be computed as the volume of the sphere of radius ( around any of
both particles divided by 2

1

4
P[|($7y7z)1 _ (5U>y, 2)2’ < C] = §7TC3 . 5
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It does not depend on time for well-stirred reaction volumes. Using this observation,
one can continue with the rigorous derivation [31] of stochastic chemical kinetics
theory. Here we introduce basic notions that are needed later in the course of the
thesis.

We note that one can also follow the more detailed derivation where the radius of
both molecules is taken into account. As before, the assumption about the thermal
equilibrium (with the temperature T') is made, therefore the velocity of a molecule is
follows the Boltzman distribution (with the Boltzmann constant kg). It is important
that the collision between the molecules does not always lead to the reaction, thus the
corresponding probability can be computed. In this setting, the probability for the
reaction between two molecules to happen in the infinitesimal time period [t,t + dt]
to happen is given by

P[reaction] = P[collision] - P[reaction|collision] = é(ﬁ + 72)%4/ 871:;T L eFBT = p*.
Here, r; and 7 correspond to the radii of the molecules, the average mass of molecules
is denoted by m = %(ml + my) and the constant € is the critical energy to run
the reaction when molecules collide. It gives rise to the rigorous definition of the
propensity function. For example, the propensity function of the bi-molecular reaction
S+ Sy — ... is given by z;x;p*, where z;z; corresponds to the number of possible
distinct pairs of S; and S5 molecules.

Other sources of the intrinsic noise are the lack of the total predictability and quantum
indeterminacy [35]. For low species levels, these stochastic fluctuations play the important
role and seriously affect the behavior of the system [206]. Because of these stochastic
effects, the granularity of the modeling is at the molecule level and the state of the system
is given by the vector z = (z1,...,2ng), T € Névs where x; corresponds to the number of
molecules of species S;.

The stochastic semantics of a chemical reaction network is given by a (homogeneous)
continuous-time Markov chain (CTMC) [33, &1]. Therefore, we construct a Markov process
{X(t),t>0} which is a family of random variables indexed by time. It satisfies the Markov
property, i.e., the possible future behavior only depends on the current state

PIX(t,) = 2n | X(tno1) = Tn_1,..., X (to) = 0]
= PIX(t)) =2 | X(tno1) = 2n1] = P[X(tn — tn1) =z | X(0) = 20_1],

where the last equation shows the property of homogeneity such that the next state does
not depend on the absolute value of time but only on the difference t,, — ¢, .

Transitions of the Markov chain X correspond to chemical reactions and the transition
rate of reaction R; is given by

N S > T
(151_r>r(1) SP[X(t+6)—x+vj|X(t)—x]—ch<£ ‘),
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where the binomial coefficients describe the number of possible combinations of reactant
molecules. The reaction rate constant c¢; encodes the physical properties of reaction R,
and it is assumed to be constant in time (which corresponds to the homogeneity of the
Markov chain). The units of ¢; depend on the type of reaction. The actual value can be

computed using the rate constant ¢ used in the deterministic semantics [113].

In contrast to the deterministic setting, the system is in a state z € Névs with a cer-
tain probability 7, (t). Distribution 7(¢) is called the transient probability distribution at

—

time ¢ and is defined as a row vector 7 (¢) such that 7. (¢t) = P[X(¢) = 2| € [0,1] and
ZzeNNS 7Tx<t) =1.

The behavior of the CTMC is fully described by an initial distribution w(0) and an
infinitesimal generator matriz Q) = (¢, ,| where all elements ¢, € R>o and the diagonal
entries ¢, , = — Zy 4 Gy for all states x,y € Név 9. The transient distribution satisfies the
forward Kolmogorov differential equation [134]

d
() =(t) - Q. (2.2)

This is also called the chemical master equation (CME) [$1] in natural sciences. The
stochastic propensity of(x) of the reaction R; for a state x is defined as

3 N i .
t(x) = {C?-t 113 (ZZ)7 if 2, > ¢,

CY] .
0, otherwise,

and the elements of the generator matrix () are given by

— Z{J | z4v;=y} Oéj»t([[‘), r 7é Y,
Qzy =
- Zz;&m qil?,za xr = y

We assume that the chemical master equation (2.2) has a unique solution at time ¢ given
the initial condition 7(0)

To solve the CME (2.2) in practice, one may use the specially designed methods such
as stmulation [10, 83, 86] and uniformization [59, 96] as well as generally applicable
analytical and numerical methods for solving ODE systems. The example of the simple
CME construction is given in Example 2.3:

Example 2.3. <= Under the assumption that the number of protein molecules P
is small inside in a cell, the dynamics of the Simple Dimerization model is well
described by the Markov process X (£) = (Xp(t), Xp, (1)), t>0. Here, Xp(t) (Xp,(t))
corresponds to the number of P (P;) molecules at time ¢. The state space S C Np'®
and it is bounded from above, i.e., there is a finite number of possible configurations
depending on the initial condition X (0). The dynamics of X (t) is governed by the
infinitesimal generator matrix () with elements
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¢1-sxp(ep—1) ifxp>1,yp =2p—2,yp, = xp, + 1,

o = Cy - Tp, itep, >0,yp =2p+2,yp, = xp, — 1,
Ty — .
Y D DN if z =y, and

0 otherwise.

Assume that the initial conditions are given by X (0) = (6,0). Then the state space
is defined as S = {1, 22, x3, 24} = {(6,0), (4,1),(2,2),(0,3)}. We can construct the
chemical master equation for a state x3 = (2,2) as follows

%7‘((1‘3) = W(xQ) “(roxs T 71'(.134) “Gryzs — 7T(:L‘3) : (q$37$2 + ng,;v4)
= m(xg) - 6¢1 + w(xyq) - 3cg — w(x3) - (200 + 1),

where the first two terms correspond to the inflow of probability mass from states x»
and x4 and the third term is the outflow from state x3 (cf. Figure 2.1). To simplify
the notation, we omit the dependency of the distribution on time t. We can set up
equations for all states = € S in a similar fashion. Given the initial condition X (0)
we can solve CME using the technique of choice (cf. Section 2.3.2).

T2 6c1
2
\ T3 024—"_01, X4
. /
4 362

Figure 2.1: < Visualization of the chemical master equation for the state . Green
states provide the inflow of the probability mass and the outflow from state x goes
to red states.

If there is no prior knowledge about the bounds on molecular counts, the state space of
the Markov chain is countably infinite. A tool specifically tailored to analyze such systems
numerically is SHAVE [146]. It implements the sophisticated techniques such as dynamic
state space truncation, error tolerance control and automated hybridization of populations.
This helps to cope with very large or even infinite state spaces.

Example 2.4 (Relationship of Stochastic and Deterministic Descriptions). <= The
solution of the CME can be approximated using the deterministic approach in the limit
of the number of molecules per volume. This allows to use only the mean population
numbers by considering the mean-field limit of the system. Assume that ® is the
solution of Eq. (2.1) with the initial condition ®y.

Let X© = X/a be the stochastic representation of the same chemical system with
X(0) = . For every time ¢ >0 it holds almost surely that

lim sup | X(s) — ®(s)| = 0.

Q=00 5<¢
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This result holds only under certain conditions [21, 9%]. The authors of [00, 113]
conducted the numerical investigation of the relation between two formalisms in the
simulation setting.

2.2.3 Hybrid Semantics

It is often the case for real-life biological studies that some species posses low molecular
counts and others are present in high amounts. Usage of stochastic semantics in this case
may result in an extremely large (or even infinite) state space which renders the solution
of the corresponding CME (2.2) to be very demanding. We can treat the dynamics of
the whole system deterministically which allows for faster computation but omits the
stochastic effects. So-called hybrid approach is used to get the best from both determin-
istic and stochastic semantics by being able to combine the computational speed and
accurately describe parts of the system highly influenced by noise. Therefore, we represent
the original process X (t) as a tuple X (t) = (Xs(t), X4(t)), where the discrete stochas-
tic component X(t) describes the dynamics of small populations and the deterministic
continuous component X4(¢) describes large populations. We assume that the dimension
of X,(t) is n and the dimension of X,(¢) is i such that Ng = n 4+ 1. The dynamics of
the stochastic component X,(¢) € N” is described by a CTMC where the rates not only
depend on the current state s but also on the state y of the deterministic counterpart
X4(t) € R™. The entries of the time-dependent generator matrix Q(t) are given by

Gssr (1) = 24| s+vj=s'} Oé?yb(&y(t)), if s # 5 23)
” - ZS"#S Qss't (t)7 lf S = S/ ’

with propensity functions a?yb(s, y(t)) defined as

o (s, (1)) = {Ci't T () - 1T (), if s> 6y

0, otherwise
The transient probability distribution for X(¢) follows the time-dependent Kolmogorov
equation 7(t) = m(t) - Q(t). We assume that this system of equations has a unique solution
under the given initial condition 7(0). To solve this equation system the methods described
in Section 2.3 can be applied as well as methods designed to analyze time-dependent
continuous-time Markov chains [12, 18, , | and hybrid systems [0, 51, , .
The behavior of the continuous process Xy(t) is defined by the system of ODE similar to
Equation (2.1)

R

Z ad (X (1)), (2.4)

=1

where R is the number of reactions, where only species whose concentration is treated as
a continuous quantity, take part.

Such a representation is especially useful if the Markov chain X(¢) only encodes the
states (on/off) of a set of genes that control the production of proteins. Then each state
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variable s1, s9, ..., can take values 1 or 0 and the concentration of the corresponding
proteins is controlled by the deterministic process X4(t). We can refer to states of X(t)
as to modes [199] of the hybrid system. In each mode, the components of X,(t) follow

the system of ODE as in Equation (2.4). For a rigorous derivation of the corresponding
theory, we refer to [114].

Consider the following biological model:

Biological model 2.2 (Predator-Prey). <= This reaction network is often used
to characterize the population dynamics of animals. The predator-prey model was
proposed independently by Lotka and Volterra [151, |. The chemical reaction
network is described by

S 25 2.5;
S1 48y —252.5,

Sy =50

where the first reaction describes reproduction of a prey species 57, the second reaction
encodes the reproduction of predators Sy consuming prey (food) and the last reaction
relates to the natural death of the predator species.

We show how the hybrid semantics is applied in the next example:

Example 2.5 (Predator-Prey Hybrid). <= The predator-prey model is often used to
test the applicability of hybrid solution techniques since under certain parameter values
it possesses high stiffness. In this example we assume that the reaction rate constants
are such that species Sy (predator) has low molecular counts and species Sy (prey) is
present in high counts. A hybrid approach leads to a definition of the process as X (t) =
(S1(t), So(t)), where Sy is treated stochastically and its behavior is determined by the
time-dependent generator matrix Q(t) with entries g, « (t) according to Equation (2.3),
where ab¥(s1(t), 55) = & - 51(t) - 52, a5 (s1(t), 53) = ¢ - 55. The evolution of species
Sy is deterministic and follows the ODE Sy (t) = ¢Sts; () — ¢35y (t)so.

The presented fixed decomposition of the state space vector onto two parts is based
on dividing species into low and high abundance groups [129, |. There exist other
approaches to divide the system into subsystems. They allow for dynamical repartitioning
by exploiting the model structure. For details, we refer to [24, 10, 54, 93, , |. We
emphasize the application of the linear noise approximation, which separately treats the
noise term and the deterministic drift and provides a quasi-second order approximation
of the dynamics [135, 233, 234].
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2.3 Continuous-time Markov Chain Probability Dis-
tribution Computation Techniques

In the previous section we describe the three widely used semantics that allow us to
select the best suited description for the given biological model. Now let us consider
the stochastic semantics in more details. The main purpose when using the stochastic
description is to analyze the distribution 7 of the CTMC X. In order to analyze the
system in equilibrium the time is set to ¢ — oco. The corresponding distribution 7(00) is
called equilibrium distribution of the Markov chain X. Numerical approximation of the
equilibrium distribution requires specially designed techniques [50, ] and we do not
consider this problem here. Instead, we concentrate on the approximation of transient
distribution 7 at a certain time instant 7.

2.3.1 Monte-Carlo Simulation

One of the first methods to approximate the transient distribution 7(7) is based on the
Gillespie theory of chemical kinetics (therefore the name “Gillespie algorithm” occurs
in the literature more often). Since for the stochastic process X (t) the Markov property
holds, one can determine the time until next reaction firing. Assume that the system is
in state x at time ¢. The time ¢’ until the firing of any possible reaction is distributed
exponentially with the rate —ag(z) = — Zjvjl a;(z), which is called the ezit rate of the
state z. We need to calculate the two following quantities:

e Time t' until the change of the state. We generate the exponentially distributed
random number ¢’ ~ Exp(-ag(x)) for that.

e Index j of the next reaction. The probability to fire the reaction R; is distributed
according to the discrete distribution @1(®)/ag(a), . . ., @5, @)/ag(2).

(Ng < Np since not all reactions may be possible in state z).

Thus, starting from a state x at time t one needs to generate the two random variables
for ¢ and j. The state at time ¢ 4 ¢’ is then given by 2’ = x + v;. Repeating these steps,
one generates a single simulation trajectory until the time horizon of interest 7' is reached.
The example is shown in Figure 2.2 for simple protein production model.

The approximation p of the transient distribution 7 is then obtained by repeating N, simu-
lation runs. Transient probability of the state x is then given by p,.(T") = 1/n, Zj\f:s; 1, ()? f (T)) :

where X ; is the simulation run that ends up in the state = at time 7. The mean and the
variance of the stochastic process are then approximated using the formulas for sample
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Figure 2.2: < Three realizations of Monte-Carlo simulation for the simple protein pro-
duction model shown as blue, red and orange lines. The time horizon of interest is 800.
The example of the transient probability distribution approximation is shown as in-figure,
where each simulation realization falls at the certain bin of the histogram (gray boxes)
that approximates the probability distribution of interest.

mean and variance

)= 55 (o E[%]) (5 E[5])

where z;(7T') is a state of the Markov chain on j-th sample path at time 7". These estimators
for the moments and the probability distribution are unbiased and converge. The central
limit theorem can be used to obtain the confidence interval for the individual probabilities.
It also holds that in order to halve the length of this confidence interval one needs 4
times more simulation runs. This shows the main computational restriction of simulation-
based approaches: they need a lot of runs to provide the reasonable approximations and
low-variance estimates for systems with many reacting species.

There exist many approaches to mitigate the computational time issues that are based on
the approximation of the exact simulations using the reduction approaches [20, , ,
] and the separation of time scales [13, 87, , 191].
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2.3.2 Direct Solution Approaches

The main alternative to the simulation and continuous approximation methods is to
cope with the CME directly. The analytical solution can be obtained only in the limited
number of cases [180], for example, for systems with only zero and first order reactions
[118] (however, reactions of the type S; — S; + Sy are not covered).

For most systems it is impossible to get the analytical solution of the CME. Therefore, the
numerical solution methods are used such as already mentioned uniformization [59, 96,
|. Another group of methods focuses on the direct solution of differential equations, such

as Proper Generalized Decomposition (PGD) [10, 15], conversion into integro-differential
equations [178], Finite State Projection (FSP) and its extensions [11, 44, 61, 71, , 176],
tensor-based approaches [58, 62, 228] and the Sliding Window [110]. The extended version

of the latter approach is implemented in the tool SHAVE [146].

Let us write the CME (2.2) in the following form

87T(a$t, t) — Z [aj(z —vj)m(x —vj,t) — a;(z)m(z,1))]. (2.5)

It is important to note that often the number of states with m(x,t) > 0 is infinite since
bounds on the population sizes are not known a priori. Thus, although in reality the
molecule numbers are always finite, theoretically an infinite number of states can have
positive probability. This leads to two complications compared to finite-state models. First,
the limiting distribution of the Markov chain may not exist and additional conditions are
necessary to ensure its existence [56]. Second, the truncation techniques are necessary
to numerically simulate (2.5) since only a tractable number of states can be considered
in each integration step. The direct numerical simulation performs well as long as the
average population sizes remain small and the approximation error can be controlled by
a threshold criterion.

2.3.3 Sliding Window Approach

The direct numerical simulation is based on the dynamic state space truncation devel-
oped for uniformization methods [158] and for integration schemes such as Runge-Kutta
methods [13, 161]. We use the inflow-outflow form of (2.5) for the construction of the
dynamic state space. The terms o;(x — vj)m(z — v;,t) can be seen as the inflow to state
x for reaction R; while a;(xz,t)m(x,t) is the corresponding outflow. Let p(z,t) be the
approximation of 7(x,t) during the numerical integration for all  and all £ > 0. Initially
we set p(z,0) = 7(x,0) and during an integration step for the interval [¢,¢ 4+ h) we start
with a subset S of states that have significant probability at time ¢, i.e.,

SO .= (x| p(x,t) > 6;}

where §; > 0 is a small threshold. For all states not in S® we let p(z,t) = 0. During
the numerical integration we add new states to S whenever they receive a significant
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before truncation after truncation
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Figure 2.3: <« Illustration of the truncation technique. Left: the state space at time t,
S® . Center: all the possible states with non-zero inflow. Green states b and ¢ obtain the
inflow larger then the threshold §, states a and d do not. Right: the state space S¢+?)
after the truncation. Less intensive color of the state x shows that it has an outflow to
the states b and c.

amount of inflow, i.e., if we use the explicit Euler method, the new state probability at
time ¢ + h is calculated as

p(a,t+h) =pz,t)+h- Z (aj(z = vy)p(e —vj, t) — a;(x)p(e, b))

For a state & S® this reduces to

p(x,t+h)=h- i%‘(l‘ —v)p(x — vj, t),

J=1

so only the inflow counts. One can iterate over all states in S® and, before integrating
their probability, check whether their successors receive significant inflow. More precisely,
we simply add state z to the set SO if h - a;(x — v;)p(z — v;,t) > &, for some j. Here, &y
is again a small threshold. We then also compute p(x,t + h) for this new state.

It turns out that for most example networks an accurate approximation is obtained if we
work with a single threshold ¢, = d, =: § and choose § € {10719,107?...,1075}. Note
that the new set S+ will then contain all states z € S whose probability at time
t+ h is at least § as well as all successors z + v; € S® where 2 € S® and there exists
the reaction with index j such that h - a;(z — vj)p(x — v;,t) > 0 (which implies that their
probability at time ¢ + h is at least ¢). This process is illustrated in Figure 2.3.

Different truncation strategies are possible (e.g. choose d5 smaller than 4, ). However, simply
adding all successors (d; = 0) is not efficient since often we have reversible reactions, i.e.,
v; = —vy, for some j # k where one direction is much more likely then the other, say R;.
In such a case the main part of the probability mass moves in the direction of v; and the
accuracy gain in adding a successor w.r.t. vy is not worth the effort since during the next
construction of S® these successors are anyway removed from S®.
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This method makes the most sense to be used with the systems that possess the unbounded
(or bounded, but reasonably large) state space. Consider the following biological model 2.3
of exclusive switch:

Biological model 2.3 (Exclusive Switch). <= We consider a gene regulatory net-
work called exclusive switch [153]. It describes the dynamics of two genes with an
overlapping promoter region, and their products P, and P,. Molecules of both species
P, and P, are produced if no transcription factor is bound to the promotor region
(region is free). However if a molecule of type P, (P,) is bound to the promotor then
it inhibits the expression of the other product, i.e., only molecules of P, (P;) can be
produced. Only one molecule can be bound to the promotor region at a time which
implies that the promoter region has only three different states (free, P; or P, bound).
The model has an infinite state space and the stoichiometric equations are

DNA 2 DNA+ P, DNA+ P, = DNA.P,

DNA 2, DNA+P, DNA+P, % DNAP DNA.P, 2 DNAP + P,
P 200 DNA.P, %5 DNA+P,  DNAP, 2% DNAP,+ P,
P, 50 DNA.P, 2 DNA+ P,

The reaction rate constants cq,...,c1o are given by the entries of the vector ¢ =

(2.0,5.0,0.005,0.005,0.005,0.002,0.02,0.02, 2.0, 5.0) and the initial conditions are such
that only one DNA molecule is present in the system while the molecular counts for
the rest of species are zero.

In order to illustrate the method performance, we list the size of the truncated state space
together with the total loss of probability mass and show the solution for the Exclusive
Switch model (cf. Example 2.6):

Example 2.6. <~ In Figure 2.4 we plot the results of a direct numerical simulation
until ¢ = 100 using a dynamical state space as explained above.

The different subfigures show the marginal distributions of protein counts P, and P,
when we condition on the three different states of the promotor region.

To investigate the accuracy of the obtained results we refer to the Table 2.1, where
we list the amount e of probability mass lost during the computation and the average
size |S| of the number of significant states for different thresholds 6.

Note that the probability of all states not in S is approximated as zero. Thus, the
probability loss € is equal to the total approximation error (sum of all state-wise
errors). If m(z,t) is the true state probability and p(z,t) is the approximated state
probability then

> wla,t) =) pla,t)| <« (2.6)

T

where we have equality at the final time instant of the computation. We find that, for
instance, if we choose 6 = 107!° the total approximation error e remains below 1071°,
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Recently, the authors of [130] deeply investigated the approximation error of different
numerical approaches to solve the CME.

) |S] € time (sec)
1071% 183210 3-10°° 154
10712 203948 2-10°% 174

1071 265497 9-10~1 239
10720 381374 1-1071 1027

Table 2.1: <= Dynamical state space truncation results for the exclusive switch.

0.02 = 0.03 = 0.04
P||DNA =1 P|DNA.Py = 1 sommm P|DNA.Py = |
0.018 P,|DNA =1 P|DNA.P, =1 0.035 P|DNA.P, =1

0.025

0.016
0.014 sl
0.012
0.01 0.015 - 0.02
0.008 oor 0.015
0.006 ST
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0.002
0 0 - : 0
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Figure 2.4: < Probability (y-axis) distribution of the protein counts P; and P,
(x-axis) conditioned on the events that the promotor region is free (left) bound to
P, (center) and bound to P, (right) computed at time instant ¢ = 100 for exclusive
switch system.

Consider the following biological model of gene expression:

Biological model 2.4 (Gene Expression). <= We consider a simple gene expression
model that describes the formation of mRNA (R) and protein (P) molecules [105].
The production of R is controlled by the state of the DNA which can be either active
(Don) or inactive (Dyg). We assume a single copy of the corresponding gene, i.e., it
always holds that Dy, + Dog = 1. If Dy, = 1 then mRNA molecules are synthesized
and can be further translated into proteins. The proteins induce the activation of the
DNA, forming a positive feedback mechanism. Moreover, mRNA and proteins can
degrade. The chemical reactions are as follows

Ton

Doff ﬁDon R l> @

Toff
Tp
Don 2 Dow+ R P =10

RgR—i-P P+D0ff&P—|—Don
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Figure 2.5: <= Gene expression example: two-dimensional marginal distribution of mRNA
and proteins (a), conditional distributions of proteins (b) and mRNA (c¢) computed by
directly solving the CME. Density of gray color corresponds to probability mass for (a)
and for (b) and (c) y-axis corresponds to probability values.

The accuracy of the direct solution of the corresponding CME is investigated in Exam-
ple 2.7.

Example 2.7. <= A state of the CTMC that corresponds to the gene expression model
is a vector ¥ = (Tp_g, Tpons Tr, Tp), Where Tp ., Tp,, € {0,1} are the populations of
Dyg and D,, and zg,zp € N is the number of mRNA and protein molecules, respec-
tively. We plot the two-dimensional marginal distributions of mRNA and proteins
at time t = 10 in Figure 2.5 (darker points correspond to larger probability values),
where we chose rate constants (7o, Toff, kr, Kps Yrs ¥p, 7,) = (1,1,10,1,4,1,0.015) as
in [105]. For the initial state we chose xy = (1,0,0,0). The other two plots in Fig-
ure 2.5 show the distributions of mRNA and proteins after conditioning on the two
states of the DNA. The distributions were computed by integrating the CME based
on a fourth-fifth order Runge-Kutta method with the adaptive step size. We chose
d = 1071 as truncation threshold, yielding a total error of € = 3-1071? at time instant
t = 10.
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2.3.4 Moment-based Reconstruction Techniques

Assume that is is possible to obtain the values of moments po, ..., uy of the distribution
7(T) without solving the CME directly (for example, using the moment closure meth-
ods). These moments already give us a certain information about the average values of
species (via expectation) and their range (via covariances). In addition to that, we can
try to solve the following problem: given the values of moments py, . .., a7, approximate
the corresponding distribution p(7"). This problem is usually called the inverse moment
problem. For example, we can uniquely reconstruct the normal distribution N (u, o) given
its mean 4 and variance o in the continuous state space setting. The Poisson distribution
is uniquely defined by its mean A in the discrete state setting.

When CME for the given chemical reaction network is to be solved, there is no evidence
of whether there is an analytical model that describes the transient solution properly.
Therefore, the flexible models such as generalized exponential family (cf. Appendix A.5.7)
can be used in order to incorporate many different behaviors such as non-symmetry
and multimodality. In this thesis, we use the maximum entropy principle and the corre-
sponding family of distributions to cope with this problem. The details on the moment
approximation and the distribution reconstruction methods are given in Chapter 3.



Chapter 3

Moment Approximation Methods

The main difficulty arising in the numerical solution of the CME is the curse of dimension-
ality: each chemical species that is involved in a reaction adds one dimension to the state
space of the Markov chain. Tight bounds for molecular counts are usually not known a pri-
ori and thus the size of the state space that has to be considered is extremely large or even
infinite rendering a direct numerical integration of the CME (2.5) infeasible. The main
idea is to concentrate on those population vectors containing a significant amount of prob-
ability mass. If in a reaction network some chemical species are highly abundant then the
support of the underlying probability distribution of the process becomes very large even
when insignificant parts are truncated (e.g. if we consider the sets {z | p(x) > ¢} for some
small 0). In such a case it is advantageous to change the representation of the distribution.
The idea of methods of moments or moment closure methods is to replace the distribution
of the Markov chain by its moments up to a certain finite order [, (7, , |. Tt is pos-
sible to derive differential equations that can be used to approximate the time evolution of
moments. For instance, if the distribution of the chain is similar to a multivariate normal
distribution, one can obtain a very accurate approximation of the distribution by tracking
the average molecule counts and their variances and covariances over time. For systems
exhibiting more complex behavior such as oscillations or multimodality, moments of higher
order are necessary for an accurate description [5]. It is, for instance, straightforward to
derive a differential equation for the time evolution of the first-order moments E[X (t)].
For this we derive a system of differential equations for the moments along the lines of
Ale et al. [5]. For simplicity, here we restrict ourselves to the first two moments.

19
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3.1 Moment Approximation

3.1.1 Evolution of the Mean

Consider the expectation <)Z' > of the random vector X @, where i-th entry denotes the

expected number of molecules of type S; at time ¢. The expectation is given by

Let apply the test function f: ZY — RY that is independent of ¢ to the both sides

B((X)) = 3 f(a)- PIE(1) =]

erg

By taking the derivatives w.r.t. time on both sides we obtain

4B(f(X) = X f(@)- 4PX() =2
xEZg
Ng . . .
= L B(0y(X) - (F(X +0)) = F(X)).
j=
For f(z) = x this yields a system of equations for the population means

%E(}f) = jiw-E(aﬂ)Z)). (3.2)

The expected propensity of reaction R; is given by

(¢ if aj(x) = ¢j,
) ¢ E X}(t)) if aj(z) =¢j -y,
E<aj(X)) ) o B(X() - X() if () = ¢; - @i -,
s (B(R20) - B(X0)) i) = jo;- (0 — )

In the third and fourth case we get a new equation for all expectations involving the
product of two random variables since «; is not linear in the elements of x. They again
involve the expectations for which we get new equations, which leads to an infinite series
of differential equations. However, if all propensity functions «; are linear (first and second
case), the equation (3.2) can be simplified to

This gives a system of differential equations, which is identical to the reaction rate equations
except that we consider populations instead of concentrations. In general, the solution
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of the reaction rate equations is different from the average populations of the Markov
chain because of the non-linearity of propensity functions. To illustrate the method, we
introduce the simple protein production model:

Biological model 3.1 (Simple Protein Production). <= Consider the following chem-
ical reaction network

) — mRNA
mRNA — mRNA + protein
mRNA =5 0
protein — ()

It involves two chemical species which are represented by mRNA and protein and
describes the over-simplified process of the protein production. More formally, we
write the chemical reaction network as

TS

lelzls ]

S S 5 Ny
_|_
v

Now we describe the evolution of the means for this model:

Example 3.1. <> Assume that the initial distribution of the CTMC X(¢) that
corresponds to the simple protein production is given by 7(0) = [1,0,...], where the
first element of the vector is 7,,(0) = 1 and the initial state so = (0,0). The state
space of X (t) is unbounded and given by Z?. According to the initial distribution of

the CTMC, we initialize the expected populations as E()Z(O)) = (0,0). We compute
E(X) by solving

%E@z—) _ jvzjl@E( (X )) Xi: ( (Xj)
= (1,0) -1 +(0,1)

+(=1,0) - 3 - E(Xl( )) (0,—1) ey E()?Q(t)) ,

/\ C

where X corresponds to mRNA species and X5 corresponds to proteins. This ODE
system can be simplified to

LE(Xi(1) = e—e-B(X0))
%E(fﬂt)) = - E()Z’l(t)) ey E<)?2(t)> _
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3.1.2 Evolution of the Covariance and Higher Order Moments

For most networks the system of ODEs to approximate moments is not finite but we can
consider the closure of the system which is based on the Taylor expansion of the function

a; ()?(t)) about the mean E()?(t)) Let us write p;(t) for E<fl(t)> and p(t) for the
vector with entries p;(t), 1 <i < Ng. Then

—

Bay(X)) = o)+ 5 S0y B(Xi— 1) o)
o Diet 2o E((Xz — ) (X, — Mk)) %;wkaj(u) +...

where we omitted ¢ in the equation to improve the readability. Note that £ ()?1(15) — ui> =

0 and since we restrict to reactions that are at most bimolecular, all terms of order three
and more disappear. By letting Cj be the covariance E((X;(t) — pi)(Xx(t) — px)) we get

E(as(X)) = ag) + 58 X% Cogloas (1) (3.3)

Next, we derive an equation for the covariances by first exploiting the relationship

d d = o d d S d d

O = = k) = g (are) = - b g | =\ | (3:4)
and if we couple this equation with equations for the means, the only unknown term
that remains is the derivative %E <)?Z)Z' k) of the second moment. We can apply the same
strategy as before by using Eq. (3.1) and doing the Taylor expansion about the mean for

the test function f;(x) := «(x)x; for the corresponding terms

%E()?)Z’k) _ (vj,wj,kE(ajo?)) + vj,kE(aj()?))?i) + vj,iE(aj ()?))Z'k) ) . (3.5)

j=1
where v;; and v;, are the corresponding entries of the vector v;. We can use Eq. (3.3) for
the term £ (aj ()Z')), while the terms E(aj ()?))_(» and £ (aj ()Z')X’k) have to be replaced
by the corresponding Taylor series about the mean. Let f;(z) := o (x)z;. Similar to
Eq. (3.3), we get that E(a]()?))zz) equals

B(o(00%) = s+ 4 32 (X = ) ()

e ve . ) (3.6)
a2 3 B (K= ) (R — o)) il )+ -

Here, it is important to note that moments of order three come into play, since derivatives
of order three of f;(x) = a;(z)x; may be nonzero. It is possible to take these terms into
account by deriving additional equations for moments of order three and higher. Obviously,
these equations will then include moments of even higher order such that theoretically we
end up with an infinite system of equations. However, a popular strategy is to close the



Moment Approximation Methods 23

equations by assuming that all moments of order > M that are centered around the mean
are equal to zero. E.g. if we choose M = 2, then we can simply use the approximation

B(a;(X)X:) ~ () + 2.§SIZE( — ) <Xk—uk>)8f—;%fj<m.
i=1 ¢

This approximation is then inserted into Eq. (3.5) and the result is used to replace the
term %E(X}X'k) in Eq. (3.4). Finally, we can integrate the time evolution of the means

and that of the covariances and variances.

The moments of higher order can be approximated using this approach by choosing the
appropriate test function f(x). To truncate possibly infinite system of ODEs we apply
low dispersion closure (cf. Section 3.1.3).

To illustrate the method, we consider the following examples for the simple dimerization
(cf. Example 3.2), gene expression (cf. Example 3.3) and bursty protein production (cf.
Example 3.4) reaction systems.

Example 3.2 (Moment Closure for Simple Dimerization Model). - Assuming that
all central moments of order three and higher are equal to zero, we get the following
equations for the means, variances and the covariance of the species

%,Ul = —cip (1 — 1) — c1Ci 2 + 2cop00

%Mz = %Cl,ul (1 — 1)+ %Clcl,Q — Calb

LCy = —2c1p} + derpd — 2e1p + Aeaps + deopapio ‘
%01,2 = —30101,1 + (—01(/~L1 =1)= %Clulcm + C2M%)

+po (—2¢2 — copn + ¢1Ch 1)
LCop =3c1011+ 2crp(pa — 1) + po(ca — c1C11)
Here we denote the expectations of species P (P;) by u1 (u2), variances are given by

(11, Uy and the covariance between P and P, is C . In the equations we omit ¢ to
improve readability.
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Example 3.3 (Moment Closure for Gene Expression Model). <= We apply the mo-
ment closure technique described above to the gene expression system. When we
consider only the moments up to second order, the corresponding equations for the
average number of molecules are given by

d d
dit*Pot = ToftHDon E(r,Xp,g Xp) R = KrlDon = VrHR
d d

EMDOH = TonHDog E(TanDoHXP) EIUP = kpltr — Vphtp,

where p Dgg+ MDon aI€ the expected numbers of D.g and D, respectively, and ug, pp
are the expected numbers of mRNA and proteins.

Biological model 3.2 (Bursty Protein Production). <= Consider a simple model of
gene expression with enzymatic degradation [219]
YN
ME M+P
k
P+E=C % E.
4

The detailed description of the corresponding biological functions can be found in
[77, ], where it is noted that the active protein degradation influences the protein
distribution such that they are skewed towards high molecule numbers. Assuming
binding and unbinding of P and E are fast compared to protein degradation, the

authors of [77, 222] simplify this chemical reaction network in the following way
P f(xp) @,
with f(zp) = Qgﬁyffp, where zp is the number of proteins and K, = %;3’“5 is the

Michaelis-Menten constant. Here rates are set to kg = 8, k1 = 10, ky = 100, vy, = 100,
Ky = 20 and the volume of the system is set to {2 = 1. The reaction rates are chosen
such that the proteins are produced in bursts of size b = ky/k;. The complete chemical
reaction network with the Michaelis-Menten type kinetics for P, f(zp) = 2L is
given by

o Foy pp Fy
ME2 v4p

p fer) o
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Example 3.4 (Moment Closure for Bursty Protein Production). <= Assuming that
all central moments of order three and higher are equal to zero, we get the following
equations for the means and covariances of the species

%/“LM = Qk() = kl,uM i

%PJP = kipn — f(pp) — %%CP,P

%CM,M =) k(] -+ kl,U/M — 2kch,M (37)
%CMJD = —k1Cu,p + k2Cr i — (agyﬂ:)> Cia

4Cpp = 2k:Crp + f(up) + (3 S — 2 2e2)) G,

where the expectations of the species are given by pu, and pp, variances are given
by Cyr and Cpp and the covariance between M and P is denoted by C’M p The

of(up) _ K Bp)
derivatives of the rate function f(xp) are given by Drn i =7 ;]\Ajﬂﬂi 7 and 2 Gu =
—9_vuKy
(Kn+ap)®”

3.1.3 Other Closure Techniques

Possibly infinite system of differential equations obtained using moment closure approach
needs to be truncated. In the course of this thesis we rely on the closure method where we
assume that all central moments of the order > M are zero. It is referred in the literature
as to low dispersion closure.

Here, we provide the general idea of the moment closure and short description of some of
the existing techniques. Given the order vector of non-negative integers I = (Iy,..., Iny),

the uncentered moment of X is given by p = E(X(II)X(IZ’) x -)Z(INS)>. The order of

Ng

this moment is |[I| = ) I;. The evolution of the vector p of moments of order < k is
j=1

governed by the exact k-th order dynamics [200)]

4~ A+ R (3.9)
dt
where 1 € R® and K < k since there are many moments of the same order. The vector
fi € RE contains moments of order > k (k is called the order of truncation). The term
Bji appears to be non-zero when there are bi-molecular reactions in chemical reaction
network so that the system of ODEs is open since it depends on ji. Using the moment
closure procedure, we can approximate the dynamics of p by the one of v:

d

—v = Av + Bo(v), (3.9)
dt

where v € R¥ and ¢(v) is the finite approximation of fi. The idea of the moment closure
techniques is to find such closure function ¢(r) that the solution v in (3.8) is nicely
approximates to the solution x in (3.9).
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Various methods can be used to close the system of equations, such as derivative matching
and zero cumulants closures [1 12, 167, 200, 236] as well as beta-binomial [139, 110] (that
addresses the problem of highly skewed population distributions), maximum entropy [203]
and Dirac [108] distribution assumptions.

Mean-Field. The evolution of the mean of populations is analyzed using mean-field ap-

proach. The higher-order moments E (X;X PRE X k) are approximated using the in-

dependence assumption, i.e., E()Z'Z)ZJ = )Z'k> = E()Z'Z> E()Z']) x E<)Z'k), so that
the covariances are ignored. When the amount of molecules is high, this introduces

the accurate approximation for the expected populations. However, for some models
(such as circadian clock) it does not perform well.

Zero Cumulants. It is assumed that the populations are distributed according to the
multivariate normal, so that all the moments of order > 2 can be expressed in terms
of means and covariances according to Isserlis theorem [117].

Derivative Matching. The assumption is made that the populations are distributed accord-
ing to the log-normal distribution [200]. It provides the straightforward multiplicative
way of closing higher-order moments.

Methods based on the mass fluctuation analysis are considered in [22, 89]. Recently,
Lakatos et al. presented the method [145] to conduct the closure using multidimensional
normal, log-normal and gamma distributions. Other group of methods are based on the
system size expansion 94, 194, 221] (that takes its roots in Van Kampen’s work [126]). The
comparison of the mean-field, normal closure, min-normal and log-normal closures for the
performance models is provided in [97]. The dynamic switching between different closure
methods (namely, derivative matching, zero cumulants, zero variance and low dispersion)
for the parameter identification task is considered in [35]. It can also happen that the
system of ODEs is stiff and it requires the specialized solvers to be applied. The authors
of [219] propose to use so-called convergent moment to mitigate the stiffness problem.

Most of the above mentioned closures were recently implemented in the tool CERENA [125].
The (non-complete) list of the available software to conduct the moment closure analysis
is given in Appendix A.4.

3.1.4 Accuracy of Moment Closure Approximation

For non-complicated systems such as the simple dimerization we find that the approxima-
tion provided by the moment closure method is very accurate even if only 2 moments are
considered. In general, however, numerical results show that the approximation tends to
become worse if systems exhibit complex behavior such as multi-stability or oscillations.
Increasing the number of moments typically improves the accuracy [5] but it may happen
that the resulting equations become very stiff [07].

Grima has investigated the accuracy of the approximation for |I| = 2 and |I| = 3 by a
comparison with the system size expansion of the master equation [94]. He found that
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—

for monostable systems with large volumes, the approximation of the means E[X ()]
has a relative error that scales as QM while the relative errors of the variances and
covariances scale as Q™= |T| € {2,3}. Detailed comparison of existing methods was
recently presented by Schnoerr et al. [194]. The authors of [117] provide the theoretical and
numerical results about the errors that come from the truncation of moment ODE system
when standard moment closure approach is applied. For small volumes or systems with
multiple modes, however, only numerical evaluations of the accuracy are available [5, (7],
where the approximated moments are compared to statistical estimates based on Monte
Carlo simulations of the process. Recently, it was shown that it is possible to derive the
exact lower and upper bounds on the moments in equilibrium state [70].

Here we investigate the accuracy of the low dispersion closure using several biological
models. In Example 3.5 we consider the simple dimerization:

Example 3.5 (Accuracy of Moment Closure for Simple Dimerization). <= The com-
parison between the moments computed using direct CME integration and obtained
using moment closure technique for the simple dimerization model is provided in
Table 3.1, where N., denotes the number of equations in the ODE system. The in-
tegration of the moment equations takes less than one second for this example. The
initial protein numbers are chosen as P = 301 and P, = 0 and we consider the system
at time t = 20 [5]. We find that the moment closure approximation provides very
accurate results.

I Neq  €m=1 €1/=2 €1/=3 €]1/=4 €1/=5

2 5 0.001754 0.003495 - - -

3 9 0.001752 0.003492 0.005215 - -

4 14 0.001743 0.003465 0.005211 0.006907 -

5 20 0.001721 0.003418 0.005183 0.006901 0.008555

Table 3.1: <= Errors of the moment closure approximation for the dimerization
chemical reaction network.

The first column in Table 3.1 refers to the highest order |I| of the moments that were con-
sidered during the computation, i.e., all central moments of higher order are approximated
with zero. In addition we list the relative errors of the means (e—;) and the moments of
the higher order % (ey—;) using the error norm

i —mi®)|
€1j=k = ie{rll}??livs} mgk) .

(3.10)

Here, mg’“) and mgk) are the values of moments F(X¥) computed using the moment closure
method and obtained via direct numerical simulation and the maximum is taken over the
chemical species. The order vectoris I = (0,...,0,k,0,...,0) both for mg’“) and mz(»k). The
second column in tables refers to the number of equations N, that were integrated for
the moment closure method.
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Let us introduce another model of multi-attractor for which we obtain the larger equation
system that governs the dynamics of moments:

Biological model 3.3 (Multi-attractor Model). <= The multi-attractor model [251]
consists of 23 chemical reactions (listed in Appendix A.7) and describes the dynamics
of three genes and the corresponding proteins. The proteins PaxProt, MAFA Prot
and DeltaProt are able to bind to the promotor regions of the DNA and activate or
suppress the production of other proteins. The model is infinite in three dimensions.

Example 3.6. <~ We consider the accuracy of the moment closure approximation
(cf. Table 3.2) in the same way as for the previous example but list the running time
in addition (third column). The values of stochastic reaction constants are chosen as
¢, =5,¢q =0.1,¢, = 1.0,¢, = 1.0 and we consider the system at time ¢ = 10. As
initial conditions we assumed one molecule for all DNA-like species (PazDna = 1,
MAFADna = 1, DeltaDna = 1) and the molecular counts for the remaining species
are 0.

We find that the moments obtained via the moment closure approximation are accu-
rately approximated. For instance, the average number of MAFA Dna is approximated
as 19.719 while the result of the direct numerical simulation gives 19.544. Note that
it takes 20634 seconds to finish the numerical simulation (the size of the truncated

state space |S| = 7736339) whereas the moment closure approximation takes only
3649 seconds.

[I|  Neq time (sec)  ep=1 €[1]=2 €[1j=3 €l1]=4 €l1j=5
2 104 2 0.043987 0.077507 - - -

3 559 40 0.043987 0.067790 0.104288 - -

4 2379 443 0.043987 0.058938 0.082293 0.096345 -

5 8567 3649 0.043987 0.037542 0.066227 0.056258 0.110358

Table 3.2: <—= Moment closure approximation results for the multi-attractor network.

Yet another model to be considered is the exclusive switch that exhibits bimodal behavior
for certain parameter regions:

Example 3.7. <= The reaction rate constants and initial conditions are chosen as
in the description of the system. Again, we first consider the accuracy of the moment
closure approximation (cf. Table 3.3) at time ¢ = 100 in the same way as for the
previous examples. As also noted by Grima, the error of the moments that have the
highest order which have been considered during the computation, is rather high [94].
Thus, in the moment closure approximation we have to consider at least all moment
up to order five to accurately estimate the moments up to order four.
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I Neg time (sec) = €1=2 €1=3 €11=4 €1=>
2 20 <1  0.004555 0.194240 - - -

3 55 <1  0.004555 0.026281 0.060490 - -

4 125 2 0.004555 0.020493 0.028242 (0.136965 -

5 251 6 0.004555 0.017774 0.027933 0.026724 0.015461

Table 3.3: <= Moment closure approximation results for the exclusive switch.

Let us also investigate the accuracy of the moment closure approximation for gene expres-
sion system:

Example 3.8. <= We compare the approximated moments with those computed via
a direct numerical integration of the CME (Table 3.4). We consider the following three
cases. The moment closure approximation is carried out using all moments up to order
4, 6, and 8. For each case we list the number of moment equations, the running time,
and the relative errors in the first four moments (columns 4-7).

I  Neq time (sec) €1 €[1|=2 €[1j=3 €[1]=4 €[1j=5

4 70 1 8§-107°% 83-107° 9.6-107° 8.24-107*

6 209 25 2-100° 2-107° 1-107°  3.6-10° 85-107°
8 494 3726 1-107 2-10°° 2-107° 4-107%  1.3-10°°

Table 3.4: <= Moment closure approximation results for the gene expression system.

3.2 Method of Conditional Moments

In many chemical reaction networks we find a joint distribution for which a representation
in terms of the moments is not ideal. For instance, many networks describing gene regula-
tory processes contain binding events where the number of binding sites is very low (often
there is just a single binding site). Then the size of the populations of the corresponding
chemical species is bounded by the number of binding sites. For instance, in case of the
gene expression model we only have two possibilities: the DNA is either in the on or in
the off state. Then the marginal probability distribution consists of a small number of
discrete probabilities and the joint distribution is typically divided into several modes
that correspond to the different binding states. In such cases it is obvious that for the
small populations a moment representation is not adequate compared to considering the
discrete mode probabilities. This, however, implies that one has to consider conditional
moments (conditioned on the mode) for the remaining (large) populations. Here the focus
is on a comparison of the underlying probability distributions that are reconstructed from
the moments. In the work of Hasenauer et al. [105] equations have been derived for the
integration of the mode probabilities over time (where the mode corresponds to the state
of the small populations, e.g. state of binding sites, etc.) and equations to integrate the
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moments of the large populations, conditioned on the mode. We refer to this as the MCM
approach and in the numerical results presented in the following, we reconstruct the joint
distribution based on both the MM approach and the MCM approach to see whether the
reconstructed joint distributions are more accurate if conditional moments are used.

We first decompose the chemical populations described by X (t) into small and large
populations. Here we assume that this decomposition is static. However, it is obvious that
during the integration over time, we can (after reconstructing the joint distribution) choose
a different decomposition for the remaining time. From what size on a population should be
considered as small typically depends on the amount of the main memory that is available
and on the maximum order of the moments that we consider for the large populations.
Note that considering conditional moments yields a smaller number of equations if the
order of the considered moments is high. The reason is that the number of equations
for representing the dynamics of the small populations does not increase as the order of
considered conditional moments increases. Also, for many systems the decomposition is
obvious, as the small populations are exactly those that have a maximum size of, say, less
than 10 (because they represent binding sites) and the large populations count protein
numbers which may become rather high. Recently, it was shown by Ruess [187] that the size
of the ODE system can be reduced even further by considering only those configurations
of the system that are realistic (reachable).

Formally, we write the random vector X (¢) at time ¢ as X (t) = <}7(t), Z(t)), where Y (t)

corresponds to the small, and Z (t) to the large populations. Similarly, we write z = (¥, 2)
for the states of the process and v; = (0;,7;) for the change vectors, j € {1,..., Ng}.
Again, the first component refers to the small and the second component to the large
populations. The CME 2.5 becomes

Nr
aﬂ— ﬁvz e ~ - ~ — A — ~ — = — =
G2 = Zl(%'(y—% Z=05)m(§—10;, 2= 0;) — (9, )7 (4, 7)) (3.11)
Jj=

where we omitted the time parameter ¢ to improve readability. Next, we sum over all
possible Z to get the time evolution of the marginal distribution 7(y) = > .7 (¥, Z) of the
small populations:

O ~ [ — NR — A~ — ~ — ~ — ~ n — = — =
2 =23 a;(§— 05,7 = 0)7(F— 0,7 —0;) — > 3 (7, )m(§, 2) =
zZ j=1 zZ j=1 312)
N . oo R Nr R ( :
#( = 0)E |y (F = 3, 2) | Y == 03] = Y #(@)E|ay(5, 2) | ¥ = 7]
j=1 7=1

Note that in this small master equation that describes the change of the mode probabilities
over time, the sum runs only over those reactions that modify ¥, since for all other reactions
the terms cancel out. Moreover, on the right side we have only mode probabilities of
neighboring modes and conditional expectations of the continuous part of the reaction
rate. For the latter, we can use a Taylor expansion about the conditional population
means. Similar to Eq. (3.6), this yields an equation that involves the conditional means
and centered conditional moments of second order (variances and covariances). Thus, in
order to close the system of equations, we need to derive equations for the time evolution
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of the conditional means and centered conditional moments of higher order. Since the
mode probability 7(y) may become zero, we first derive an equation for the evolution of
the partial means (conditional means multiplied by the probability of the condition)

o Nr I o =24 L

5 (BZ 1 7)) = £ 25752 = X BUZ + ty)oy(i — 5. 2) | 5= ) w(i7 ~ )

Ne L

- ZlE[Zaj(y, Z) | g =),

J:
where in the second line we applied Eq. (3.11) and simplified the result. The conditional
expectations E[(Z + 0;)o;(§ — 0, Z) | ¥ — v;] and E[Za;(y, Z) | §] are then replaced by
their Taylor expansion about the conditional means such that the equation involves only
conditional means and higher centered conditional moments [105]. For higher centered
conditional moments, similar equations can be derived.

If all centered conditional moments of order higher than k are assumed to be zero, the result
is a closed system of differential algebraic equations (algebraic equations are obtained
whenever a mode probability 7(¥) is equal to zero). However, it is possible to transform the
system of differential algebraic equations into a system of (ordinary) differential equations
after truncating modes with insignificant probabilities. Then we can get an accurate
approximation of the solution after applying standard numerical integration methods. We
construct the ODE system using the tool SHAVE which implements the truncation based
approach and solves it using MATLAB’s ode23 solver with the default error tolerance
settings. Therefore, the overall moments are computed as follows

RARDIAC)
BZ] =3 B[ Zlg] (5)

We consider the application of method of conditional moments to the gene expression
model in the next example:

Example 3.9 (MCM applied to Gene Expression model). <= We apply the method
of conditional moments to the gene expression system. The modes of the system are
then given by the state of the DNA. The equations for the mode probabilities (pog,
Pon) and the expected number of mMRNA (pig off, ftron) and proteins (ppofr, fpon) are
as follows:

d p d D

%poff = Ton Pon — (Toff 2 Ton MP,oﬁ)poff %pon - (Toff = 7—011,UP,OH)poﬁC — Ton Pon
d d

= off Moff) — —"Ir off Po 0 on on:kr_r on )Pon

7 (HRoft Poft) = —VrliR.off Por 7 (Bron Pon) = (kr = Yrftron)p

d d

0 (MP,ofT poff) = (kpMR,off - ’Vp,UP,oﬁ?)poﬁ" o (MP,on pon) = (k‘pﬂ’R,on - ’Yp,UJP,on)pon

dt dt
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We computed the conditional moments and conditional probabilities over time by
considering moments up to the order of 4, 6, and 8. For these three cases the number
of equations, when compared to the method of moments (MM), are as follows (however,
can be further decreased [137]):

moment order M 4 6 8
Neq, MM 69 209 494
Neq, MCM 30 56 90

The relative errors ey (3.10) of the results of the method of conditional moments
(MCM) are given in Table 3.5, where we again compared to the results obtained via
a direct numerical solution.

Our experiments show that the MCM performs much faster (due to the smaller
number of equations) and still yields accurate approximation of the moments. For
the chosen set of parameters the MCM tends to provide a better approximation for
higher moments, whereas the MM approach is more accurate for lower moments when
the same number of moments is considered. For example, in the case of 6 moments
the maximum relative error for the first moments computed by the MM approach is
2-107%, compared to 3.2-107° when computed using the MCM. At the same time, the
maximum relative errors of the sixth moments are 6.5-107* and 2 - 10~* for the MM
and the MCM respectively. Note that the (unconditional) moments for the MCM are
computed via multiplication of the conditional moments with the mode probabilities
and sum over all possible conditions.

We also consider another set of parameters for the gene expression kinetics. The
rate constants are chosen (Ton, Toft; k7, kp, Vi, Vp, 72,) = (0.05,0.05,10,1,4,1,0.015) as
in [105]. For the initial states we simply use zo; = (1,0, 4, 10) and 22 = (1,0, 4, 10)
with probabilities P(zg;) = 0.7 and P(xo;) = 0.3. The comparison of the moment
values at time instant ¢ = 10 reveals that the MCM provides a much better approxi-
mation both for high and low order moments as opposed to the first parameter set. For
instance, in the case of 6 moments the maximum relative error for the first moments
computed by the MM approach is 0.14 whereas in the MCM approach the error is
7.5-1075. The maximum relative error of the sixth moments for the MM approach is
0.28 compared to 0.02 using the MCM.

I Neq time (sec)  €mode €|1j=1 €)1/=2 €]1]=3 €]1/=4

4 30 1 7-100¢  1-107° 2.86-107* 1.12-107% 6.98-1073
6 56 2 6-10° 3.2-10 59-10° 6.8-10° 2.18-10~*
8 90 9 2.-107% 4.2-10° 62-107° 7.7-10° 9.1-107°

Table 3.5: <= Conditional moment closure approximation results for the gene expres-
sion system.
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The application of MCM to the exclusive switch model is considered in the following
example:

Example 3.10 (MCM applied to Exclusive Switch model). <= We apply the method
of conditional moments to the exclusive switch system. This system possesses three
modes that correspond to three possible states of the promoter, i.e., p; = P (DNA = 1),
pa = P(DNA.P, =1) and p3 = P (DNA.P, =1). We first calculate the number of
equations to be solved when the standard moment closure is applied and compare
that to the size of ODE system solved when MCM is used in the table below.

moment order M 4 6 8
Neqy, MM 125 461 1286
Ney, MCM 45 4 135

As expected, for the system with more species, the benefit of applying the MCM is
more obvious. We also list the relative error €— (3.10) of the results of MCM applied
to the exclusive switch system in Table 3.6, where we again compared to the results
obtained via a direct numerical solution. The relative error of the approximation
gradually decreases as more moments are taken into the consideration. We emphasize
that the computation time for the case of 8 moments is 83 seconds whereas the

application of MM is almost infeasible (the corresponding computation takes around
60 hours).

[I] Neq time (sec) €= €l1=2 €l1=3 €|1j=4

4 45 5 1.0-10° 3.7-10° 4.9-10° 1.5-10~*
6 84 20 24-10° 39-10° 51-10° 64-10°°
8 135 83 78-107 14-10° 20-10° 1.9-10°°

Table 3.6: <= Conditional moment closure approximation results for the exclusive
switch system.



Chapter 4

Inverse Moment Problem

Moment closure methods can be used to approximate the moments of a stochastic dy-
namical system over time. The numerical integration of the corresponding ODE system
is usually faster than a direct integration of the transient probability distribution or an
estimation of the moments based on Monte-Carlo simulations of the system. However, if
one is interested in certain events and only the moments of the distribution are known,
the corresponding probabilities are not directly accessible and have to be reconstructed
based on the moments. Here, we shortly review standard approaches to reconstruct one-
dimensional marginal probability distributions 7;(z;, t) = P[X;(t) = z;] of a Markov chain
X that describes the dynamics of a chemical reaction network. Assume that a finite
number of moments of the i-th molecular population at a fixed time ¢ is given. Then the
corresponding probability distribution is in general not uniquely determined since there
can be several distributions that fulfill the moment constraints. For instance, the expo-
nential distribution maximizes the entropy among all continuous distributions on [0, c0)
with the same mean. Similarly, the normal distribution is chosen among all continuous
distributions if mean and variance are known. In order to choose one distribution from
this set, we apply the mazimum entropy principle. In this way we minimize the amount
of prior information and avoid any other latent assumption about the distribution.

Here, we use the moments up to order M to obtain the one- and two-dimensional marginal
probability distributions of a reaction network. The reconstruction of the distributions of
higher dimension is more involved and hence the advanced numerical techniques must be
applied [3].

Having its roots in statistical mechanics and thermodynamics [I19], the maximum en-
tropy approach was successfully applied to solve moment problems in the field of climate
prediction |2, , ], nonlinear chaotic systems [207], econometrics [27, , , 240],
speech processing [123], image processing [69, 70, , 230], finance [39, 210], performance
analysis [99, 211] and many others [32, 61, 193].

34
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4.1 Classical Moment Problem

In many problems in physics and finance it is easier to obtain the statistical data (in
terms of moments) of the underlying probability distribution than the distribution itself.
Therefore, it is the important task to understand how to reconstruct the unknown proba-
bility measure from the partial information contained in the finite number of moments.
This problem was formulated by Stieltjes:

Given the moments pu; = ff rfg(x)dx, k =0,1,..., M, recover the function g(z).

In the univariate case, the moment problem is subdivided into the following subproblems
according to the values of a and b:

e a=0,b< oo (usually, b = 1): Hausdorff moment problem [135] ([107])
e a =0, b = oo: Stieltjes moment problem [205]

e a = —00, b = co: Hamburger moment problem [103]

These are difficult inverse problems that usually lead to the (numerical) solution of ill-posed
systems of equations [19]. In the setting of the stochastic chemical kinetics, we restrict
ourselves to the Stieltjes or Hausdorff moment problems. More precisely, we consider the
truncated versions of those since moment closure methods are capable to provide accurate
approximations only to the first M + 1 moments of the distribution, u = (po,- - -, tar)
(within the reasonable computational time).

Here, we present the summary of the solution existence results for the truncated Stieltjes
problem as given in [75]. The moment space MMHD) consists of all vectors p € R%*”
such that there exists at least one probability distribution function g(z) with moments .
The moment space MM+ is a convex subset (not necessarily closed or bounded [19]).
The following cases are distinguished:

e the point g € MM+ N\ GMM+D helongs to the interior of the moment space. The
corresponding problem possesses infinitely many solutions and it is called indeter-
minate,

e the point p € OIMM*Y belongs to the boundary of the moment space. The corre-
sponding problem possesses a unique solution and it is called determinate.

The Hankel determinants \Hég)] and !H&?H! are given by

fo  p1 ot R S VT

0 : : 1 : :
Hy | = C | HR = ()
Hi—1 Hk s H2k—1 M Hik+1 - Mok
Mk  Hk+1 - Mok He+1  Hk4+2 - H2k+1
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The necessary and sufficient conditions for solution existence (given that moment vector
JTS Rg\gﬂ) belongs to the Stieltjes moment space, p € MM U GMMFD) to the

Stieltjes moment problem are provided by the following inequalities [212]

HY| >0, 2<2s<M+1
IHV| >0, 3<2s+1<M+1.

These conditions are often formulated in terms of monotonically increasing sequences [18,

? ? ]

The conditions for solution existence in case of Hausdorff are studied in details in the PhD
thesis of Tari [211]. Here we provide only the theorem [107] for the Hausdorff moment
problem: a necessary and sufficient condition that u = (po,. .., uy) are moments of a
distribution supported over the interval [0, 1] is that all the differences 6* defined as

k
5le =t — (

k k
LR P pigz + o+ (1) g

are non-negative, i.e., 0%u; >0, k, 1 =0,..., M.

Results on convergence properties of the constructed solution (using not only the maximum
entropy approach) can be found in [27, 16, 165, 169, 171, 172, 213]. Here we use the results
given in [162], where the authors consider the sequence of functions gy(z) that converge
to g(x) as N goes to infinity, i.e., J\Pinoo gn(z) = g(z). The point-wise convergence is
very strong assumption, so the authors stick to the weaker convergence in averages, i.e.,
Jim ff fe(x)gn(z)dz = fab fr(x)g(x) dx = g, where fi.(z) is a basis function to generate

moments, for example fi(x) = zF. If one applies the maximum entropy principle, the
sequence of approximations gy (z) is the least biased one. It is important to note that
most results are derived under the assumption that the number of moment constraints
tends to infinity, M — oo. Here we always consider the finite number of moments since we
propose the numerical procedure that can be applied on the real data, therefore only the
limited amount of statistical information is available (the problem of selecting the certain
finite subset of moments from the infinite sequence is solved for the case of fractional
moments in [179]).

The extensions to multiple dimensions are non-trivial and still are not elaborated to the
same level as for univariate case [124, , , .
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4.2 Maximum Entropy Reconstruction

4.2.1 Maximum Entropy Principle

The principle of maximum entropy provides a solution to the classical moment problem
of probability distribution reconstruction that satisfies the given moment constraints.

The principle can be stated as follows [1 19, 120]: consider the discrete random variable X
that has a finite (or countable infinite) set of possible states S = {sq, S1,..., Sn, ...} with
probabilities p(x) = P[X = z], x € S. The only assumptions given are M + 1 constraints

Y opla)=1, p;>0,
eSS (42)
ka(S)P(x) =k, 1<k<M<oo,

€S

where py are the moments defined for a set of suitable functions fx(S) that represent the
known information (generally, they may depend not only on the current state x but also
on the other states, therefore it is given as f;(S), not fx(z)). The number of constraints
is usually less than the number of possible states, therefore there are an infinite number
of distributions G that satisfy these constraints. The maximum entropy principle states
that the minimally prejudiced distribution is the one that maximizes the entropy

H(p) ==Y p(x)-In[p(x) (4.3)

zeSs

while satisfying the provided constraints. That is, the distribution of choice is

q = argmax H (p), (4.4)
peEG

where G denotes the family of all possible distributions.

As originally stated by Jaynes [1 19], the maximum entropy distribution is “uniquely deter-
mined as the one which is maximally noncommittal with regards to missing information,
and that it agrees with what s known, but expresses mazrimum uncertainty with respect
to all other matters.” He analyzed the distribution of gas molecules and showed that the
maximization of the statistical mechanic entropy is equal to maximization of Shannon’s
information entropy.

Example 4.1 (MaxEnt Exponential Distribution). <= Consider one-dimensional
discrete distribution p over the set of states S = {0,1,...,n}. Assume that the only
given constraint is the expectation p;. The constraints are then given by:

> pi=pmo=1, > i-pi=m, pi>0.
=0 =0

The maximum entropy distribution is then given by (4.6) as p; = exp (—Ag — A7) =
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aff’, a = exp(—Xo), B = exp(—A1). In this notation, the constraints can be expressed
as:

Zaﬁi = po =1, Ziaﬁi =, pi >0
i=0 =0

n n n
We can see that p; = iy - g, therefore > iaf' = py > af" and > (i —pq)5" = 0. The
i=0 i=0 i=0
coefficients ' are positive, (0 — p1) < 0 and there exist such k that (k — ;) > 0, so
there is only one change in sign. Therefore, there exist a unique real root to this set of
equations according to Descartes’ rule of signs, which corresponds to the exponential

distribution.

In the rare case when the number of provided constraints is equal to the number of states
|S|, the probability distribution function can be uniquely determined as shown in Example
4.2.

Example 4.2 (Moment Generating Function). <— Consider one-dimensional discrete
distribution p over the finite set of states S = {sq, s1,. .., s, } and the moment gener-

ating function g. Then the function ¢ is uniquely determined by p and vice versa |
Theorem 10.2].

I

In case of continuous random variables, the maximum entropy distribution maximizes the
Shannon’s entropy (4.3) which is defined relative to the uniform measure

H(p) = — / p() - In [p(z)] da,

and the constraints are given as

/p(fv) dz =1, /fk(x)p(rv) dz =, 1<k <M< oo, (4.5)

where fi(z) are the basis functions and the constraints are E[fx(X)] = pg. For both
the discrete and continuous random variables, the general form of solution is given by

(Appendix A.5.1)
p(x) = exp (—ZAkfm), (16)
k=0

where )\ is the Lagrangian multiplier for the k-th moment constraint. Here we use the
M

monomial basis functions fi(z) = %, so that the solution (4.6) is p(x) = exp (— > )\kxk),
k=0

whereas extensions to other basis functions are possible. Theorem 11.1.1 in [53, p. 267]
states that the density p(z) is a unique maximizer of the entropy H(p).

Generally, there is no analytical solution given by (4.6) for M > 2, therefore we use
numerical approaches to solve the nonlinear constrained optimization problem (4.4).
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The existence conditions for various modifications of the maximum entropy problem are
given in [124]. The extension to the case of inequality constraints is given in [I81]. The
multidimensional maximum entropy theory is addressed in [9, 65, 212]. We also note that
the entropy value H(p) can be estimated indirectly without reconstructing the underlying
distribution p ([101] and references therein).

There is a possibility to choose the entropy functional which is different from Boltzmann-
Shannon entropy H(p) considered here (for example, Burg entropy). The generalized
results on the existence of solution and comparison of the numerical results can be found
in [37].

4.2.2 Dual Approach in Maximum Entropy Problem

The objective function (4.3) is strictly concave with the constraints (4.5) therefore we
can transform the constrained primal optimization problem into an unconstrained one
using the dual approach. The authors of [1] were the first to apply the duality approach
to entropy maximization. Generally, one uses Kuhn-Tucker theorem [I12] to prove the
duality relation. For each constraint (given by puy) we introduce the Lagrange multiplier
Ar and the Lagrangian functional is defined as follows

Llp ) = H(p) = 32 0 (S, p(e) — ).

It is possible to show (cf. Appendix A.5.1) that maximizing the Lagrangian L gives a
solution to the constrained maximum entropy problem. The variation of the functional £
according to the unknown distribution ¢(x) provides the general form of ¢(x)

oL - 1 -
=0 = q(z)=exp | —1— Mez® | = =exp | — ezt ],

where .
7 =eltho = Z exp (— Z )\kxk> (4.7)
T k=1

is a normalization constant. The dual function is defined as W(\) = L(g, \) and
M
k=1

Therefore, the unconstrained optimization problem that has to be solved is stated as
follows (cf. Appendix A.5.2)

A* = arg min V(\). (4.9)

AERM

M
The corresponding maximum entropy distribution is given by g(z, A*) = exp(— > A; fu(x)).
k=0
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The dimensionality of the primal problem (4.4) is |S| (whenever there is a finite number of
states) and the dimensionality of the dual problem is M. The authors of [217] were the first
to formally prove that the dual function W(A) (before, it was usually addressed as potential
function [1]) is the formal convex dual of the problem (4.9) using both the arguments
of Lagrange saddle-point conditions and geometric programming. They also raise the
discussion about the nature of the dual function: because of the different dimensionality,
the values of the dual function do not describe the entropy but measure the bias (prejudice)
contained in the information. Theoretical results on the duality relationship in maximum
entropy problems can be found in [20, 36, 57, 100].

If the solution \* if found using the first M as constraints, the moments of the order
[ > M can be found as functions of first M moments and elements of A* [190, 250]

M
I+ —1+ Z kg (i — pr) = 0,
k=1

so that the maximum entropy can be used as a moment closure technique. This is used
in [203] where the values of the higher order moments are approximated via the summation
over the state space using the maximum entropy probability mass function, i.e., y; =

S alq(z), 1 > M.

4.3 Numerical Approach to solve Maximum Entropy
Problem

Normally, for the number of constraints M > 3 it is impossible to analytically find the
maximum entropy distribution. Therefore, most of the literature on the application of
maximum entropy formalism considers the numerical approximation methods. Among

the most known are work of Agmon et al. [1], Bandyopadhyay [25], Mead et al. [162],
Ormoneit et al. [177], Wu et al. [210, 241]. For our implementation we adopt the approach
of Abramov [1—3] which combines several techniques to overcome the numerical instability

of the dual minimization problem. This approach is the most up-to-date technique that
is adopted for various applications [%, 92, , 213].

4.3.1 Minimization of the Dual Function

We consider the minimization of the dual function W(\) (4.8). Assume that no change
of basis is performed and the given data are algebraic moment constraints p; computed
with respect to monomials fi(z) = x*. Given an approximation A(¥) = (Aﬁf), o ,)\5\?)
of the vector A = (A1,..., Ay) in the ¢-th iteration (we omit Ay according to Eq. (4.8),
where it is a part of the normalization constant Z), the elements of the gradient vector
are computed as oV/ax, ~ p; — S/ (cf. Appendix A.5.2). The entries of the Hessian
matrix H are approximated by H;; ~ 1/z2 (fi+;Z — fi;fi;). Note that the normalization

constant Z and the approximated moments ji; are updated in each step of the iteration,
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i.e., they depend on ¢ but we omit the superscript ¢ here. We use the minFunc method
from the numerical minimization package minFunc2012 [192] with the default settings
where we chose A = (0,...,0) as an initial starting point (other initialization strategies
are considered in Appendix A.5.5). In case of standard Newton algorithm, the iterations
are as follows

A Z O 0 (F %) |y,

where ¢ is a stepping distance parameter. Since for the systems that we consider, the
dual function is convex, there exists a unique minimum \* = (A}, ..., \},) where all first
derivatives are zero and where the Hessian is positive definite.

The dimensionality of the optimization problem is M due to the fact that \j can be
calculated as A\ = In[Z] —1. To find the minimum of the dual function, we use the Newton-

based methods which might fail due to an ill-conditioned Hessian matrix [/, &]. To speed
up the convergence, Abramov [2] uses the Sherman-Morrison formula [196] to obtain the
inverse of pseudo-Hessian. The authors of [243] use the fast Fourier transform (FFT) to

evaluate the Sherman-Morrison formula so that the computational cost of one iteration is
reduced from O(n?) (in traditional Newton method) to O(nlog n) floating point operations.
The authors of [8] apply two different stopping criterion for the Newton iteration to
better render the nature of the underlying problem. To achieve better numerical stability,
other functions f; of random variables need to be considered (other than monomials
fe(x) = ¥ that generate algebraic moments) such as Chebyshev polynomials [25], Fup
basis functions [91], monomials of non-integer powers [101], or Lagrange interpolation
polynomials [226]. The transformation from algebraic moments to Chebyshev moments
is given in [60] where shifted Chebyshev polynomials of the first kind are used as basis
functions. The authors of [31] use up to 100 moments in their case studies (for example,
for a uniform distribution pg(z)). The magnitude order difference between g and fi109 in
this case is only 10%, much smaller than in case of standard monomial basis functions.

Note that the above approach provides a reasonable approximation of the individual
probabilities only in the region where the main part of the probability mass is located. In
order to accurately approximate the tails of the distribution, special methods have been
developed [75, 152].

4.3.2 Preconditioning and Minimization of Dual Function

We demonstrate the main steps of the Abramov’s algorithm by considering one-dimensional
maximum entropy reconstruction problem for continuous distributions. The adopted
outline of the algorithm [3] is given below, where we assume that original constraints (4.2)
are such that f(z) = z¥ since we consider the monomial basis functions in the course of
this thesis.

1. Approximate the support of the probability distribution D = supp(p) such that
D] < oo

2. Convert input constraints py, into fig such that fi; = 0, fig = 1 (zero mean and unity
variance). Transform the support D of the distribution correspondingly;
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3. Choose the new basis using the set of orthogonal independent polynomials Jy(x) of
order M,

4. Initialize the Lagrange multipliers ~y; in the new basis vy(x);
5. Reorthogonalize the monomial basis with respect to new basis v (x);
6. Perform the numerical minimization v* = arg min ¥, () of the dual function;

7. Convert the solution v* to A\* in the original basis.

The details for the preconditioning step 2 are given in Appendix A.5.3 (p. 101) and for
the basis orthogonalization - in Appendix A.5.3 (p. 102).

In comparison to the original algorithm [3], we do not proceed with re-orthogonalization
on each iteration of the optimization procedure. The approach of Alldredge et al. [3] is
more advanced since re-orthogonalization is done as soon as the condition number of the
Hessian becomes high, i.e., when the problem becomes ill-conditioned (the theoretical
results on the condition number of the Hessian matrix can be found in [165]) which
provides the better convergence properties. Here, we perform the orthogonalization only
once in the beginning, since the further re-orthogonalizations does not give the better
accuracy nor the smaller running time.

The first attempts to implement the preconditioning for the maximum entropy problem
with 4 parameters were done in [28] where special attention is devoted to the problem of
equivalent moment transformations. It is pointed out that the strictest possible interpreta-
tion of the maximum entropy formalism does not permit for any moment transformations.
However, since such transformations introduce negligible errors, one may use them in
implementation purposes. We are using approximations of the moments in the first place,
so the errors introduced by the preconditioning are negligible in comparison to errors from
moment closure techniques.

For the sake of computational speed we can stick to the algorithm that does not involve any
preconditioning, but still able to provide the reasonable approximations. The comparison
of approximation accuracy is given in Section 4.3.5.

The stochastic process X (t) has discrete state space, therefore we modify the above-stated
algorithm such that it can be applied to the moments obtained with standard moment
closure technique or method of conditional moments and allows us to reconstruct the
underlying discrete distribution.

The core of the algorithm is minimization of the dual function (4.8). The expressions
for gradient vector and Hessian matrix of the dual function can be obtained analytically
(cf. Appendix A.5.2), therefore we can use any Newton-based approach that makes use
of the first and second derivatives of the goal function such as the standard Newton
method [1], Broyden-Fletcher-Goldfarb-Shanno (BFGS) procedure [3, 12] and damped
Newton method [%]. In our implementation in MATLAB [160] we use the numerical opti-
mization package minFunc [192] that chooses between several techniques depending on
the properties of the provided Hessian matrix.
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4.3.3 Distribution Support Approximation

In order to approximate the moments in (4.5), we need to sum (integrate) over all possible
states in the state space S which might be infinite. Instead, during the iterative procedure,
we consider a subset D = {zp,...,zr} C Ny (D = (z1,2r) C Ny) that contains the main
part of the probability mass [215] (here we consider only one-dimensional state spaces S).
We have to find the appropriate values for x;, and g, since the iteration of type (4.3.1)
might fail to converge if the chosen value of xp is very large (and if z; = 0) as the
conditional number of the Hessian (or modified Hessian) matrix is very large in this case.
One of the simple ways to regularize the Hessian matrix is to use Levenberg-Marquardt
formula [119, 156, 181], where the modified Hessian H is given by H = (H + ~ - diag(H))
and v is the damping parameter that has to be properly chosen [225], however more
advanced methods are implemented in minFunc2012 [192] package. Thus, we make use of
the results in [215] to find a region of the state space that contains the main part of the
probability mass. We consider the roots of the function

MO /’Ll .« e l’[’k'
A(w)=| - -, (4.10)
Mre—1 Mk - Hok-1
1 wo - wh

where k = |4 | and M is even. Let W = {w, ..., wy} be the set of solutions for A°(w) = 0,

where w; < ... < wy, are real and simple roots [71] The set D = {x(LO), . ,xgg)} with
:lt(LO) = |w; | and :175;?) = [wy] is used as an initial guess for the approximated support when

we start the optimization procedure.

We can also account for the case of an odd number of moment constrains. In addition to
the function A°(w) defined in Eq. (4.10), we also consider the function Al(n)

M1 — Wi lo Mo — Wity v Mz — Wilz—1
Al(n) = ) )
Hz—1 — Wilz—2 Mz — Wilz—1 - H2z—2 —Wi1l2z-3
1 77 e 772_1

where z = |4 | + 1 and w; is the smallest root of the equation A°(w) = 0. Again, let
W = {wy,...,wy} be the set of the solutions of A°(w) =0 and H = {n,...,n.} be the
set of solutions of A'(n) = 0, where all the elements of W and H are real and simple. The
first approximation for the truncated support of the distribution is then given by the set

DO <x(LO),$g)> = {x(LO), . ,xgg)} with a:g)) = |min(wy, ;)] and xgg) = [max(wg,n,)].

We extend the support until the relative change of the dual function becomes smaller than
the threshold oy

‘m(w—n) — V()| . )

T(AD)
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Figure 4.1: < Extension of one-dimensional support approximation done by adding two
states (green) on the left and on the right.

If the inequality is not satisfied, we extend the support by adding new states in each
iteration

DY (2 o) = (max(0,f) = 1), 2 +1}. (412)

Various strategies of support extension can be applied: more states can be added to the
set DD on each step and asymmetric treatment of 2, and xy is possible. This is shown
in Figure 4.1, where the support D® is shown with blue circles and the new states are
shown by green circles.

The current approach addresses the solution of the two paired problems, namely the choice
of the finite approximation D for the possibly infinite support supp(p) of the underlying
distribution and the numerical minimization of the dual function ¥ given D

M
A" = in U(\ D*) = in (In|) =3 A
HE SeRM (A, D7) = arg AER (n [ P ( - KT )

zeD* zeD*

M
+ 20 Akt |
k=1
where D* is an approximation of the support supp(gq(z, A*)) such that (4.11) holds,
f _ ind DO [TAED, DEDY g (2O DO © ’
D me\‘( ) —W( )/ T(AO, DY < 6.

The final results A* and D* of the iteration yields the distribution ¢(x) that approximates
the marginal distribution of interest

M
_ exp(—1— >> \ia¥), z e D~
q(z) = k=0

0, x ¢ D*

We consider the result of the application of the algorithm to the mixture of two normal
distributions pg(z) in the Example 4.3.

Example 4.3. <= We consider the approximation of the support using the iterative
procedure for mixture of two normal distributions pg (cf. Section 4.3.5)

pS(x) = Wi - f./\/’(sl,al)(x) + ws - fN(SQ,O‘Q)(x)7

where s1 =-3,80 = 10,01 = 1,05 = 2, w; = 0.3, ws = 0.7 and x € R. This is the exam-
ple of numerical solution to the Hamburger moment problem. Assume that the highest
order of moment constraints is M = 4, i.e., the constraints for the maximum entropy
problem are given by the vector u = (uo, - . -, ft4). The approximation of the support is
based on both A°(w) and A'(n). We show the obtained reconstructions for the initial
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approximation of support (D©® = [~5.9,10.9]) the reconstruction after two iterations
(D® = [-6.7,11.8]) and the final reconstruction (D* = D™ = [~11.6,16.7]) obtained
with the convergence threshold for the dual function §y = 10~ in Figure 4.2.

bs b8 b8
fIp© apa) apm)

0.15 - 0.15 0.15

0.1 | 0.1 | 0.1

0.05 0.05 - 0.05 -

0 1 I 0 1 d I 0 I
-5 0 5 10 15 20 -5 0 5 10 15 20 -5 0 5 10 15 20

Figure 4.2: < Reconstruction of distribution pg with different support approxima-
tions. Black curve corresponds to distribution pg and yellow curves correspond to
reconstructions.

4.3.4 Numerical Approach for the Two-dimensional Maximum
Entropy Problem

In the previous sections we only addressed the one-dimensional maximum entropy prob-
lem. Here we consider the modification of the maximum entropy problem in case of
two-dimensional distributions. The constraints are given by the sequence of non-central
moments E(X;Xé) = prg, 0 <741 < M, and the set G of all two-dimensional discrete
distributions that satisfy the following constraints

> @y g(zy) = p, 0<r+1< M.

z,yeS

Here X, and X, correspond to the populations of two different species, i.e., to the two
distinct elements of the random vector X (¢) = (X;(t),...,X,(t)) at some fixed time
instant ¢. The optimization problem (4.4) is formulated as

peG? pEGH

o = g H(p) = argmx (— S plo) nple) )
I7y

where we seek the distribution p € G, that maximizes the entropy H(p). The general form
of the solution for the maximum entropy problem is given by

1
glz,y) =exp(=1— > Aua'y) = — exp(— > Ay, (4.13)
0<r+Ii<M 1<r+I<M

where the normalization constant Z is calculated as

Z =elthoo =37 exp(— Y Aur'yh). (4.14)
’ 1<r+HI<M
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We solve the optimization problem numerically, similar to the one-dimensional case. The
vector A\(O) = (X015 A1,05 - -+ Ao, Awro) 1s an approximation of the vector A in Eq. (4.13).
The elements of the gradient vector are computed as

ov iy
aATJ /’LT,l Z 9
where fi,.; is approximated by
firg =Y, 0y exp(= > Aua’yh). (4.15)
1<r+I<M

Here r,1 € {0,...,2M} and the sum is taken over all (z,y) € NZ. Finally, the elements of
the Hessian matrix are computed as

H _ >V ~ Z - p:r-l—u,l—&-v — /jr,lﬁu,v
T N 10w 72 ’

where 0 <r+1 < M,0 <u+v < M. Using the numerical minimization procedure, the
vector \* = ()\(’;,1, 1005 Ao ’IKW,O) is found. The dimensionality of the optimization
problem is 0.5 (M? + 3M), and A§, can be calculated from (4.14) as A\j, =InZ — 1. In
comparison to the one-dimensional case, the range of the values of fi,; becomes wider due
to the larger dimensionality, so that the conditional number of the Hessian matrix is even

higher and the iteration might fail.

To approximate the moment values in (4.15) we truncate the infinite support similarly
to the one-dimensional case. As an initial approximation for the support D, we use

the results of the corresponding approximations Dj; , and Dy , obtained for marginal
(0)

one-dimensional distributions, Dy = Dj , X Dy . Here a corresponds to the amount
of probability mass which is set to 0.95 for all considered case studies. The region that
contains at least « of probability mass is computed using Algorithm 7. The condition (4.11)
is checked and if not satisfied, the support is extended according to the selected strategy.
The trivial strategy is to add two discrete states in each dimension at the iteration ¢ + 1
as follows

) 0+1 041) . (41) (041
D (20, 2 Y, )

= {maX(O,x(Lz)—l), e ,93%)4—1} X {maX(O,yg)—l), . ,yg)—i—l}

The example of such extension is shown in Figure 4.3 where green circles correspond to
the newly added states.

As before, we seek for the solution of the two paired problems: the approximation of the
support and the dual function minimization. The final results A* and D7, of the iteration
yields the distribution §(z,y) that approximates two-dimensional distribution of interest

6Xp<—1 - Z /\:Jxryl)7 (l‘, y) S D;y
q(x’ y) — 0<r+I<M

0, (z,y) & D*
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Figure 4.3: < Extension of two-dimensional support approximation, where newly added
states are shown with green circles.

The algorithm of the iteration procedure is given in Algorithm 2 (Algorithm 3 in case
of two-dimensional distribution), where the subset of moments used for the reconstruc-
tion is truncated in case if the current trial was not successful (because the numerical
minimization fails or no distribution is found that suffice the validity criteria according
to Appendix A.5.3). The adaptive support optimization procedure is given in Algorithm 4,
where it is assumed that the preconditioning is applied. If it does not, the corresponding
step is omitted. The influence of the basis orthogonalization is visible only when we de-
fine the goal function to be minimized: if orthogonalization is applied, the corresponding
dual function is given by (A.8). Therefore, it is possible define the dual function to be
minimized in several ways:

e without any precomputation or preconditioning

e with precomputation (according to Appendix A.5.3)

e with preconditioning (centralization, scaling and rotation) and partial precomputa-
tion

e with preconditioning (centralization, scaling and rotation, basis orthogonalization)
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4.3.5 Maximum Entropy for Continuous Distributions, Numer-
ical Results

Here, we analyze the numerical properties of maximum entropy procedure in case of one-
dimensional continuous distributions. Consider the numerical minimization of the dual
function W(A) that corresponds to the primal problem (4.4) and constraints (4.5). The
initial approximation for the parameter vector A is chosen as A = (Ay, ..., A\yr) = (0,...,0)
and )\ is calculated after the dual function is minimized. Similar to the discrete case
in (4.7), we obtain

M
N=InZ-1, Z= /exp(—Z)\kxk) dz.

xeD* k=1

We consider the following case studies, where the first three distributions are representa-
tives of the generalized exponential family:

1. Exponential distribution p;(z) = 5exp(—5x) = exp (—(—In5+5z)), v € R

2. Normal distribution py(z) = fyr_1, vz (%) = Y/verexp(—1/2(z +1)?) = exp(In!/var —
V2 —x—1h2%), x € R

3. Quartic exponential distribution p3(z) = exp(—2.82 + 1.5z + 1.52% — 0.12% — 0.5z%),
reR

4. Triangular distribution py(z) =1 — |z|, |z| < 1

5. Shifted symmetric exponential type distribution ps(z) = 8/2r(y/s) exp(—|z — s|?),
=13, s=T7,reR

6. Uniform distribution pg(z) = /v—a, b =30, a = 0, x € [a, b]

7. Generalized Pareto distribution, heavy tailed p;(z) = Yo (1 + k2/o) 77" & = 20,
k= 01, S ]RZO

8. Mixture of two normal distributions
Ps(2) = w1 - fa(sy,o0)(T) + Wa - [Ar(s,00)(T) = W - 1/ Vamer exp(—1/20%(z — 51)%) + ws -
U /2mas exp(—1/202(x — 52)?), 51 = -3, s = 10, 01 = 1, 09 = 2, wy = 0.3, wy = 0.7,
z e R

9. Mixture of three normal distributions

pg(éﬁ) = wlfN(Sbol)(x) + w2fN(s2,02)(x> + w3fN(S3,03)<x)7 S1 = _37 So = 107 §3 = 207
0'1:1,0'2:2,0'3:3, U)1:0.3, w2:0.4, w3=O.3xER

Reconstruction of p;. To obtain the reconstruction of p;, the first 2 moments are used,
namely pg =1 and p; = 0.2. The dual function that is minimized is given by

T(A) =InZ + g = In(e ) + Ay = In < > exp(—A1x>> + g

xreD*
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‘ )\0 >\1 ‘ )\0 >\1
oy | 10~ | 1076

pr | -1.609438 5.0  [-1.609438 5.0
G | -1.608986 4.997488 | -1.609434  4.999981
el 2.8-107% 5.0-107%|22-10°6 3.8.107°

Th 1.98 3.07
a 48 57
e 6.0-107° 54-1077

Table 4.1: < Reconstruction of the exponential distribution p; with dy = 10~* and
(5\1, =10"°6.

The results are given in Table 4.1, where eﬁil = |\ —2i/x,| is the relative error of i-th
element of the coefficients vector, €/ = [#i~#/u;| is the relative error of k-th element of
the moments vector and £* is the number of iterations for the support search procedure. The
moments p* are computed as p; = fx cD* 2%G(z, \*) do. The preconditioning techniques
are not used in these experiments. For the support extension the following strategy is
used: at each iteration we extend the length of the support by 5% but not more than by
1.0

DY — (off = 6.2 +6), & =min(0.05-[DY)],1).
The initial approximation of the support is computed using only A°(w)

‘ 1 0.2 ’:w—0.2,
1 w

and W = {0.2}, z € Rx, thus we initialize the support search with D = [0, 0.2].

We observe that decreasing the threshold dy, results in the significant accuracy gain in
determining A (from the order of 107* to 107%) but requires a bit more support extension
iterations. The approximation of the expectation p; also becomes more accurate.

Reconstruction of p;. Results for the normal distribution p, are given in Table 4.2,
where we used first 3 moments for the reconstruction, namely p = (1, —1,2). In the table,

D* denotes the final approximation of the support supp(p,) and r?ax}eff,l denotes the
ie{o,1,2} M

maximum relative distance between moment values. The initial approximation of the
support is given by

0 1 =1 1 10 1 B
A(w)—‘l =w+1, A(n) = 1| T 1,
therefore we modify A'(n) assuming that w; = 0
-1 2
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to obtain at least some reasonable approximation of the support. Thus, we have D =
[—2,—1]. In both cases it would be more preferable to use other support approxima-
tion methods. In this case, the standard heuristics [ty — 3./Ji2, 1 + 3y/12] gives bet-
ter results. For the normal distribution p, only 2 iterations are needed if the interval
DO = [xf),mg)] ~ [—5.24,3.24] is used as an initial approximation for supp(ps) with
oy = 107 (4 iterations with dg = 1079).

The measure of the overall agreement between the reference normal distribution p, and
the reconstruction is also listed in Table 4.2 and is denoted by ||¢||y. This is total varia-
tion distance [150] (adopted by Philipp Thomas in [16, Section 5.3]). Here we use it for
continuous distributions as

100% [
lellv =5 [ Io(@) - a(o)]da, (116)

It can be interpreted as “the maximum percentage difference between the probabilities of
all possible events assigned by the two distributions which achieves its maximum (100%
error) when the distributions do not overlap”. We consider it as a percentage representation
of the standard L, distance between any two distributions [53, p. 369, (11.132)]

We observe that the distance ||e||y decreases by two orders of magnitude when dy is
decreased, however such result is obtainable only in very limited number of cases, such
as this well-behaving synthetic case study. Both distributions p; and py together with
reconstructions Gy, ¢z are shown in Figure 4.4 (4.4a, 4.4b), however the curves are visually
indistinguishable from each other since the approximation of A vector is accurate in both
cases. In all figures in this section the ground truth distribution is shown by yellow solid
curve and the reconstructions are given by black and blue dashed lines.

Reconstruction of p;. In case of quartic exponential distribution we investigate how
number of moment constraints influences the accuracy of the reconstruction (results are
given in Table 4.3). When only first 4 moments are provided, i.e., only the moments

X A1 oo X A Ay
oy | 10~ | 107°
pr | 1418939 1.0 0.5 | 1418939 1.0 0.5

G2 1.418913 0.999866 0.499943 | 1.418913 0.999866 0.499943
N 1.8-107% 1.3-107* 1.1-107*/9.6-107% 1.1-107¢ 9.9.1077

D* [-6.42, 3.42] [-7.46, 4.46]

E* 25 27
max; € 9.0-107° 1.5-1077
[l€llv, % 2.8-1073 2.4-107°

Table 4.2: <= Reconstruction of normal distribution with dg = 107* and dy = 107.
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Figure 4.4: < Reconstruction of exponential p; (a), normal py (b) and quartic exponential
ps (c) distributions.

Lo, f1, P2, pi3, the reconstruction with the threshold dy = 107 is not even possible. The
process converges if the threshold is set up to oy = 103 but the corresponding distance
from the true distribution is |||y, = 24%.

The best reconstruction (with respect to ||e||y) is obtained when M = 5 is used and it
becomes worse if we add more constraints (the constraints were generated using simple
integration, py = ffooo 2% p3(z) dz). It shows that the dimensionality of the optimization
problem have the strong influence on the accuracy of the reconstruction.

The difficulty of the numerical optimization is often associated with the condition number
of the Hessian matrix [¢1] of the second derivatives (A.7). The condition number

ﬁ(H) — |/\max(H)‘/‘>\min(H)‘7

i.e., the ratio of maximal and minimal eigenvalues of the Hessian matrix H*") on the last
iteration ¢* is also shown in Table 4.3. It gradually increases when additional constraints
are added. We plot the distribution ps together with the reconstruction ¢s obtained with
M = 4 in Figure 4.4c.

We note that the authors of [218] provide a proof of the unique solution existence for
the case of quartic exponential distribution and the special numerical treatment of the
maximum entropy optimization problem is given in [177], where the exponential function
computation is optimized in order to avoid large numerical precision errors.

Reconstruction of p,. The triangular distribution ps cannot be represented well using
the general density shape (4.6). We list the distance ||e||,; between the reconstructed and

M |3 4 5 6 8 10 14
lellv.% | - 6.6-107° 56-107° 3.7-10° 24-107° 1.7-107% 3.1-107°
k(H) |- 54-10° 41-10° 33-10* 15-105 1.4-10° 7.8-10"

Table 4.3: <= Reconstruction of quartic exponential distribution ps.
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M | 4 6 8 10 14

leflv,% | 4.2 1.3 14 6.6-107" 41-107
k(H) | 74-10" 28-10° 7.9-10* 28-10° 29-10°
k(HY) | 2410 1.3-10° 25-10° 7.5-10° 1.8-10°

Table 4.4: <= Reconstruction of triangular distribution p,.

original distribution and the conditional number x(H) of the Hessian matrix H in Table 4.4.
From here on we use the convergence threshold for dual function dy = 10~*, otherwise

we indicate it explicitly. The approximation of the support with 5 moment constraints
(M = 4) uses both

1 0 s —wy Y6 —wy; —uwn
A(w)=10 Y 0 |, A'(n)=| s 0 s |,
1 w w? 1 n n>

thus, the initial approximation of the support is given by D©) = [a:(LO), xgg)] ~ [—0.454,0.880].

We also apply the preconditioning technique [3] and list the conditional number x(H*) of
the modified Hessian matrix H+ calculated at the last iteration of the process. Please note
that the preconditioning procedure runs in the beginning of each dual function minimiza-
tion (with the given approximation of the support). It does not give any improvements
in terms of distribution distance ||€||y,, however it may mitigate problems associated with
high condition number. We observe that it does not make sense to apply these procedures
when condition number x(H) is smaller than 10°. We show the distribution p; together
with reconstructions obtained with M = 4, (L(fl) and M = 14, q~fl14) in Figure 4.5a where it

can be seen that the plot of §i14) is much closer to the original distribution.

Reconstruction of p;. The reconstruction of the shifted exponential type distribution
reveals to be a complicated numerical task. The results of the reconstruction are provided
in Table 4.5. The preconditioning technique is applied only partially in this case: only
centralization, rotation and scaling steps are performed. If orthogonalization is also applied,
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o 0.5
2

Ps Pe
14 (10 (10
g it i

q
08| /) 0.04 /\ /\
04l
/N / S /
0.6 | sl [\ 0.03 | NS
041l / \ 0zl / \ .02 |
4 6 8 10 1

02} 01 0.01 L

N 0

0 LA L L L | L L L L L I
-2 -15 -1 -05 0 0.5 1 15 2 2 2 =5 0 5 10 5 20 25 30 35

(a) (b) ()

Figure 4.5: Reconstruction of triangle p, (a) <= , symmetric exponential type ps (b) <=
and uniform pg (¢) < distributions.
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M | 4 6 8 10 14
lellv,% | 8.1 4.1 4.0 2.9 7.1
k(H) | 44-10° 4.0-10" 3.1-10" 84-102 7.0-10%
k(H°) |6.0-10° 4.9-10° 1.7-10" 3.9-10" 1.9-10%

Table 4.5: <= Reconstruction of shifted exponential type distribution ps.

either we obtain the worse results (which require longer computational time) or numerical
minimization procedure does not converge.

In Table 4.5 we list the results obtained both without and with the preconditioning (the
latter corresponds to the Hessian matrix H®). We observe that the preconditioning gives
the significant decrease (up to 10 orders of magnitude) in condition number of the Hessian
matrix. Interestingly, the condition number x(H®°) decreases when we use M = 6 in
comparison to the case M = 4. The reason is the higher number of approximation support
iterations with M = 4, namely ¢* = 77, D* = [—18.30,32.53] and the dual function
converges slow in A in this case. On the other hand, with M = 6 the convergence is faster,
* =18, D* = [2.09, 12.22].

The reconstructions with M = 4, (jé4) (maximal ||e||y) and M = 10, cjélo) (minimal ||€||y)
are shown in Figure 4.5b, where one can observe, that even the best possible reconstruction
is not representing the peak value of the true distribution accurately. Both reconstructions
of py and p5 are worse in terms of the distribution distance ||€||;; in comparison to previous
case studies.

Reconstruction of ps. The reconstruction of the uniform distribution pg on [0, 30]
is also a complicated numerical problem because of the discontinuities present in the
distribution density. The results are listed in Table 4.6, where we do not show those
obtained with the number of constraints more than 10, M > 10 since the numerical
optimization does not converge. We plot the two reconstructions (with M = 4 and
M = 10) in Figure 4.5c. All obtained reconstructions demonstrate the oscillatory pattern.

Reconstruction of p;. The reconstruction of the generalized Pareto distribution p;
takes many iterations for the support approximation. Another problem is the accuracy
of moment approximations, for which the standard integral function of MATLAB is used.

M | 4 6 8 10

ey, % 10 6.6 4.8 3.6
k(H) |1.2-10" 6.4-107 1.3-10% 1.7-10%

Table 4.6: <= Reconstruction of uniform distribution psg.
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To compute the moments of the theoretical distribution we apply this function over the
support supp(pr), supp(pr) = Rx¢ in this case

The problem of the moment value approximation and properties of Gauss quadrature and
its modifications are well studied [, , , 235]. Recently, the problem of approximation
the continuous distribution by discrete ones was considered in [213], where the error
bounds are provided together with the convergence analysis. Special approach to the
numerical approximation of the exponential function computation for the case of quartic
exponential reconstruction is given in [177], where it is decomposed into the product of
several exponentials with exponents of the lower magnitude order.

In Table 4.7 we list the obtained results where each reconstruction takes a high number of
iterations to converge in support. When we use more than M > 8 moments, the process
does not converge even when preconditioning is applied. However, the obtained recon-
structions reveal to be accurate for such heavy-tailed distribution. Only the distribution
distance ||e||y is provided since other metrics are not informative in this case. We plot
the best obtained reconstruction cjég) together with the ground truth distribution in p;
Figure 4.6a.

Reconstruction of ps. The reconstruction of the mixture of two Gaussian distributions
shows the capability of the maximum entropy family to reproduce bimodal distributions.
Though the results (listed in Table 4.7) indicate the lower accuracy than in the previously
considered case studies, such reconstruction still can be used to get the insight to the
underlying stochastic process. The case of 4 moment constraints (M = 3) does not
provide the reasonable reconstruction: the corresponding maximum entropy distribution
is ¢(r) = exp(—Ag—A1x—A9x?—A32?) which can not create bimodal densities (another term
Asx? must present in order to allow for bimodality [51]). We plot the mixture distribution
ps together with reconstructions obtained with M =4 and M = 10 in Figure 4.6b.

Reconstruction of pg. Here we show the reconstruction of trimodal density given by
the mixture of three normal distributions. The task of reconstructing such distributions
given the limited amount of information is a difficult numerical problem. Therefore, the
distance ||e||y is larger than in the previous case studies. It was possible to obtain the
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Figure 4.6: Reconstruction of generalized Pareto distribution p; (a) <= , mixture of two
Gaussians pg (b) <= and mixture of three Gaussians py (c). <=
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M 3 4 6 8 10
pr|22-107" 32-107' 33-107' 1.1-1072 -
lellv,%  ps 48 19 9.2 4.2 3.6
Do 40 36 21 12 6.2

Table 4.7: Reconstruction of generalized Pareto distribution p; <— and mixture of two pg
< and three py <— normal distributions.

convergence only with increased threshold dy, = 5-10~* and M is even number (or M = 3).
According to [51], the finite moments of the corresponding densities exist only when M
is even and \y; < 0. In case of M = 7 the numerical optimization procedure was unable
to find such a combination of support and parameter vector that satisfies the conditions
of distribution validity that we imply (cf. Appendix A.5.3). It is possible to properly
reconstruct the three-modal distributions with the maximum entropy distributions of at
least 6th order, i.e., at least 7 moment constraints have to be provided (M = 6). Please
note that if 13 moment constraints (M = 12) are used, the corresponding distance further
decreases to 3.7%. The results are provided in Table 4.7. We plot the ground truth
distribution pg together with reconstructions for cases M = 8 and M = 12 in Figure 4.6c¢.

Convergence and error control. All the considered case studies show that the re-
constructions obtained with the help of maximum entropy principle are able to describe
distributions of many shapes using only the limited amount of available data. Generally,
the more degrees of freedom are used (larger value of M), the better the reconstruction is.
We also observe that the exponential functions with polynomials of even degrees are more
easy to fit to the moment constraints; odd order polynomials may give the unbounded rise
of the approximated moments, therefore the problem of proper support approximation
becomes more difficult.

However, there is no guarantee that the numerical procedure converges for the given
moment constraints and no a priori evidence that the reconstruction is accurate enough
(generally there is no ground truth solution to compare against). One possible way to par-
tially cope with this problem is to repeat the process varying M and check for similarities
in results (both in terms of support approximation D* and solution vector \*).

We also consider the possibility to track the behavior of the dual function. We list the
minimal obtained values of the dual function W(\*, D*) for the reconstruction of distribu-
tions pg, ps and pg in Table 4.8. We observe that the smaller value of the dual function
corresponds to the smaller value of the distance ||e||y for all 3 distributions. In the same
time, if we consider the exponential type distribution ps, the value of ||¢|| increases from
2.9% (M = 10) to 7.1% (M = 14). It corresponds to the increase of the dual function
value from 1.3944 to 1.3965. For this simple case studies we can use the number of moment
constraints M + 1 that corresponds to the reconstruction with the minimum reachable
value of W. Unfortunately, this rule of thumb does not hold in general and can not be
applied to all problems where the ground truth distribution is unknown and a certain
evidence of the approximation accuracy is required.
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M | 4 6 8 10

pe | 3.4653 3.4345 3.4217 3.4210
WA\, D*) pg | 26620 25359 2.5260 2.5175
po | 3.5259 3.2391 3.1286 3.0918

Table 4.8: <= The value of dual function W(A\*, D*) for the reconstruction distributions
e, ps and py.

The authors of [31] show that the root mean square (RMS) deviation Ay can be used
to measure the quality of the approximation when analytical solution is unknown. It is

defined as

1 ng 1/2
. - 2
Ay(M) = [n_ Z (Grran (i) — Gur(zi)) ’
9 =1

where n, is the number of points used in quadrature approximation of integrals and
AM 1is the It is shown that the deviation A, decreases in the number of moments M
almost exponentially. We can consider the generalization Ay . where we do not take the
quadrature size into the account as follows

1/2
Ag (M) = / (Gv+an (@) — Gu(z) dz)”

rzeD*

However, the instability of the numerical procedure does not allow us to use high number
of moments and we can not conduct the proper investigation A, . applicability. And
more than that, the moment closure procedure that is used to approximate moments
of the Markov chain becomes stiff as the number of moments is higher than 8 for most
systems (cf. Section 3.1.4). Therefore, the only possible way to verify the quality of the
reconstruction “on-the-fly” is to reconstruct the distribution with increasing number of
moments until the optimization procedure is stable and check for the similarity of the
obtained distributions (for instance, using the distance defined by (4.16)).
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4.3.6 Maximum Entropy for Discrete Distributions, Numerical
Results

Here, we analyze the numerical properties of maximum entropy reconstruction procedure
in case of one-dimensional discrete distributions. The set of constraints for the the primal
problem (4.4) is given by (4.2). The initial approximation for the parameter vector A
is chosen as A = (Aq,..., ) = (0,...,0), A\g is calculated after the dual function is
minimized. Using (4.7), we obtain

M
N=IhZ-1, Z= Z exp (—Z)\kxk> )
k=1

reD*

We consider the following case studies:

1. Poisson distribution, p;(z) = ¢/kexp(—az), a =5, z € N

K\(L-K
2. Hypergeometric distribution, ps(z) = (“”)((—"Z), L = 400, K = 100, N = 20,
z € {max(0,n + K — N),...,min(n, K)}

3. Discrete uniform distribution, ps(x) = /N1y, n), N =10, z € {1,..., N}

77777

4. Mixture of Poisson and binomial distribution with high probability mass at 0, p4(x)
— 0.5,

w1 fkrexp(—az) + we (V)p*(1 — p)V =2, wy = 0.3, wy = 0.7, a =1, N = 20, p
reN

5. Mixture of two binomial distributions, ps(x) = w; (]Z)pf(l — )N+ wy (]j)pg(l —
pQ)N_$7 wr, = 04, Wy = 067 N = 507 p1 = 017 D2 = 057 T e {07 to ’N}

3
6. Mixture of three binomial distributions, pg(x) = Zwi(];[)pf(l —p)N T w =

i=1

(0.3,0.4,0.3), N = 50, p = (0.1,0.5,0.7), z € {0, ..., N}

The problem of discrete distribution reconstruction is similar to the reconstruction of
continuous distribution. The approximation of the support is done in a similar fashion
(iterative extension), however in the discrete setting the minimal possible increment cor-
responds to exactly one state:

0+1)

2! 0 _ 1) or 2D = 20 1 1.

= max(0, z} or Zp Ty
Due to this discrete nature of support, there is no need to approximate the value of the
integrals (4.5) using quadrature formulas that may include many points of discretization.
Instead, we can directly apply the explicit summation over the approximated support D
that does not include any additional discretization step (A.5)

= > x’exp(—Z)\,(f)xk), 1=1,...,2M.

xED([) k=1
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M | 4 6 8 10

k(H) | 12-10"% 7.6-10" 85-10* 2.6-10%
k(H°) | 1.8-102 9.6-10° 5.1-10 2.1-107
k(HY) | 59-100 1.1-10° 26-10° 1.2-10°

Table 4.9: <« Comparison of condition number of Hessian matrix after application of
preconditioning for pg.

Also, the computational time of the reconstruction can be significantly improved by
precomputing the values of the exponential function for a certain subset of states S €
N. The normalization constant Z (4.7) can be computed using the tables of values for
2%,..., 2™ and at least (M — 2) - |S| exponentiation operations can be avoided during
each computation of the dual function. The computational time can be similarly saved
when moments Ji are approximated, thus another (M — 1) - |S| exponentiation operations
of type z¥ can be avoided during the computation of the gradient and the Hessian of the
dual function. We select the subset of N to be S = {0,...,500} or S = {0,...,1000} but
this is not a restriction: as soon as support approximation goes over S , the values of z

powers can be computed by usual exponentiation.

The preconditioning techniques can be applied to decrease the condition number of the
Hessian matrix x(H). In this case, however, there is no possibility to precompute the
values of polynomial functions since it is exactly the setting of the continuous maximum
entropy problem. One possible way to combine the benefits of both approaches is to
first try the reconstruction based completely on discrete support approximation and apply
centralization and orthogonalization approaches only if it fails to converge. We compare the
condition number of the Hessian matrix for the case of three binomial distributions mixture
pe and report results in Table 4.9, where it can be seen that the effect of preconditioning
is drastic: applying centralization and rotation (which is normalization of the variance to
1 in one-dimensional case) leads to the decrease of condition number x(H®) for at least 10
orders of magnitude. Interestingly, the orthogonalization does not significantly improves
the condition number x(H") further. Please note that the comparison of the Hessian
matrices H, H° and H+ is done using the same approximation of support D* for the fixed
order of the problem M (including more states in the set D* usually further increases the
condition number). The similar comparison in case of Chebyshev and Legendre moments
application is given in [60].

The results of the reconstruction for discrete distributions are given in Table 4.10, where we
use the convergence threshold for dual function dy = 10~*. We observe that it is generally
beneficial to include more constraints and calculate the maximum entropy distribution
with more degrees of freedom to obtain the smaller values of the total variation distance

||€|[v defined (for finite or countable set [150]) as Ly norm
100%
lellv = —5 > Ip@) = q(2)]. (4.17)

eSS
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M | 2 4 6 8 10
pi|49 76-107' 21-107" 87-107% 6.8-107?
p2 |29 41-107' 1.1-107" 2.6-107* 6.6-1077
lelly.s P2 | 18 10 5.7 12 37-107°
T s | 34 12 3.4 26  91-107"

ps | 44 16 6.1 3.4 1.9

ps | 36 24 8.6 6.9 2.1

Table 4.10: <« Distance ||¢||y between the theoretical distribution and corresponding
reconstruction depending on the order M of the highest moment constraint.

We plot the best obtained reconstructions of ps, p3, ps in Figure 4.7 and of py4, ps, ps in
Figure 4.8, where the ground truth distributions are represented using yellow bars and
reconstructions are shown as black crosses. We observe that for all considered case studies,
the shape of the theoretical distribution is well captured and the distance ||¢||y decreases
in most cases when more moment constraints are considered.

0.18

0.16
0.14
0.12
0.1 |
0.08
0.06 +

0.04 |

0.02

(ﬁm 4

Figure 4.7: <= Reconstruction of Poisson p; (a),

) by
0O 2 4 6 8 10 12 14 16

(a)

(c) distributions.

0.14

0.1

0.08

0.06

0.04

0.02

0.12J»
L

~(10)
a4 +
Pa

20

0.15 -

~(10]
# +
p2

‘‘‘‘‘

0o 2

0.08

4 6 8 10 12

(b)

0.07 |+

0.06 +

0.05 -

0.04

0.03 -

0.02 -

0.01 |

0+ | F——

0 5 10 15 20 25 30

ey
35 40

(b)

0.2

0.15 -

01F + o o o

0.05 -

~(10
@+
p3

0.06

0.05 +
0.04 + -
0.03 +
0.02 |-

001 |

I
et

"
o

0" k-
0 5 10 15 20 25 30 35 40 45

()

Figure 4.8: <= Reconstruction of discrete distribution mixtures: Poisson and binomial p,
(a), two binomial p5 (b) and three binomial pg (c) distributions.



Chapter 5

Model Reconstruction with
Maximum Entropy Approach

In this chapter we demonstrate the numerical results of the maximum entropy approach
when it is applied to the moments of species population counts for a given chemical reac-
tion network. To determine the quality of the probability distribution reconstruction we
compare maximum entropy distributions to those obtained via a direct numerical simula-
tion. Thus, we consider only systems of such sizes where a direct numerical simulation is
possible (cf. Table 2.1). Clearly, for systems with large population sizes a direct numerical
simulation is not feasible while the running time of the moment closure approximation is
independent of the population sizes.

In order to distinguish errors that are introduced by the moment closure approximation
from errors introduced by the reconstruction, we also compare the obtained moments with
those computed based on the distributions obtained via direct numerical simulation. More-
over, we also apply the maximum entropy approach to the more accurate approximation
of the moments obtained via direct numerical simulation.

5.1 Maximum Entropy and Method of Moments

We consider the problem of model reconstruction for the given chemical reaction network.
We assume that the dynamics of this reaction network is governed by the continuous-
time Markov chain {X(¢),>0} and the corresponding chemical master equation (2.5).
The sliding window method can be applied to obtain the approximation of the transient
distribution 7 at the time horizon of interest T'. However, this is often a computationally
difficult task (if feasible at all), thus we may want to use the moment approximation
methods to describe the dynamics in terms of moments of the corresponding distribution.
The ODE system for moments is usually much smaller than the one of CME, and easier
to solve.

If there is a need to reconstruct the underlying distribution from moments to get more
insights in the stochastic process, one may try to solve the classical moment problem.

60
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direct numerical

P solution S~

- transient
CTMC X distribution (7"

’ moment approximation }7 r(isiz‘z?l?‘?izn

Figure 5.1: <= Techniques to approximate the transient distribution.

Here, we use the maximum entropy approach to reconstruct the marginal distributions
mi(z;, T) = P[X;(T) = ;] of a Markov chain X at time 7. The workflow that we follow
in shown by solid line in Figure 5.1.

The values of moments py, ...,y are approximated by the moment closure method. We
use the tool SHAVE to export moment closure ODE system as a MATLAB file. The ODE
system is then solved using ode45 method with default precision settings (AbsTol =
1075, RelTol = 1073; if other precision settings or another solver are used, it is noted
additionally). For each experiment we use the moments of the highest order M, however
moment closure technique computes all the moments up to order M + 1. That is, all the
moments fig, . . ., ftpr41 are approximated and the moment of the highest order is ignored in
the maximum entropy reconstruction, i.e., reconstruction procedure uses only g, ..., fias-
We ignore the moment f),,1 due to the high sensitivity of the reconstruction procedure
even to the small relative error in the approximation of constraints.

Simple Dimerization model. We reconstruct the marginal distributions of the species
P and P, and compare with those obtained using the direct numerical simulation (where
we chose § = 107!° yielding a total approximation error of € = 5-107'%, see also (2.6)). For
instance, to reconstruct the distribution of P we used the sequence of moments g, . . ., tr,
where i, = E(XF(t)) and X;(t) represents the number of molecules of type P at time ¢.

In Table 5.1 we show how accurate is the approximation ¢(z) of individual probabilities
7.(z) by calculating the distance (4.17)

lelly = 2 57 @) - @)l

reD*

where 7 () is the “true” probability of having x molecules of type i at time 7" (obtained
via the direct numerical simulation of the CME) and ¢(z) is the value obtained from
the combination of moment closure approximation and maximum entropy reconstruction.
The distance is calculated for all states in the support approximation D* obtained with
(5\1/ =10"%

Please note that the support of distribution for protein P contains either only even or
odd non-negative integers (depending on the initial condition). Here we use the initial
condition P = 301, P, = 0, therefore non-zero probability mass of marginal distribution
for P is possible only for odd non-negative integers. It requires the corresponding change
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M | 2 4 6 8
P18 60 6.0 6.1
P18 6.0 2.0 2.8

[lellv,%

P, |04 39-107% 45-1072 7.5-1072
P3| 04 83-1072 9.4-1072 1.9

Table 5.1: <= Maximum entropy reconstruction results for the dimerization network.

in the support search procedure since this information can not be derived directly from
the moments. To proceed with this derivation automatically, the symbolic approaches
of state space construction [58, 141] or the graph reconstruction [211] methods can be
applied. In Figure 5.2 we plot the distributions of P and P, where we use yellow bars
for the distribution obtained via direct numerical simulation and black crosses for the
reconstructed distribution. For the order of the moments that were considered, we used

for both species the order with which the best approximation was obtained (M = 2, qg)

for P and M =4, q~g‘2) for Py).

In addition, we list the approximation error for the case where the maximum entropy
reconstruction is applied to the moments calculated from the results of the direct numerical

simulation, px = > 27 (z). The corresponding rows in the table are denoted by P** and
xeS
P5t. Surprisingly, the reconstruction based on those is worse for the distribution of P,

and M = 4, M = 6 which shows that the reconstruction error comes mainly from the
numerical procedure of maximum entropy, not from the moment closure approximation in
this case. We observe that the maximum entropy method provides the least error if three
moment constrains (M = 2) are used to reconstruct the marginal distribution for protein
P and five moment constraints (M = 4) for protein P,. However, the reconstruction
is very accurate in all cases and we suppose that the reason why the distance measure
does not decrease when more moments are considered is that the shape of the maximum
entropy distribution is already nicely described using the lower-order maximum entropy
distribution. Increasing the order further forces the numerical optimization to make the
coefficients that correspond to the high order monomials very small (instead of setting
them to zero) therefore introducing additional approximation error.

Multi-attractor model. We consider the reconstruction of the marginal distribution
of PaxProt, MAFAProt and DeltaProt in the multi-attractor model. The results are given
in Table 5.2 for all three proteins. We compare the results with the solution of the direct
numerical simulation (where we chose § = 107% yielding a total approximation error of
e = 6-1071%). We see that the error is minimal when we consider M = 3 (4 moment
constraints) if moments are obtained using the moment closure approximation. The use
of more moments does not increase the accuracy further. We assume that this artifacts
arise due to the rapid change of the distribution behavior in the region {0,...,5}.

For this case study we used the moment closure with moments up to the order 6. Unfortu-
nately, it was impossible to apply the low dispersion closure of the higher order due to the
large size of ODE system. The reconstruction based on the moments calculated from the
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w 2 3 4 5
species

MAF AProt 1 29 78 8.2
MAFAProts* | 11 1.7 14 1.1
DeltaProt 436 441 59 5.9
DeltaProts* | 7.0 3.7 20 1.5
PaxProt 13.0 94 16 16
Pax Prot® 99 94 16 18

lellv, %

Table 5.2: <= Maximum entropy reconstruction results for the multi-attractor model.

direct numerical solution gives better results in case of MAFAProt and provides slightly
different reconstruction for the other two proteins.

The best obtained reconstructions (with M = 3, Q"E\?[)A A prot 10T MAFAProt, M = 3, qultaProt

for DeltaProt and M = 3, gﬁfgmt for PaxProt) are plotted in Figure 5.3, where we use
5\11 =107°.

Bursty protein production model. We compute an approximation of the moments
of species M and P up to order 6 using the moment closure equations given in Example 3.4.
The moments of P are then used to reconstruct the marginal probability distribution of
P. The statistical distance ||e||y is listed in Table 5.4 for different values of moment
constraints M. We observe that using more moment constraints makes the reconstruction
more accurate. The reconstructions obtained with M = 3, cjg’) and M =5, {1’535) are shown
in Figure 5.4a using solid lines together with the plot of the absolute error € (Figure 5.4b)
and the result of direct numerical simulation of the CME is shown using yellow bars.
While for most parts of the support the distribution is accurately reconstructed even
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Figure 5.2: <= Maximum entropy reconstruction of marginal probability distributions
of the protein counts P (a), and P, (b) at time instant ¢ = 20 for simple dimerization
system.
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M metric |6y =10"% | 6g =5-107 | 6y =107% | 6 = 10~

Th 612 674 861 1141

o el 19.1 19.3 19.5 19.5
tnc (sec) 4.4 5.0 6.3 8.9
twe (sec) 4.6 5.2 6.6 9.1

Th 279 651 1532 4586

o el 5.3 5.7 7.5 8.4
tne (sec) 3.8 4.6 18.2 178.1
twe (sec) 3.5 4.1 14.3 69.7

Table 5.3: <= The influence of dy, on the support approximation, accuracy and running
time in case of bursty protein production model. The row tnc/twc correspond to the
running time when the precomputation of exponential function is not used/used.

with M = 3, the method is less precise when considering the probability of small copy
numbers of P. Taking more moment constraints into an account increases the accuracy, in
particular in the region with more than 100 protein molecules. We may use more moments
to improve the reconstruction, for instance, up to the order 7. However, in this case the
moment equations become stiff and the numerical integration fails. This happens due to
the combination of highly nonlinear derivatives of the rate function f(xp) = %—’f; with
large values of the higher order moments.

To obtain these results, we used the thresholds dgy = 107° and dp = 107 (as defined
in Appendix A.5.3). In Table Table 5.3 we investigate the influence of dy, on the running
time, support approximation and accuracy. It can be observed that decreasing the dyy
leads to the larger support (larger values of xg) and, therefore, the larger running time.
The running time for this case study is much larger than for the rest of models and the
positive effect of exponential function precomputation (Appendix A.5.3) becomes visible
for M > 3 and large support.

Please note that we approximated the moments at the quasi-steady state of the system,
therefore we track the convergence of the moment values (or, equally, check whether
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Figure 5.3: <= Maximum entropy reconstruction of marginal probability distributions
of the protein counts MAFAProt (a), DeltaProt (b) and PaxProt (c) at time instant
t = 10 for multi-attractor model.
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M |2 3 4 5
llellv.% | 8.9 58 4.7 21

Table 5.4: <= Maximum entropy reconstruction results for the bursty protein production
network.

the magnitude of each moment derivative is close enough to zero) while integrating the
moment closure ODE system.

The numerical results for the considered case studies show that the proposed combination
of methods has many advantages. It is a fast and surprisingly accurate way of obtaining
the distribution of the system at specific points in time and therefore well suited for
computationally expensive tasks such as the approximation of event probabilities.

We compare the reconstruction based on the moments approximated using standard
moment closure (MM) and computed using the method of conditional moments (MCM)
in Section 5.2.

5.2 Maximum Entropy and Method of Conditional
Moments

In this section we present numerical results of the maximum entropy reconstruction when
it is applied to the moments of a reaction network approximated using both method
of moments (MM) and method of conditional moments (MCM). The MCM method
allows one to keep the original probability-based representation for some of the chemical
populations. This makes sense for those populations that are very small. For instance,
a population may represent the binding of a transcription factor to a promoter region

0.005 0.006 0.003 0.001
- qg’) R eM=5 ——
Y P e, M =3
0.004 | 0005 1 /0 i 0.0008 |
0.004 \\ 0.002 |
0.003 | ‘\ 0.0006 |
0.003 \\
0.002 | \ 0.0004
0.002 \ 0.001 |
0.001 | 0.001 \ 0.0002
\\_\ P P
0 0 : e S Ol = 0L VN o
0 5 10 15 20 50 150 250 350 450 0 5 101520 50 150 250 350 450
(a) (b)

Figure 5.4: - Maximum entropy reconstructions of marginal probability distributions
of the protein P (a) and the absolute error (b).
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where only the values 0 (promoter free) and 1 (transcription factor bound to promoter)
are possible. Similarly, in many systems one has to deal at the same time with very large
and very small populations (small populations may refer to species with approximately
ten molecules at most) with significant probability.

Clearly, for such cases a pure moment-based description is not appropriate and it is usually
better to integrate over time the probabilities of having 0, 1, ..., 10 molecules. In Hasenauer
et al. [105] a hybrid integration scheme for the moments of large populations conditioned
on the actual molecule numbers of small populations is derived from the CME. In [223]
the authors approximate the distribution of gene expression products conditioned on the
state of the promoter using a linear noise approximation, where they make a quasi-steady
state assumption for the reactions involving highly abundant species and the result is
given as a closed form expression. In [10] the authors apply system size expansion of
higher order to derive the analytic expression that describes the underlying distribution.
In [105] the MM and MCM are compared in terms of accuracy, but the comparison is
limited to the moment values.

Our main focus is on investigating whether the MCM approach is more suitable for
the reconstruction than the MM approach. We reconstruct one- and two-dimensional
marginal distributions in three different ways, in the following referred to as weighted sum
MCM, joint MCM and MM . The last case refers to a reconstruction based on the moments
obtained from the MM approach. Two former approaches refer to the reconstructions based
on the MCM approach where weighted sum means that we first reconstruct conditional
distributions and derive the full marginal by multiplying with the probability of the
corresponding condition (e.g. gene is active or not) and summing up. In contrast, joint
MCM means that we use the unconditional moments (approximated by the product
of conditional moments and the probability of the condition) for the reconstruction. In
addition, we reconstruct the conditional distributions from the conditional moments and
compare them to the conditional distributions obtained via a direct numerical integration
of the CME.

We illustrate the weighted sum MCM method for one-dimensional discrete distributions
through the following example:

Example 5.1. <= We consider the gene expression model where we reconstruct the
marginal distribution of protein molecules P[Xp(t) = z] = mg_(x,t). The moments

W = E(X 1’3) and the corresponding conditional moments are obtained using the

MCM and MM equations, for k =0,..., M + 1. In the case of joint MCM and MM
we use the first M moments’ values as constraints in (4.2) and solve the maximum
entropy optimization problem (4.4). In both cases, the solution is given by a pair
(A*, D*) of the parameter vector A* and the truncated support D*. The corresponding
reconstructed distribution is defined as

M
_ exp(—1— Y \iz¥), x e D*
q(x) = k=0

0, x ¢ D*.
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In order to apply the weighted sum MCM , we reconstruct the conditional distribution
from the sequences pp o x and pp,, r that approximate the conditional moments
E(XE|Dog = 1) and E(XE| Doy, = 1). Here, Xp corresponds to the number of proteins
and the condition Dyg = 1 (Do, = 1) refers to the state of the gene. These sequences
of moments are obtained using the MCM approach together with the approximation of
the mode probabilities pog and po, (cf. Example 3.9). We solve the maximum entropy
problem for each moment sequence and the reconstruction of marginal unconditional
distribution is given by

pOHQOH(x)v VIS D}goff \ D};on
~ on ~on ) € D; Dy
Gusscn (x) = § Pon e (z) . Pon \ Dhog
Poft QOff(x)

, €Dy ND}
+pon (jon(']: ) Foit e

where Gog(x) and gon(x) are the reconstructions of the conditional distributions.

Gene expression model. For the gene expression reaction network the moment-based
analysis using MM and the MCM approach is very accurate, but the MCM approach has
lower relative errors for high moments (see [105]).

We first consider the one-dimensional marginal distributions of R and P. We then compare
the approximation errors of all three reconstruction methods at time ¢ = 10 and provide
the results in Table 5.5. There, the first two columns refer to the approximation error of
the conditional distributions for protein (mRNA) denoted by P|Dyg (R|Dog) and P|Dy,
(R|Don). The last three columns refer to the reconstructions of the marginal distribution
obtained using weighted sum MCM , joint MCM and MM, respectively.

We find that the reconstruction is accurate for all M > 2 and the best result for the dis-
tribution of mRNA (R) is obtained when the joint MCM method is applied with M =7
yielding a statistical percentage error of 0.003%. Thus, for this distribution an accurate
approximation of the unconditional moments yields the best reconstruction since here
the conditional distributions are slightly harder to reconstruct than the (unconditional)
marginal distributions (approximation error of weighted sum MCM is 0.03%). The distribu-
tion of protein molecules P is reconstructed most accurately when the joint MCM or MM
is applied with M = 3 while reconstructions using the moments obtained with MCM are
slightly worse. When we use moments of order M > 3 for reconstruction, MM usually gives
worse results than joint MCM. The approximation error of the distribution reconstructed
using weighted sum MCM is of the same order as of the conditional distributions and it
does not significantly increase. It shows that rather high under- and overapproximations
of conditional distributions can still provide an accurate approximation of the marginal
distribution after summation and weighting. We note that the probabilities pog and pon
of modes Dyg and D,, are (approximately) 0.44 and 0.56 (cf. Example 3.9), therefore the
conditional distributions bring equally important contribution to the final result of the

reconstruction. The relative approximation error for mode probabilities computed with
MCM is of order 1075.
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We note that the reconstruction results are generally quite similar for the approaches that
are based on an approximation of the conditional and unconditional moments. However,
the MCM approach has the advantage that the distribution of species such as DNA is
very accurate, since it is directly available and is not reconstructed from the moments. A
moment-based approach such as MM would need large number of moments for an accurate
reconstruction [25] of such distributions with very small support.

The sensitivity of the optimization procedure can also influence the final result. The
reconstruction that uses the fewer degrees of freedom can provide an accurate solution
since the distribution of the simple shape is able to explain the main behavior. At the same
time, adding more moments into the consideration allows one to capture more details, but
it may change the reconstruction drastically due to the sensitivity, and the corresponding
approximation error can become larger.

To the best of our knowledge, there exist no criteria that provide the number of moments
that have to be considered such that adding more information does not significantly
change the maximum entropy reconstruction. We show that in Figure 5.5, where we plot
the reconstructions of the conditional distribution P|D.g and use M € {2,4,7}. The
reconstruction using M = 7 moments has the largest approximation error, but it is able
to capture the complex nature of the distribution by treating the point P = 0 differently
(however, this results in the effect similar to overfitting, cf. Figure 5.5¢).

Reconstruction using moments of the order higher than M > 7 is not reasonable: the
approximation error of both MM and MCM becomes high and the results are less accurate.
In order to solve the moment closure system for the case M = 7 (where we truncate at the
order 8, i.e., all the central moments of order < 9 are set to 0), we use the solver ode23s
in order to partially remedy the stiffness of the ODE system. The moment approximation
with MCM method remains fast enough with M = 7 to provide the computational time
gain in comparison to the direct simulation of the CME, while MM becomes very slow
(running time is 6 minutes) and the difference in reconstruction results in not large.

In Figure 5.6 we plot the best reconstructions (shown as crosses) of the marginal distri-
bution of protein and mRNA molecules obtained with joint MCM, M = 3 and M =7
respectively.
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M P|Dyg P|Don  Pusmenm  Pjmem Py
2 5.5-1071 1.9 1.1 72-107 7.1-107t
3 87-100' 93-107' 52-107' 26-100t 2.6-10""
H€HV 4 71-100Y 7.1-107Y 34-107F 2.7-107t 4.1-1071
5 1.4 6.2-100" 76-107' 2.8-107' 4.5-107!
6 18  66-107' 60-107' 31-107' 6310
7 41 69-100° 19  35-107' 8710
RlDoff R|Don RwsMCM RjMC’M RMM
2 1.1 1.8 7.3-107t 2.3 2.4
3 38-100' 88-107!' 36-107' 96-107* 9.6-107*
lelv 4 18-107' 73-100% 34-107' 16-107' 3.5-107!
5 17-100' 59-107' 3.8-100! 6.0-107%2 1.0-10""
6 2.7-100' 39-107' 1.0-107' 64-1072 2.9-107'
7 43-100Y 25-100' 3.1-107' 3.0-1072 26-107"

Table 5.5: <= Maximum entropy reconstruction results for the gene expression network.
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Figure 5.6: < Gene expression: reconstruction (crosses) of the marginal distribution of
proteins (a) and mRNA (b) compared to the CME solution (bars).
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The reconstruction of the two-dimensional marginal distributions also requires solving the
maximum entropy problem but with larger dimensionality. However, we solve the same
moment closure system, so the additional complexity comes only from the reconstruction
process itself. We demonstrate the differences that arise in the two-dimensional case with
the Example 5.2:

Example 5.2. <= We again consider the gene expression model where we recon-
struct the two-dimensional marginal distribution of mRNA and protein molecules
P[Xrp(t) = (z,y)] = T, p(7,y,t). We first approximate the probabilities of modes
pot = P[Xp 4 = 1] and pon = P[Xp,,, = 1] (cf. Eq. 3.12). In addition, the conditional
moments

Moff;rl = E(X;%Xé‘XDoff = 1)

Hon;r,l = E(X;%XHXDon = 1)

are approximated for 0 < r + [ < M + 1. The constraints (4.3.4) for the maximum
entropy problem are given by the elements of these moment sequences for 0 < r+1 < M
and the corresponding solutions of the optimization problem are given by the two
pairs (Alg, Dig) and (Af,, DZ ). The reconstructed distribution is given by

on’

qusMCM(x7y) =
Doft QOH($7y)a (x,y) ED;H\DZH
Pon (jon(xay)a (x,y) € D;n \ D;ff
Doft qoff(xay) +pon @on(fb’,y), (x,y) € D:Hm Dﬁn,

where Gog(7,y) = exp(—=1— > Ng,,2"y') and
I<rHi<M

Cjon(l', y) = exp(—l — Z )‘Zn,r,lxryl)‘
1<r+I<M

To approximate the moment values in the two-dimensional case (4.15), we truncate the
infinite support and consider the subset D; = D; x Dy, where D} and D, are the
approximations of the support of the corresponding one-dimensional marginal distributions
P[X,(t) = 2] and P[X,(t) = y]. Again, we choose D}, such that the relative change of the
dual function (4.11) becomes smaller than the threshold éy. The approximation §(x,y)
of the marginal distribution p, .(z,y,t) = P[X.(t) = x, Xo(t) = y| is then defined by the
result \* of the iteration procedure such that p o(z,y,t) ~ q(z,y) if (v,y) € D}, and

p.,0<x7yvt) ~ O lf (xay) g_f D::y

We list the approximation error for the two-dimensional marginal distributions of R and P
of the gene expression network (both conditional and unconditional) in Table 5.6. For the
sake of readability we denote the reconstructed distribution by ¢ in the following tables.
For instance, the approximation of the joint marginal distribution of R and P under the
condition Deg = 1 is denoted by ¢p_g.

We observe that the relative error of the reconstruction decreases when higher-order mo-
ments are used. The minimum value of error |||y, = 2.1% for the marginal reconstruction
is obtained using M = 6 in weighted sum MCM. While all three methods have similar
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M 4pg dpon GQwsmcym  Gipem  Qum

2 12 5.1 6.9 8.3 8.2
3 91 25 4.9 6.3 6.3
lelv 4 6.0 18 3.4 4.8 4.7
5 953 1.5 2.8 4.0 4.1
6 39 12 2.1 3.0 2.8
7 58 1.1 2.7 3.0 -

Table 5.6: <= Maximum entropy reconstruction of two-dimensional marginal distribution
of mRNA and protein for the gene expression network.

errors, the MCM approach uses fewer moment equations. The best reconstruction of the
conditional distribution with D,, = 1 is shown in Figure 5.7, together with the correspond-
. . . . ~ 1
ing solution of the CME and the approximation error €4(x,y) = |Gpon (%, Y) — PDon (T, Y)| 7.
We take the power /4 of the norm in L! in order to better distinguish very small numbers;
for instance, the contour value 0.05 refers to the L! distance 6.25 - 1075. Please note that
the dual function convergence threshold is chosen as oy = 1072

We also consider another set of parameters for the gene expression kinetics (cf. Exam-
ple 3.9). Because of the complex shape of conditional distributions (more than a half of
total probability mass corresponds to state 0) the reconstruction is less accurate than in
the previous case. It was not possible to reconstruct the distribution Rp_, for M = {5,6, 7}
(with the value of threshold dp = 1073, as defined in (A.9)) and we use moments up to
M = 3 for the approximation. However, it was still possible to reconstruct both marginal
distributions and the best result is obtained using weighted sum MCM. We plot the con-
ditional Pp_., Rp_, (in Figure 5.8) and marginal distributions of P and R (in Figure 5.9)
together with the reconstructions (for conditional distributions we show the reconstruc-
tions obtained with M = 4 and M = 7, and for marginal distributions we plot the weighted
sum MCM approximations calculated with M = 7 for P and with M = 3 for R). We
observe that such distributions with a lot of probability mass at 0 are more difficult to
reconstruct. It is possible to address this feature using maximum entropy reconstruction

3.0e-03 5% - P 0.1

30 - 30 30
20 + 20 + 20 -
10 - 10 - 10

Figure 5.7: <— Two-dimensional conditional distribution of the proteins and mRNA (gene
expression), where D,, = 1. We plot the reconstructed distribution (a), the solution of
the CME (b) and the approximation error ¢, (c).
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M P|D0ff P|D0n PwsMC’M PjMC’M PMM

2 66 6.9 28 47 34
3 62 5.0 26 34 32
lellv 4 36 6.0 16 31 32
) 32 3.8 13 16 25
6 33 5.6 16 14 46
7 9.3 12 9.7 10 26
R’Doff R’l)on R’wsMCM RjMCM RMM
2 28 2.6 13 40 33
3 4.6 1.2 14 21 27
lellv 4 7.6 1.5 5.0 20 24
) 7.2 9.1-1071 5.0 7.4 17
6 7.2 6.8 1071 5.2 5.8 23
7 7.2 7.3-107¢ 5.2 4.2 13

Table 5.7: <= Maximum entropy reconstruction for gene expression network (second
parameter set).

only using the approximation of moments computed using MCM. The corresponding
numerical results are listed in Table 5.7.

Exclusive switch model. Next, we address the accuracy of the reconstruction of
conditional and marginal distributions of the exclusive switch model. In Table 5.8 the
approximation error ||¢||y is listed for the conditional distributions for both proteins where
we condition on the three possible states of the promoter, i.e., DNA =1, DNA.P, =1 or
DNA.P, = 1.
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Figure 5.8: <= Reconstruction of conditional distributions Pp . (a) and Rp g (b) for gene
expression model.
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We observe that the approximation error is minimal for both proteins P, and P, when the
weighted sum MCM approach is applied. Here we do not use M = 2 since the corresponding
reconstructions are very inaccurate, as well as with M = 3 (the results are provided for
the clarity of comparison). Thus, for the exclusive switch system it is advantageous to
approximate the marginal distributions by first reconstructing the conditional distributions
and computing the weighted sum. In most cases the error decreases when more information
about the moments is used. Because of the complex bi-modal shape of the distributions
it is beneficial to include higher order moments as constraints.

In Figure 5.10 we show the reconstructions of both conditional (a, b) and marginal (c)
distributions of P;. Here, the weighted sum MCM was used with M = 7 to reconstruct the
marginal distribution. We also plot the absolute approximation error ep, in Figure 5.11
for the two conditional distributions (DNA.P; = 1 and DNA.P, = 1) and the marginal
distribution, where we observe the oscillatory pattern. For example, the absolute error ep,
for the marginal distribution of P; is calculated as ep, () = |gp,(x) — 7p, ().
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Figure 5.9: <= Reconstruction of marginal distributions of proteins P (a) and mRNA R
(b) for gene expression model.
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M P|DNA P,|DNA.P, Pi|DNA.Py Piusvcyv Pijmen Pia

3 32 13 21 15 30 29

4 5.1 6.5 4.4 4.6 5.3 29

lellv 5 3.6 4.0 3.1 3.3 4.0 6.2
6 4.6 4.9 4.8 3.8 4.0 4.1

7 3.6 3.0 1.5 2.1 3.8 15
P)|DNA  Py|DNA.Py Py)|DNA.Py Psuwocrn Pojucn Ponin

3 40 22 26 21 37 37

4 8.7 4.4 8.8 6.6 9.1 36

lellv 5 7.7 4.5 6.8 5.4 8.4 8.3
6 5.7 3.4 6.3 4.6 4.9 6.2

7 5.3 2.3 6.3 4.3 5.1 6.2

Table 5.8: <= Approximation errors for the distribution of proteins P; and P, in exclusive

switch model.

We also consider the conditional and marginal two-dimensional distributions of proteins
P, and P; in the following example:

Example 5.3. <— We consider the reconstruction of two-dimensional marginal distri-

bution P(Xp, =z, Xp,(t) = y) of proteins P, and P,. We first approximate the mode

probabilities p;

(cf. Eq. 3.12). In addition, the conditional moments

0.02

= P(DNA=1),p, = P(DNA.P1=1) and p; = P(DNA.P2=1)
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Figure 5.10: <= Exclusive switch: approximations of the conditional distributions of
protein P; where DNA =1 (a), DNA.P, =1, DNA.P, =1 (b) and the reconstruction
of the marginal distribution (c). The solution of the CME is plotted with yellow bars and
the reconstructions are plotted with black crosses (green bars and blue stars are used for
the conditional distribution (b) where DNA.P, = 1). The reconstruction of the marginal
distribution (c) is obtained using weighted sum MCM with M = 7.
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are approximated for 0 < r+1 < M + 1, where DNA = 1 refers to the case where
promoter is free and DNA.P1 = 1 (DNA.P2 = 1) corresponds to the case where a
molecule of type P; (type P) is bound to the promoter. The constraints (4.3.4) for
the maximum entropy problem are given by the elements of these three sequences for
0 <741 < M and the corresponding solutions of the optimization problem are given
by the pairs (Af, D}), i = {1,2,3}. Then the joint reconstructed distribution is given
by

Gusmem (T, Yy) =
(

p1q~1(x7y)7 z, DT\(D;UD;)
p2 ¢2(, y), z,y) € D3 \ (D1 U D3)
p3q~3(337?/)a xz, D;\(DTUD;)

(D1 N D3) \ D3,
(D3 N D3) \ Dy,
e D:NDyN D3,

Ez‘:{l,?;} pi (j@(ar,y), Z,
3 -

Zizg Di q,-(ac, y)a

. Z?:l pi QZ(xa y)a

S
&
€
€ (DN Dj)\ D;,
€
€

z,

(z,y)
(z,y)
(z,9)
>y pi i, y), (z,y)
(2, y)
(z,y)
(z,9)

L,

where ¢;(z,y) = exp(—1 — Z1gr+z§M )‘jﬂr l)‘

Numerical results are given in Table 5.10. Again, we condition on the state of the
promoter region, e.g. Gpya.p, corresponds to the joint distribution of proteins P and P,
when DNA.P; = 1. It can be seen that the most accurate reconstructions are obtained with
M =T when weighted sum MCDM is applied. The MM method does not provide the same
level of accuracy nor is compatible with respect to the running time: the solution of ODE
system for moment approximation is much slower in comparison to MCM. As for the gene
expression system, the convergence threshold for the support approximation procedure
is chosen 0y = 1072. We show the reconstructions of three conditional distributions
in Figure 5.12 where the plots refer to the conditions (from left to right) DNA = 1,
DNA.P,=1and DNA.P, = 1.

The reconstruction of the marginal distribution obtained using weighted sum MCM (joint
MCM) is shown together with the approximation error in Figure 5.13 (Figure 5.14) . In
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Figure 5.11: <= The absolute approximation error of the conditional distributions of
protein P, where DNA.P, =1 (a), DNA.P, =1 (b) and the approximation error of the
marginal distribution reconstruction (c) for the exclusive switch model.
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model precomputation ‘ 4 5 6 7 8

. tnc 3.1 47 72 114 36

BENE Expression twe 25 26 26 26 26
excclusive switch tnc 6.5 12.8 28.0 44.8 > 300
twe 24 54 99 11.8 295

Table 5.9: <= The running time of the reconstruction in two-dimensional case for gene
expression and exclusive switch case.

Figure 5.15 we also plot the marginal distributions of P, and P, calculated via marginal-
ization of the two-dimensional reconstruction. For example, the distribution ¢p, japrenm ()

is calculated as Gp, juom(z) = D> Giuem(x,y) for all x € Dy .
yED;;2

The reconstruction process for the exclusive switch model usually takes more time than
for gene expression model because of a much larger support.

The running time for all one-dimensional experiments (except for bursty protein produc-
tion) do not exceed 2 second; it only gets to 4 seconds if the procedure has to restart
because it can not converge for the given set of moment constraints. We list the running
time for the two-dimensional reconstructions both for gene expression (fast kinetics) and
exclusive switch system in Table 5.9, where we assume compare the case when the values
of the exponential function are already precomputed (twc) or not (tnc) according to A.5.3.
We can observe that the running time depends on overall support approximation and
precomputation is a very effective way to shorten the running time.

M gpna qpnap. GpnaPp,  QusmcM  @iMoM QMM
3 37 19 25 31 34 36
4 11 7.3 11 22 12 13
lelly 5 10 5.7 8.3 21 11 12
6 6.6 3.9 6.2 5.8 5.6 7.4
7 6.5 2.8 4.8 3.4 5.0 18

Table 5.10: <= The approximation error for the reconstruction of two-dimensional distri-
butions of proteins P; and P, in exclusive switch model.
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Cooperative self-activation of the gene expression. We consider another biological
model describing the dynamics of a single gene inducing its own expression.

Biological model 5.1 (Cooperative self-activation of gene expression). We consider
the biological system where protein P can bind to the two independent promotor
sites therefore inducing the activation the gene G (reactions I). As a result, there are
the three gene states G, G* and G**, corresponding to zero, one or two activators
bound. Result of the translation is denoted by M and can occur via one of the three
reactions II. The translation process resulting in protein formation is described by
the last three reactions III.

k k
G+P—=—G*, G'+P=G" (1)

k,1 k72
G a+M GEyer+ M, G ENL G4, (1)
M3 vM+pr, M2 P g (111)

We consider two sets of parameters leading to moderate (k4) and low (kg) pro-
tein population counts such that k; = (ki,k_1, ke, k_o, kg, kg, ke, ks, kq, ks) for
i € {A, B}. Parameter sets are given by ks = (510743 -107%,5 - 107%,2.5 -
1072, 4,12, 24,1200, 300, 1) and kp = (5-107%,2-107%,5-1074,2-1073, 4, 60, 160, 30, 300, 1).

As before, the values of the conditional moments E(Xp5|G =1), E(XE|G* =1) and
E(X EGH = 1) of P are approximated using MCM and used as constraints in the maxi-
mum entropy reconstruction. The marginal distribution of P is reconstructed by applying

the law of total probability ¢(x) = Y.  p;-G(x), where py = P[G = 1], po = P|G* = 1]
i={1,2,3}
and p; = P[G** = 1] and §;(x) are the corresponding conditional distributions.

The results of the reconstruction are listed in Table 5.11 where P4 (P*#) denotes the
distribution of proteins when the set of parameters ky (kp) is used. For the case of
moderate protein populations (parameter set k4) it is more reasonable to apply weighted
sum MCDM: the reconstruction even with M = 2 is more accurate that when joint MCM

40004 —— 300 6.00-04 —— 300 [ 8.0c-04
p o =
95 L 2.0e-04 95 4.0e-04 Y i 4.0e-0-
250 - - 1.0e-04 20 - 3.0e-04 250 |- 2.0e-04

300 -

.0e-04 ——
200 - 200 - 1.0e-04 —— 200 -
150 - 150 150
100 - 100 - 100 +

50 50

0 I I I I I i

0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120

(a) (b) ()

Figure 5.12: <— Exclusive switch: the approximations of the conditional distributions of
proteins P, and P, where DNA =1 (a), DNA.P, =1 (b) and DNA.P, =1 (c¢) . The
reconstructions are obtained using M = 7.
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is applied with M = 7. In the case of low protein populations (parameter set kg) it is
also obvious that application of weighted sum MCM provides much better results. Please
note that in this case we do not apply MM method to approximate the moments since
the corresponding ODE system is very stiff and takes extremely long time to converge to
a steady state. To solve the system of conditional moments, we use ode15s solver from
MATLAB with the default accuracy settings. We consider the system at quasi-steady state,
therefore we integrate the ODE system until the moment values converge and do not
change much.

We plot the reconstructions for both P*4 (P*5) in Figure 5.16 where we use M = 3 and
M = 7. As we can see, the multimodality of the distribution is well captured and the
approximation is accurate when M = 7.

Bursty protein production model. The proposed method can be also applied to
bursty protein production model, however this computation has not been implemented.
The model possesses the countably infinite number of modes (where each mode corre-
sponds to the number of species M molecules), whereas for systems considered before
the number of modes is finite. This can be mitigated if we select only those M counts
that provide the mode probability larger than a certain threshold, i.e., set of modes
M = {M|pr > €mode}, Where pyy = > Pl( Xy, Xp) = (zpr,2p)] and 0 < €poqe K 1.

xp€[0,00]

Then the distribution of the protein P can be approximated using weighted sum MCM

as qp(xp> = Z px]\/jq(xerP)-
:L“]VIGM

For all considered experiments we apply the maximum entropy principle using the moments
approximated using both MM and MCM and found that the integration of the moment
equations and the reconstruction of the distributions is several orders of magnitude faster
than a direct numerical integration of the CME. By increasing the population sizes,
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et |
.Oe- De-
250 1.0e-04 250 2.0e-05
1.5e-05 ——
200 200 1.0e-05 ——
5.0e-06 ——
150 150 +
100 100 B
50 50 L
= .
0 \ \ \ \ 0 \ \ \ \ — |

0 20 40 60 80 100

—_
[\
o

Figure 5.13: < Exclusive switch: the reconstruction of the marginal distribution of
proteins P; and P, obtained using weighted sum MCM with M = 7 moments (a) and the
corresponding approximation error (b).
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the speed-up can be made arbitrarily large. However, the accuracy of the reconstructed
distributions is not always satisfying and simply increasing the order of the considered
moments, from a certain order on, does not improve the results. This is due to the
fact that the optimization procedure becomes numerically unstable. In particular, if the
distributions have a complex shape (such as multimodal distributions or distributions
with high probability mass concentrated in states with small population counts) the
reconstruction may become inaccurate.

We propose to reconstruct the conditional probability distributions that result from the
MCM approach and multiply with the probability of the condition (i.e., marginal distri-
butions of small populations) to obtain the full distribution. This has several advantages

300 |- 4.0e-04 300 5.0e-05
- ot
g .ve- 7 .Ue-!
250 1.0c-04 250 2.0e-05
1.0e-05 ——
200 |- 200 -
150 | 150 |
100 + 100 +
50 - 50 - Ol
-,
0 | | | | 0 | | | | —

(a) (b)

Figure 5.14: < Exclusive switch: the reconstruction of the marginal distribution of pro-
teins P, and P, obtained using joint MCM with M = 7 moments (a) and the corresponding
approximation error (b).
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Figure 5.15: <« Exclusive switch: marginal distributions of proteins P; (a) and P, (b)
calculated via marginalization of the joint MCM reconstruction of two-dimensional dis-
tribution with M = 7.
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ka ka kp kp
M ‘ PwsMC'M ‘PjMCM PwsMCM PjMCM

4.7 7.4 27 25
6.9 7.7 2.7 23
1.2 5.7 1.4 10

lellv 87-10°Y 55 |4.2-1001 89

4.9 1071 5.1 2.6-107" 8.6
3.2-1071 5.0 1.4-1071 8.0

N O O W N

Table 5.11: < Self-activating gene model: reconstruction of the marginal distribution of
proteins P using weighted sum MCM and joint MCM.

compared to the MM reconstruction. First, in the MM approach the reconstruction of the
probability distributions of small populations is usually very imprecise, while in the MCM
approach these distributions are directly available. Second, the conditional distributions
in the MCM are often less complex (e.g. unimodal instead of bimodal) and thus easier to
reconstruct. Finally, as the maximal order M of considered moments increases, the MCM
requires fewer variables (conditional moments and conditional probabilities) than in the
MM approach. This is because the number of conditional probabilities is fixed while the
number of considered (conditional) moments grows exponentially in M (recently, Ruess
showed [187] that the number of equations in the moment closure system can be further
reduced).

From a computational point of view, moment closure based reconstruction is limited by
the order of moments that can be numerically integrated due to the stiffness of the ODE
system. Such difficulties are encountered when the moments of order M = 9 are to be
approximated.

Nevertheless, we find that the information provided by this smaller set of variables is as
good or even better for reconstructing the original distributions. Thus, we argue that the
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Figure 5.16: <— Self-activating gene model: reconstruction of the marginal distribution
of proteins P¥4 and P*? obtained using weighted sum MCM with M =3 and M = 7.
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MCM approach should be preferred when deriving the probability of certain events from
the moment values.

5.3 Maximum Entropy and Parameter Estimation

5.3.1 Maximum Likelihood Based Approach

The experimental imaging techniques (such as fluorescent microscopy) are able to count
the molecular populations in a living cell. If small populations are present, stochastic
models can be used to describe the dynamics of the biological system using continuous-
time Markov chain. However, this is possible only if the reaction rate constants c; are
known. Often it is not the case and ¢; must be estimated based on time-series data of the
molecular populations. This procedure is computationally intensive and require to solve
the CME for each set of the parameter estimates. The corresponding maximum likelihood
based method that allows to estimate rate constants, initial populations and parameters
from the noisy population measurements is described in [13].

The method given in [13] is however limited to systems with relatively small state space
and may suffer from the state space explosion. In order to mitigate this, we can apply
the moment approximation methods such as MM or MCM and use the moment data to
obtain the reaction rate constant estimates for systems with even high population counts.
Here, we adopt the maximum likelihood method such that the moment approximation
is used as an initial data for the maximum entropy reconstruction. The reconstructed
distribution is then used to compute the likelihood of the given data.

Assume that O = {0, ..., Ok} is a sequence of observations taken at a certain time point
T. Each observation O; = (O;1,...,0;n) is a vector of population counts for species
where some species may not be observed. We also assume that the chemical reaction
network is known and we need to estimate rate constants ¢ = (cy,...,cn,). In order
to proceed with estimation of the vector ¢, the maximum likelihood estimation (MLE)
approach can be used where we maximize the likelihood of the given data O:

(c1,...,cn,) = arg max L(0),

Cl;--CNp

where we omit the dependency of the likelihood function £ on the reaction rate constants
for clarity. We can use the values of moments in two ways to estimate the rate constants:

1. Use approximated moments and the moments computed from data and minimize the
distance. The most recent application of this principle was proposed in [155] where
the generalized method of moments (GMM) is used to approximate the moments
of the biological model with complex dynamics.

2. Reconstruct the distribution from the moments and maximize the likelihood com-
puted with respect to this reconstruction.
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Here we apply the second approach where we use the maximum entropy method to
reconstruction the unknown distribution. The first approach has been successfully applied
before: the authors of [168] approximate the likelihood by a normal distribution for the
cases where dynamics can be described well using first and second moments (i.e. using the
expectations and the covariance matrix). However, in the presence of multimodality [240]
such approximations become inaccurate. Several moment closure schemes are applied
in [35] where Monte-Carlo simulations are combined with moment approximations and
the likelihood is approximated by a normal distribution using the first four moments.
Similar approach was applied before to solve the problem of the optimal experiment
design in [189]. The maximization of likelihood (minimization of negative likelihood) can
be done much more efficiently if the derivatives of the likelihood function w.r.t. reaction
rate constants 9£/ac; are known [111]. Recently, Frohlich et al. presented the method based
on system size expansion [72]. The overview of the moment-based parameter inference
techniques for biological systems can be found in [111, ].

We assume that the likelihood function can be approximated using the maximum entropy
principle. Therefore, the likelihood of data O (without noise) is given by

£0)= [ PIX(t) =0~ [] @O,

0,€0 0reO

where ¢ is the maximum entropy reconstruction. To simplify the numerical maximization
procedure, we apply the logarithm to obtain the log-likelihood of the data

mL(0)= > WmP[X(t) =04~ > IO \*).

0,€0 0,€0

This function is however nonlinear and may possess several local optima, therefore the
global optimization algorithm shall be applied. If available, the gradient vector (and the
Hessian matrix) may be provided to the local gradient-based minimizer in order speed up
the numerical optimization procedure [13]

dln L ) y 2 P[X(t) = O
0)— ImP[X () = O)] = el ,
9, (0) okzeoaci (X (¢) ] Okz;o PR (1) = O

0 P[X(t) = O] ~ 0 G(Op, \*F) = 0 —iA*’kOl
3ci a W aCZq o a 801» eXP ! k ’

P Moo Mo M T g ysh
e P (— Z A OL) = exp (— Z)\;‘ OL) : (— Z [ 0é~
! 1=0 =0 ¢

=0

where in the second equation we do not put restrictions on the dimensionality of the
M

observation O, i.e., the sum (— > )\Z"kOL) can be considered as in (4.7) or in (4.13) and
1=0

can be generalized to any number of species Ng. Here, we assume that the observation is

one-dimensional (Ng = 1) for the sake of readability.

Please note that it is impossible to obtain the derivatives % in a closed form since

the coefficients \ are the result of the optimization procedure which is not described in
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terms of functional dependency between the set of approximated moments y; and \; (the
corresponding derivation can be, however, conducted for the case of generalized exponential
distributions, cf. Appendix A.5.7). Alternatively, we can again apply the principle of
maximum entropy and try to reconstruct the function 9/ac,P[X (t) = Oy] (which is not a
distribution, so it does not possess the corresponding properties). Therefore, we need to
approximate the derivatives of the moments with respect to reaction rate constants 9xt/ac;
and consider the following moment problem

aCi ;ﬂ:‘p(w) - 8Ci’

ler(a:) =V, (5.1)

zeSs

where we denote ag—ff) = r;(x) and

Oy

50 = V- The resulting maximum entropy is then

ZZCZH(@:VM I<I<M<oo, 1<i<Np.

In order to obtain the values v ;, the moment closure system has to be extended to include
the derivatives of moments w.r.t. rate constants as well. Instead of considering only the
dynamics of moments

d

1 =F, p, ), (5.2)
the dynamics of the derivatives shall also be included into the ODE system
d [ 0 o™ gp )
— =W ) =G (M), I ot 5.3
dt (acl,u ) (,U ) M ) ) 802- ) 8ci ) ) ( )

for all order vectors I and rate constants ¢;. Obviously, both ODE systems F and G can
be considered as functions of reaction rate constants ¢;. Consider the following example
where we extend the moment closure system for simple dimerization model:

Example 5.4 (Extended Moment Closure for Simple Dimerization Model). <= We
consider the dynamics of the derivative of covariance Cs 5 in Equation 3.2 w.r.t. to
rate constants. Recall that the time of derivative Cy 5 is given by (where we assume
the low dispersion closure of the order 2)

d 3 1
ECQ’Q = 50101,1 “+ §C1M1(/~61 — 1)+ pa(ca — c1Ch 1)

Now we extend it by
7 (a§c2{2> =3 (Cia+ Cl(vcll)> +3 (“% + 20y ™ — i — Clﬂgm) + p2C1 1
—C PJQCS) + Mgcl)Cu)

oC! @
% ( 3622,2) :M2+62U§2)7
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where we denote the derivatives of moments w.r.t. to ¢; by p(®) and C(¢),

Both ODE systems F and G are coupled and need to be solved simultaneously w.r.t. time
t.

However, the moment problem (5.1) does not allow for a direct solution. The classical
moment problem is formulated as

[e.e]

= /xldp(x),

—0o0

where p(x) is a measure on R. It is impossible to formulate the problem (5.1) in the same
way since there is no reason for the derivative function 9/a¢;p(x) = r;(z) to be non-negative
and satisfy the properties of the measure. Here, we use the numerical approximation of
the derivatives instead and 9/oc,L is calculated using the finite differences

E(Cl + 561) - ‘C(cl - 561) £<CNR + 5CNR) - 'C(CNR - 5CNR)

VL~ 2., e %

CNR

The absence of the closed-form solution for the gradient and the Hessian of the likelihood
function limits the ability to estimate the quality of the obtained estimates, i.e., there is
no direct way to get the estimate of the variance of the inferred rate constant. Again, here
we use the numerical approximation of the Hessian matrix H and the covariance matrix
is given by ¥ = H~! [63]. The standard deviation of ith parameter estimation can be

computed as 6; = 4/ im =1/ ]f[le

Example 5.5 (Parameter Estimation for Exclusive Switch). <—= We consider the
problem of reaction rate constants estimation for the exclusive switch system given
several sample data sets O, each consisting of 10000 samples. The aim is to estimate
the reaction rate constants ¢; and ¢y whereas the rest are fixed. We assume that only
protein counts P; and P, are observable. The log-likelihood of the data O is given by

mL(0)= Y WmP[X(t) =0~ > g0\,

0,€0O 0reO

where §(Oy, \*) corresponds to the maximum entropy reconstruction of the marginal
distribution of P; and P,. The initial parameter guess can be obtained using one of
the moment-matching parameter inference methods [35, , 189]. Here we use the
result of GMM-based parameter estimation [155] to bound the search space of the
parameters as ¢; £ z,0.,, where ¢; is the expectation of the estimator for ¢;, 6., is the
standard deviation and z, is the z-value corresponding to the fixed level of confidence
a. Unfortunately, the results of the numerical experiments reveal that the parameter
estimates does not become closer to its true values, therefore it is better to stick to the
original estimates from GMM. One may try to get the better estimates by running
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the parameter inference procedure described in [13] if the size of the state space is
manageable.

Another way to address the problem of the derivative approximation is to apply the
moment recursive relations of the generalized exponential family. For instance, the vector
of parameters 3 of the density fo (/) of type G with the support [0, 00| can be obtained by
simply solving a linear system of equations 3 = M ~!a, where both vector o and matrix
M are the functions of non-central moments p; (cf. Equation A.13). The parameter
vector (3 is then a function of moments py, ie., 5 = M~ta, therefore we can compute
derivatives 9/oc,8 = 9/ac, (M~La) for all i € 1, ..., Ng. The derivatives 9/oc, P[X (t) = Oy]
can be approxmlated by 9/oc. fa(Oy, 8*). Both the vector of parameters 5* is computed via
B* = M@, where both the matrix M and the vector & are computed using the moments
obtained with MM or MCM method extended with ODE system G (5.3) that tracks the
dynamics of moment derivatives.

For the distribution f(z, 8) of the generalized exponential family the derivatives 9/ac, f (O, 5*)
can be computed as

0 0 0 i 0 o 0
acif(0k75*> = %f(Okﬁ*) : 8 B(ii) = a5 (O, B%) - 9 (M~Y(ft) a(fD))
o () (@) = 5710 - (D) M0+ M ) 5 ).

where 2 i(c) = G (u(ll), pt2) 2 ) o, () > is the solution of the extended

moment closure system (5.3).

Similarly, we can further extend this approach to obtain the Hessian matrix of the likelihood
function as a closed form expression. In order to do so, we need the approximation of the
second derivatives of the moments. The moment closure system (F, G) (5.2)-(5.3) can be
extended with the equation system H defined as

(P W) gy e 0 om0 N
dt 801‘@6]' ’ ’ ’ @Ci ’ 80,- ’ 8ci80j730i80j’ ’

and the second derivatives of the distribution reconstruction can be computed as

o2 N o 0 o2
8Ciacj'f(0k’ﬁ) aﬁQf(Oka/B) aciﬁ(ﬂ)'a—cjﬂ( )+—5f(0k75) e,

where the elements of the Hessian matrix come into the second derivative of the function
B(f1) = M~ (jii)a(fi). The second derivative of the likelihood function is given by

6(/’7)7

02 o, 0
9*InL(0) Fei9c; PRPE = 3¢, Pk 5e; Ph
oot~ 2 ;

acic?cj ’ (55)

0,€0 Py

where we denote P[X ( ) = Oy] by px.
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The given method can be generalized to noisy observations as well [13]. For that we assume
that each observation O, € O can be represented as O, = X}, + €, where the error terms
€, are independent and identically normally distributed with zero mean and standard
deviation o. In this case, the log-likelihood of the data is given by

mL(0)= Y InL(O),

00
L0 =3 f (0% =) P[X =4]
zeD
Loy~ f. (okpf :x> (@, 8%

1 (OWIX = @) = 6 (O = 71) = 65 (A4,

where ¢,(x) denotes the probability density function of the normal distribution with
standard deviation o. We can derive the first and second derivative in a similar fashion
as before

dIn L o 2 L(0y)
Oc; 0,€0 Oc; 0,€0 L(Ox)
0 o
8cl£(0k) ~ w;* ¢0 (Ak’) acif(xv 5 )7
Il 3 g (O L(Ok) = - L(Ok) 52 L(O%)
Jc;0c; N F=o £2(0y) )
0? o2 .
aClaCJE(Ok) R~ I%;* b0 (Ak) 56,0 ]f(x, ),

where we need to solve the system (F, G, H) defined by (5.2),(5.3),(5.4). The weighting
with the normal distribution over the approximated state space D* does not have to be
complete: it might well be the case that values of the normal distribution ¢,(Ay) become
negligible providing additional truncation bound and therefore shortening the number of
terms in sum.

The proposed algorithm is given in Algorithm 1, where we assume that all reaction rate
constants are to be estimated (we denote the coupled system ODE system for moment
closure by (F, G, H)). The function ReconstructDistribution may refer to any kind
of distribution reconstruction technique such as maximum entropy or generalized expo-
nential family based. The function UpdateParameters denotes any kind of gradient-
based search method such as Newton [196], Levenberg-Marquardt [17] or limited memory
BFGS [12]. Some of those methods can also make use of the Hessian matrix of second
derivatives to speed up the convergence to the optimum. If closed form expressions are
not available (as in case of maximum entropy reconstruction), the corresponding finite
difference approximations may be used.
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The third derivatives of the likelihood function can be also analytically derived. However,

the corresponding optimization methods [11, 33, 52, | are not widely applied. In case
of maximum entropy reconstruction, the application of third derivatives tensor to the
minimization of dual function (implemented in [192]) does not give any gain in terms of

convergence speed.

5.3.2 Maximum Relative Entropy

The alternative approach to the parameter estimation procedure is based on the usage of
the maximum relative entropy (MrE) method designed in order to incorporate two types
of constraints: the moment constraints of type (4.2) and data constraints. The method is
explained in details in [78-80] and often applied in physics and economics [21, 240].

The authors emphasize that the MrE procedure is fully compatible with Bayesian inference
method and one exactly follows the Bayesian inference in the absence of moment constrains.
Special attention is made on how and in which order to apply the data constraints
(observation data) and moment constraints. In the scope of chemical reaction network
analysis this method can be helpful to estimate the parameters in situation when the
excessive simulation is not possible but moments of the species quantities may be obtained
reasonably fast.



Chapter 6

Conclusion

The realistic biological systems that are subject to the stochastic effects may reach over
the bounds of the discrete state space that can be handled reasonably well by current
implementations of chemical master equation solvers. The state space explosion currently is
(and will) remain one of the main obstacles to cope with such systems in purely stochastic
and most accurate way. This motivates the need to use moment-based approaches that
are capable of describing the same behaviour in more condensed form.

This doctoral thesis is focused on how to recover the discrete-state representation of the
system given the moment description. This is the well known inverse moment problem
for which the mathematical foundations are rigorously investigated. However, this is one
of the first approaches to apply these methods to the systems with (possibly unbounded)
discrete state space and distributions of molecule numbers with relatively complicated
shape (successfully decomposed onto simpler ones using the conditional representation).

Moment-based representation of the behaviour allows for the fast computation of main
cumulative measures but it may suffer from the stiffness problems, that is, the asymmetry
in the system evolution caused by large difference in the number of molecules of different
species. Recently introduced method of conditional moments allows to mitigate this prob-
lem by decomposing the system onto several interconnected subsystems with respect to the
number of modes. Each mode corresponds to the configuration of slowly-changing species
in the system. In such way, the hybrid description is introduced, where fast-changing parts
are described by moments and slow-changing parts are treated in the stochastic fashion,
by a chemical master equation.

We applied the maximum entropy method to solve the inverse moment problem when
both moment-based approaches are used: the pure moment closure and the method of
conditional moments. The comparison reveals that it is beneficial to use the conditional
moments in terms of accuracy and computation time. This maximum entropy based
reconstruction technique may also be applied to estimate the unknown parameters of the
systems. However, due to the instability of the optimization procedure and high sensitivity
to the noise, estimation of the reaction rate constants from the experimental data reveals
to be not realistic.
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Future Work. The two major problems of the presented technique are the sensitivity
of the optimization procedure to the noise and dimensionality limit (we applied it to one-
and two-dimensional distribution). To mitigate the first problem, other preconditioning
techniques may applied, mainly working with transformation of the moment space. Being
able to compensate for the instability, the second problem is technically solvable (as shown
by Abramov [3] and recently by Hao [101]). Solving both problems would allow for the
fast change of the state space representation: while the population number of the certain
species stays low, its dynamics is controlled by the chemical master equation. As soon as it
grows over a certain threshold, its representation can be changed to the moment-based one
and the other way around if significantly decreases. It would also mitigate the problems
arising while applying the maximum entropy reconstruction to the parameter estimation
task.



Chapter 7

Algorithms

Here, we list all algorithms introduced in the course of this thesis.

Algorithm 1: <—Parameter estimation using distribution reconstruction

Input: O: observation samples, Ry, ..., Ry,: chemical reaction network,
(c§°), o ,0531)%): initial approximation for the search procedure, C: the search

space for parameters, C' C RN E F: moment closure system for the moment
approximation, G: moment closure system for the moment derivatives
approximation, ji;—q: initial values of moments at time ¢ = 0, M: truncation
order for the moment closure, T": time instant at which samples O are obtained

Output: ¢ = (¢4,...,Cn,): estimation of reaction rate constants
L:=0;
do
Solve moment closure ODE system:
T
1, Vi, Hg] = of (F,G,H) (c1 S .,C%L;ﬂtzo;t) dt ;

Reconstruct the distribution: f(x,5) := ReconstructDistribution(ii) ;

Compute first derivatives of the reconstruction: f; (z,3) = a% (x 6) ;

Compute second derivatives of the reconstruction: f7 . (z, ) = Bcl ac f(z,B);

Compute the log-likelihood: [) := 3~ In f(O, B) ;

Ore0O
Compute first derivatives of the log-likelihood:
9 71(t) féi(ok’ﬁ) _ o) L .
240 = 5 Lo Vzw—(acJ ...,BCNRu)),

0r€0
Compute second derivatives of the log-likelihood:

2 1) _ fé e (Or,B)f(Ok,B)—f¢, (Or,B) f¢.. (Ok.,8) _ 82 ) .
acl-acj-l B ok,zeo ] F(Or.B) ’ v ()i = aciacjl :
ti=1+1;

Get the new estimate of parameters:
(ch), o cE\L])R) := UpdateParameters (1%, V,u), Hyo) ;
while mazimum likelihood is not found,

90
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Algorithm 2: < Main algorithm of distribution reconstruction (one-dimensional case),
EzxternalMaxent1D
Input: ji: set of moment constraints, M: number of moment constraints,
U1 p: optimization parameters

Output: (\*, D*): solution vector of parameters and the corresponding support
Choose number of moments currently used for the reconstruction

M=M
do

Choose set of moments currently used for the reconstruction
fi. = {po, pias -5 by}

Get the initial approximation of the support (Section 4.3.3)
{z1,...,xr} = ComputeSupportApproximation (fi.)

Run the adaptive support minimization of the dual function
(X*, D*,b) = AdaptiveSupportOptimization (fi.,{xr,...,zr},O1p)

if b # true then
M=M-1
UlD-(Sd =2- UlD-(Sd

else

| break
end

while M > 1;

Algorithm 3: < Main algorithm of distribution reconstruction (two-dimensional case)
Input: ji: set of moment constraints, M: the highest order of available moment
constraints, U;p: optimization parameters for one-dimensional reconstructions,
Osp: optimization parameters for two-dimensional reconstruction,
Output: (\*, D}, ): solution vector of parameters and the corresponding support
Choose the highest order of moments currently used for the reconstruction
M=M
Reconstruct the distribution for both species
(Ar, DY) = EaternalMazent1D (ji,,O1p)
(As, Dyy) = ExternalMazent1D (jiy, O1p)
Get the initial approximation for the two-dimensional support
D, = ComputeMainProbMassRegion (D%, U1p.0F)
Dy = ComputeMainProbMassRegion (DZ,61D-5F)
Dy, = Do x D,
do

Choose set of moments currently used for the reconstruction
/_j- = {M0,0,- s 7,ui,j}7 Z+] < M

Run the adaptive support minimization of the dual function
()\*, D b) = AdaptiveSupportOptimization (fi., Dy, Uap)

Ty
if b # true then
N =T -1
else
| break
end

while M > 1;
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Algorithm 4: < Dual function minimization with adaptive support approximation,
AdaptiveSupportOptimization

Input: ji: set of moment constraints, D: distribution approximation, U: optimization
parameters
Output: (A\*, D*): solution vector of parameters and the corresponding support, b: flag
that shows whether the optimization procedure finished successfully
Initialize the number of support search iterations ()
(=0
Initialize the number of iterations where minimization is unsuccessful (¢V)
V=0
do
(U N ) = Preconditioning and dual function minimization (ji, D)
if § = true then
b = CheckSolutionV alidity(¥, g(A\*, D), D, .05, 0.6p, U.6p, U.Npeaks)
if b = true then
if (4.11) is satisfied with U.0y then
‘ return (A, D, true)
else
| b = false
end
end
else
V=041
if (¥ > 6.0V then
| return (0,0, false)
end
end
if / < .0 then
| (=1(+1
else
| return (M, D, true)
end
while b = false;
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Algorithm 5: <~ Orthogonalization of basis in one-dimensional case

Input: D: approximation of the support on the current iteration, {po, ..., }: set of
moment constraints
Output: 7L initial approximation of the solution in orthogonalized basis, P': matrix
with coefficients of orthogonalized basis, ¥(Z,¥): dual function in
orthogonalized basis
Initial solution approximation
7O = (1071,0,...,0)" ;
Basis orthogonalization
P=1;
Pt = Modi fiedGramSchmidtWithReorthogonalization(D, P,7?, P) ;
3(0) - (pL)fl .P. y(O);
Dual function in the new basis

=1In Z exp (Z Yok (T > i Vv (i

with derivatives deﬁned by (VVU), v) — vk(f), Hiy = Q5 (vky)

Algorithm 6: <— Definition of distribution reconstruction validity

Input: ¥: dual function on the current iteration, ¢: distribution reconstruction on the
current iteration, D: approximation of the support on the current iteration,
d5: threshold for 5, criterion, dp: dual function maximum to tail value threshold,
0r: threshold for the cumulative probability mass, Npeaks: maximum allowed
number of peaks in the support region with main part of probability mass

Output: true for “valid” reconstruction, false for “invalid” reconstruction

Verify that the values of dual function are finite

ifEIxED:\I/(x):oo\/%gm) %
| return false
end
Verify that the values of distribution reconstruction are finite and (A.9) holds
if 3z € D : q(x) = oo VvV max, ) TAO) (@ ) /W (AO)(x4,) > dp, then
| return false
end
D = ComputeMainProbMassRegion (D,dr)
Compute 5, for D = [z, xR
Npeaxs = ComputeNumberOfPeaks (D, q)
if 5, > 05V Npears > Npears then
| return false
end
return true

=0V = oo then
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Algorithm 7: < ComputeMainProbMassRegion, computes the region where given
amount of probability mass is located using the initial approximation of support

Input: ¢: distribution reconstruction on the current iteration, D: approximation of the
support on the current iteration, dz: threshold for the cumulative probability
mass,

Output: D, the region of support where dz of probability mass is located

(ZL‘L, (L’R> =D

T =]

v = max{a] Y2k g(x) < 5r)

D= (sz .QIE)

return D

Algorithm 8: <= ComputeNumberOfPeaks, computes number of peaks in the provided
region of support

Input: ¢: distribution reconstruction on the current iteration, D: approximation of the
support on the current iteratiqn
Output: Npeaxs, number of peaks in D

Compute %h:w for all z € D

07 6%_?‘t:x < 0

with the discrete
17 aqa_(tt)|t:x > 0

Define the specific discrete sign function sgn(z) = {
derivative sgn!, (z) = sgn(x + 1) — sgn(x)
Npears = > |sgn’y ()]

xeD
return Npeaxs

Algorithm 9: <~ Preconditioning procedure

Input: {xo, ..., 1} set of moment constraints, D: approximation of the support
Output: {iocr, - farer}: transformed moments, D, ,.: transformed support,

A: transformation matrix
Centralization

{1o.cs- s pare} = ConvertRawToCentralMoments ({io, - ., fiar}) :
D. = CentralizeSupport (D, 1) ;
Rotation and scaling

({pocrs- - prrert, A) = RescaleCentralMoments ({oc, - - fiare}) ;
D., = RescaleCentralizedSupport (D., A) ;
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Algorithm 10: <— Revert the preconditioning procedure

*

Input: (X, .., Ajs.,) : solution obtained using the preconditioning, A: rotation
matrix, up: expectation(s) in the original coordinates

Output: (Aj,...,\};) : solution in the original basis

Revert rotation and scaling

(Noes-- -+ Asse) = ConvertTransformedSolutionToCentral ((Njeps-- - Niger) s A) 5

Revert centralization
(N, - -, Ayy) = ConvertCentralizedSolutionToOriginalBasis ((

*

O,c,ry =t * *M,c,r> ?Ml) )

Algorithm 11: <— Preconditioning and dual function minimization

Input: {4, ..., 1} set of moment constraints, D: approximation of the support

Output: (Aj,...,\},): solution in the original basis, f: flag that shows whether the
minimization procedure convergences

({tocrs- s rerts Dery, A) = Preconditioning procedure ({f, . - ., pia }, D) ;

(Mo s Nisen) ) = MinimizeDualPunction ({fiocrs - - -+ piager ts Dew)

(ASs - -y Ahy) = Revert the preconditioning procedure ((AS’C’T, e )\Rf,c,r) A, ul) :
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Supplementary Information

A.1 Derivation of the Chemical Master Equation

The chemical master equation (CME) (2.2) describes the change of probability mass
P[X(t) = x| for each discrete state x in the state space (in this section we denote
X(t) = X3). Let us determine the state probabilities for X at time ¢

PX(t)=2]= > PIX(t)=x|X, =7 P[Xy =17

27 N
yeLg

where the initial distribution P[XO = y],y € ZY is given and propensity functions

ai,...,ay are known. For an infinitesimal time step of length A, we have
P Xyn=1] = PXa=2]|X =2] P[X, =4
Ng . . .
+ 2 PXpya=z|Xi=z-—v] PlX;=1-1v,

j=1
T—v; >0

where the first term relates to the probability of staying in the state x (no reaction occurs)
and the second one relates to the probability of changing the state from x — v; to =
(reaction R; occurred). Using the notation of propensity functions we obtain the following

P[Xa=2a] = (1— jVRaj(x).A>-P[X;:x]

Nr o

+ X2 ai(@—v)-A-PXy =2 — vy
Jj=1,
z—y>0

96
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We can divide both parts on the A which is infinitesimal and thus obtain the derivative
of the state probability

d = T P[Xt+A:x]—P[Xt—I] o
a1 == Jiny A =
Ng Ngr
:—Zaj(a:) PX, =x]+ Z aj(z —v;) - P[Xy =2 — ]
Jj=1 Jj=1,
zfvjz()

This differential equation describes the system of the coupled ODEs for the probability for
every state x and probabilities for states ¥ = x — v; are needed to compute the right-hand
side. Given an initial probability distribution, the solution of the CME are the probabilities
P[X, = z| for all states . The intuitive meaning of the CME is that the derivative of the
probability of state x is the difference between the probability inflow and outflow. The
states are seen as nodes in a flow network and their probability is the amount of fluid,
which moves through the network according to the propensities. The example of CME
construction is given in Example 2.3.

A.2 Software to solve the CME numerically

Tool name Language Reference
SHAVE C++, Lua [146]
cmepy Python [61]

FSP Matlab [175]
Implicit Euler Matlab [121]
ExpoKit Python [198]
[127]

TT-Toolbox adaptation  Python

A.3 Transformation between central and non-central
moments

Let us denote the |I|-th central moment by i) where I is the order vector such that
I=(L,...,Ng). The central moment is given by [ , ]

I (.- £(x))']

1=

ﬂ(|1|) — E‘

It can be expressed in terms of non-central moments p using the binomial expansions as
follows

Ing

) Z S (- 1( ) _,<{Ns).E<X1)“...E<)§NS>"NS.Ma—i), (A1)

2
i1=0 stfo Ns


https://mosi.uni-saarland.de/shave/
https://github.com/hegland/cmepy
http://cnls.lanl.gov/~munsky/Software.html
http://cis.jhu.edu/~goutsias/CSS lab/software.html
http://www.maths.uq.edu.au/expokit/
https://github.com/oseledets/TT-Toolbox
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where i = (41,42, ...,in,). Non-central moments can also be expressed in terms of central
moments as follows

— I’L NS — — — I’L
o - o[f1(5)'] - s[5 - £[5) sl
i=1 i=1
Il INS [ [ il iN (A2)
S (1) () p(R)m ()
=0 ing=0 N1 LNs
A.4 Moment Closure Software
Tool name Language Reference
Moment Closure Mathematica [159]
StochDynTools Maple [112]
SHAVE C++, Lua [146]
MOCA Mathematica [194]
MEANS Python [68]
MomentClosure Python [167]
MultiKin Matlab [201, 205]
CERENA Matlab [128]
We note that the authors of CERENA [128, p. 3] also provide the detailed comparison to

other software packages.

A.5 Maximum Entropy Formalism

A.5.1 General Solution to the Maximum Entropy Functional

We consider the optimization problem (4.4)

= H
q = argmax (p),
given the constraints (4.2)
> p@)=1, p;>0
ST R(S)pla) =, 1<k <M <o,

and entropy defined according to (4.3)

H(p)= - p(z) In(p(x)).

€S


http://www.mathematica-journal.com/data/uploads/2010/10/MomentClosure.m
http://www.ece.ucsb.edu/~hespanha/software/stochdyntool.html
https://mosi.uni-saarland.de/shave/
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-143-013542
https://github.com/theosysbio/means
https://storage.googleapis.com/google-code-archive-downloads/v2/code.google.com/pysbml/MomentClosure-0.2.1.tar.gz
https://sourceforge.net/projects/multikin/
http://cerenadevelopers.github.io/CERENA/
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Here we assume that the functions fi depend only on the current state = and fo(x) = 1,
so the constraints are given by

> frl@)p(z) =, 0<k <M< oo

zeSs

In order to minimize the entropy functional, we consider the following Lagrangian where
we do not specify the functions fi(x)

£ = HO) = 3 0 (£ filednlo) = ).

k=0 zeS

Derivation with respect to the function p(x) leads to

(Zln[p ) Z/\kak

zeSs zeSsS

Setting this derivative to zero results in

g—i_o@ (Zln > ZAkak

€S €S

This relation holds for every state x € S, and if the sum »_ fi(z) converges,
z€eS

= — Z)\kfk($> -

This gives the general form of solution

q(z) = exp (-1 -3 Akfk(@) ) (A.3)

where we can also define the normalization constant Z(z) such that

eXp ( Z)\kfk ) Z = e = ZGXP <_Z>\ksz(x)) :

z€eSs

q(z) =

The solution ¢ obviously depends both on the state x and the parameter vector A\, so we
can also write ¢(x, \) for clarity. It was shown in [1] that the solution to the optimization
problem (4.4) can be found via minimization of the dual function W(\). It is defined as
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primal dual
roblem arg max H arg min W(A
P e (») S AeRM )
description maximum entropy maximum likelihood
type of optimization constrained unconstrained
solution and search domain peg A€ RM

Table A.1: <= The duality of maximum entropy and relation to the maximum likelihood.

U(N\) = L(g,\) and

M M
\I’( —an + — Z A Z fk Z:: Ak fie(@) _ Z A (Z fk Z::IAkfk(z) B ,uk>

TES z€eS

k=1

Therefore, the unconstrained optimization problem that has to be solved is stated as
follows

A* = arg min ¥(\), (A.4)

AERM

and the corresponding maximum entropy distribution is
M
g(x, X*) = exp (—1 -3 A;;fk<x>> :
k=0

M
In this thesis we mostly use the expression ¢(z, \*) = exp (— >N fk(x)), where we
k=

assume the proper transformation of Ay [91].

The authors of [30] establish the connection between the maximum entropy and the
maximum likelihood framework (for the domain of the natural language processing). Here
we present slightly modified table of correspondences [30, Table 1]. In [30], the authors
address the dual problem as maximum likelihood, however this is due to definition of dual
function, which is the same as (—W(\)) in our case. The extended results on the duality
of entropy optimization problems in case of inequality constraints are given in [131].

A.5.2 Minimization of the Dual Function

The convexity property of the dual function W(\) allows us to postulate that there exists
a unique solution to the optimization problem (A.4). We first compute the gradient ¥ /ox
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of the dual function. The i-th element of the gradient vector is given by

M
ov —fi(x) = > Aful=) 1 .
— PR k=1 =  — — s — ]_ M
o Tz " = gt = e 2

J/

-~

=Hi
where [i; is the approximation of i-th moment given the vector of parameters A,
. M
ﬁi:Z:ﬂexp(—Z)\kxk), i=1,...,2M. (A.5)
T€S k=1

In case of continuous random variables the moments are approximated as

M
fi = [ 2" exp (—Zx\kxk> de, i=1,...,2M. (A.6)
S k=1

The elements of the Hessian matrix H are given by

O*V O (s — %11 1
Ho — _ zM) Gz na. ij=1.....M A.

It can be proven [213, Proposition 2.3] [162, Lemma 1] [7, Section 3] that the Hessian
matrix H is positive definite. Therefore, if there exists the stationary point A where the
gradient is zero %| y=3x = 0, it must be a unique absolute minimum. However, there is no
guarantee that the feasible solution to the problem (4.9) exists, since the convexity of W is
established without considering the properties of the constraint set p. The generalization
of this result to Burg entropy is given in [35].

A.5.3 Remarks about Numerical Optimization Procedure

Here we want to address several issues of the numerical minimization of the dual function
that may play an important role when it comes to computationally intensive tasks such
as parameter estimation (cf. Section 5.3).

Preconditioning: centralization and rotation. As mentioned in Section 4.3.2, we
apply the preconditioning procedure similar to the one in [3]. The centralization and
rotation of the support corresponds to the step 2 of the procedure. Centralization step
corresponds to converting the raw moments into central moments such that yp; . =1 for
all species (as defined in Section A.3) and to the scaling of the support D = {zy,...,zr}
as D. = {xp — p1,...,or — p1}. In the two-dimensional case, this reads as D,,. =

{$L — Mz 1y, TR — ,Ux,l} X {yL — My, YR — My,l}-

The rotation and scaling step is defined such that the variance j5, = 1 or the matrix of
second moments is an identity matrix I. The corresponding transformations are defined
for an arbitrary dimensionality in [3]. In Algorithm 9 we show these preconditioning that
are performed before the optimization.
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It should be noted that this procedure also require to transform the solution vector A
correspondingly to a new basis and back, after the optimization has been performed.
Therefore, to verify that the support approximation procedure is always performed in
the original basis, the transformations are reverted with inverse transformations as given
in Algorithm 10. This process is illustrated in Figure A.1, where states are shown by
blue circles. The solution scheme that makes use of the preconditioning is shown in
Algorithm 11. We consider this step in the following example:

Example A.1. <~ We consider the reconstruction of two-dimensional protein distri-
bution in exclusive switch model at the time t = 60 using joint MCM method. We ap-
proximate the initial support for Dp, p, as in Section 4.3.4 by Dp, p, = {0,..., 117} x
{0,...,280}. The condition number of the Hessian matrix is & (Hp,, ,, ) = 4.3 - 10%.
The first moments of the proteins are given by j; p, = 60.19 and 1 p, = 152.29. The
support after applying the centralization is given by Dp, p, . = {—60.19,...,56.81} x
{—152.29,...,127.70}. The matrix M, of second moments reads as

W 1718.12  —4063.01
27\ —4063.01 10502.28 |-

The transformation matrix A is defined as A = (VDl/ 2)_1, where D is a diagonal
matrix with eigenvalues of M, and the matrix V' contains the corresponding right
eigenvectors (such that AV = VD). In this case, the transformation matrix reads as

A _ (—0:0826 —0.0324
— \-0.0033  0.0085 )

We apply the transformation to each point (z., y.) of the centralized support Dp, p, . as

(Zeyrs Yer) = A(xc, ye) which results in the transformed support Dp, p, .. For example,
the point (—60.19, —152.29) is mapped to (9.90, —1.09) and point (56.81,127.70) is
mapped to (—8.83,0.90). The condition number of the Hessian is x (HDP1
6.6 - 101°.

,Pg,c,r) _

Please note that all three support approximations Dp, p,, Dp, p,. and Dp, p, ., are
treated as discrete sets (not as continuous subsets of R?) and the number of elements
stays the same. So, in this case the maximum entropy distribution is approximated
in 33158 points. The set Dp, p, ., contains the same amount of elements but the
coordinates of each point are usually real numbers.

Preconditioning: basis orthogonalization. We consider the orthogonalization of the
problem basis. The original basis is given by the set of monomials with the corresponding
Lagrange multipliers {7, A7}, i€ ZNs, 0 < |i| < M. The orthogonalized basis is given by
the set polynomials of order M and the corresponding Lagrange multipliers {vi(Z), v},
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Figure A.1: <« Centralization, rotation and scaling of two-dimensional support.

1 <k < K, where K = M + 1 in one-dimensional case and K = (M+2)(M+1)/5 in two-
dimensional case. The dual function Equation 4.8 in the new basis is given by

U(F,7) =In ) exp (Z %Uk(f)> + > won(i)- (A.8)

and the corresponding support approximation D. There exist many well-established sys-
tems of orthogonal basis functions, among which shifted Chebyshev [25] and Lagrange
interpolation polynomials (with suitably spaced roots) [220] have been previously applied
for the solution of inverse moment problem. Here, we construct the system of K general
orthogonal polynomial functions.

The potential benefit of using the orthogonal basis comes from the basic formulation of
Newton optimization

HEE) _ 50 _ g, (H™'- V) |0

ov .
(VU), = P Q7 (vk) — v (i)
0*U
kKl = 8%3% = Q’?(Ukvl)a

where the functional () is defined on all real-valued polynomial functions v € Py k,
v: RYs — R such that Q : R¥ x Py, x + R and

Qs(v) = Y o(#) - 4(F,7) d7.

zeD
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For the orthogonal system of functions Q5 (viv) = > vi(Z)v(Z)-¢(Z, 7) AT = gy, therefore
zeD
Hy = 6y = H,&l and H = I. The Newton iteration becomes

FHD =79 - & (V) 50
Note that the optimization problem remains convex under such transformation

W' Hw = w' @ > 0.

Here we consider the orthogonalization of basis only for the one-dimensional maximum
entropy problem. The initial basis {1, z,2?, ..., 2™} corresponds to the identity matrix I,
where the coefficients of the function k£ correspond to kth column. To obtain the orthogonal
system P+, we apply the modified Gram-Schmidt with re-orthogonalization [55]. In order
to apply it properly, we need to define the initial approximation of the solution vector

7O = X on each iteration of the support extension, 7© = (10719,0,...,0). It is required
by the definition of functional @), where ¢ shall not be degenerate.

The solution vector ¥ must be re-computed with respect to the new basis P+ such that
the functional () does not change

K K
exp (Z véo)’lpi) = exp (Z %ﬁO)Pk>
k=1 k=1
K

K

L
S o0RE =3 50n
k=1

k=1

where P and Py denote the kth column of the orthogonalized and initial basis, i.e., the
vector corresponding to kth basis function vy (x). In the matrix-vector form, it is given by

P1L1 p2l1 P%{l
iRl I IR TE7 ol I ISUPRE IR I
plLM szM pIL(M
P11 P21 Pr1
St I ISl I [ I
Pim Doy PrM
vgz ’ipil + 7%2;?% +o+ 7% ’ipia ’Yg;pn - ’Y%Z;pm S 'y%pm
NPt Y TPt VKT PR | | Y1 P12t Ve P22t Vg PR2

(0) (0) (0),L (0)

) L O
WO o s o Y PR YO piar + 4

Poyv + ..+ ’Vﬁ?)pKM
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The right part equals P - 7). If we define it by 6® = P - ) the equation reads as

(0),L (0)
Ph P - Pri g b
n n T (0),L b(o)
P12 P2 .-+ Pk2 72 _ 2
1 1 1 : :
o (0),L (0)
Piv Paum Prkm Vi by

and the representation of solution coefficients 7 in the basis is defined by -+ = (P+)~1.
b0 = (PHTL. P 50O,

After defining the orthogonalized basis, the dual function minimization is performed.
Though theoretically H = I, in our case studies this equality holds only approximately.
Therefore, we can not directly apply the simplified form of the Newton method and still
need to compute the inversion of the Hessian matrix H~' (for the considered number
of moment constraints M, this operation remains computationally cheap). In contrast
to the approach of Alldredge [%], we do not perform the re-orthogonalization on each
iteration of the Newton procedure. Instead, we follow the original approach of Abramov
and the Hessian matrix loses its property H = I while iterating. Still, it allows for drastic
reduction of the condition number of the Hessian (cf. Table 4.9).

After the minimum %+ of the dual function ¥ (Z,7) is found for the current support
approximation, the solution vector ¥* needs to be represented in the original monomial
basis via

p% p[iﬂ 1 0

. P . P . 0 i} 0
"t . Fo et {{2 =AM+ AL

pr p[L(M 0 1

therefore P+ . 5%L = . X* and X* = (=1)P+ - (up to a sign). Orthogonalization
preconditioning procedure is shown in Algorithm 5. Note that in case of continuous
distribution reconstruction, the additional correction of Ay is also needed, i.e.,

* —k 1
Ay = ((—1)PL-7 )o_ln”E’

where , /t plays a role of transformation matrix in one-dimensional case.

If the basis is orthogonalized, the values of the exponential function can not be easily
precomputed once for all the iterations (as it is shown in Appendix A.5.3). Moreover, these
computations become the bottleneck of the whole iteration procedure together with the
inner product functional @) (and the corresponding running time is up to 6 larger than the
one of the version without preconditioning but with exponential values precomputation).



Appendix 106

Example A.2. <~ We consider the reconstruction of one-dimensional protein dis-
tribution in exclusive switch model at the time ¢t = 60 given M = 6. The original
monomial support 1, z, ...,z is characterized by the matrix P = I. For the approxi-
mate of support given by D = {15,...,110}, the orthogonalized support (obtained by
applying the modified Gram-Schmidt with re-orthogonalization [77]) is characterized
by the matrix P+:

[0.1021 —0.2302  0.4664 —0.9637 2.0227 —4.2813
0 0.0037  —0.01858 0.06315 —0.1845 0.4992
pl 0 0 0.0001 —0.0011 0.0054 —0.0206
N 0 0 0 6.1089-107% —6.3189-107° 0.0004
0 0 0 0 2.5276-1077 —3.2791-10°°
0 0 0 0 0 1.0493-107% |

As an example, the third column corresponds to the basis function vs(z) = 0.4664 —
0.01858x + 0.000122.

Further preconditioning of moment constraints Abramov [2] introduces one more
step of moment preconditioning performed using additional scalar re-scaling:

fir = a1

Kr,

for 0 < |I| < M such that the set of moments fi is the same as of the standard normal
distribution. To obtain such a transformation, the rescaling parameter o must be a =
[(2M — 1)!N]/** However, this transformation does not give noticeable benefit for our
case studies. This approach shall provide more visible difference in results for multiple
dimensions (more than 2).

Precomputation of exponential function. The proposed method to solve the mo-
ment problem using the entropy maximization extensively uses the values of the function
fepan(z) = exp(— 2211 Aex®)  (one-dimensional case) or fepop(T,y) =
exp(— Y1 <piyens Ari"y') (two-dimensional case). Analyzing the performance of the im-
plementation, we realized that most of the time is actually spent to compute these values.
In order to optimize the program execution, we precompute the values of these functions
once and later we just re-use them. For all the case studies, the main part of probabil-
ity mass is located in a finite part of the support. Therefore, we precompute the values
as shown in Table A.2. In one-dimensional case it results in the table of values similar
to Table A.3. The construction is similar to Vandermonde matrix. The positive effect
is more obvious during the parameter estimation procedure since reconstruction is then
conducted many times.

Please note, that is preconditioning techniques (Section 4.3.2) are used, the given precom-
putation approach can not be used since the transformed support may not be a subset of
Z. In order to partially address this problem, we may apply the precomputation (similar
to the one provided above) on each iteration of the support transformation. However, for



Appendix 107

function support D M running time (s)
Jexpp(7) [0, 1000] 20 0.02
fexp2p (2, ) [0,1000] x [0,1000] 20 115

Table A.2: <+ Parameters of the exponential function precomputation.

the considered case studies this approach does not provide any benefit in terms of running
time.

Right tail behavior. For most case studies we can over-approximate the support by
considering R (for continuous distributions) or N (for discrete distributions), which we
can directly use to approximate the values of moments /5, (A.5), (A.6). However, it is only
possible if the underlying distribution vanishes in the infinity, i.e., the limit xgrj{loo q(z) = 0.

It does not have to hold for each iteration 7 that lir% ¢;(x) = 0 in case when the state space
T—

is N or R>(. Therefore, we seek for the best approximation of the support. We take the
safe strategy and use the “average-sized” initial approximation of the support [215] to rely
on the convergence criteria in dual function minimization (4.11). However, it may happen
that the convergence does not hold and the approximation of the distribution becomes
large so that the approximated moments grow too fast and the whole procedure fails. To
prevent this, the additional external loop with the increasing convergence tolerance dyy
may be added, where we increase it by a certain factor each time the procedure does not
converge (cf. Algorithm 2).

Since we require lim ¢(z) = 0, we do not consider case studies similar to the examples
r—r+00

studied in [34] such as p(z) = 3/2y/x, x € [0, 1]. This would require to soften the stopping
criteria which results in the slower convergence (or even the total absence of the conver-
gence). Here we aim at the reconstruction of distributions taking roots in systems biology,
where such polynomial functions are almost never observed.

Given odd M value, it is not obvious how to properly define the right boundary of the
approximated support D* as described in Section 4.3.3 using the iteration (4.11). It may
happen that the values of dual function start to grow near the right boundary and do not

A
MO123

0 1 1 1 1
1 0 1 2 3
2 0 1 4 9
3 0 1 8 27

Table A.3: <= Precomputed values in one-dimensional case.
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diminish (with respect to the theoretical requirement lir+n q(z) = 0). This is due to the
T—>+00

shape of the polynomial function r(z) = — Z,]y:l Az for odd M.

As an example, we consider the cooperative self-activation of gene expression model with
the parameter set k4, namely the conditional distribution P|G = 1 as shown in Figure A.2a
(line is shown for better visibility). Here, the reconstruction cjg’l)G , and the corresponding

polynomial function r,(z) = — 224:1 )\l(f)xk, corresponds to the fth iteration. It can be seen
that the polynomials function start to grow in the region where the tail of the distribution
is located. In order to compensate for such behavior one may apply the same truncation
strategy as for the N-type generalized exponential family (cf. Example A.3) to restrict
the support only to positive values. However, here we implement the strategy that does
not change the A vector directly. Instead, we compare the maximum reachable value of
the dual function max, e W(A?)) on the current iteration ¢ to the value at the right
tail U(A)(z%). The iteration continues till the corresponding ratio is smaller than a
threshold dp

max,cp) \IJ(/\(Z))(.%)

V() ()

where dp = 10~* for most considered case studies. In Figure A.2c the corresponding points
are highlighted for both the final reconstruction c]g)c and the reconstruction obtained on

10th iteration q~§35|)G 10°

< dp, (Ag)

Additionally, we add the heuristic rule that controls the smoothness of the obtained
reconstruction in the support region D C D where most of the probability mass is located.
For most case studies this threshold for cumulative probability mass 0 is set as 0 = 0.95.
The maximum squared second derivative of the distribution is computed, where it is
considered in a time-series data fashion

2
_ d*q(z)
5, = max 5
z€D dx
0.08 120

_(5) .. 5 [ _(5)
- dpiGs —* 3 0.05 dpicao —
0.07 1 ~(5) 100 + T10 ~(5)
4p|c0 ap|c
0.06 | 80 0.04 | 5*
J A
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Figure A.2: <= The reconstruction of P|G = 1 distribution, where green (blue) dots
(curves are added for clarity) correspond to the 3rd (10th) iteration of the iteration
procedure (a) and the corresponding polynomial functions r(x) (b). The reconstruction
obtained on 10th iteration (blue) together with the final reconstruction (brown), where
the maximum reachable value and the value of the dual function at % are highlighted
using red circles.
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The distribution is considered to be “smooth enough” if the value of 5 is smaller than a
certain threshold d5 (for most of experiments it is defined as d; = 1072) or the number of
peaks is smaller than Npeaxs (defined as Npeaks = 3). The resulting procedure of ensuring
the reconstruction “validity” is given in Algorithm 6.

To compute the region where certain amount dz of probability mass is located, the Algo-
rithm 7 (ComputeMainProbMassRegion) is applied, where probability mass is accumulated
starting from the left boundary of the given approximation of the support. The examples
of “invalid” distributions recognized by the provided algorithm are given in Figure A.3.
The first two distributions violate the condition (A.9), whenever the third additionally
violates the second derivative (having 3 peaks). The procedure to control the number of
peaks is given in the Algorithm 8.

Another possible way to cope with such “incorrect” distributions where tail seem to grow
unlimitedly is to truncate it and rescale the solution vector to compensate for the truncated
probability mass (similar to Equation A.3).

A.5.4 On Error Measurement.

In order to compare the reconstructed distribution against the solution obtained using
direct numerical simulation, we apply the distance defined by (4.16) and (4.17). The
following distance functions can also be applied:

1. Chebyshev distance: ||€||o = max |m(x) — q(x)],
TE

q(z)—m(z)

(z)

2. Chebyshev relative distance: ||e||% = max
zeD*

3. Ly norm: ||e||y = > |n(z) — q(x)],
xzeD

. X )—q(T 2
4. x? distance: x?(m,q) = > %

0.3 0.014 0.1
iy —— dbiona —— 0.09 L
0.5 0.012 [ oos |

0.07 |

0.06
0.05 -
0.04 -
0.03 +
0.02 -
0.01

0.01
0.2

0.008
0.15 H
0.006 -

0.1
0.004

0.05 / 0.002 -
ol O S Y ¢ ) AN S S S S

. . 0 R oL
0 5 10 15 20 25 30 35 40 0 20 40 60 80 100 120 140 160 180 0 2 4 6 8 10 12 14 16 18
() (b) (c)

Figure A.3: < The reconstruction of P|G = 1 (in cooperative self-activation of gene
expression model, set of parameters k4) (a), Pi|DNA (in exclusive switch model) (b), and
R| Do (in simple gene expression model, fast kinetics) (c¢) distribution. These distributions
are recognized by Algorithm 6 to be “invalid”. The line is shown for better clarity.
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However, they do not provide the result which is general enough to directly verify that a
certain distribution is more preferable than the other [14, 15] (in those papers, we used
the first three given distance functions). If no ground-truth information is available, we
can stick to the techniques described in Section 4.3.5. To this end, we cite the paragraph
from P. Biswas and A. K. Bhattacharya [31, p.3] on the approach to error analysis:

”One needs to supply additional information to choose a suitable solu-
tion from an ensemble of solutions that satisfy the given moment constraints.
The maximum entropy (ME) ansatz constructs the least biased solution that
maximizes the entropy associated with the density and is consistent with the
given moments. The accuracy of the reconstructed solution can be measured
by varying the number of moments. A comparison with the exact solution (if
available) would reveal to what extent the ME solution matches with the exact
solution. For an unknown function with a finite set of moments, the quality of
the ME solution may be judged by the proximity of the input (exact) moments
to the output (approximated) moments resulting from the reconstructed distri-
bution. By increasing the number of moments one can systematically improve
the quality of the solution. It should, however, be noted, that for a function
with a complicated structure, the convergence of the first few moments does
not guarantee its accurate reproduction. The ME solution in this case may
not represent the exact solution, but is still correct as far as the maximum
entropy principle is concerned.”

A.5.5 Initialization of Numerical Optimization Procedure for
Dual Function

In order to proceed with any numerical optimization algorithm, the initial approximation
of the solution A needs to be defined. Along with uniform zero initialization, we may use
several strategies.

A.5.5.1 One-Dimensional Reconstruction

Normal distribution. We can assume that the initial approximation ¢ (z) is given
by the normal distribution:

§O(x) = ! exp {—M} .

oV 21 202

2u2 "
However, this initial approximation results in a very slow convergence, therefore zero
initial approximation is more effective.

The corresponding initialization is A(®) = </\§0), )\g))), where A§°> = /’j—; and )\go) = =t

Authors of [197] also investigated the investigated the convergence of the algorithm varying
the initial condition. Theoretically, the maximum entropy problem shall be solvable from
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any starting values but for them the convergence was sensitive to the choice of initial
point (fast or slow convergence, or no convergence at all). They propose to use the normal
distribution initialization and for their case studies it provided better convergence speed.

Generalized Maximum Entropy, N, family distribution. The generalized maxi-
mum entropy reconstruction can be used to provide the initial approximation to the inverse
moment problem. This is given by the type N approximation \; = £y, Ay = % Biy s Ay =
%BM_l, where 3 is the solution of the linear system (A.12) defined using the moment
constraints as described in Section A.5.7. Such an initialization does not, however, provide
any benefit in convergence speed. Instead, it usually breaks the optimization procedure
such that it is not able to converge at all.

A.5.5.2 Two-Dimensional Reconstruction

Normal distribution. We can assume that the initial approximation G (x,y) is given
by two-dimensional normal distribution:

1
5(0) _
qa\r,Y) =
@9) 2mo,0y/1 — p?
1 x— r— s\ (y—n y— iy
_ z -9 z Y Y
GXP{ 2(1_P2)[< Oz ) P( Ox )( Oy >+< Oy )]}’

where p = % is the correlation between the species. The corresponding initial approx-
imation is given by A0 — ——2(1;2) ()\5?37Aé?i,)é%,x\é?%,)xﬂ), )\g?g = -9 ("j‘_iéw + g_&:)’
)\go()] = =, )\ﬂ = pr, Aéoi = -2 (m—zy + p“””y), )\((]0% = 2 (the rest of terms goes into

) o= ) OxO0 ) O'y Ox0O ] O'y

the normalization constant). This initialization gives the result which is worse than the
standard zero initialization.

Separability assumption. We can assume that the initial approximation ¢ (z,y) is
separable, i.e., all covariances are ignored:

7 (z,y) = exXp [)\0,0 + X107 + Ao oz® + ...+ Ao
+A112y + A212%y + (mixed terms) + . ..
+>\0,1y + )\0,2y2 4+ ...+ )\07MyM:|

A exp [)\070 +A1.0% + Ao ox? + ...+ Aoz

+Xoay + o2y + ...+ )\U,MyM]
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where coefficients of G,(x) and ¢,(y) are obtained from one-dimensional reconstructions
and Ao is re-scaled accordingly (the multiplier (—1) is omitted for the sake of readability).
Not surprisingly this approach does not give any reasonable speed-up. Moreover, it usually
initializes the optimization procedure wrongly such that it takes extremely long time to
converge to the solution.

A.5.6 General Moment Functions for Maximum Entropy

In the course of this thesis we work only with monomial basis functions to obtain mo-

ments of the random variable, i.e., the set of constraints is generated using fi(X) = X*.

Therefore, the corresponding moments are computed as E[X*] = 3~ z*p(z) or E[X*] =
z€eS

[ a*p(x) dz depending on the type of the random variable. Below we provide the table of
z€S
some continuous maximum entropy distributions [204, Table 1] obtained for a specific type
of the moment-generating function fy(X), where the standard normalization condition

[ p(z) =1 1is not included for the sake of readability:
zes

{z|f(z) > 0} fr(X) MaxEnt distribution
(a,b) — uniform
(0,1) In X, In(1 — X) beta
(0, 00) X exponential
(0, 00) XP(B#1), InX Weibull
(a,00), a >0 In X Pareto
(—00, 00) |.X| Laplace
(—00, 00) X? normal (mean = 0)
(— oo, o0) X, X? normal
(—00, 00) In(1 + X?) generalized Cauchy
(—o0,00) X, In(1+e ) generalized logistic
(—00, 00) X, e M generalized extreme value

A.5.7 Maximum Entropy and Generalized Exponential Family

Consider the following non-linear diffusion
day = p(xy) dt + o(z¢) duwy, (A.10)

where w; is a standard Wiener process. The following notation is used: 2u(x) = g(z)—v'(x),
o?(x) = v(z). Cobb, Koppstein and Chen consider in [50, 51] the general family of
non-mixture multimodal densities that are stationary density functions of (A.10). These
densities are applied in catastrophe theory where multiple modes can correspond to
multiple stable states in dynamical systems. This family of densities is given by

fi(, 8) = £(B) - exp (— JR dx) | (A1)
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where £(f3) is the normalization constant, gx(z) = By + B1z + ... + Bex®, k > 0 and the
vector of parameters 8 = (fo, f1,- .., 0k). The domain of fi(x) is the open interval for
which v(x) is positive. The distribution (4.6) is a special case of fi(z).

The authors of [51] consider the four classes of densities:
Type of density v(x) Support
N 1 —00 < x < 00
G x 0<z<oo
I z? 0<z<o0
B z(1—x) O<z<l1

We can show that the maximum entropy distribution (4.6) can be represented as N-type
density

p(r) = exp (— Ié)\kxk) =exp (—Ao) - exp ((=1)(Maz + ... + Ayz™))
and the density Ny (z) = £(8) - exp (— [ gu(x) dz), where gpri1(x) is defined as

/g(:z:)dac =Mz 4 . M = g(n) = A F 20 L+ MM

Therefore, the coefficients § are defined as 5y = A, 81 = 2, ..., By—1 = M Ay and the
normalization constant {(5) = exp (—Ag). Therefore, the maximum entropy density can
be considered as a stationary density of a non-linear diffusion process. The densities of
types G, I and B can also be obtained by applying the maximum entropy principle under
certain types of constraints [218, Table 5].

The exponential family of distributions allows to determine the parameters 3y, ..., Sx by
simply solving a linear system of equations

B=M"a, (A.12)

where both matrix M and vector a are linear functions of the non-central moments .
The exact form of these functions depends on the function v(x) which constitutes the
principal form of the distribution. Usually, for models in systems biology we consider only
non-negative populations. Therefore we are interested in the first three principal forms
(we apply truncation and rescaling to the density of type N in order to obtain the support

supp(fx) = [0, o0]).

The truncation of the support is conducted as follows. Assume that the initial approx-
imation of the support is D© = supp(fi) = [~00,00]. We simply ignore the part of
the reconstruction defined on the negative part of support [—oo,0) and compute the
normalization constant £(5) as {(5) = 1/exp(— Z?gk(ar) dm). We illustrate the application of

the truncation procedure to the normal distribution in the following example:
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Example A.3. <= Consider the normal distribution f; which can be described as
a generalized eXponential distribution of N type. It is shown in Figure A.4 (left),
where Z; _ = f fi(z)dz and Z, ;. = [;° fi(x)dz are the cumulative probability
mass on the negatlve and on the positive parts of the domain correspondingly. The
maximum reachable value of the probability density is denoted by fl = max f1. The
same distribution with the truncated part defined on the negative domain is shown
in Figure A.4 (center). However, the cumulative probability mass in this case is
Zi+ < 1. Therefore, the re-scaling is needed to construct the proper distribution
fa. The corresponding normalization constant & for the distribution fy is defined
by § = 1/z,,. The resulting truncated distribution is shown in Figure A.4 (right),
where f2 max fo > f1 and Z, . = fo fa(z)dz = 1. The truncation procedure does
not influence other parameters of the dlstrlbutlon, it only changes the normalization
constant.

0

Figure A.4: The truncation of the negative part of the support. The original distribu-
tion is shown on the left, the truncated distribution before re-scaling is shown in the
center and the resulting distribution is shown on the right. On all three subfigures
the values on y-axis correspond to the value of probability distribution function. <=

For example, for the form G we consider the following linear system (for M = 2)

Mo M1 H2 Bo Ho
o pe H3 Bi | = | 2m (A.13)
Po 3 B2 3112

Solving the above stated linear system with respect to [, we obtain the parameters
describing the distribution given a number of its non-central moments p. Therefore, it
can be considered as a fast alternative to maximum entropy reconstruction technique that
does not require to solve the optimization problem. For instance, the authors of [250] use
the similar approach to approximate the equilibrium distribution of the stochastic hybrid
system. The convergence results for N type of distributions can be found in [165].
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Transformation from continuous to discrete distribution. The given approach
assumes that the state space of the reconstructed distributions is continuous. However,
for the case studies considered in Section 4.3.6, the state space is usually given as a
subset of Z"s. Therefore, there is a need to transform the continuous reconstructed
distribution (for instance, given by the generalized exponential Equation A.11). This
family of transformations (w.r.t. parameter 0 < § < 1) is defined as follows:

; L[ fu(e, B)de iz =0
— 1
= {ff%; o) de fzs>00 TEET (A.14)

It is illustrated in Figure A.5 (right plot), where the value of the discretized distribution ¢
at point x corresponds to the highlighted area under the curve. The generalized exponential
functions of both N and G types are smooth (in case if the reconstruction was successful),
therefore the choice of 9 mainly influences the accuracy of the approximation in the region
where number of molecules is small (less than 10). However, to the best of our knowledge,
there is no systematic way to choose ¢ for a given model. This choice does not influence
the result drastically, so we can stick to “common-sense” guess 6 = 0.5. The provided
discretization method is heuristic but it serves well for the given purpose of numerical
approximation. We refer to the detailed rigorous derivation of the connection between
discrete and continuous probability distributions provided in the PhD thesis of P. Thomas,
[220], page. 54, Result 4.5.

Example A.4. <— We consider the reconstruction of the condition protein distri-
bution P|D,g in the gene expression model and the conditional protein distribution
P3| DN A in the exclusive switch model using generalized exponential function of type
N for the case of M = 7 moments. The results are provided in Table A.4, where it
can be seen that the choice of § influences both the approximation error for P = 0,
[p(0)~4(0)|/p(0) and the overall error |[e||y.

We plot the best reconstructions (with respect to the distance ||e||y) in Figure A.5,
where for the distribution of P,|DN A (center) the bi-modality property is reflected
in the reconstruction, however the accuracy is still low. The distribution of P|Dg
is reconstructed accurately in for most of the support but the approximation of the
probability for P = 0 is not as accurate. This is the common problem of the considered
(N and G types) generalized exponential based reconstruction approaches.

§ | error at P =0 | |le||v | error at P, =0 | ||e||v

0.2 3.64-1071 7.14 2.20 39.08
0.4 3.74-1071 7.03 2.24 39.10
0.5 3.80-1071 7.00 2.27 39.11
0.6 3.85-107! 6.98 2.29 39.12
0.8 3.96 107! 6.96 2.34 39.13

Table A.4: Comparison of the approximation results under the different choice of o
parameter value. <
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Figure A.5: <= The reconstruction of the protein distribution: P in gene expression
model (left) and P, in exclusive switch model (center) in case of M = 7. Right plot
demonstrates the integration of the continuous distribution with respect to Equa-
tion A.14. The reconstruction is shown with black crosses, whereas the result of direct

solution is shown with yellow bars.

Parameter inference procedure. Consider again the parameter estimation problem
formulated in Section 5.3. Let us explicitly state the difference between applying the
maximum entropy and the generalized exponential approach to that problem.

The main difference is that the explicit computation of derivatives % is not possible in

case of maximum entropy approach, where J); is one of the coefficients of the reconstructed
distribution and ¢; is one of the parameters to be estimated. In contrast, when applying
the generalized exponential based approach, these derivatives can be symbolically com-
puted. Therefore, the functional dependency between the input parameters ¢ and the
coefficients \ can be established. In case of maximum entropy, the procedure is based
on numerical optimization which is a kind of “black box” where there exist no (known)
functional dependency between ¢ and A, and only numerical approximations can be used

to approximate the derivatives g’c\? and the derivatives of the likelihood function.

A.6 Orthogonal Polynomials with Respect to a Mo-
ment Functional

Define the complex-valued functional £ 8on the linear space of all algebraic polynomials
P. The system of monomials is defined as U = 1, z, 22, ... and the functional £ takes the
values on U that are moments, i.e., £(2¥) = pz. A sequence of polynomials {P,(x)}5, is
a formal orthogonal polynomial sequence with respect to a moment functional £, if for

all 7,7 € Ny
1. Py(z) is a polynomial of degree i
2. L[P(x)Pj(z)]=0for all i # j
3. L[P(x)Fi(x)] # 0.
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If the third condition does not hold, the functional £ is called quasi-definite, otherwise it
is called positive definite [157]. The sequence of orthogonal polynomials with respect to
the functional £ exists iff. the Hankel determinants

Mo M1 - Hp-d
A=| BT g
Hn—1 Hn - Hop—2

for all n € N.

These systems are widely mostly in image processing. They include Legendre [73, ],
Zernike [210], Gaussian-Hermite [215], Bessel-Fourier [211], Gegenbauer [115] and other
(cf. [113] and references therein) systems of orthogonal polynomials.
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A.7 Reactions of the multi-attractor model

The multi-attractor model involves the three species MAFA Prot, DeltaProt, and PaxProt

that represent the proteins of the three genes and it involves ten species that represent the

state of the genes: PaxDna, MAFADna, DeltaDna, PaxDnaDeltaProt, MAFADnaPaxProt,
MAFADnaMAFAProt, MAFA DnaDeltaProt, DeltaDnaPaxProt, DeltaDnaMAFA Prot, DeltaDnaDeltaPr
The chemical reactions are as follows:

PazDna -2 PazDna + PazProt
PazProt —% ()

PazDna + DeltaProt - PazDnaDeltaProt

PaxDnaDeltaProt = PaxDna + DeltaProt
MAFADna - MAFADna + MAFAProt
MAFAProt =% ()

MAFADna + PazProt —s MAFADnaPazProt
MAFADnaPazProt = MAFADna + PaxProt
MAFADnaPazProt 2 MAFADnaPazProt + MAFAProt

MAFADna + MAFAProt — MAFADnaMAFAProt
MAFADnaMAFAProt — MAFADna + MAFAProt
MAFADnaMAFAProt —" MAFADnaMAFAProt + MAFAProt (AL5)
MAFADna + DeltaProt - MAFADnaDeltaProt
MAFADnaDeltaProt = MAFADna + DeltaProt
DeltaDna -2 DeltaDna + DeltaProt
DeltaProt =% ()

DeltaDna + PaxProt — DeltaDnaPazProt
DeltaDnaPazProt = DeltaDna + PazProt
DeltaDnaPazProt —2s DeltaDnaPazProt + DeltaProt

DeltaDna + MAFAProt s DeltaDnaMAFAProt

DeltaDnaMAFAProt = DeltaDna + MAFAProt

DeltaDna + DeltaProt —% DeltaDnaDeltaProt
DeltaDnaDeltaProt —“ DeltaDna + DeltaProt
DeltaDnaDeltaProt —s DeltaDnaDeltaProt + DeltaProt



Abbreviations

CDF
CME
CRN
CTMC
ODE
PDF
SSA
MC
ME
MM
MCM
wMCM

Cumulative Distribution Function
Chemical Master Equation
Chemical Reaction Network
Continuous Time Markov Chain
Ordinary Differential Equation
Probability Density Function
Stochastic Simulation Algorithm
Moment Closure

Maximum Entropy

Method (of) Moments

Method (of) Conditional Moments
Weighted sum M CM-based reconstruction
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