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Kurzfassung

Zelluldre Prozesse finden nicht isoliert sondern vielmehr in einem Zusammenhang statt. Um diese Het-
erogenitét zu beriicksichtigen, betrachten wir die Modellklasse der chemischen Reaktionsnetzwerke mit
aufierem Rauschen (der Umgebung), das sich als zusétzliche Stochastizitdt in den Reaktionsratenkon-
stanten duflert. Eine gemeinsame Beschreibung von Teilnetzwerk und Umgebung ist rechenaufwendig.
Hier versuchen wir das Teilnetzwerk marginal zu beschreiben, als wére es noch eingebettet. Das bringt
den Vorteil mit sich, stochastische Eigenschaften des Teilnetzwerks den Eigenschaften der Umgebung
zuzuschreiben. Die marginale Beschreibung ermoglicht dariiber hinaus die Berechnung von Informa-
tionsgrofen. Um auszutiifteln wie die Zelle in der Anwesenheit von Umgebungsrauschen zuverlés-
sige Entscheidungen trifft, zielen wir rechnerisch auf die Berechnung der Pfadinformation zwischen
Umgebung und Teilnetzwerk ab. Dazu betrachten wir den Poissonkanal, der durch die Reaktion-
szahler, die das CRN hinreichend beschreiben, motiviert ist. Fiir geschlossene Ausdriicke und zu
Berechnungszwecken brauchen wir vereinfachende Annahmen. Folglich liegt ein besonderer Fokus der
Dissertation auf linear Teilnetzwerken in diskretwertigen Markov-Umgebungen und auf allgemeinen
Teilnetzwerken in linearer Umgebung.

Wir tragen auf mehreren Ebenen der stochastischen Beschreibung bei: (i) Auf der Ebene der
Momente verallgemeinern wir Ergebnisse der Warteschlangentheorie zur exakten Berechnung des sta-
tiondren Mittelwerts von linear Teilnetzwerken in diskretwertigen Markov-Umgebungen. Unsere Formel
héngt von den Reaktionsratenkonstanten des linearen Teilnetzwerks ab, sowie vom Generator und der
stationdren Verteilung der Markov-Umgebung. Wir erweitern die Spektralzerlegungen in intrinsis-
ches und extrinsischen Rauschen auf den Fall von korrelierten Umgebungskomponenten. (ii) Wir
prisentieren Liouville-Mastergleichungen mit Randbedingungen fiir den Wahrscheinlichkeitsverlauf
einer marginalen CRN-Beschreibung mittels Hilfsstatistiken. Unsere Methode der Riickwértsrekurrenz-
zeit-Parametrisierung (BReT-P) fiir stiickweise-deterministische Markov-Prozesse (PDMP) fiihrt eine
Standardform fiir die marginale CRN-Beschreibung mittels approximativer Filter ein. Wir leiten ver-
allgemeinerte Mastergleichungen fiir Beispiele mit wenig Molekiilarten her. (iii) Auf der Prozessebene,
formalisieren wir eine PDMP-Unterklasse, die Dirac-Mafie als Verteilung bei Spriingen hat, welche wir
Dirac-PDMP nennen. Wir fithren einen approximativen Marginal-Simulationsalgo-rithmus an, der auf
optimalem linearen Filtern basiert.

Fiir CRN in einer linear stationdren Umgebung, d.h. mit Exponential-Auto/Kreuz-Kovarianz-
funktion, geben wir einen approximativen Filter basierend auf Snyders optimalem linearen Filtern fiir
Zghlprozesse. Indem wir chemische Reaktionen als Ereignisse betrachten, stellen wir eine Verbindung
zwischen CRN in einer linearen Umgebung und Hawkesprozessen her, einer Klasse selbstverstarkender
Zghlprozesse, die zur Analyse von Ereignissen gebriduchlich ist. Wir zeigen, dass man die Hawkes-
Annéherung auf dquivalente Weise iiber ein Momentenschliefungsverfahren und die optimale lineare
Approximation beziiglich des mittleren quadratischen Fehlers erhélt. Dariiber hinaus nutzen wir Mar-
tingaltechniken um Ergebnisse zu prisentieren zur Ubereinstimmung von Hawkesprozess und exaktem
marginalem Prozess in ihren Statistiken zweiter Ordnung, d.h. Kovarianz und Auto/Kreuzkorrelation.
Indem wir das Hawkesmodell als Referenz nehmen, schreiben wir stochastische Eigenschaften des
Teilnetzwerks jeweils der linearen oder nicht-lineare Dynamik der Umgebung zu. Wir fithren einen
approximativen Marginal-Simulationsalgorithmus ein und verdeutlichen ihn in Fallstudien.

Die empirischen Ergebnisse konzentrieren sich auf die Konformationsdnderungen von Makromole-
kiilen und auf Exkursionen. Makromolekiile, die in verschiedenen Konformationen vorhanden sind,
wurden fiir Genexpressionsmodelle unter der Benutzung thermodynamischer Ensembles erforscht. Wir
hingegen beziehen die Dynamik der Konformationswechsel als Umgebungskomponente ein. Mit un-
serem Modellredukionsansatz erhoht diese Einbindung nicht die Zahl der Molekiilarten. Damit iiber-
briicken wir eine Liicke zwischen Strukturkinetik und Genexpressionsmodellen, was unser Verstéandnis
von genregulatorischen Netzwerken verbessern und das Designen genetischer Schaltkreise erleichtern
kann. Fiir die Modulation der Translation durch die mRNA quantifizieren wir, wie viel die Dynamik
der mRNA-Struktur zur translationalen Heterogenitét beitrdgt. In weiteren Anwendungen konzen-
trieren wir uns auf das Ph&nomen von Exkursionen, nahezu linearen Anh&ufungen von Molekiilen in
Phasen mit verschwindender Abbaurate. Wir erforschen wie dieses den stationdren Mittelwert erhéht
und fiithren diesen Anstieg auf den Zustand Null zuriick. Wir besprechen einen Regler, der diesen
Effekt abschwécht und werten die Fahigkeit des Hawkesmodells aus, Exkursionen adédquat abzubilden.



Um Informationsgréfen des Poissonkanals zu berechnen, stellen wir einen analytischen Ansatz vor,
der die Monte-Carlo-Schitzung umgeht. Diese simulationslose Schétzmethode wird ermdoglicht, in-
dem wir unseren Augenmerk auf die bedingte Intensitdt von Zahlprozessen und ihre asymptotische
Verteilung als die zentralen Grofen richten. Fiir den Poissonkanal mit bindrem Markov-Eingabesignal,
driicken wir die gegenseitige Information als Riemann-Integral aus. Wéhrend in den klassischen
Resultaten das kapazitétsausschopfende Eingabesignal den Off-Zustand bevorzugt, fithren wir On-
préferierende Bereiche fiir nach unten beschrénkte mittlere Verweildauern in den On- und Off-Zustén-
den an. Zudem fithren wir Evidenz dafiir an, dass unter den binédren Eingabesignalen die exponentiellen
Verweildauern nicht optimal sind. Nachdem wir die Eponentialbedingung lockern, indem wir mehrere
Off-Zusténde zulassen, diskutieren wir den informationstheoretischen Vorteil des periodischen Durch-
laufens mehrerer Off-Zusténde.

Durchweg nutzen wir bedingte Wahrscheinlichkeiten als Werkzeug zur Modellreduktion. Wir schla-
gen zwei Wege, das Bedingen auf die Umgebung und auf das Teilnetzwerk, ein. Wir zeigen die Aquiv-
alenz beider Wege in einer vereinenden Betrachtungsweise, die die Turmeigenschaft auf die Kolmogorov-
Riickwarts-Gleichung anwendet. Indem wir verschiedene approximative Filter fiir die konformation-
sindernde Umgebung vergleichen, beleuchten wir ihre gegensétzlichen Starken. Wir fithren Zweifel an
hinsichtlich der Frage ob die dargestellten Modellreduktionsstrategien den Fluch der Dimensionalitét
von CRN auflésen kann verglichen mit dem Doob-Gillespie-Algorithmus. Zusammenfassend tragen wir
zur Modellreduktion, marginalen Simulation, Berechnung von Informationsgréfen und Attributions-
theorie fiir CRN in zufélliger Umgebung bei.



Abstract

Cellular processes operate in context, rather than in isolation. To account for this heterogeneity, we
consider the model class of chemical reaction networks (CRNs) with extrinsic noise (the environment),
manifesting as additional stochasticity in the reaction rate constants. A joint description of subnetwork
and environment is computationally heavy. Here, we attempt to marginally describe the subnetwork
as if it was still embedded. This comes with the merit of attributing stochastic properties of the sub-
network to features of the environment. Additionally, the marginal description enables the estimation
of information measures. To puzzle out how the cell makes reliable decisions in the presence of the
environmental noise, we computationally target the path mutual information between environment
and subnetwork. Namely, we consider the minimal Poisson channel, motivated by the reaction coun-
ters that sufficiently describe the CRN. For closed-form expressions and computational purposes, we
require simplifying assumptions. Hence, a particular focus of this thesis lies on linear subnetworks in
discrete state Markov environments and on general subnetworks in linear environments.

We contribute at different levels of the stochastic description: (i) At the level of moments, we
generalize results from queuing theory about the exact stationary mean evaluation of linear CRNs in a
discrete state Markov environments. Our analytic expression depends on the reaction rate constants of
the linear subsystem, as well as the generator and stationary distribution of the Markov environment.
We extend spectral decomposition results on intrinsic and extrinsic noise to the case of correlated
environment components. (ii) We present Liouville master equations with boundary conditions for
the probability evolution of a marginal CRN description via auxiliary statistics. Our method of the
backward recurrence time parametrization (BReT-P) for piecewise-deterministic Markov processes
(PDMP) introduces a standard form for the marginal description of CRNs via approximate filters. We
derive generalized master equations for examples with a low number of species. (iii) At the process
level, we formalize a subclass of PDMPs having Dirac measures at jump times, which we call Dirac-
PDMPs. We offer an approximate marginal simulation algorithm based on optimal linear filtering.

For CRNs in a linear stationary environment, i.e., with exponential auto/cross-covariance func-
tion, we provide an approximate filter that is based on Snyder’s optimal linear filtering for counting
processes. By regarding the chemical reactions as events, we establish a link between CRNs in a lin-
ear environment and Hawkes processes, a class of self-exciting counting processes widely used in event
analysis. We show that the Hawkes approximation is equivalently obtained via moment closure scheme
or as the optimal linear approximation under the mean-square error. Furthermore, we use martingale
techniques to provide results on the agreement of the Hawkes process and the exact marginal process
in their second order statistics, i.e., covariance, auto/cross-correlation. Taking the Hawkes model as
a reference, we attribute stochastic properties of the subnetwork to the linear or non-linear dynamics
of the environment, respectively. We introduce an approximate marginal simulation algorithm and
illustrate it in case studies.

The empirical results focus on structure switching of macromolecules and excursions. Macro-
molecules that are abundant in different conformations have been studied for gene expression models
using thermodynamic ensembles. However, we include switching dynamics as the environmental com-
ponent. With our model reduction approach, this inclusion does not increase the number of species.
Thereby, we bridge a gap between structure kinetics and gene expression models, which can further
improve our understanding of gene regulatory networks and facilitate genetic circuit design. For the
modulation of translation by mRNA, we provide a method to quantify how mRNA structure dynamics
contributes to translational heterogeneity. In a further set of applications we focus on the phenomenon
of excursions, near-to-linear accumulation of a species in periods of a vanishing decay rate. We exam-
ine how this increases the stationary mean, attributing the increase to the zero state. We discuss a
controller that mitigates the effect and evaluate the ability of the Hawkes model to capture excursions.

For estimating information-measures of the Poisson channel, we present an analytic approach that
circumvents Monte Carlo sampling. This simulation-free estimation method is enabled by establishing
the conditional intensity of counting processes and its asymptotic distribution as central quantitites.
For the Poisson channel with binary Markov input, we express the mutual information as a Riemann
integral. While in the classical result the capacity-achieving input favors the Off state, we in contrast
report On-favoring regimes for lower-bounded average soujourn time in the On and Off states. Ad-
ditionally, we provide evidence that among the binary inputs the exponential sojourn times are not



optimal. Relaxing the exponential constraint of the binary input by allowing for multiple Off states,
we discuss the information-theoretic advantage of cycling through several Off states.

Throughout, stochastic conditioning is used as the tool for model reduction. We take the two
routes of conditioning on the environment and on the subnetwork. We present the equivalence of both
routes in a unifying approach that uses the tower property on the Kolmogorov backward equation.
Comparing different approximate filters for the structure switching environment, we shed light on
their orthogonal strengths. We present doubts as to whether the presented model reduction strategies
can resolve the curse of dimensionality of CRNs compared to the Doob-Gillespie algorithm. Overall,
we contribute to the model reduction, marginal simulation, computation of information-measures and
attribution theory for CRNs in random environments.
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1 Introduction

In the real world, the systems we encounter are rarely isolated, but they interact in complex ways.
Thus, when explaining a phenomenon via mathematical modeling, we face the choice of which com-
ponents to include in the model. In closed systems, all factors relevant to the modeling of the system
and their interactions are explicitly described, all components are internal to the model description.
On the contrary, in open systems, external components influence the dynamics of the system, i.e., the
system is modulated by its environment. The term environment originates from the theory of open
quantum systems, in which the term (heat) bath is equivalently used [1]. When conducting experi-
ments, it is almost never feasible to explicitly capture all the factors that affect the observed system.
As a consequence, almost any experimental setup in a real world is an open system. The partial
observations are complemented by an external environment component that is hidden from the obser-
vations. This holds for cellular processes in particular [2, 3, 4]. Gene regulatory processes operate in a
heterogeneous context, rather than in isolation [5, 6]. The heterogeneity has its origin in the cell-to-cell
variability (static heterogeneity) as well as in temporal fluctuations. As an example for the former,
each cell is equipped with a different number of ribosomes. As an example for the latter, the process
of transcription undergoes fluctuations in transcription factors. The number of components that are
simultaneously observable in live-cell fluorescence microscopy is currently limited to a handful because
the spectra of common fluorophores overlap [7, 8, 9], which makes partial observability a relevant
modeling criterion. However, under some circumstances, a closed system models the phenomenon of
interest sufficiently well, while facilitating a tractable mathematical representation. Techniques such
as the quasi-steady state assumption were developed to close a system [10, 11].

Mathematical modeling is used to narrow down the mechanisms that are in accordance with ex-
perimental data and to ultimately make predictions [12]. Viewing models as magnifying glasses, in the
optimal case, the model magnifies precisely the relevant components to describe a phenomenon. This
can be the observed components and a small number of additional, unobserved, quantities. The exte-
rior components are abstracted into an environment. The environment can be an implicit compilation
of external influences whose fingerprint shows in the subnetwork or an explicit physical component.
To capture this difference, we distinguish between phenomenological and mechanistic models [13], il-
lustrated by the use of the Hill function [14]. The Hill coefficient has an interpretation as an indicator
for cooperativity [15]. In some cases (quorum sensing, cooperative binding to enzymes), a physical
mechanism can be detected that implements the cooperativity and justifies the Hill function as a mech-
anistic model. However, the Hill function is often used in a phenomenological sense [16, 17], due to its
properties (bounded, S-shaped, with a concentration of maximal steepness), without having identified
a mechanism of cooperativity on the molecular level. Another relevant example for gene regulation is
the two-state promoter model [18], often linked to the term ’transcriptional bursting’ [19], see figure
1A. In bacteria, the random switching between an inactive and an active state of DNA accessibility

10
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Figure 1: The standard transcription model with a two-state promoter. a) A random tele-
graph promoter switches between its active and its inactive state. Only in the active state, mRNA
is synthesized. The promoter stays active, so multiple mRNA strands can be transcribed in one ac-
tive period. The transcription reaction is of first order with fixed rate. b) Experimentally only the
transcription events are observed. The promoter is modeled as a context. An observation model for
transcription counts is obtained when we marginalize the joint system over the context. The transcrip-
tion reaction is of order zero with stochastic rate, i.e., a doubly stochastic Poisson process.

and exponential waiting times could be validated. However, for yeast or mammalian cells, the two-
state promoter model was merely used in a phenomenological way because it generates overdispersed
mRNA count data [20]. When time-lapse data of the transcriptional process became available, the
Markovian assumption was found not to hold for yeast [21] and mammalian cells [22]. Biophysicists
suggested mechanistic models that include more than one rate-limiting step [22, 23]. Modelers pro-
posed phenomenological promoter architectures, including cooperativity effects, refractory states and
competitive binding [24, 17, 25, 26, 27] as refinements to the two-state promoter model.

In this work, I focus on the particular model class of stochastic chemical reaction networks (CRNs)
in a random environment. CRNs are Markov jump processes on the state space N of molecule copy
numbers [28|. Transitions are dictated by reactions. Each reaction, as known from textbook chemistry,
specifies a number of reactants converting to a number of products. The net change from reactants to
products, i.e., the change vector of the reaction, establishes which transitions are possible. The rate
with which the reaction occurs is computed from the state, i.e., the copy number of the reactants. It is
specified by a functional form, often using the principle of mass-action kinetics. But other functional
forms, such as a Hill function, are possible. In the classical case, the functional form includes rate
constants. For instance, with the mass-action principle, this is simply a proportionality constant.

Typical quantities of interest for CRNs are the probability distribution, or the generating function,
and moments, both in the transient and stationary behavior. While being a pioneer of stochastically
described chemical reactions, Bartholomay [29] still emphasized the analogy of the mean equations with
the deterministic counterpart. However, the following works [28, 30] demonstrated that bimolecular
reactions cause a characteristic deviation of stochastic systems when the system is not in the ther-
modynamic limit, highlighting the need for other techniques. Early works computed the generating
function and mean at stationarity for small bimolecular networks comprising two balanced reactions
[31]. The observation that bimolecular reactions result in an unclosed mean equation brought more
attention to unclosed (hierarchical) moment equations. Unclosed moment equations have prompted
researchers to pursue several strategies. Among them, stochastic simulations for systems with highly
abundant components are time-consuming and therefore computationally prohibitive. Equally pro-
hibitive is the use of the master equation, which gave rise to more efficient hybrid methods [32, 33,
34]. Overall, previous studies developed and extensively explored various moment closure schemes [35,
36, 37, 38|, identified the limitation of moment closures with regards to bimodal distributions [34] and
extinction [39], and pointed out the limited local character of moment closures [40]. More recently,
linear programming under positive semi-definite constraints was employed to compute upper and lower
moment bounds [41, 42, 43] and approximated the moments in the case of tight bounds.

For the class of CRNs in a random environment, we replace the rate constants by stochastic
processes. In this way, we model cell-to-cell heterogeneity, with the random environment manifesting
as stochastic reaction rates, and the subsystem embedded into this environment. One way to obtain an
embedded subsystem is by partitioning the species of a larger network into subsystem and environment
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species. Adhering to the experimental reality of partial observations, one modeling priority is to give
a self-contained description of the observed subsystem while accounting for the environment as if
the subsystem was still embedded, see figure 1B. A transfer from a joint closed description of the
environment and the subsystem to an (approximate) self-contained description of the subsystem is what
we call model reduction. We seek for model reductions that succeed to capture a certain phenomenon
that the original joint system exhibits. The effect of a random environment on the noise in linear
subsystems, i.e., on the variance, is well-studied. Many research groups adopted the decomposition of
noise into intrinsic and extrinsic components since its introduction by Swain and colleagues [44], and
this concept was expanded upon in later studies [45, 46, 47, 48]. Of equal interest is the question of
how the environment shapes the stationary distribution of the subsystem, e.g., bimodality [49]. In the
related field of queuing theory, stochasticians studied birth-death process in a random environment.
For a Markov environment, O’cinneide and Purdue [50] derived expressions for the stationary factorial
moments and reported bimodal stationary distributions. Random-telegraph-modulated service rates
were fully characterized in [51] and Falin [52] extended it to simultaneous birth- and death-modulation
by a semi-Markov environment.

Several levels of description are possible for stochastic processes [53, 54]: 1) the process evolution,
specifying a generative model, such as an SDE or doubly stochastic (multivariate) Poisson process, 2)
the probability evolution, specifying the generator or the differential form of the Chapman-Kolmogorov
forward equation, 3) the moment evolution, adjoined to the generator. We note that 2) and 3) describe
deterministic objects. Usually, we will encounter a model reduction that starts from an open descrip-
tion of the environment and the subsystem, i.e., only first- and second-order moment information on
the environment will be used. It is interesting to study failure modes of the quasi-steady state (Q.SS)
assumption. Besides the Q.SS-approximated models, we develop a novel reference model from a lin-
earization of the reaction rate based on optimal linear stochastic filtering. The deviations from the
reference model reveal which stochastic properties of the subnetwork must be classified as consequences
of the non-linear dynamic evolution of the intensity and which persist under the linearized dynamic
evolution of the intensity. We are guided by the question, which effects persist under a linearization
and can thus be attributed to a linearized version of the environment. Besides attributing subnetwork
properties to the environment, a marginal description of the embedded process is of interest for (i)
marginal simulations that bypass the co-simulation of the environment, (ii) obtaining new process
equations from which moment equations can be derived, (iii) the computation of information-theoretic
quantities, and (iv) state estimation of the unobserved environment. A focus of this thesis will be on
results for linear systems. We consider linear environments embedding general subnetworks and linear
subnetworks embedded in general environments.
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2 CRNs in a random environment

Stochastic CRNs model the synthesis, conversion and decay of molecules under the assumption of
spatial homogeneity and dominant effects of low copy numbers [28]. Often, the processes that are
modeled are not closed, but are embedded in the cellular context, which we call a random environment
[3]. The concept of the random environment is abstract enough to include cell-to-cell heterogeneity,
such as a varying polymerase copy number, and fluctuating processes within the cell, such as conforma-
tion changes of mRNA. Our way to model the embedding into a random environment is by replacing
the constants in the propensity functions by external stochastic process. For instance, the rate of
transcription synthesis events is modulated by multiple factors [55]. Recruitment of polymerase and
transcription factors as well as unwinding of the DNA strand, all contribute to the activation of a
promoter state, where transcription is initiated [56]. In other words, the reaction rate constants are
replaced by random (time-varying) quantities. An embedding into a random environment naturally
arises when one part of a larger CRN is labeled as the environment and the remaining part is the pro-
cess of interest. Diffusion processes that remain positive, such as the Cox-Ingersoll-Ross (CIR) process
[67] or a positive function of an Ornstein-Uhlenbeck process [58], are other ways to model fluctuating
concentrations as environment components. CRNs formalize the stochastic dynamics of molecules of
d types as Markov jump processes in the state space N¢ of species copy numbers on some probability
space (Q, F,P).

2.1 Multivariate counting processes

By regarding the chemical reactions as events, CRNs are multivariate counting processes. External
noise manifests as stochastic reaction rates. To operate mathematically with these models, we provide
the martingale calculus for them. The stochastic concept of filtrations is introduced to capture different
stochastic conditioning.

Throughout we consider the setting of the subsystem X(t) embedded in a random environment
Z(t). The state X (t) = [X1(t),...,X4(t)]T contains the number of molecules of type Xi,..., Xy at
time ¢. Transitions of the Markov jump process are dictated by M reactions

Ry: N0, sux, “EUFO s pox
: : (1)
Ry : Z:’l:l Sim X an (L2 () Z?:l PinX;

where S;;,i =1,...,d,7 =1,..., M are the substrate coefficients and P;;,i =1,...,d,j=1,...,M
the product coefficients. The superscripts a;(X (t), Z(t)) are the propensity functions. We assume that
they depend on the current state X (¢) and on an external stochastic process Z(t). For examples of
this setting, see section 6. We call v = P — S the stoichiometric matrix and its columns vy, ..., vy the
change vectors. Transitions of the Markov jump process are possible from = to z+v; and occur at a rate
given by the propensity function. We make this rigorous in the following counting process description.
First, we introduce the multivariate counting process Y (t) = [Y1(t), ..., Yas(t)]T, where the component
Y;(t) counts how often the Reaction R; has occurred until time ¢, so naturally throughout Y (0) = 0.
Then the current state X (¢) can be computed from the initial state and Y'(¢) as

X(t) = X(0)+ ) _Yi(t)y; = X(0)+ N - Y(1). (2)

We use the terms point process and counting process equivalently. Note that we assume a unidirectional
coupling, with the environment Z modulating the subnetwork, but not the other way around.
2.1.1 Preliminaries on counting processes

We recall the theory of counting processes, which follows [59, §1 and §2]. The main purpose of this
subsection is the definition 2.2 of the conditional intensity of a counting process. Let (Z;):>0 be a
stochastic process and for each ¢ > 0 denote by o(Z;,0 < s < ¢) the smallest sigma-algebra for which
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all Zs,s < t are measurable. A filtration is an increasing family (F:):>¢ of sigma-algebras. The
filtration ]-'tZ = 0(Zs,0 < s < t) is said to be generated by Z;,¢t > 0 and is called the canonical
filtration of the process (Z;);>0. Let (Z;)i>0 be a stochastic process and (F;);>o be a filtration. Then
(Zi)i>0 is called adapted to (F;)i>o if FZ C F; for all t > 0. The smallest filtration to which a
process is adapted is its canonical filtration.

Definition 2.1 (Counting process, jump times, intensity). Let (¥3);>0 be a stochastic process on
a probability space (2, F,P). Then (Y;);>¢ is called a counting process if (i) its paths are right-
continuous and piecewise constant, (ii) Yp = 0 and (iii) ¥; — Y;— € {0,1} for all ¢ > 0, where Y;_ =
lims_,;_ Y denotes the left-sided limit. Denote by 0 = 09 < 01 < 02 < ... the jump times of (Y;):>o,
i.e., og := 0 and, recursively,
o; :=min{t > 0,1 : Y3 = Y;_ =1},

where Y;_ = lim,_,;_ Y, denotes the left-sided limit. Let (Y;);>0 be adapted to a filtration (F;)¢>0
and let (A¢)¢>0 be a non-negative F;-predictable process. Then (Y;):>0 admits the F;-intensity A, iff

a) forallt >0
t
/)\sds<oo
0

P-almost surely and b) for all non-negative F;-predictable processes (Cy);>o it holds

E[/OOOCSdYS} :E{/OOCCS)\Sds}

The counting process is non-explosive, if lim; ., 0; = 0.

Throughout, (Y;);>0 denotes a non-explosive counting process on a probability space (€2, F,P) and
we only consider counting processes (Y;):>o that admit a predictable (F;, P)-intensity A;. To highlight
its dependency on the filtration (F;);>0, we usually include it in the notation. When we compare
different probability measures, we denote it explicitly, otherwise the intensity’s dependency on P is
ignored.

Definition 2.2 (Conditional intensity). Let (Y;);>o be a counting process. We call its F} -intensity
the conditional intensity (CI), denoted by (A¢)>0-

We follow Brémaud [59] and Daley, Vere-Jones [60] in using the term conditional intensity for the
F) -intensity. It is not to be confused with its other usage as a special case of the Papangelou intensity.
For an introduction on the CI we refer the reader to [60, §7.2].

The Poisson channel without feedback, introduced by Kabanov [61], is a doubly stochastic Poisson
process (Y;)i>o defined via an external measurable process (Z;);>0 on a state space Z. Informally,
(Y2)¢>0 is conditionally a Poisson process with non-homogeneous intensity A\(Z;,t) given (Z;)¢>o. For-
mally, we use the following definition 2.3.

Definition 2.3 (Doubly stochastic Poisson process, modulating process). Let (Y;):>0 be a counting
process adapted to (F;);>o with the Fi-intensity A;. If there exists a measurable process (Z;);>0 on a
state space Z and a function \: Z x [0,00) — R>q, such that \; = A(Z;,t) and Fy contains FZ, then
(Y2)i>0 is called a doubly stochastic Poisson process with F;-intensity A\; and (Z;);>¢ is called its
modulating process.

Remark 2.4. Instead of (F;)i>o with FZ C Fy we can also consider ]-"tZ’Y =0(Zs,Ys : 0< s <t).
More informally, (Y;):>0 is conditionally a Poisson process with non-homogeneous intensity A(Zy,t)
given (Z;);>0. In this work, we consider the setting Ay = A(Z;). This is precisely the setting of the
Poisson channel without feedback in the terminology of Kabanov [61].

Note that we lose the dependency of the intensity on a filtration in the informal definition. This
dependency is helpful, because it allows a change of filtration. For this purpose let us recall the
definition of the conditional expectation. For a random variable X on (£, F,PP) and a sigma-algebra
G the conditional expectation E[X|G] is the G-measurable random variable X for which

/XdP /XdP

for all B € G. It is unique except for changes on P-null sets.
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Theorem 2.5 (Change of filtration, Brémaud 1981). Let (Y;):>0 be a counting process adapted to
(Fi)i>0 with the Fy-intensity Ay and FY C G CF,. Assume that a left-continuous Gi-adapted version
of E[A|G:] exists. Then (Yi)i>0 admits the Gy-intensity E[N|G,]. In particular, if a left-continuous
FY -adapted version of E[\|FY ] exists, then (Y3)i>0 admits the FY -intensity E[N\|FY .

Proof. The proof is found in [59, §2, theorem T14, p.32-33] and the remark thereafter. O

Remark 2.6. If a counting process has an F;-intensity for some filtration (F;);>0 and the conditions
of theorem 2.5 hold, then it also admits a CI. Note, that the CI is attributed to the canonical filtration.

In this work, we consider the form A\, = A(Z;), which is the F7¥ -intensity for F7¥ = o(Z,, Y, :
0 < s <t). The doubly stochastic Poisson process (Y;):>o is also known by the term Coz process in
the literature. We call (Z;)>0 its modulating process. Note that A; is not yet the CI of (Y)i>0. We
apply Brémaud’s change of filtration theorem 2.5 to obtain that its CI is the conditional expectation
ED\FY .

Throughout, we only consider counting processes that admit a CI. In general, we are interested
only in the case that A is not deterministic.

Definition 2.7 (Self-exciting, history-dependent). A counting process (Y;);>¢ is self-exciting if for
all ¢ > 0, the conditional intensity A; is not almost surely a constant. The conditional intensity is
history-dependent if \; is not o(Y;)-measurable for all ¢ > 0.

Note that in [62, p. 11.4.1], a self-exciting counting process is more weakly defined as counting
process accompanied by its canonical filtration. The CI of a self-exciting counting process in general
depends on a measurable function h of the trajectory Yo, and the time ¢. In some models, it can be
written as a function solely of Y;. If this is not the case, we call it history-dependent.

We now consider the special case that the modulating process (Z;);>o of the doubly stochastic Pois-
son process (Y3)¢>o is a continuous time Markov chain on a finite state space and is time-homogeneous.

Definition 2.8 (Continuous time Markov chain, generator, Markov-modulated Poisson process). Let
Z be a finite set. By a continuous time Markov chain (CTMC) (Z;);>¢ on the state space Z we
denote a time-homogeneous Markov process with values in Z. The generator A € RIZI*XIZl of (Z,),5
is given, for any t > 0, by

As 2 = lim Y P[Z(t+ h) = 2|Z(t) = )

—0

—PZ(t) = 2| 2(t) = &) (3)

If (Y;)i>0 is a doubly stochastic Poisson process modulated by a CTMC (Z;);>0, we call (¥;)¢>0 a
Markov-modulated Poisson process (MMPP).

Remark 2.9. By time-homogeneity, the definition of the generator does not depend on the choice of
t.

2.1.2 Standard filtrations for CRNs in a random environment

So far, we have considered counting processes in one dimension. A multivariate counting process
(Y)iso = ([Yi(t), ..., Yam(t)])i>0 has the same component-wise properties as in definition 2.1. Addi-
tionally, no two components jump simultaneously. A filtration is an increasing family of sigma-algebras,
indexed by time, that, intuitively speaking, captures our knowledge at time ¢t. Throughout, as a con-
vention, when s and ¢ are used, then s < t. Define the filtrations

FYZ .=o({Y(s):s <t}U{Z(s):s <t} U{X(0)})
F=o0({Y(s) 1 s <t} U{X(0)}),

where o(-) denotes the smallest sigma-algebra with respect to which all random variables in the ar-
gument are measurable. Then we can make the reaction system in Eq. (1) rigorous, by specifying
that Y(t) has FYZ-intensity A(t) = [a1(X(t—), Z(t=)),...,an(X(t=), Z(t-))]T. By t— we denote
the left-sided limit, which makes A\(¢) a predictable intensity. Equivalently, we also use the filtration

FYZe = g({Y(s):s <t}U{Z(s): s > 0L U{X(0)}),
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as in definition 2.3. In contrast to F, #, the filtration 7Y > has knowledge of the entire trajectory of
Z, also the future. Later, we consider different probability measures, which we indicate by (FY %, P)-
intensity.

2.1.3 Linear environment and the order of the environmental modulation

General results for classes of environments are difficult to obtain. However, under special conditions,
results can be obtained. A well-studied class of environments are the linear stationary ones. When we
refer to them, we make simplifying assumptions on the external process Z(t) € R! and the functional
form a(X (t), Z(t)) of the FY ?-intensity A(t). We refer to these as the standard conditions. For the
process Z(t), we assume

Z(t) is weakly stationary, (C1)

i.e., its mean E[Z(t)] is a finite constant over time, and Cov[Z(t), Z(s)] only depends on ¢ — s. Next,
we assume that there exist 4,% € R'™! such that all eigenvalues of A have positive real part, ¥ is
symmetric positive semi-definite, AX + L A” is positive semi-definite and

Cov[Z(t), Z(s)] = e At=9)% fort > s> 0. (C2)
For the form of A(t) = a(X (t), Z(t)) we assume
a(z,z) = p(z) + C(z) - = € RY (C3)

for some p(x) € RM, C(x) € RM*!, These simplifying assumptions include all linear reaction networks
Z(t), i.e., Z(t) is a CRN with only zeroth- and first-order reactions, for which we additionally assume
stationarity and ergodicity. For instance, this class covers the random telegraph model, compartmental
models with only monomolecular reactions as well as cascades of birth-death processes. Gardiner’s
regression theorem [63, §3.7.4b, Eq. (3.7.62), p.65] guarantees the matrix exponential form of the
time correlation matrix. For processes with continuous state space, the Cox-Ingersoll-Ross process [57]
satisfies these conditions. All the examples are Markov processes, see also section 6 for an illustration.
We classify the order of the environmental modulation. The order of a reaction in a CRN is the
number of reactants, i.e., the sum Z?:l Sy; of substrate coefficients on the left-hand side of the reaction
R, in Eq. (1). In a CRN with a modulating environment, the order of modulation is the order of the
subnetwork reaction. If a;(z,z) does not depend on z, the reaction R; is unmodulated. By zeroth-
order modulation, we denote a form a;(z, z) = aTz+b,a € R, b € R and by first-order modulation,
we denote a form a;(z,2) = 2T Az +27b, A € R b € R?. To derive results, we consider another

condition
w(x) =p, pw; >0foralj, C(z)=C, (C4)

i.e., the propensities do not depend on the state X (¢). This is the case, when only zeroth-order reactions
are modulated by the environment and Z(¢) is of mean zero. See the section 6 for examples of how the
standard conditions are satisfied. For results on linear environments modulating zeroth-order reactions
of the subnetwork, see sections 3.2 and 4.1.3.

2.1.4 Martingale calculus for counting processes

Associated with a multivariate counting process Y (t) € N¢ and its F;-intensity A(¢) for some filtration
F: that contains o(Y (s) : s < t), there is the zero-mean F;-martingale

In fact, the property that the right-hand side is an F;-martingale can be taken as the definition of
the Fi-intensity for non-explosive Y (¢). With this definition, it becomes apparent that the intensity
depends on the filtration of the martingale. The increment can be written as dM (t) = dY (t)—A(¢) dt.
One benefit of martingale theory is that it provides a rich second-order calculus.

16



In the following, we use the identities, see for instance [62, proposition 11.4.1], for predictable
processes F(t) € Rh*d G(t) € Rlzxd

E { /O P dM(u)} —0 )

/Ot F(u) dM (u) </O G(u) dM(u))T] —E

2.1.5 Piecewise-deterministic Markov processes

min(s,t)
E / F(u) diag(A(u))G(u)T du| . (5)
0

The CI of MMPPs is obtained from the so-called Snyder filter, which we identify as a piecewise-
deterministic Markov process, see proposition 4.10 below. We first give the formulation of the Snyder
filter in proposition 2.10. The motivating example of the pair consisting of the Snyder filter and the
MMPP then prompts the investigation of more general pairs consisting of a PDMP, definition 4.7, and
a corresponding counting process, definition 4.9. Since this generalization abandons the setting of the
Poisson channel with Markov input, the computation of the relative entropy, Eq. (122) and Eq. (123),
is then our main motivation.

In the expression of the CI for MMPPs the conditional probabilities given F} enter. This is to be
expected by Brémaud’s change of filtration theorem, see theorem 2.5. The task of finding the posterior
probabilities, 11,(z) := P[Z, = z|FY] for all z € Z, is referred to as filtering. Taken together, we call
I1;(2).cz the filtering distribution. The filtering distribution is a multi-variate stochastic process with
values in A := {7 € [0,1]/#1 : 3" ___ 7(2) = 1} and the Snyder filter provides its temporal evolution.

Proposition 2.10 (Snyder filter, conditional intensity of MMPP). In the setting and with the notation

of definition 2.8 the filtering distribution (I1;(2)).cz evolves as follows for all z € Z, according to
Snyder [64, Eq.(7.153), p. 396/,

%Ht(Z) = (AIL)(2) = (A(2) = A)IL(2) (6)

between jumps and is updated to [64, Eq.(7.154), p. 396]

I, (z) = w (7)

if Yy =Y, + 1, ie., fort =0;,i € Ng. Taken together, the Snyder filter reads

(A=) = 3T ()

t

Al (2) = (ATL,)(z) dt + { Ay, — A, dt}. (8)

By means of the filtering distribution, the conditional intensity is computed as

Xt = Z )\(Z)Ht_ (Z)

zEZ
Proof. The proof is found in [64, theorem 7.4.2, p.383-387, example 7.4.8, p.396]. O

A structural result on the convergence for the Snyder filter is presented in theorem 4.32 and
a positive lower bound for the CI is derived in theorem 4.34. The notation in Eq. (8) will be more
generally introduced and explained in Eq. (83) below. Loosely speaking, the Snyder filter follows a flow
in periods between jumps and is discontinuously updated upon jumps of the counting process (Y;)¢>o.
The hazard with which jumps occur is the CI, which is evaluated from the filtering distribution at any
time via a deterministic function. Finally, the update at jumps is also determined by the state of the
filtering distribution. For the definition of the PDMP, which follows the construction of Davis [65, §24,
p.57-59 & (24.8) standard conditions, p.62], see Appendix A. The three so-called local characteristics
of a PDMP are

e the flow F': 19 — R"™ locally Lipschitz continuous,
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o the hazard I: ¥ — R>o measurable satisfying an integrability condition, specified in Eq. (290),
Appendix A,

e the jump update Q: B(¢)x9¥ — [0, 1], such that Q(B,-): ¥ — [0, 1] is measurable for all B € B(1}),
where B denotes the Borel o-algebra, and Q(-,0) is a probability measure for all 6 € 9.

2.1.6 Comment on filtration-dependent intensities

From a modeling perspective, one might wonder how can (Y;);>0 have two intensities (\; and \;) and
if one simulates trajectories with either of the two, how can they be on a par in terms of the same
statistical properties for (Y;);>07 This puzzle is solved if one incorporates the F;-dependency of the
intensity as in definition 2.1. In the above case of the Cox process F; = FY or F; = F/¥. This
dependency can be expressed in at least three ways: (i) explicitly but not of operational value for
mathematical proofs

At dt + o dt) = E[ dY;|F],

(ii) implicitly, and beneficial for mathematical rigidity and due to the available martingale calculus

[66] by requesting
t
Y: — / Ag ds
0

to be an Fi-martingale, (iii) as in the definition 2.1 by means of dual objects, which we chose to avoid
the introduction of martingales. The dependency implies that a general counting process (¥;)¢>0 can
admit several intensities depending on the respective sigma-algebra and for G; C F;, they can be linked
by Brémaud’s innovation theorem 2.5.

From the perspective of state estimation, \¢ is an estimator. The term estimation has the conno-
tation of a deficit. However, far from being an estimator with deficits, the CI (5\t>t20 has a standing
as corresponding to the canonical filtration, i.e., it is the intensity with respect to the minimal filtra-
tion to which (Y3)¢>0 is adapted, compare remark 2.6. This is why it can be seen as the canonical
one among the FY - and ftZ Y _intensities. The F) -intensity can be defined for any counting process
(Y2)i>0 admitting some intensity, with no need to specify an external process, making it a universal
object for counting processes that admit an intensity.

The estimator perspective regards E[\;|F} | as a function of the history {Y :0 < s < t}. This
complicated functional dependence makes it hard to understand the limit object Moo Of the convergence
e — /\Oo in distribution. In contrast, the conditional intensity view can offer a self-contained descrip-
tion of \; via the Snyder filter, Eq. (8): all the knowledge on (Y})¢>0 needed for understanding Ao is
captured in the jump times of (S\t)tzo which are shared with (Y;);>0. In this way, (/A\t)tzo emancipates
from (Y):>o0-

For this emancipation it was crucial to note that we can consider (Y;);>o to be jumping with
intensity (A;)i>0 in Eq. (8). In contrast, from a modeling perspective, (Y;);>0 is often viewed as
simulated from a two-step randomization procedure [59, p.21]. First, trajectories of (Z;);>¢ are sampled
and secondly, conditional on the trajectory, a non-homogeneous Poisson process trajectory (Y;);>o is
sampled with intensity (A(Z;))i>0. Then Eq. (8) can be evaluated trajectory-wise. This perspective,
however, dilutes the Markov property of (II;);>0, for which the hazard (the second local characteristic
of the PMDP) must be a function ! of the state IT;_. The intensity A(Z;) can, however, not be evaluated
from the state IT;_ alone. So the part dY; in Eq. (8) uses external knowledge and the equation is
not self-contained. The CI (S\t)tzo in place of (A(Z:))i>o fulfills the requirement for ! and establishes
the Markov property. In the modeling perspective this history-dependent intensity can be realized by
keeping track of the ODE (6) between jumps and using a thinning algorithm for (Y;);>o or the inverse
sampling method for the sojourn times, as well as updating via Eq. (7) upon the occurrence of jumps.

2.2 Motivation

It is one modeling goal to find a closed, i.e., self-contained, description for a given CRN in a random
environment that behaves in its statistical properties as if it was still embedded. We call it the marginal
description. The goal are both evolution equations for deterministic quantities, i.e., the probability
evolution and evolution of moments, as well as process equations, that can be used for stochastic
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simulation. Probability and moment evolution equations describe the average behavior of the system,
stochastic simulations generate random samples. The descriptive and generative tasks of the marginal
description are complemented by the analytic task of attributing subnetwork features to environment
features, as well as estimation of information measures. In summary, the various purposes for studying
the CRNs in a random environment via stochastic conditioning are (i) marginal simulation, (ii) model
reduction, (iii) the computation of information measures, (iv) state estimation and (v) attribution of
effects to properties of the random environment.

2.2.1 DMarginal simulation

The work by Zechner and Koeppl [3] proposed the marginal simulation algorithm that bypasses the co-
simulation of environment components, emphasizing its potential for efficient simulation and variance
reduction [67] as known from Rao-Blackwellized estimators [68, 69]. The marginal simulation approach
replaces the modulating component of a two-component process to obtain a one-component description
of the modulated component. The analysis of marginal simulation thus provides the foundation for
extending general gene regulatory networks by sources of heterogeneity. Addressing the problems
of simulating gene regulatory networks and the modular design of synthetic circuits, we provide an
efficient way of including heterogeneity. For the latter purpose, our method may help with in silico
studies, i.e., simulations, that precede in vitro studies. One ultimate goal of understanding each gene
expression step in gene regulatory networks is the engineering and synthesis of genetic circuits [70].
To design complex genetic circuits that function despite their embedding into a cellular context, it is
essential to account for identified sources of heterogeneity in a modular manner [71, 72]. The typical
workflow of circuit design involves the composition of networks or cascades from well-characterized
parts [73, 74]. Adhering to the Design-Build-Test-Learn cycle, it is common to simulate the composed
function in silico before conducting in vitro or in vivo experiments |75, 76]. Rational design thus
requires principled models that besides reliably predicting the behavior are also modular, in the sense
that it consists of single modules that can be easily replaced.

2.2.2 Model reduction

Zechner, Bronstein and Koeppl introduced the marginal process framework [77, 78] to reduce Markov
jump models. The reduced models specify new process equations and evolution equations for the
probability and moments. Recovering the Markov property, new process equations on an augmented
state space can be used to derive generalized (auxiliary-variable) [79] or reduced [80] master equations.
The reduced model with a marginal description served the purpose of genetic circuit design [81],
realizing the auxiliary variables as chemical species.

2.2.3 Information theory

Beyond the marginal description, the filter mean naturally appears in expressions for information
measures. Shamai and Lapidoth used the optimal linear causal estimate to obtain upper bounds on
the capacity for the spectrally constrained Poisson channel [82]. Duso, Moor and Zechner used the
Gamma filter [83, 84] to estimate the mutual information between two species in a CRN. Furthermore,
it has been known since the work on counting processes by Brémaud [59, §VI.6] that the relative entropy
between two counting processes is a difference functional of the filter means (’detection formula’). Atar
and Weissman used it to derive the error of mismatched estimation of the mutual information, when
using an approximate filter [85].

2.2.4 State estimation

We emphasize that the original purpose for the study of the filter mean was state estimation under
partial observability [86, 59]. In the literature on CRNs, this approach has been recently rediscovered.
In their works, Rathinam et al. and Fang et al. introduce particle filters to solve the filtering problem
for latent state estimation [87, 88]. State estimation for CRNs via smoothing, i.e., under the (partial)
knowledge of the trajectory until the final time point, is addressed in [89]. The causal, anti-causal
and non-causal estimator of the intensity, corresponding to forward filtering, backward filtering and
smoothing are usually closely related, as in [90] for the Poisson process. Along with state estimation,
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Hilbert space (L2, (-s))
(X,Y) = E[XY]
X

Figure 2: Schematic graph of the conditional expectation with respect to a sigma-algebra F. Projection
property and Pythagorean identity is shown in the Hilbert space of square-integrable random variables.
The plane indicates the linear subspace of F-measurable random variables.

one of the earliest application was in optimal control [59, §VII] sparked by the initial success of Kalman
[91]. A more recent application designed genetic circuits using approximate filters [81].

2.2.5 Attribution to the environment

In addition, approximate and reduced models can be used as baseline models. Deviations from the
reference give insight, how subnetwork properties can be attributed to the environment, similar to
knock-out experiments. They provide hypotheses about which features of the environment do or do not
evoke an observed stochastic property in the subnetwork. More generally, throughout we were guided
by the goal of quantifying the effect that the environment has on the moments of the subnetwork.

3 Conditioning on the environment

As a rather general strategy for the aforementioned tasks, we employ stochastic conditioning, i.e.,
the conditional expectation. Two routes can generally be taken: conditioning on the environment or
conditioning on the subnetwork. These approaches differ in that the conditioning on the environment
can only generate evolution equations for deterministic quantities, i.e., the probability evolution and
evolution of moments. The conditioning on the embedded subnetwork provides process equations in
addition, that can be used for marginal simulation.

The conditional expectation is a standard concept from probability theory and we use it here as our
main tool to reduce the CRN model, Eq. (1) in a random environment. The conditional expectation of
a random variable X with respect to a sigma-algebra F, E[X|F] is an F-measurable random variable

X with the defining property that
/ X dP = / X dP
A A

for all A € F. It is unique defined up to changes on a set of measure 0. When F = o(Y) for another
random variable Y, then we write E[X|Y] instead of E[X|o(Y")]. The conditional expectation satisfies
the projection property

E[E[X|F]|F] = E[X]F].

And more generally the tower property, i.e., for G C F
E[E[X|F]|9] = E[X]g],

which says that conditioning can be done sequentially starting from the finer, and proceeding to the
coarser sigma-algebra. This is especially useful for the particular case of G = {0, Q}, telling us

E[E[X]F]] = E[X],
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i.e., to evaluate an expectation by first conditioning on F as an intermediary before we take expecta-
tions. We can think of E[X|Y] as a measurable function g(Y) of Y. So we say, that conditioning on
Y eliminates the randomness in X, while keeping the randomness in Y. Also it holds, that

E[aX + bX|F] = aE[X|F] + bE[X | F],

which makes E[-|F] a linear projection. If X is square-integrable, then the projection has a stronger
geometric meaning in the Hilbert space of square-integrable random variables with the scalar product
(X,Y) = E[XY], see figure 2. Namely, E[X|F] minimizes E[(X — X )?] among all F-measurable random

variables X. This is seen by proving the Pythagorean identity
E[(E[X|F] - X)’] + E[(E[X|F] - X)’] = E[(X — X)?].

Hence, E[-|F] is an orthogonal linear projection onto the linear subspace of F-measurable random
variables.

We now apply this to our case. We started out with the joined system (X, Z;), where X; is
the subsystem state and Z; is the environment state. When we are interested in the moment of an
observable E[h(X})] of X, we have two paths that we can take: first eliminating the randomness in
X, or first eliminating the randomness in Z;. The remaining randomness is subsequently removed in
a second step. We cover the elimination of the randomness in X; here. For the other path, see section
4. In particular, we condition on

Ffi=0({Z(s):5 <t})

or sometimes

FZ .=o({Z(s):5>0}).

The second variant corresponds to sampling the entire trajectory of Z, such that we can condition on
it. Then E[h(X,)] is computed as E[E[h(X;)|FZ]] or E[E[h(X,)|FZ]]. Commonly, h can also be chosen
as an indicator function to cover probabilities P[X; € A] and P[X; = k| within this framework.

3.1 First-order moments

We first investigate the effect of the random environment on the mean of a subsystem species. This
effect is visible when first-order reactions are modulated as the following simple example illustrates.
Consider a birth-death process with birth rate A and death rate p whose mean approaches \/p in the
equilibrium. Zero-order modulation corresponds to a modulation in the birth rate, i.e., stochastic A
with mean X. By the linearity of the function A ++ \/u and the linearity of the mean, the heterogeneous
mean A\/p does not reflect the heterogeneity at the mean level. However, if p is stochastic, the non-
linearity of p — A/p invalidates this argument. Instead, the excursions in the abundance that emerge
during ¢ = 0 can distort the heterogeneous mean away from A/fi (Fig. 3b). In the experimental
context, this means that even bulk data carries the fingerprint of a heterogeneous environment.

The simple birth-death process in a random environment has been studied in queuing theory. It
corresponds to an M /M /oo queue, i.e., a queuing system with infinitely many servers and exponential
arrival and serving times. The birth rate is the rate of arrival, while the death rate corresponds to
the service rate. For a Markov environment, the stationary distribution, stationary factorial moments,
and the transient evolution equation of the moments were derived in [50]. We extend the existing
results in queuing theory to more reaction channels than the birth-death channel by considering the
general class of linear reaction systems whose reaction rates are modulated by a discrete state Markov
environment. As our main contribution, we analytically express the stationary mean for this class of
CRNs in terms of the subsystem rate constants, the environment generator matrix and the environment
equilibrium distribution. It also provides an exact alternative, at least on the mean level, to various
approximations that have been used to understand the effect of extrinsic noise on the mean, variance,
power spectrum and distribution. Furthermore, we propose a new method that quantifies the shares
that the environment states contribute to the stationary mean of a subsystem species. In section 8.3,
we analyze the deviation from the Q.SS behavior in a variety of case studies to illustrate non-linear
effects of the random environment.
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Figure 3: a. The cartoon shows an example subsystem of a reaction cascade (dashed box) that
is embedded into a cellular environment that includes RNA polymerase activity, ATP availability,
and the concentration of a degradation enzyme. Purple environment components from left to right
symbolize the RNA polymerase that modulates transcription, mitochondria that supply energy in form
of ATP and proteases that actively degrade proteins. More broadly, the embedding of the single cell
in a tissue and communication with neighboring cells via the extracellular matrix (light green) or ion
channels (blue) can contribute stochasticity. The reaction cascade consists of a sensor molecule (green)
and an enzyme (orange) whose expression is mediated by the sensor molecule. b. Trajectories of a
birth-death-process with heterogeneous death rate p, modeled as a birth-death process on different
timescales. On the fast timescale, the trajectory resembles an unmodulated birth-death process (upper
panel). On the intermediate timescale, triangular excursions appear while 4 = 0 (middle panel). On
the slow timescale, the excursions become more pronounced (lower panel). The mean death rate is the
same for all cases.
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3.1.1 Setting of embedded linear CRNs

Linear reaction networks are a class of CRNs whose propensities depend linearly on the state of
the system, i.e., the vector of species copy numbers. Assuming mass-action kinetics, this restriction
corresponds to admitting only first- and zeroth-order reactions. For this class, the first- and second
order moment dynamics are well-known both in the transient and stationary phase [92]|. In particular,
the stationary mean of the stochastic system equals the equilibrium concentration of the corresponding
deterministic system [53].

Homogeneous linear CRN

Consider a linear CRN with the vector X; € N of species counts, namely, a CRN where the vector of
propensities for its M reactions is of the form

a:N? - ]Rgo, a(x) =Tz + . (9)

If all reactions follow mass-action kinetics, this implies that only zeroth or first order reactions are
admissible [92]. Then I'z and « are the vectors with the propensities of the first-order and the zero-
order reactions, respectively. Next, we construct the stoichiometric matrix that stores the change
vectors for each reaction: | |

N= vy ... vy|ez®M

via N;; = P;; — S;; and v; = P.; — S.;. This allows to write down the evolution of the mean:
—IE (X]) = Z viaj(X¢)] = Na(E[X]) = NTE[X,] + Ny =: b — AE[X}]. (10)

The matrix A = —NT' captures the first-order reaction rates, while the vector b = N+ accounts for
the zero-order reaction rates. Throughout section 3.1, we assume that in the homogeneous case A has
only eigenvalues with positive real part. This property is called Hurwitz-stable, and it guarantees the
ergodicity of the system, in particular the existence of and convergence to the stationary mean [93].
Linear CRN in a random environment
We have just described the homogeneous case. Next, we embed the linear chemical reaction network in
a random environment. We assume that Z is a stationary continuous-time Markov chain (CTMC) on
a discrete state space Z. The environment modulates X by Z-dependent propensities which replace
Eq. (9) by

a(z,z) =T(2)x +v(2) (11)

with corresponding family of matrices A(z) = —NT'(z) and vectors b(z) = Nv(z) as defined in Eq.
(10). We refer to such a linear CRN in a random environment also as a heterogeneous, or modulated,
linear CRN. Throughout section 3.1, we assume that A(z) has only eigenvalues with non-negative real
part for each z € Z. In contrast to the homogeneous case, 0 may be included as an eigenvalue. This
assumption is needed for the proof of proposition 3.5 and for the evaluation in Eq. (29) to prove the
main theorem 3.7. Both proofs are based on the lemma 3.4 below that uses the assumption.

Most prominently, Z can be a CRN on the state space of (environmental) species counts Z C N™
[94, 3]. In this case, we call X the subsystem of the joint reaction network (X, Z). The equation that
governs the mean now reads

SELX,] = BN(Z)] - E[A(Z)X.), (12)
involving non-linear modulation terms E[A(Z;) X;].
Quasi-steady state reference model

With a Q.SS assumption on the environment, we aim to map a heterogeneous linear CRN to a
homogeneous one. To this end, we replace the subsystem propensities a(z|z) by a(z) = E[y(z)] +
E[T'(2)]z. Even though the Q.SS method has seen applications with much less coarse approximations
in stochastic models, i.e., at the level of the master equation [10], we use the term in the described
way at the mean level. The corresponding first-order rate matrix and zero-order rate vector, see Eq.
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(10), are A = —NE[['(2)],b = NE[y(z)]. In the case of Z C RZ, and if I' or v depend linearly on z,
then A= —NI(2)orb=N ( 7), respectively. The mean Eq. (12) reads

d o

B = b~ AE[X] (13)

and converges to the equilibrium -
E[X255 = A~ 1p. (14)

We use the Q.SS model as a reference model. The deviation of the heterogeneous from the homogeneous
reference model quantifies the effect of the random environment on the subsystem. Quasi-steady state
model reduction is typically justified by the assumption that the environment operates on a faster
timescale than the subsystem. This particular rather coarse Q.SS model cannot be justified as a model
reduction technique, when taking into consideration that more elaborated and superior techniques [10,
11, 95| were developed. However, we justify our Q.SS in the reverse perspective. In the modeling
context, when we build a hierarchy of models, we may start with homogeneous reaction rates, i.e.,
a deterministic constant environment. As we pass to heterogeneous rates, the rate means are kept
constant, e.g., if the environment means were obtained from separate measurements.

Then the heterogeneous case deviates from the homogeneous Q.SS case. Is it necessary to include
a higher-order moment analysis in order to detect the deviation? We demonstrate how the fingerprint
of the heterogeneous rates emerges already in the stationary mean of the subsystem.

As a point of departure, we first portray a base case without deviation at the mean level, i.e., the
stationary mean of the Q.SS model coincides with the heterogeneous stationary mean. Suppose, the
environment modulates the subsystem only via zero-order reactions, i.e. A(z) = A = A is independent
of the environment, while b(z) may maintain dependencies. Then Eq. (12) reduces to

CE[X.) = Efy(2)] - AE[X,

with equilibrium state E[X,] = A7'E[b(z)] = E[XEZ°]. Only in the second (and higher) order
moments the exact network deviates from the Q.SS model [48]. The additional term which enters in
the variance expressions is commonly interpreted as extrinsic noise, opposed to the intrinsic fluctuations
that are attributed to the subsystem alone [47].

While the stationary mean is not affected by the zero-order modulation, this is much different when
we allow modulation of first-order reactions. The question how the random environment affects the
subsystem even on the mean level guides the sections 3.1.2-3.1.4 and the case study 8.3. Since the
analytic expression for the stationary mean of the heterogeneous system that we provide in Eq. (18),
(21) and (22) below is complex, we mainly address this question numerically in the case studies, section
8.3. However, in the case of a birth-death process with modulated degradation, an analytical answer
can be obtained. We provide it in Eq. (229) below for a two-state environment and more generally in
subsection 8.3.4.

3.1.2 Bye bye linearity bye: exact stationary mean evaluation (ESME)

We analytically express the stationary mean for the class of CRNs introduced in the previous section.
The expressions only depend on the subsystem rate constants and standard characteristics of the
Markov environment that we specify as follows. Denote by A(2’, z)./ .cz its generator and by m(z) its
stationary distribution, i.e., A7 = 0. Introduce the notation Ag(2) := —A(z,2) = >_.,, A(#/, 2) for
the total exit rate. Let (7, )nen be the jump times of Z. These induce the discrete-time Markov chain
(Wo)n := (Z(1))n with transition kernel

A(2',2) /
K(,z2)= Ao(z) » * 7
0, 2=z

The process W, is called embedded discrete-time Markov chain that corresponds to the jump epochs
of Z(t) [96].
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Proposition 3.1. Let W be the embedded chain of a Markov jump process on Z with stationary
distribution 7(z) and total exit rates Ao(z), z € Z. Define 7(z) := w(2)Ao(2z). Then T satisfies the
stationarity condition for the embedded chain, i.e., is an unnormalized stationary distribution of W.

Proof. We verify the stationarity condition for the embedded chain.

YK )z =Y AA(Z/’Z)W(Z)A(Z) = A, () = Ao () (2)) = 7(2).

z€Z z#£z! 0 (Z)
U

For the computation of the stationary mean, we use the average values of the process X at the end
of intervals [7,,, 7,+1] in environmental state z. The computation of these average values is facilitated
by the fact that, conditional on the environment, the subsystem expectation progresses linearly.

Definition 3.2. Define x(n, 2) := E[X (7n,41)|Z(n) = 2] and V(t) := E[X (t)|Z}0.4].
Conditional on the history of Z, the subsystem X is linear and hence V evolves like
d
aV(t) =b(Z(m)) —AZ(m))V (), Tn <t <Tps1 (15)

and ¢t — V(t) is continuous. We note that the value Z(7,) is the only information in the history of
the environment that governs the evolution (locally in time). For the value V'(¢) global in time, the
initial jump value V(7,,) is needed, which depends in a more complex way on past values of Z. This
is solved interval-wise by

t
V(t) = e AERE )y (1)) +/ e ARt0) s b(2). (16)
to

By the update characterization of Markov chains, we can find a sequence (§,,),>0 of independent ran-
dom and a deterministic function h, such that &, is independent of Z(7,,) and Z(7,41) = h(Z(7),&n), n >
0. Furthermore, the (£,),>0 can be chosen independent of (7,41 — 7 )n>0. Choosing ¢ty = 7, and
t = Tp41 in Eq. (16), we expressed

(V(Tn+1)a Z(Tn-l-l)) = g(V(Tn)a Z(Tn)a Tn+1 — Tn, gn) (17)

for a deterministic update function g. By the update characterization of Markov chains, the inde-
pendent waiting times (7,41 — 7n)n and independence of 7,11 — 7, from (V(7,), Z (7)), we get that
the pair (V(7,), Z(7y))n forms a Markov chain. Furthermore, by the tower property of conditional
expectations, we obtain the following link between x and V'

x(n, z) = E[V(141)|Z(m0) = 2].

At stationarity, z(n, z) does not depend on n anymore, because (V(7,,41), Z(7,)) has the same distri-
bution as (V (), Z(7n—1)). Hence, we can drop n. More formally:

Definition 3.3. Define (Viiy Zn)n as the stationary version of the Markov chain (V(7,,), Z(7,,))n and
Z(n, z) := E[Vy41|Zn = z]. Define z(z) := (1, 2).

The expressions in Eq. (16) with the evaluation in Eq. (17) suggest calculating the following mean
values.

Lemma 3.4. Let T be exponentially distributed with parameter > 0 and suppose that all eigenvalues
of A have non-negative real part. Then uI+A is invertible and

(i)
Ele ] = u(pI+A)~"

(ii)
IEI[/ e A dt] = (WI+A)~!
0
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(iii)
Tt
—As _ -1 —1
E[/O /0 e ds dt] = p= (LI+A)

Proof of the lemma.

_AT / —,ut —At dt = (MI+A)_1
0

/ _Atdt:/ e T/ —Atdth—/ —Af/ pe M7 dr dt
0

/ e AleH ds = (uI+A)~!

f| [l awan= [T [

/0006 //ue BT dr dt ds
A
A)!

I
8

(=)

—As ds dt dr

e

e Mt dt ds —/ e ATl s
0 0

pH (p I+

Proposition 3.5. The x(z), defined in definition 3.3, satisfy the linear equations

=) Az

z'eZ

(2) +b(2)-

Suppose that (z) satisfies detailed balance, then

A(2)z(2) = (AT2)(2) + b(2).

Proof.
2(2) = E[V(1541)Z (1) = 2]
= ]E[e_A(z)(T"+1_T")|Z(Tn) = Z|E[V ()| Z(70) = 2]
+E| / T A 4475 = b(2)
0
= No(2)(Mo(2) T+A(2)) ™" Y PWyy = 2/|W,, = 2]a(2') + (Ao(2)
2/ #z
+ A(2))7b(2)
= Ao(2)(Ao(2) I+A(2 Z K(z, 7 7;((2)) (2/) 4 (Ao (2) T+A(2)) " b(2)
2/ H#z
= AR THAE) " T A=) W)(Z’)< S2(:) + (R0() T-+A(2) ()
2 #z o\z
(o) T+AE) ™ T Az ) D0l + (A0(2) T+A() 002
z'#z
Hence,

(18)

(19)



or upon adding of A(z, z)x(z):

yielding
A(2)z(z) = > AT(2,2)z(2) + b(2).
z'eZ
O

The structure of Eq. (18) can be captured graphically. Let us visualize the recursion by a directed
graph on the set of nodes Z. There is an edge from 2’ to z, if x(2’) has a non-zero coefficient for
the equation of z(z). Then this graph is precisely the transition graph of the Markov chain Z. In
particular the sparsity of Eq. (18) is dictated by the sparsity of A.

Remark 3.6. Define v(z) := 7(2)x(z) and denote by v = [v(z9)T,v(21)7T,...] the concatenated
vector for an enumeration of the environment state. Further define the block matrices

A — 0 A(z) e RIZlaxIzld g 0 b(z) c RIZldx|2]

Then Eq. (18) can be written as

(A-A®1;)v=Br (20)
where I is the (d x d) identity matrix, ® is the Kronecker- or tensor-product and 7 € RIZI*1 is the
stationary probability vector. Denote by x7 = [z(20)T,x(21)T,...] the concatenated vector for an

enumeration of the environment state. Furthermore consider b = Be with e € RIZ1X! the vector with
ones in all entries. Then Eq. (19) can be written as

(A-AT"®I;)x=b.

We computed the average values of the process X at the end of intervals [7,,, 7,41] with environ-
mental ’label’ z. With these auxiliary quantities, we obtain the following main result for the stationary
mean.

Theorem 3.7 (ESME). Let X be a linear CRN in a random environment as described in section
3.1.1. With z defined as in definition (3.3) and m the stationary distribution of Z, it holds

E[X..] = 3 (z)e() (21)

Proof. See section 3.1.3 below. O

Remark 3.8. If we invest equation (20), the resulting equation (21) for ESME is rewritten in matrix-
vector notation

EXo] = (T @15)(A —A®1;) 'Br (22)

with ® the Kronecker-product, I; the d x d-identity matrix and e € RIZIX1 the vector with ones in all
entries. For d = 1, the expression reduces to

el'(A—A)"'Br

for diagonal matrices A, B. This is in agreement with the expression obtained in [50, theorem 3.1]. If
m(z) satisfies detailed balance, then it also holds

EXo] = (77 @ Ig)(A — AT @ 1) 'b. (23)
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3.1.3 Proof of the ESME expression

In this section, we provide the proof for the main theorem 3.7 (ESME). This equips the reader with
the intuition on quantifying the shares that environmental states contribute to the stationary mean.
We define these in the next section. Note that our proof deviates from those in queuing theory in that
it does not pursue a generating function approach.

By the ergodic theorem, we can move from the ensemble mean to the temporal mean

1 [

EX.] = lim — [ X(t) dt. (24)

Next, we partition the time axis at the jump times 7, both in the numerator and denominator to

obtain
N-1

1 Tntl
E[Xy] = lim X (t) dt. 25
[ OO} N—oo Zr]:[:_OI(Tn""l - Tn) TLZ_:O/ ( ) ( )
The summands (in both sums) are ordered by their appearance in time. The idea is now to sort
them by the values of Z(7,). This is achieved by multiplying each summand with unity of the form
> .cz 1(Z(,) = z) and changing the order of summation. The outer sum is now indexed by z € Z.
The next idea is to normalize the numerator and denominator by N to get empirical averages. As
N — 00, the ergodic theorem allows us to move back to expectations. In the denominator, this reveals
the average waiting time as a mixture of inverse exit rates:

Tn

. 1 N-1
~ 1\}1—r>noo N ngo ]l(Z(Tn) = Z)(Tn+1 —Tn)
=Y PZ(rn) = 2|E[rg1 — Tl Z(70) = 2] (26)
2€EZ
=Y P[Z(ra) = 2]Ao(2) "

In the numerator, the contributions of Z(7,) = 2z to the sum is handled analogously by moving from
the empirical mean to the expectation

ngny)% 0 1(Z(m) = 2) / "X at
z€Z n= ™
:;E [n(z(Tn) =2) /T X(t) dt} (27)
ZZGZZP[Z(T,L) = 2|E Um X(t) dt|Z(r,) = z] : (28)

The integrals in Eq. (28) evaluate to

E [ / + X(t) dt|Z(7,) = z} -1 (29)
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in detail, we have

E [/T+ X () dt|Z(r) = z}

n

n

_E| /0 T e ADO) 44 7(r) = LBV (1) Z () = ]

Tn4+1—Tn t
+ E[/ / e~ A ds dt|Z(r,) = 2]b(2)
0 0

=(Ao(2) T+A(2) ! Z PW,—1 = 2'|W,, = z]z(2)
2'#z
+ Ao(2) " (Ao (2) T+A(2)) " tb(2)
_2(2)
Ao(2)

The consolidating technical calculations read

E[X.] = lim M

N—oo TN
M e Yoo [r T X () dEY 2 1(Z(7) = 2)
iy e (Tt — ) Yoz L(Z () = 2)
Yz limy o & Xl L(Z(m) = 2) [777 X () dt
ez limn oo % Yol 1(Z () = 2)(Tni1 — )

ZZEZ P[Z(Tn) = Z]EU—:H X()|Z(1n) = Z}

- >z PlZ(m0) = 2|E[rni1 — Tl Z(mn) = 2]
Ve ()
C Xez T(2)Ao(2) 7
Sam(a2)
Zzez” z)

Remark 3.9. The expression (21) has a rather astonishing interpretation that can be understood
as a consequence of the waiting time paradox [97]. Suppose the system operates in stationarity. For
simplicity, we assume X is one-dimensional. If we choose a random time ¢, then with probability 7(2)
we hit an interval 7,, < ¢ < 7,41 with a ’label’ Z(t) = z. Call this event I,. The time point adds
E[X (t)|I.] to the mean if we think of the stationary mean as Y. . m(z) [;~ E[X(s)|I:] dF.(s), and
F,(s) is the distribution of s = ¢ — 7, when in Z(¢) = z. Looking at the structure of expression (21),
the integral evaluates to z(z) = E[X (75,41)|I.]. Why is this paradox? We might ad hoc assume that ¢
lands, on average, at some centered location within the interval [7,,, 7,,41], in particular it is, on average,
smaller than 7,4;. The progression of s — E[X(s)|I,] = V(s), see Eq. (15), is strictly monotone.
Imagine it is increasing (decreasing). Then t < 7,41 implies E[X (¢)|1.] < (>)E[X (Ts+1)|L:]. By the
monotonicity of the expectation, this implies [~ E[X (s)|I.] dF.(s) < (>)z(z). In contrast, theorem 3.7
informs us that equality holds. This can be understood as a consequence of the waiting time paradox.
A uniformly random time point ¢ satisfies that 7,41 — t is exponentially distributed with parameter
Ao(z) by the memory-less property of the exponential distribution. However, due to symmetry reasons
in the uniform choice of ¢, the distance ¢t —7,, of the last Z-jump in backwards time is also exponentially
distributed with parameter Ag(z). To deviate from the main line of thought, the interval that ¢ lands
in has, on average, twice the expected length. This paradox is resolved by the size bias effect: longer
intervals have a higher chance to be hit by the point ¢. The explicit size-biased distribution of 7,11 —7,
is provided in [97]. Returning to the main line of thought, a randomly chosen time point is actually an
average endpoint, regarded from the perspective of a randomly chosen interval. The difference lies in
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the random choice of a time point versus the random choice of an interval. The waiting time paradox
permits the slim formulation of theorem 3.7, once the recursion in proposition 3.5 is solved.

Davis [65, p.36] commented on non-Markovian models, which the process X (¢) is an example
of. "For some non-Markovian models, in renewal theory for instance, special techniques have been
developed, but these tend not to extend beyond the very special assumptions on which the models
are based, so that generalizations will require a completely fresh approach." Our derivation resembles
those common in renewal theory with Eq. (26) computing average sojourn times. And indeed, for the
derivation of ESME to work it was crucial to assume the conditionally linear form of the propensities
in Eq. (11). From this assumption we obtained equations (15) that are closed in the conditional first
moment V(¢). As a further consequence of the linear form the update function ¢ in Eq. (17) is linear in
V(7n), see Eq. (16), from which we obtain the linear recursions in Eq. (18). If the linear assumption in
Eq. (11) was dropped we would not obtain closed equations as in Eq. (15) to begin with. Depending on
the functional form of the propensities the equation would involve higher order conditional moments,
e.g., for second-order mass-action reactions, or the conditional expectation of rational functions, e.g., for
Hill propensities. The analogue to the variable V(¢) would need to summarize all the dependencies and
would be generally of infinite dimension. A conditional moment closure or other projection methods
would generally be required to reduce it to finite dimensions. This may result in non-linear g in Eq. (17)
and in non-linear recursions. One way to obtain a linear equation as in Eq. (15) would be the use
of conditional probabilities P[X (t) = x|Z[g 4], indexed over all z € N, together with an appropriate
closure scheme. We anticipate that this can become computationally prohibitive. However, it might
be feasible for systems that only access finitely many states, e.g., due to conservation relations. For
instance, this is the case if every reaction is a conversion reactions, i.e., Z?zl Sij = Zle Py; for all j.
While the functional form was required to be linear in the state x, we emphasize that the dependence
in the environment component z can be of arbitrary functional form.

3.1.4 Quantification of environmental shares

The stationary mean is a composite result of the subsystem existing in different environmental states.
Thus, we aim to quantify the share that each environmental state contributes to the value of the
stationary mean. First, let us fix a subsystem species 1 < ¢ < d and consider its stationary mean
E[X; o). When we computed the stationary mean following Eq. (25), we sorted the summands by
the environmental states Z(7,) = z. Inspired by Eq. (27), we define the environmental share that
environmental state z contributes to the stationary mean of species i, as

Tn+1
ai(z) == ¢ 'E |:1(Z(Tn) = z)/ Xi(t) dt} (30)
with the normalization
Tn+1
G=)Y E {n(Z(Tn) = z)/ X5(t) dt] .
2€Z n
We note that, by definition, > . a;(z) = 1. It holds
a;(2) = m(z)zi(z) (31)

E[X; o]’
because E[1(Z(7,,) = z) [7"*" X;(t) dt] < 7(2)z;(2) by Eq. (29) and proposition 3.1.

Tn
This novel technique allows to identify whether one environment state dominates the contribution
to the stationary mean. By this tool we pursue our goal to attribute the behavior of the subnetwork

to features of the environment. We apply the method in the case studies, section 8.3 below.

3.2 First- and second-order moments of counting processes in a linear ran-
dom environment

The first- and second-order moment characterization of Hurwitz-stable linear CRNs was provided by
[92] and the equivalence with the linear noise approximation was shown. We extend these for the
non-stable modulated birth process, i.e., doubly stochastic Poisson process, with a linear stationary
modulator. For the derivation we use point process theory [98].
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Theorem 3.10. Let Y (t) be a multivariate counting process for which the FY Z-intensity and the
external process Z(t) satisfy the standard conditions (C1)-(C4), assuming A in Eq. (C2) is invertible.
Firstly, for allt > 0, we have E[Y (t)] = ut. Secondly, for all t,s >0

Cov[Y (t),Y (s)] = [diag(p) + C(A7'S+2A4 T)CT] s
+C [ZA_QT(eXp(—ATS) —1T) + (exp(—At) — exp(—A(t — 5)))A*Y] cr.

Proof. For the first moment, we have
E[Y (£)] = / 1o+ CE[Z(w)] du = pit. (32)

using the zero-mean FY Z-martingale Y (u) — fot A(u) du.
Turning towards the covariance, we employ the covariance decomposition, the multivariate analogue
of [98, §3.3, Eq. (3.39)], suppressing the subscript P,

Cov[Y (), Y (s)] = E[Cov[Y (¢), Y ()| 7, “]] + Cov[E[Y ()| 7 7], E[Y (s)| 7 ]

— diag(n)s + C /O /0 “B(Z(w)Z(1)T] dr du OT

Figure 4: Integration domain

Now we split the integration domain [0, ¢] x [0, s] into three parts according to figure 4. Additionally,
we change the direction of integration to the 45° diagonal (indicated by dashed lines) on which the
auto/cross-covariance E[Z(u)Z(7)7] is constant. The reason for this is the constant time lag h = |7 —u|
and the assumed stationarity of the auto/cross-covariance. We get, using integration by parts,

I = /O S(s — WE[Z(u)Z(u+ h)T] dh

=s / Yexp(—ATh) dh — / hY exp(—ATh) dh = XA s + S A2 (exp(—ATs) — 1)
0 0

I

/ " B2 2 — 1)) dh = s / T exp(—AD)S dh
0 0
= s(exp(—A(t — 5)) —T)A™'Y,

I3 = /os(s ~WE[Z(w)Z(u— (t — s+ h))T] dh

=s /S exp(—A(t— s+ h))Z dh — /S hexp(—A(t — s+ h))X dh
0 0
= sexp(—A(t — 5))A7IY + (exp(—At) — exp(—A(t — 5))) A2,
In total,

Cov[Y (t),Y (s)] =diag(p)s + C(I1 + I + I3)CT = [diag(p) + C(A'S+ZAT)CT] s
+C [ZA_QT(eXp(—ATS) —1I) + (exp(—At) — exp(—A(t — 3)))A_2§]] cT.
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} var[Yy]

i

Figure 5: Schematic variance evolution of a Markov-modulated Poisson process. The lowest graph il-
lustrates the Poisson base case which coincides with uncorrelated modulator. The larger the correlation
time, the steeper is the asymptotic variance slope.

Relaxing the condition of unidirectional modulation, non-linear reaction systems were embedded in
a linear environment while assuming linear subsystem-environment interaction [99], i.e., zeroth-order
modulation (in both directions). First- and second order moment characterizations were derived, using
the projection operator formalism.

3.3 Fano factor decomposition

For the process class of MMPPs with linear modulator, we have just presented the analytical mean
and variance expressions. Asymptotically (¢ — co), the covariance matrix behaves like

Jlim ¢~'Cov[Y;] = diag(uo + Cp) + C (EAT + A7'%) OT. (33)
For processes in one dimension, the inverse autocorrelation decay 7 = A~! € Ry is interpreted as
the correlation time of the process. Figure 5 shows how the variance initially increases quadratically in
time (tangential to the Poisson base case), and enters asymptotic linearity, the slope increasing with
7. For the extreme case 7 — 0, the Poisson base case is recovered, while for 7 — oo, the asymptotic
slope increases unboundedly. This matches the case of static, but random X (7 = co) with quadratic
(and thus super-linear) asymptotic increase.

The Fano factor, i.e., the ratio of variance and mean, is a noise-quantifying device, suited in the
scenario of counting processes, because it assigns 1 to the base Poisson case. The Fano factor F of any
super-Poissonian random variable is naturally decomposed into F = 1 + AF to extract its deviation
AF from the Poisson base case. For counting process models, we evaluate the asymptotic Fano factor
limy;_,o Var[Y ()] /E[Y (¢)]. See section 8.1.3 for a decomposition of translational noise. And see section
4.4 for additional tools to compute lim;_,, t~'Cov[Y;] for self-exciting counting processes.

3.4 Second-order moments: spectral formula

Several research groups have contributed to our good understanding of linear subsystems that are
modulated in their zeroth-order reactions. Raj et al. [100] calculated the variance for gene expression
models, using spectral theory. Warren et al. [92] proved the equivalence with the linear noise ap-
proximation for the second-order expressions of Hurwitz-stable linear CRNs. Gupta and Khammash
[48] characterized the second-order moments for linear subsystems with zeroth-order modulation by
uncorrelated environment components. Zeroth-order modulation by a linear environment is included
in the theory on linear systems, because the joint subsystem-environment network is linear. We take
a more general approach, providing spectral theory for linear subsystems in a correlated environment,
not necessarily linear. We also relax the Hurwitz condition for the subsystem.

Building on the previous work, we provide the second-order result in the frequency domain for
a linear CRN X in a random weakly stationary environment Z. Let X (¢) = [X;(t),..., Xq(t)]T be
the state vector of a linear CRN in a random environment, i.e., there are only first- and zeroth-
order reactions. We make the assumption that the external process only modulates the zeroth-order
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reactions. To formalize this, we assume that the reactions Ry, ..., R,, are modulated by Z(t), i.e., the
propensity vector is A(t) = [a1(Z(t)),...,am(Z(t))] = a(Z(t)) with

a(z) =p+C-zeRY, peRM CeRM (34)
and without loss of generality E[Z(¢)] = 0. The reactions Ry, 11, ..., R are not modulated. Corre-
spondingly, the stoichiometric matrix decomposes into

N =[Ny No], N; € 2™ N, ¢ z*M-m), (35)

Let Y (t) € N™ count the occurrence of reactions Ry, ..., R,, and Y (t) € N¥=" count the occur-
rence of reactions R,,,+1,...,Rp/. Then the state is obtained as
X(t) = X(0) + MY (t) + N2 Y (2), (36)

compare Eq. (2). Define the filtrations

FYZ =c({Y(s): s <t} U{Y(s):s <t} U{Z(s):s <t} U{X(0)})
FY i=o({Y(s):s <t} U{Y(s):s <t} U{X(0)}).

The F)' -intensity of the components Y (¢) is set to be

At) = AX(t—) +b, AeRM—mxdpcRgM-m (37)

We assume a general auto/cross-spectrum Sz (w) € R™*™,
> .
Sz,jk(w) = / E[AZ;(t)AZy(t — 7)]e”"™ dr,
— 00

where AZ;(t) := Z;(t) —Ep[Z;(t)]. How is Sz (w) transferred to Sx(w) under P, when assuming weak
stationarity also for X? The mean evolution equation of Ep[X ()] is

%EP[X(L‘)] =TEp[X(t)] + Nb, T=NA=NoA, A= m e RMxd j = [‘g] €RM, (38)

Then all eigenvalues of I' must have non-positive real part, otherwise the stationary mean of X (t)
does not exist. We distinguish the cases in which all eigenvalues of I" are strictly negative, also called
Hurwitz-stability, and the remaining cases, in which I" is degenerate. We only consider the following
mild form of degeneracy.

Definition 3.11. We call X (¢) mildly degenerate, when
e eigenvalues of I' with vanishing real part are 0,
e fI' =0 implies fN = 0 for all f € R? and
e in the Jordan canonical form of I' the Jordan block of the eigenvalue 0 is the zero matrix.

Clearly, finitely many f1,..., fr in (ii) can be found that span the left eigenspace of eigenvalue 0.

The fi,..., fr correspond to conservation laws on the trajectories of X (t), since Eq. (72) implies
df; X(t) =fiNy dY (t) + fiNy AY (t) = fiN A, dY (t) + fiN Ay dY (t) =0, (39)
A = |::([):| S RMxm,AQ = |:2:| S RMX(M_m).

Define the probability measure P, under which the intensities of Y () are replaced by their averages
p, ie., Y(t) is a homogeneous Poisson process. Then under P, the reaction system for X(¢) has
propensities

Alt) =AX(t—) +b,. (40)



The mean evolution equation of Ez[X (¢)] is the same as for Ep[X (¢)] in Eq. (38). When I' is Hurwitz-
stable, then the stationary mean is Ep(X) = Ep(X) = —I'"!Nb. Or in the mildly degenerate case,
we introduce the notations P[-|c] and P[-|¢] for the measures conditional on f;X(0) = ¢;,i = 1,...,7.
Then Ep(X|c) solves

TEp(X|c) + Nb =0,
fiBp(X|c) =¢i=1,...,m
and so does Ep(X|c). Denote by Covp(X) the stationary covariance matrix of the system X (¢) under

P in the Hurwitz-stable case and Covp(X|c) the conditional covariance matrix in the degenerate case.
Setting up the covariance evolution equation it can be shown that Covp(X) satisfies

ICovp(X) + Covp(X)T'T + N diag(AE(X) +b)NT = 0. (41)
and analogously for Covp(X|c) with Ep(X) replaced by Ep(X|c).

Proposition 3.12. Assuming that Z(t) is weakly stochastic with auto/cross-spectrum Sz(w), while
X (t) is assumed to be weakly stationary with Hurwitz-stable or mildly degenerate T' and Eq. (35)-(37)
hold. Then the auto/cross-spectrum of X (t) is

Sx(w) = (iw —T)'B(—iw — 7)™ + (iw — )N, CSz (w)CT NT (—iw — TT) 71,

with B = —TCovp(X) — Covp(X)I'T, where Cov(X) is evaluated as Y, P[X(0) = c]Covp(X|c) in the
mildly degenerate case.

Proof. We present the proof for Hurwitz-stable I', which implies lim; . e!* = 0. The changes for
mildly degenerate I' are addressed in the end of the proof. We first expand the term Eq. (75) to
the following expression by using the martingale M (t) = Y () — fot CZ(u) + p du with respect to the
filtration FY 2> 1= o({Y(s) : s <t} U{Z(s) : s > 0} U{X(0)}). In contrast to FYZ, the filtration
FY %> has knowledge of the entire trajectory of Z, also the future. Then, due to vanishing cross terms,

t s T
E / FIN(CZ(u) du+ dM (u)) < / "IN (CZ (1) du+ dM(u))> ]
0 0
:/ el = Ny diag(u)NleFT(s_") du (42)
0
t s
+ / / " N CE[Z(u) Z(0)]CTNTe™ =) do du (43)
0 JO

using Eq. (4) and Eq. (5). For convenience denote the term Eq. (43) by L(t,s). We add the terms
Eq. (42) and Eq. (76) to yield

/ P N diag(AEs (X)) + B)NTeFT(Sfu) du.
0

By Eq. (41) and using the product rule, this term evaluates to
"= Covs(X) — e 'Covp(X)e ™. (44)

The covariance Covp[X (t), X (s)] is now the sum of the terms in Eq. (74), Eq. (43) and Eq. (44).
Letting ¢t = s and t — oo, we may decompose

Cove[X (0)] = lim T Covp[X (0)]e"  + lim Covp(X) — " Covp(X)e™ + lim L(t,t)
=0+ Covp(X)+ L, L:= tliglo L(t,t). (45)
Inserting this decomposition into Eq. (74), we get
Covp[X (t), X (s)] =€FtCOVp(X)€FTS MLt 4 el =) Covp(X) — el'Covp(X)el™ + L(t, s)
—e" (=) Covs(X) + (L(t, s) + e " Le’ ®) (46)
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Now, in this decomposition the first term is precisely Covp[X(t), X(s)]. We further recognize the

bracket term as the auto/cross-covariance Covp[X (t), X (s)] of the system
d
dt
which is initialized such that it satisfies weak stationarity. By the linearity of the Fourier transform,

the decomposition Eq. (46) transfers to the spectrum as Sx(w) = S1(w) + Sa(w). The first term yields
S1(w) = (iw —T) ' B(—iw —TT)~!

X(t) =TX(t) + N,CZ(t),

by the corresponding result on linear CRNs, see [92, Appendix 3] and [63, §4.5.6]. For the second
term, we employ the transformation rule for spectra of linearly filtered weakly stationary stochastic
processes in continuous time, i.e., the continuous version of [101, §2.5 Eq. (2.94)] or the multivariate
version of [102, §4.12 Eq. (4-162b)], see, e.g., [103, §7.5.1 Eq. (7.163)]. With the impulse response
function G(7) = Ljg,00)(7)e" "N1C and its Fourier transform

Gw) := /000 G(t)e ™7™ dr = (iw — ) "' N, C,

we derive the following expression

Sy(w) = G(w)Sz(w)G(w)T = (iw —T)IN,CSz(w)CTNT (—iw — TT) L,

which concludes the derivation. - B
For mildly degenerate I, the proof is the same with P and P replaced by P[-|c] and P[-|c], respectively.
But in order to see that Eq. (45) in the adapted form

Covp[X (0)|c] = Covp(X|c) + L

still holds, we use the following argument that replaces lim,_,, e'* = 0. Note, that L needs no
conditioning on ¢ since E[Z(u)Z(o)] is independent of X (0). It is enough to show

v;Covp[X (0)|c] = v;Covp(X|c) + v L (47)
for a basis vy,...,vg of R". We choose a basis such that I' is in the Jordan canonical form. Let
v1, ..., correspond to the Jordan block of eigenvalue 0. For i =1+ 1,...,d we have

lim v;ett = v; lim eMq(Nt),
t—o0 t—o00

where A has negative real part by property (i) in definition 3.11, ¢ is a polynomial and N a nilpotent
matrix, such that the limit is 0. This establishes Eq. (47). Furthermore, by the property (iii) in

definition 3.11, vy,...,v; can be written as linear combinations of fi,..., f, and we can show the
equality for f;, replaced by v;. With

fie"t = fi I+ fTt+- = fi - 140 = f;
we obtain

fiCove[ X (0)[c] = lim fieT'Covp[X (0)|ce" ¢ + f; Jlim Covp(X|e) - fielCovp(X|c)e™ b + fiL
= lim £iCove[X(0)|ce™"t + f,Covp(X|c) — lim fiCovp(X|e)e" t + L
= lim Ep[(f; X (0) — E[iX(0))(X(0) - E[X (0))[ce™* + fiCovp(X]c)
— Jim Ep[(fiX(¢) - E[f: X ())(X(t) - E[X (#)lcle™* + £,L
= Jim Ezl(c: = e)(X (0) = E[X(0))|cJe"" + Covp(X |
— lim Eg[(c; — ) (X (t) = E[X(1))[c]e” " + f,L
=0+ f;Covp(X|e) — 0+ fiL
The second to last equality holds because of what property (ii) in definition 3.11 implies for the
trajectories, see Eq. (39). O
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This proposition generalizes the corresponding result by Gupta and Khammash [48, theorem 2.1],
who assigned the environment components to separate reactions and assumed them to be stochastically
independent. Furthermore, the theorem generalizes the result in queuing theory, which corresponds to
the birth-death with a Hawkes model [104] for the birth events. The expressions that we provide shed
light on the structure of the auto/cross-covariance, e.g., [105, Eq.(64)&(65)].

3.5 Probability evolution

So far, we have described the moments of the subsystem. Now, we present the probability evolution
equation of the subsystem in the form of a cumulant expansion as derived by Bronstein [106]. We
translate it into the language of the conditional expectation with its projection interpretation. Ex-
amples are provided in sections 6.1.1 and 8.3.6. Again, we use the tower property to conditioning on
the environment in a first step and resolve the remaining randomness in a second step to arrive at a
deterministic equation.

3.5.1 Model assumptions

We assume a multiplicative form for the propensities, such that they factorize into a Z dependent
and an X dependent factor. More precisely, we assume that conditionally on the (multidimensional)
environment trajectory, the differential form of the Chapman-Kolmogorov equation reads

M
ot x| Zoy) =Y Zi(6)(Ajp)(t, 2] Zpo g)- (48)
j=1

Here, A; can be the jump operator of the chemical master equation, the differential operator of the
Fokker-Planck equation or the drift operator of the Liouville equation. They are constant. Further-
more, we assume stationarity for the environment. In particular, the mean p; := E[Z;(0)] = E[Z,(¢)]
is time-independent.

3.5.2 Generalized master equation: Cumulant expansion

We introduce the collection of marginal probability p; := p(t,x).ecx, which is deterministic. Anal-
ogously, we introduce the notation p; for the collection of random variables p(t,z | Zjo4)zcx. The
probability p; is obtained from p; by the projection operator P: L3 — L% with Pp; := Ep; = p;. Here,
L% denotes the space of Hilbert space of square-integrable random functions, that are measurable with
respect to Z[O,t] for some t.

{f Q> RY:E [/ f(x)? dy(gc)] < 0, there exists t > 0, s.t. f is Z| 4 — measurable }
X

where v is the Lebesgue measure or counting measure. In order to apply the Mori-Zwanzig formalism,
we introduce the orthogonal operator @ := I —E, such that Op; = p; — p; =: Ap, denotes the deviation
from the mean. According to the Mori-Zwanzig formalism, we can decompose the evolution equation
(48) to obtain coupled evolution equations for p; = Pp; and Ap; = Qp;. Given the decomposition
P = Pp + Qp: and the evolution equation 9;p; = L;p;, we obtain the coupled evolution equations

d ___ - -
alppt = Pﬁt’]’—)pt + Pﬁt th
d .. N -
&th = QL,Pp; + QL QPy.

To this end, we also decompose the environment into Z;(t) = E[Z;(t)] + AZ;(t), which induces a
decomposition of the evolution operator

M
> Zj(t)A; =K+ AA(Zy),

Jj=1
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using the deterministic operator A := Zjle p;A; and the random operator AA(Z;) == Z]A/il AZ;(H)A;.
For each of the terms f; in the re-written Eq. (48)

4
de(pe + Ap) = (A4 AA(Z1)) (pe + Ap) = Apt + AAp + AN(Zy)p: + AN(Z;) Ap =: Z fi,

i=1

we check whether we are in one of the following two situations E[f;] = f; or E[f;] = 0. In the first case,
we can attribute it entirely to the evolution of p;, whereas, in the second case, we attribute it entirely
to the evolution of Ap;. If neither is the case, we receive contributions of the term to the evolution
of both parts. This procedure corresponds to the decomposition L;f; = PLif; + QLifi = PLif; +0
and Lif; = PLifi + QLSf; = 04+ QL f; in the Mori-Zwanzig formalism for the first and second case,
respectively. Adhering to this procedure, we obtain

Oupr = Apy + E[AN(Zy) Apy] (49)
APy = ANZ)pr + {A+ (I-E) o AN(Z) } Apy. (50)

In order to eliminate the deterministic constant part A in the evolution equation of Ap;, we consider
the change of variables, known as interaction picture, Ap? := e **Ap, and obtain

AP = e BAN(Z)ps + e MI—E) o AN(Zy)e S ApY. 51
t t

Its solution is expressed by the time-ordered exponential, i.e., the propagator for time-dependent
generators,

t t _ —
Ap? :/ %exp{/ e ™M(I-E) o AA(Z,)}e™ dT} e U AAN(Zy )y At

:/ / <H e M{(I-E) 0 AN(Zy, )}etkA> A(to, ... tn_1)e "NAN(Zy)py dt!
n[t/

B Z /An+1 [0,t] (H A O AA( tk>}etkA> e_tOX(I _E) © AA(Zto)pto d(t07 v ,tn)

n=0

where A" s ¢] := {(to,...,tn) € [s,8]"T ity < 81 < -+ < t,} and [[j_, Ak := A, 0-- 0 Aj.
We use the notation Aty := tg41 — g,k = 1,...,n with ¢,41 := ¢ denoting the lags and the set
[M]:={1,...,M}. Upon returning to the variable Apy,

Apt = Z/ HeAtkA{ OAA(Ztk)} Dto d(toa“-atn)a
n=0 A”"’l[ovt]

k=0

where Aty := tr11 — t with ¢,; :=t and t; = ¢'. When we plug this into Eq. (49), we obtain

opr = Ap + z /
n=0

An+1]0, t]

AN(Z;) (H AU (T — oAA(Ztk)}> P dlto, .- ta).  (52)

k=0

We insert the definition of AA(Z;, ) to obtain for the expectation

Z Z (—1)“1"1[-3

L€ {1, M} +2 §: {0,...n}—{0,1}

AZ,(n42)(1) H k) © AZ (1) (tr) | Aunt2) H e AL (g1,

k=0

where ag :=1,a; :=E and |¢| := Y _, ¢(k). Define the term

CL(t(),"'atnat) = Z (71)‘¢‘E

¢: {0,...,n}—{0,1}

AZ i) @) [ asr © AZL(k+1)(tk)] ;
k=0
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which we refer to as the cumulant term corresponding to ¢. We observe, that the contribution of any
¢ that has ¢(k) =1 = ¢(k+1) for some k =0,...,n— 1 vanishes. The same holds true when ¢(0) =1
or ¢(n) = 1. Defining the set

b :={¢: {0,...,n} = {0,1},0(0) =0=¢(n),p(k)p(k+1)=0forallk=1,...,n — 2},
we have

Cu(to, - stn,t) = 3 _(-D)IYIE

oIS

AZ, i (@) [T as © Aka-)(tk)] :
k=0

If we define the higher-order autocovariance function

n+1

Yolto, . tnt) =B | [] AZw
k=0

then the following recursion holds for the cumulants

Cb(t07 R 7tn7t) = ’yb(th N 7tn7t) - ZVL*(t07tla s 7ti)CL+(ti+17 s 7tn7t)a

where 1— = t[(o,...;3 and t+ = ¢
{i+1,...,n}, respectively.
Using the cumulant terms, the Eq. (52) can be written as

ny the restrictions of ¢ to the smaller sets {0,...,4i} and

,,,,,

Oupr = Apy + Z/ / Ct' tr, . tn, t) Ay (g2 H AN, gy dlt, . t)pe dt
e[M]n+2 An[t/t] k=0
(53)
S
Aty / Kult' t)pe ', (54)
n=1"0

for the kernels

n
K (1) == Z / Co(t' tr, et ) A H AN, gy d(tr, .o ty).
ANt t] k=0

We refer to Eq. (53) as the cumulant expansion of the generalized master equation for a CRN in a
random environment. Since we only used that conditionally linear structure of Eq. (48), the same
derivation holds for a conditionally linear mean equation

€ BLX, | Zo) ZZ HDAELX, | Zoy). (55)
Remark 3.13. The structure of the (53) can be interpreted as follows. First, we pretend that the
environment marginals Z(t1), ..., Z(t,) at any set of (distinct) time points t1, ..., ¢, € [0, t] are stochas-
tically independent of each other. This provides the first term, which is the averaged CME dynamics.
However, pretending this, we made an error, because there is a correlation between time point marginals
in the environment. We first correct this error, by pretending, that the current time point marginal
is correlated with exactly one other time point marginal, where we allow the second time point to
vary across the interval [0,¢). For any third time point marginal, we pretend that independence holds.
This correction gives us the first cumulant term. Again, we make an error, when we pretend this. We
mitigate the error by correcting for the contribution we neglected, when a third time-point marginal
is correlated with the other two, which provides the second cumulant term, and so on. We illustrate
this in more detail at the end of example 8.3.6.
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4 Conditioning on the subnetwork

In the previous section we computed E[h(X})] by first eliminating the randomness in X, while condi-
tioning on Z;. We now take the path via the conditional expectation with respect to X;. Unlike the
procedure in the previous E[h(X})|F], where o(X;) C F, would only result in E[h(X}:)|F] = h(X:),
which does not eliminate randomness. Instead, the trick is that we use the conditional expectation
E[|FX] for F¥ = o({X, : s < t}) on the intensities. We can do so because of the change of filtration
theorem by Brémaud, theorem 2.5. In section 4.3.2, we also use the conditional expectation E[-|F;¥]
on the right-hand side of the moment dynamics. For instance, if the propensity of a first-order reaction
X; — 0 is Zj, this involves moments E[E[X; Z;|F;¥]] on the right-hand side of the moment dynamics.
To derive the process equation, previous works established an intimate link between marginal
descriptions and stochastic filtering [107, 108, 77, 78]. The property of self-excitation, that is charac-
teristic for the marginal description, emerges here from projecting high-dimensional systems to low-
dimensional ones, offering a mechanistic rather than phenomenological perspective on self-excitation.
The term stochastic filtering is a synonym for dynamic Bayesian estimation of the random environment
components from the observed part of the network [59]. It has been shown that the posterior mean (or
filter mean) of the random propensity conditional on the full history of observed reactions is the central
quantity that is needed for the marginal description. However, computing it is often impossible. For
this reason, we look for approximations of the filter mean. Approximate filters are typically obtained
from projections, variational methods, moments closures and assumed density approaches [3, 81, 78§].
Note, that, by Eq. (2), a;(X(t—), Z(t—)) is indeed F}Y #-measurable. In short, we write

0 a; (X(),2(1)

R;: Y; (56)

abusing the notation of birth processes for the reaction counters Yi,...,Yy. By Brémaud’s theorem
on the change of filtration [59, §II, theorem T14], we obtain that the predictable FY -intensity is
A(t) = E[A(t)|FY], provided that a left-continuous version of the conditional expectation exists. This
is always the case in our study, as we will see. We then write

Efa; (X (1),2(1)| 7]

Note that the great advantage of conditioning on X; is the process level description that we obtain.
On the contrary, when conditioning on Z;, we were only able to target deterministic quantities, i.e.,
the probability distribution and the moments.

4.1 Process level

Taking the route via the intensity A\, = Ela;(X(t), Z(t))|F)] for the changed filtration F}, let us
first observe that, in general, the F -intensity is some measurable function of the trajectory Yio,q =
{Y(t)}o<s<t and X(0). As a first example, we consider the Hawkes counting process model in one
dimension with exponential kernel. Its positive parameters are the base level u, the jump height 8 and
the decay a. In differential form, the F} -intensity A(t) = Z(t—) reads

dZ(t) = —a(Z(t) — po) dt + S dY (¢). (58)

When a jump of Y occurs at time ¢, then dY (¢) = 1 and hence Z(t) increases by §. In periods of no
jumps, the intensity evolves according to the ODE specified in the first part of the evolution equation.
In integral form it reads

2(8) = o + /O o= 3 4y (u). (59)

Under the assumption a3 < 1, there exists a stationary version of Y (¢) [109].

In multiple dimensions, the Hawkes process with exponential kernel is more delicate. Hawkes [104]
introduced the mutually exciting model for which the F} -intensity A(t) = Z(t—) generalizes Eq. (59)
and reads in coordinate integral form

d t
ZAl(t) = Wi+ Z/ ﬁike_a“‘(t_s) dYk(S). (60)
k=170
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When a jump of Yy occurs at time ¢, then dY¥j(¢) = 1 and hence Zz(t) increases by B;x. In particular,
a jump of a component can influence the intensity of another component, which is usually referred to
as mutually exciting. However, this is not the model that we considered in this study. We, in contrast
to Eq. (60), read Eq. (58) or Eq. (59) as matrix equations. Accordingly, the matrix analogue to Eq.
(58) in coordinate form reads

d d
AZi(t) = = > air(Zi(t) — ) dt+ Y Big dYi(t). (61)
k=1 k=1
and the matrix analogue to Eq. (59) reads
t
Z(t) = po +/ e A B AY (u), A= (ir)1<ik<rrs B = (Bir)1<ik<nrs tto € R (62)
0

Egs. (61) and (62) are equivalent, but differ from Eq. (60), because in Eq. (62) the exponential
operation is a matrix exponential, while in Eq. (60) the exponential is scalar, applied entry-wise to
the matrix. Nonetheless, we call Eqs. (61) and (62) also Hawkes model. Eq. (61) generally requires
taking the positive part of the intensity components 5\(t) = max(0, Z (t—)), except in special cases
where positivity can be guaranteed. This makes Y (¢) a non-linear Hawkes model. The condition for
the existence of a stationary version translates into o being invertible and '8 having a spectral
radius strictly less than 1. Given the process description Eq. (57), we turn now to the state estimation
of Z(t), or more generally A(t), from observation Y (¢). This requires the estimation of the posterior
mean, which is a Bayesian estimation problem. Filtering theory is concerned with the solution of the
estimation problem in the time-evolving setting. Assuming that Z(t) is a Markov process, let the prior
probability p;(z) evolve according to the operator A, i.e.,

d

P2 = (Ap)(2)

which can be the master equation, if Z(#) is itself a continuous-time Markov chain, or the Fokker-Planck
equation, if Z(t) is a diffusion process given by a stochastic differential equation. Then, extending
proposition 2.10 to multivariate counting processes, the Snyder filter specifies the evolution of S\(t)
[64]. Tt can be formulated in terms of the posterior probabilities II;(z) := P[Z(t) = 2|F)] for Z(t) on
a discrete state space or II;(z) the respective posterior probability density on a continuous state space.
Extending [64, Eq. (7.138), p.392 & Eq. (7.151), p.396], the posterior probabilities evolve as

M
A, (2) = (AT (z) i+ Y10 (1) > 0) R @)A SOy ) - 3, 0) )
j=1 J

and the posterior moment is 5\j (t) =En,_[a;(X(t—),£)], where we mean that £ is distributed according
to IT;_. The term after the prior dynamics is called the innovation term. It is the 7} -martingale incre-
ment scaled by a predictable factor, the innovation gain. This structure ensures that the expectation
of the posterior probability E[I1;] is governed by the prior dynamics, i.e.,

d

SEI] = (AB[TL)(2).

Assume additionally, that (C3) holds, and denote by F and G the prior dynamics of the mean
and the covariance of Z(t), for which we assume they are functions of the first, second and third prior
moments

%E[Z(t)} = F(E[Z(1)], Cov[Z(1)])

%COV[Z(t)} = GE[Z(1)], Cov[Z ()], (Pijr(t))1<ijk<t) (63)
®iji(t) := E[0Z:(1)0Z;()0 Zx(1)], 621(t) := Zi(t) — E[Zi(1)]-
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Then the evolution of the posterior mean O(t) := E[Z(t)|F}] can be expressed with the auxiliary
processes, which are the second- and third-order posterior moments

Vie(t) := E[AZ; () AZy ()| F)]
Siki(t) = E[AZ;(t) AZy, () AZ ()| F)]
AZ;(t) := Z;(t) — E[Z;(t)|F) ).

It reads

de(t) = ( (£), V(t)) dt + V (t=)CT (X (t-)) diag{(A(£)) HdY (£) = A(t) dt}
dVig (1) =Gir(O(1), V(8), (Stmn (1)) 1<t,mn<t) (64)

2 S O Xty AD)NAY; (1) = A1) dry
— (V(t=-)CT (X (1)) diag? {w(A(1) } diag{dY () }C (X (t-)V (t-))

ik
where #;(A) == 1(\; > O)A;l and \(t) = u(X(t—)) + C(X(t—)) - O(t—).

The posterior mean ©(t) is also called the state estimate of Z(t). Indeed, it minimizes the quadratic
criterion among all F} -measurable random variables by the property of the conditional expectation.
Note that other criteria are also minimized by the state estimate, famously the natural loss criterion
[85]. For more details on filtering of point processes, see [59, §IV] and for the more explicit setting of
CRNs, we refer the reader to [3] and [78]. In general, the posterior moment equations are not closed
and the evolution of the posterior probabilities can become prohibitively high-dimensional.

4.1.1 Approximate filters

Propagating the posterior distribution or equivalently the conditional moments can pose a serious
challenge to achieving the goal of fast marginal simulation [3] due to state space explosion and un-
closed conditional moment equations. This problem is addressed by approximate filters obtained from
conditional moment closure, assumed density filtering, variational inference, entropic matching or pro-
jection [81, 78, 64]. We call the marginal simulation with an approximate filter approzimate marginal
simulation.

The construction of approximate filters for the tasks has been guided by the principle of moment
closure and projection onto a tractable process class. Zechner used assumed density filtering with
the Poisson and the Gamma assumption on the filtering distribution [81]. Eden and Brown as well as
Harel and Opper used a Gaussian assumption [58, 110] for the state estimation from neural spike trains.
Bronstein derived the method of entropic matching, which projects the filtering distribution along the
Kullback-Leibler divergence time-point wise [78]. It was demonstrated for the product-Bernoulli and
the product-Poisson ansatz. Alternatively, the minimization of the Kullback-Leibler divergence for
the path likelihoods was recently proposed as a guiding principle for the model reduction [80]. This
principle had been successfully applied for variational inference before [111].

4.1.2 Optimal linear filtering

While a declared goal of marginal simulation is simulation efficiency, this is only a secondary goal here.
Rather, we concentrate on

(a) marginal simulation under limited knowledge about the environment and
(b) attribution of effects to properties of the environment.

For (a) we adhere to the experimental setting, in which only the first- and second-order moments
may be estimated robustly. For (b) we are guided by the question, what effects persist under a
linearization, and can thus be attributed to a linearized version of the environment. In the situation
of (a) we introduce an approximate intensity of the form A% (t) = a(X (t—), Z(t—)) with a suboptimal
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F) -measurable estimate Z(t) of Z(t). This approximate intensity also serves as a baseline to capture
(b) in the case studies 8.1.1, 8.2.2 and 8.4.

In the previous section, we have discussed the problem of unclosed posterior moment equations.
Here, we consider a particular projection method to obtain an approximate filter, the optimal linear
filter Z(t). It was originally introduced for state estimation of the external signal Z(t) that modulates
a doubly stochastic Poisson process [64, Eq. (7.238), p.429]. By optimal it is meant that it minimizes
the quadratic criterion, i.e., it is the solution

Z(t) = argmin E[(Z(t) — Z(t))?,
Z(t)

among all estimators
t
Z(t) = c(t) +/ h(t,u) dY (u),
0

i.e., affine-linear in the trajectory Yo ;. The doubly stochastic Poisson process, for which stochastic
filtering was originally considered by Snyder and Brémaud, precisely corresponds to a process X
with zeroth-order modulation by Z in the language of CRNs. In case of higher order modulation
we generalize the optimal linear estimator which results in ¢(¢) and h(t,u) with a dependency on
the history X[o ;. Assuming the standard conditions (C1)-(C3), the optimal c(t) and h(t,u) can be
conveniently formulated in differential vector form with an auxiliary Riccati equation [64, Eq. (7.238),
p.429]. By shifting Z(t) to Z(t) — E[Z(t)], we can assume, without loss of generality, E[Z(¢)] = 0 to
obtain

dZ(t) = — AZ(t) dt + B(t)CT (X (t—)) diag{r(p)}{ AV (t) — a(X (t—), Z(t—)) dt} (65)
%B(t) =AY + X AT — AB(t) — B(t)AT — B(t)CT (X (t)) diag{r(u)}C (X (t))B(t), (66)
initialized in Z(O) = 0,B(0) = X. In the examples, 8.1.7, 8.2.5, 8.3.8 and 8.4, these equations are
applied. We suppressed the dependency p = u(X (t—)) for readability. Note, that B(t) is deterministic
under (C4), i.e., in the case of zeroth-order modulation. The formulation has been proposed by Snyder
[64, p.370-371] and resembles the Kalman-Bucy filter. It was motivated by recognizing the optimal
h(t,u) from the theory of Gaussian channel. In detail, the optimal linear estimator, which is to say the
optimal ¢(t) and h(t,u), only depends on the first- and second-order information of the modulating
process. Grandell [112] specified this dependence by an integral equation for h(¢,u) and choosing c(t)
such that the estimator is unbiased. However, the very same integral equation appears in filtering with
additive noise observations instead of point process observations [113]. Hence, the optimal h(¢, u) can
be "borrowed" from the Kalman-Bucy filter when assuming a mock Ornstein-Uhlenbeck process with
mean 0, satisfying (C1)-(C2) and the observation model

R(t) = /O A(s) ds + VAW (1)

for A(t) satisfying (C3). This is the continuous-time additive Gaussian white noise channel r(t) =
A(t) + /pN(t) with signal-to-noise ratio p~*. The Kalman-Bucy filter specifies the kernel h(t,u)
in a differential form, which translates precisely to the equations Eq. (65)-(66) in the case of point
process observations, see [114], e.g., for application to neural spike trains. To summarize, in the case of
approximate state estimation, Y (¢) in these equations is doubly stochastic with the (F} #,P)-intensity
A(t).

Building on this result, we repurpose the existing Eqs. (65) - (66) for an approximate marginal
description in the following, which we regard as the core idea of this section. Namely, we define the
probability measure Q, such that Y (t) is self-exciting with (F}, Q)-intensity

AOL(t) = {aj(X(t—)aZ(t—)), aj(X(t—),Z(t—)) <0

67
0, else. (67)

Here, X (t) is as in Eq. (2) and Z(t) is as in Eq. (65). The idea is that, firstly, sampling Y(¢) from
Q only requires the first- and second-order statistics of the environment. In experiments, these might
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be the quantities that can be robustly estimated. Secondly, the comparison between P and Q allows
a classification of stochastic properties as resulting from the linear dynamic evolution of the intensity.
Finally, when the environment is high-dimensional, continuous or requiring the simulation of many
reaction events, sampling from Q can be simpler than from P, while P and Q are, hopefully, sufficiently
close. Since Q only takes into account the first- and second-order moments of Z(t), we anticipate that
statements about P and Q being close are confined to the first- and second-order moments of Y(t)
as well. We provide structural results for the first- and second-order comparison, section 4.1.3, and
empirical findings in sections 8.1, 8.2 and 8.4. The empirical findings focus on the deviation of P and
Q. They reveal what stochastic properties of Y (¢) must be classified as consequences of the non-linear
dynamic evolution of the intensity and which persist under the linearized dynamic evolution of the
intensity.

On a technical note, we chose here to compare two counting processes by introducing one measure
for each. The reader might be more familiar with introducing a second process, denoting it by Y °%(¢)
say, and comparing Y (t) and Y°L(¢) under P. Those two perspectives are equivalent. After defining
Q we emphasize the difference between approximate state estimation and approximate marginal simu-
lation. State estimation considers Z(z) in Eq. (65) under P, while marginal simulation considers Z(t)
under Q.

Before we present the results, we assume (C4) to establish a link to the (multivariate) Hawkes
process with exponential kernel, introduced in the subsection 4.1. At stationarity under Q, Eq. (66) has
equilibrated and the time-dependent B(t) can be replaced by the constant asymptotic value B = B(c0).
Then in integral form

t t
2(1) :/ ¢~ (A+BCTDC) =) BAT D 4y (u) _/ ¢~ (A+BCTDO) (=) BOT D)y,
0 0

with D := diag_l(u). In case (A + BCTDC) is invertible, the second term equilibrates to —(A +
BCTDC)*BCTDpu. Let ZU(t) be the linear filter with both B(t) and the second term equilibrated,
then AH(t) = u+ CZM(t) is the (F},Q%)-intensity of a (multivariate) Hawkes process Y () with

t D) —
() =X+ / Ce~ (AHBETDOE=0 BOT D Y (u) (68)
0

where (using the Sherman-Morrison-Woodbury formula)

A= (I-C(A+BCT"DC) 'BCTD)y = (1-TD + T'(diag(u) +T)"'TD)u
= (I+I'D)"'u, T =CA'BOT.

The equilibrated scenario can be made rigorous by assuming that the process is defined on the entire
real axis and is at stationarity for all time ¢, provided that C(A+BCT DC)~!BCT D = T'(diag(u)+I")~*
has a spectral radius strictly less than 1. In this case, the lower integral bound in Eq. (68) is replaced
by —oo. We refer the reader to the examples in sections 8.1.1, 8.1.7, 8.2 and 8.2.3, where the usage of
Eq. (68) is illustrated.

In the multivariate case, the main difference to the classical Hawkes process is the use of a matrix
exponential instead of a weighted sum of one-dimensional exponential functions. The drawback of the
matrix exponential is that we cannot guarantee a priori that the intensity remains positive. However,
for the special case of M = 1 we derive a sufficient condition for a positive intensity at all times, see
proposition 6.4 below. Overall, in the considered case studies, we did not encounter negative intensities.
We now proceed with the time-dependent specification of Y (t) with the (FY,Q)-intensity as defined
in Eq. (65)-(67), which we call the tilted version of the Hawkes process.

4.1.3 Structural results for the approximate linear marginal simulation

We have defined two different probability measures P and Q. The measure P models the CRN in a
random environment as a doubly stochastic process by means of an external process. The measure
Q provides an approximate marginal description of the same CRN. We prove that the measure Q
preserves the second-order properties in case the external process only modulates the zeroth-order
reactions.
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For the formulation of the results, we assume that
APL(t) >0 Qas. forall j=1,...,M,t>0. (C5)

This condition implies that S\?L (t) = a;(X(t—), Z(t—)) Q-almost surely for all j = 1,..., M and ¢ > 0.
For convenience, we assume again E[Z(¢)] = 0 for the external process.

Theorem 4.1. Let Y (t) be a multivariate counting process for which the (FY 2 P)-intensity and the
external process Z(t) satisfy the standard conditions (C1)-(C4), assuming A in Eq. (C2) is invertible.
Furthermore, let the (FY ,Q)-intensity be given by Eq. (65)-(67) and (C4)-(C5). Firstly, for allt > 0,
we have Ep[Y (t)] = Eg[Y (¢)] = ut. Secondly, for all t,s >0

Cove[Y(2), Y (s)] = Covg[Y (), Y (s)]

and, with * indicating P or Q, the expression is given in theorem 3.10.

Proof. For the first moment, we have, using (C4) and (C5) in Eq. (65), that
EglZ(t)] = Eg [/ exp(—A(t — u))B(u)C7 diag{u~1} { dY (u) — AP™(u) du}} =0

because a deterministic function is integrated with respect to the zero-mean (F},Q)-martingale
M) =Y (u) - fg AOL(4) du. The conditions (C3)-(C5) imply

Y(t) = M(t) + /Ot AL () du = M(t) + /Otu +CZ(u) du, (69)

from which we obtain
BalY (0] = [ 1+ CROZ0)] du = it = BolY 1) (70)
Turning towards the covariance, the left-hand side was derived in theorem 3.10. We compute the

right-hand side with martingale techniques, again dropping the subscript Q and see that the expressions
agree. The martingale form of the optimal linear filter is

2(t) = /0 " exp(A(t — w)B(u)C7 ding— () dM ()
First note that the cumulative centered intensity reads
/Ot Z(u) du = /Ot /0 exp(—A(s — u)) B(u)CT diag ™" (1) dM(u) ds
= /Ot (/t exp(—A(s —u)) ds) B(u)CT diag™* (1) dM (u)
1

= ; (I —exp(—A(t —u)))B(u)CT diag™ (1) dM (u). (71)
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We insert Eq. (69)-(71) into the right-hand side as follows,
Y(t) —E[Y ())(Y(s) — E[Y (s)])"]

M(t +C/ )( (s)T+/OSZ(u)T duCT)]

(o
( I+CA (I —exp(—A(t —u)))B(u)CT diag™" (1) dM(u))x

E

E[(
?|
|
(/0 I+CA™ (I~ exp(~A(s — u))) B(w)CT diag™ (1) dM(u)>T]

= /OS {I+CA™H T~ exp(—A(t — u)))B(u)CT diag ™" (n) } diag(u) x
{diag_l(u)CB(u)(I —exp(—AT (s —u)))A"TCT + I} du
:/OSIdiag(u)I du

+C /OS AN I —exp(—A(t —u)))B(u) + B(u)(I—exp(—AT (s —u)))A~T duC”

+CA™! / (I—exp(—A(t —u)))B(u)CT diag ™ (1) C B(u) x
0
(I—exp(—AT (s —u))) dud=TCT =: diag(u)s + J1 + Jo.
We used Eq. (5) in the third equality and continue with the main trick of the proof, namely
recognizing the ODE Eq. (66) in the integrand,

Jo =CA~? /S(I—exp(—A(t —))) {AZ +3AT — AB(u) — B(u)AT — diB( )}
0 u

(I—exp(—AT (s —u))) dud=TC"
af [0 d T
— 4 CA {/"du[a—emx—Au—u»xz—an»a—emx—A<s—u»ﬂ
0

+ (AL + 8AT) — A¥ exp(—AT (s — u)) — exp(—A(t — u))SAT du} A~TCT
=— 1 +CA I +24A DT

+ C {S(exp(—ATs) —T) A" + A2 (exp(—At) — exp(—A(t — 5)))2} CT

O

We next generalize the result to linear reaction networks in random environment, where the envi-
ronment modulates the zeroth-order reactions only. To this end, we first extend the theorem 4.1 in
the following corollary.

Corollary 4.2. Let [0,t],u — f(u) and [0,s],u — g(u) be continuous and deterministic functions,

then
Cove { /O ") dY (w), /0 o) dY(u)] — Covg [ /O ") dY (), A o) dY(u)]

Proof. Define the (matrix-valued and signed) measure Cp on RQZO by
C[P([thtg] X [81, 82]) = (COV]p[Y(tg) — Y(tl), Y(Sg) — Y(Sl)]

and analogously Cgp. Then from theorem 4.1 it follows by expanding the term on the right-hand side
that Cp = Cg on the rectangles [t1,%2] X [s1, s2]. Since those form a II-system generating the Borel-
sigma-algebra on R ), the measures Cp and Cg agree on R2 ;. Then the claimed equality holds because
the terms can be expressed as a

/mwﬁvmmwwfdavn»
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with the * indicating P or Q, respectively. O

Remark 4.3. The measure C, employed in the proof goes by the name of covariance measure in
the literature, see [115, §9.5, Eq. (9.5.12)] for a principled introduction. The covariance density and
complete covariance density for point processes had been introduced already at an informal basis [116]
before Brémaud’s rigorous definition of point processes with stochastic intensity. The measure C,
has the covariance density (with respect to the Lebesgue-measure) CeA(=9)2C”, and the complete
covariance density CeA*=*)SCT +§(t—s)u. The theorem 4.1 and corollary 4.2 can thus be summarized
by the observation that the doubly stochastic (multivariate) Poisson process and the (multivariate)
Hawkes process have the same complete covariance density. This link was already stated in the original
paper by Hawkes [104] for the univariate and the diagonalizable (orthogonal) multivariate case with
exponential kernel and constant jumps at stationarity. To the best of our knowledge, the tilted version
with time-dependent jumps that corresponds to the stationary doubly stochastic case, but starting at
t = 0, is new. This offers a solution to the problem of simulating a stationary Hawkes process even
when the past is not available to avoid the transient burn-in phase.

Let now X (¢) = [X1(¢),..., Xa(t)]T be as in section 3.4, Eq. (34)-(37). We consider two probability
measures P and Q for the process X (t). Let Z(¢) be an external process satistying (C1) and (C2) with
respect to P. Define the filtrations

FYZ . =c({Y(s): s <t} U{Y(s):5s <t} U{Z(s):s <t} U{X(0)})
FY i=o({Y(s):s <t} U{Y(s):s <t} U{X(0)}).
The (F)Y#,P)-intensity of the components Y (¢) of the joint counting process [Y ()T, Y (t)T]T are as-
sumed as in (C3) and (C4). The (FY,Q)-intensity of the components Y (¢) are assumed as in Eq.

(65)-(67) with (C4). Furthermore, assume (C5) holds for all j = 1,...,m Q-almost surely. We recall
that the FY -intensity of the components Y (t) is set to be

At) = AX(t—=) +b, AeRM—mxdp c gM-—m
which is assumed to hold for both measures P and Q.

Theorem 4.4. With the probability measures P and Q as just defined and assuming X (0) has the
same distribution for P and Q, it holds that

Covp[X(t), X(s)] = Covg[X (t), X (s)].

Proof. Without loss of generality, we assume that Ep[Z(t)] = 0, such that Ep[dY (¢)] = Eg[dY (¢)] = p.
By E., we indicate that either I’ or Q makes the statement correct. We decompose the differential
form of Eq. (36) via the martingale increment dM(¢) = dY (¢) — A(¢) dt

dX(t) =Ny dY (t) + Ny dY (t) = Ny dY (t) + NoAX (t) dt + Nob dt + Ny dM () (72)

In the remainder of the proof, for technical reasons, we consider Eq. (72) with the FY°-martingale
M, where ~
FYe=o({Y(s):s>0}U{Y(s):s <t} U{X(0)}).

The reader can think of this filtration as corresponding to first sampling the entire trajectory Y(t),t>
0, and conditional on it sampling Y (¢). Since FY>° D FY, the F} ®-intensity is also A(t). From Eq.
(72), in integral form it holds with T := NoA

t t
X(t) =" X(0) + / M YING AY (u) + / "INy (b du + dM (u))
0 0

from which we conclude

Ep[X (t)] = e™E,[X(0)] + /0 t eI N du + /O t "= NLb du = Eg[X (1)) (73)
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Then for the deviation of the mean AX (¢) := X (t) — E.[X (¢)] both with respect to P and Q

t t
AX(t) = e AX(0) + / FETIN(AY (u) — p du) + / "= Ny dM (u).
0 0

In order to evaluate E.[AX (t)AX (s)T], we first reassure that cross terms vanish. Cross terms with
M (u) are integrals of FY *°-predictable integrands with respect to the zero-mean martingale M (u),
which vanish by Eq. (4). For this reason, we defined the filtration of M (u) to be F°°. The cross
term with AX(0) and Y (u) vanish because the increments of Y (¢) are independent of the AX(0) by
assumption (C4). In total, we obtain

Cov.[X (1), X(5)] =E,[AX () AX (s)T] = e Cov, [X (0)]e" * (74)
v, teF(tfu) L w), SeF(sfu) 1 u
+Co UO Ny v ( )/O Ny dY (u) (75)
+ / "= N, diag (AR, [X ()] + b)NL P () dy (76)
0

by the application of Eq. (4) and Eq. (5). All three terms agree for the measures P and Q, the first
one by assumption, the second one by the corollary 4.2 and the third one by Eq. (73) O

In section 4.1.2 we reviewed the optimal linear filter obtained from a projection method. We now
present a result that characterizes it as a moment closure.

Theorem 4.5. Suppose under a probability measure P, the (FY ,P)-intensity N(t) of Y (t), strictly
positive in all components for all t > 0, is given by means of a predictable process V (t) € R!>!

dZ(t) = — AZ(t) dt + V(t—)CT diag” " {\(t—)}{ dY (¢) — A(t) dt}, (77)
d

aIE]p[V(ﬁ)] =AY 4+ X AT — ABp[V (t)] — Ep[V (1)]AT — Ep |V (t)CT diag*l{X(t)}CV(t)} , (78)

At) = p+CZ(t-), (79)
initialized in Z(0) = 0,V (t) = X. Then the following statements are equivalent.
(i) The process (V(t)CT diagfl{j\(t)})t is deterministic.
(i) The moment closure holds for all t > 0

Ex [V()CT ding™ {A}OV ()] = B[V ()] CT diag ™ {u} CE[V (1)) (80)

Furthermore either one implies that (Z(t), Ep[V (t)]) are equal to (Z(t), B(t)) in Eq. (65)-(66).

Remark: Note that Snyder’s exact filter, Eq. (64), has the form for the appropriate F' and G, Eq.
(63), when using that in the evolution equation for V;(t), the expectation of the second term is zero by
Eq. (4). For the linear reaction networks as well as the CIR process, F' and G are in the appropriate
forms to match.

For the proof, we need the following generalized Cauchy-Schwarz inequality.

Lemma 4.6. Let X;,i = 1,...,m be strictly positive random variables and Y = (Y1,...,Y,,) be a
random vector. Then

E[Y diag(X)|E[diag®(X)]'E[diag(X)YT] <E[YYT]. (81)

Furthermore, equality holds if and only if for every i = 1,...,m there exists a deterministic scalar «;,
such that Y; = a; X;.
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Proof.

E[Y diag(X)|Efdiag? ()] Eldiag(X)Y"] = 3 Iﬁg;ﬂ < Y BV =YY

by the term-wise application of the classical Cauchy-Schwarz inequality. The additional statement
holds because the sums are equal if and only if term-wise equality holds. O

Proof (theorem 4.5). (i) = (ii). Denote B(t) := V(£)CT diag™*(A(t)). Then we compute
E[V($)]CT = E[V(1)C"] = E[B(t) diag(A(1)] = A(t) diag(n) (82)
and we obtain
E[V(1)CT diag ™ (A(#)CV (1)) = BOCEV(1)] = E[V ($]CT diag™ (1) CE[V (1))

(ii) = (). For each k = 1,...,n apply the lemma for the choice Y = (V (t)CT diag_% (A(£)))+ denoting

the k-th row, and X; = 1/ A;(¢). Then the equality of the k-th diagonal entry in Eq. (80) reads as Eq.
(81). Consequently, we obtain deterministic scalars ay;(t) from the lemma that satisfy

(V(#)CT diag™2 (A1) ks = i () Ni(t).
We recognize the right-hand side as the ki-entry of a(t) diag% (A(t)). Then in matrix notation,
V(H)CT diag™ 2 (A(t)) = a(t) diag? (A(£))).

Upon multiplication with diag_% (A(t)) (ii) follows.
Let us assume that (i) and (i) hold. The Eq. (82) implies 3(t) = E[V (¢)]C” diag™'(u) and together
with Eq. (80), this yields Eq. (65)-(66) for B(t) = E[V(t)]. O

In the special case of [ = 1, the property (i) more simply states that V'(t)/);(t) is deterministic for
j=1,..., M. For the modeler who asks for which environment Z(¢) to use the Hawkes approximation
the property (i) can be a more intuitive approach than the process Egs (65)-(66). Furthermore, note
that the property (ii) is not a closure scheme on the posterior moments, which are random processes.
It is a closure scheme on the moments of posterior moments. Therefore, it is remarkable that this
closure scheme already enforces the Hawkes approximate filter. Finally, this characterization sheds
light on the relation between different approximate filters. Two closure schemes were discussed in [3]
for the CIR modulated birth process, the second-order posterior moment closure expressing the third-
order posterior moment as S(t) = 2V (¢)/O(¢) on the one hand and the one-dimensional Eq. (80),
E[V(t)2/0(t)] = E[V(t)]?/E[O(t)], on the other hand. Both were conjectured to induce the Gamma
filter [3], an assumed density filter, characterized by a two-dimensional evolution equation of mimics of
the first- and second-order posterior moments. However, this statement reveals that both are different.
The first one induces the Gamma filter and the second one the Hawkes filter.

4.1.4 Auxiliary concepts: Dirac-PDMPs and the backward recurrence time process

Model reduction via conditional expectations has different goals. So far, in the path via conditioning
on X that uses the conditional intensity, Eq. (57), we have focused on marginal simulation and
attribution of properties in the subnetwork to properties of the environment. But the model reduction
via conditioning also aims at new master equations and at the computation of information measures.
The goal of this section is to prepare the joint master equation, see Egs. (104) - (105), by using PDMPs.
We recall that PDMPs are defined by their three characteristics, the flow, the hazard and the jump
update. In the Snyder filter, proposition 2.10, the jump update is deterministic, which motivates us to
confine Q(-, ) to a Dirac measure for each 6 € ¥. Also in the optimal linear mimic, Eq. (65)-(66), we
faced a deterministic jump update. We introduce the following non-standard notion of Dirac-PDMPs
for a systematic approach.
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Definition 4.7 (Dirac-PDMP). Call a piecewise-deterministic Markov process (0;);>0 a Dirac-
PDMP on the state space o if its third local characteristic is Q(-,0) = d7(p)(-) for a measurable
function f: 9 — ¢. For the Dirac-PDMP we specify the local characteristics by the triple (F, I, f).

We present the probability evolution equation for the Dirac-PDMP in proposition 4.20 below.
Analogously to stochastic differential equations, the process equations of the Dirac-PDMP can be
written as

dO; = F(0y) dt + (f(6:-) — ©;-) dY3, (83)

where (Y;)¢>0 is a counting process with the CI e = 1(©;-). The counting process (Y;);>0 is precisely
the embedded counting process that counts the jumps of the PDMP. For the Snyder filter, we have
already used Eq. (83) in Eq. (8). We refer to the first term on the right-hand side as the drift. Readers
interested in the corresponding equation for PDMPs may consult [1, §1.5.4.2, p.42-45].

For later reference in the examples and the case studies we add a transformation rule for Dirac-
PDMPs, which is the analogue to the Ito transformation rule of stochastic differential equations.

Proposition 4.8 (Ito rule for Dirac-PDMP). Let (©;);>0 be a Dirac-PDMP on ¥ C R™ with local
characteristics (F,1, f) and ®: 9 — R™ be a differentiable function. Then (®(0;)):>0 is a Dirac-PDMP
that follows the process equation

d®(0;) = DP(0,)F(O,) dt + (P(f(O4—)) — P(O4—)) dYs.

Proof. The equation follows from the chain rule of differentiation for the first term and insertion of
O, = f(6,_) into ®(0;) — ®(©,_) if (¥})1>0 jumps at ¢ for the second term. O

We emphasize that our focus lies on the object (¥;);>0 in Eq. (83) and we study it via its CI 1(0,_).
Hence, let us confine the class of counting processes that we investigate in this work.

Definition 4.9 ((F,!, f)-counting process). Let (Y;);>0 be a counting process. We call it an (F,{, f)-
counting process, if its finite-dimensional marginal distributions agree with the embedded counting
process of a Dirac-PDMP with local characteristics (F,1, f).

Proposition 4.10. Markov-modulated Poisson processes as defined in definition 2.8 belong to the class
of (F,l, f)-counting processes.

Proof. Let (Z;)i>0 be a CTMC with generator A and (Y;);>0 be a Markov-modulated Poisson process,
modulated by (Z;);>0 via A(Z;). Then according to proposition 2.10 the filtering distribution is a
Dirac-PDMP on 9 = A = {r € [0,1]1Z] : 3> __ 7(2) = 1} with

o F: 9 = RIZ 1 Ar — (diag(\(2).cz) — I(7) Iz)m,
A(2)7(2),
o 19 =9, diag(\(2),ez)m/l(m).

o 10— Ry, l(m) :=).c2

Since [ is bounded by the maximum of A on Z, the integrability condition Eq. (290), Appendix A,
is satisfied. The jump times of (II;);>¢ coincide with the jump times of (¥};):>0, hence (Y);>0 is the
embedded counting process of the Dirac-PDMP (II;);>0. O

The fact that the Snyder filter is a PDMP has been observed before, e.g., in [115, Example 10.3(e),
p.101-103] and [117]. For the particle interpretation of this fact we refer to [118]. The analogous results
for the filter with Gaussian instead of Poissonian observations has received much more attention [79,
119, 120].

Proposition 4.10 shows that the class of (F,l, f)-counting processes contains the MMPPs as an
interesting subclass. The typical alternative way to obtain an (F,l, f)-counting process is to specify
its CI directly via the process equation (83). We sometimes refer to counting processes obtained this
way as self-exciting (SE) counting process, even though MMPPs are also self-exciting. The reader
may recall the two examples for the class SE that we have seen already. One example is the Hawkes
process, 4.1. The second one is the approximate marginal simulation via the optimal linear filter. More
generally, the class of Dirac-PDMPs contains the approximate filters as a subclass. The approximate

49



filters attempt to mimic the structure of the Snyder filter, proposition 2.10 and Eq. (64). As opposed
to the Snyder filter with its unclosed hierarchy of conditional moments, the approximate filters use a
description by finitely many sufficient state variables. For more approximate filters, see sections 8.1.4,
8.2 and 8.2.3 below.

In both cases (MMPP and SE) we refer to the particular corresponding process (©;);>¢ as the
sufficient state variables of joint Markovian progression. For the MMPPs, the posterior probabilities
are the sufficient state variables of joint Markovian progression. We constrain our analysis to the
(F,1, f)-counting processes, which leaves us with studying [(©,_) for the Dirac-PDMP (©,);>o.

We now introduce a standard form for the Dirac-PDMP, which has an especially simple F. It is
needed for the formulation and proof of the corollary 4.23 and theorems 4.24 - 4.28, below. Readers
mainly interested in the applications can skip this rather technical paragraph. We provide the relevant
link to the definition 4.7 and the notation needed for subsequent paragraphs in proposition 4.13 and
Eq. (84) - (85). The standard form comes with a notion of dimension for the (F, [, f)-counting process.
The name backward recurrence time process (BReT-P) of the standard form originates from its first
component, which has the natural interpretation as the time since the last jump.

Definition 4.11 (Backward recurrence time, BReT-P). Let (Y;):>0 be a counting process with jump
times 0 = 0¢ < 01 < 02 < ..., then the process (t — oy, ):>0 is the backward recurrence time [121,
§2.1, p.27] of (¥;) 0.

Let (7(t),0(t))t>0 be a Dirac-PDMP with local characteristics (F,m, f) on the state space ¥ =
[0,00) x £, C R™. We call (7(¢),0(t));>0 a backward recurrence time process (BReT-P)
if the first local characteristic F' has the form F(r,0) = [1,0],0 € R™ and the third characteristic
is f(r,0) = [0,g9(7,0)] for a measurable function g: ¥ — £. The pair (m,g) summarizes the local
characteristics of the BReT-P.

Proposition 4.12. Let (7(t),0(t))t>0 be a BReT-P and (Y3)i>o its embedded counting process, then
(7(t))e>0 is the backward recurrence time of (Yz)i>o.

Proof. Let 0 = 09 < 01 < 02 < ... be the jump times of (Y;);>0. By 7(¢t) = 1 for ¢t € (0y-1,0;) and
7(0;) = 0 as specified in definition 4.11, the process 7(¢) is fixed to be 7(t) =t — oy,, which is exactly
the backward recurrence time of (¥3)¢>o. O

The probability evolution equation for the BReT-P is derived in corollary 4.23 and the BReT-P is
used in the proofs of theorems 4.24-4.28 to derive the fixed point equation for embedded Markov chain
of the Dirac-PDMP.

Proposition 4.13. Let (©,);>0 be a Dirac-PDMP. Then (©;);>0 induces a BReT-P with the same
embedded counting process.

Proof. Consider a Dirac-PDMP (©;):>0 with local characteristics (F,l, f). Denote by (Y7)i>0 its
embedded counting process with jump times 0 = 09 < 01 < 03 < ... as in definition 2.1. Denote by

u: [0,00) X 9 — 1, (84)

the function, such that 7 — wu(7, ) is the solution of the initial value problem 6, = F(©;),0q = 6.
Then define

T(t) =1t — oyt,ﬁ(t) = @g(t)7
£{t) =0y, =t—7(t),m:=lou,g:= fou. (85)

Then for t € (0;_1,0;) : 7(t) = 1 and 6(t) = 0. And 7(0;) = 0; — 0; = 0. Hence, (7(t),0(t))i>0
is a BReT-P with local characteristics (m, g). Since the jump times remain unchanged, (©;);>¢ and
(7(¢),6(t))t>0 have the same embedded counting process. O

Definition 4.14 (BReT-P counting process). Let (Y;);>¢ be a counting process. We call it back-
ward recurrence time parametrized counting process (BReT-P counting process), if its
finite-dimensional marginal distributions agree with the embedded counting process of a BReT-P
(7(t),0(t))¢>0, which is then called a corresponding backward recurrence time processes.
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Corollary 4.15. Every (F,l, f)-counting process is a BReT-P counting process.

Hence, a study of BReT-P counting processes will be equivalent to our considered class of counting
processes in definition 4.9. To summarize the definitions 4.11 and 4.14, we consider counting processes
(Y3)1>0 whose CI (A;);>0 is parametrized by a process (7(t),6(t));>o in the following form. The first

scalar) component 7 is the backward recurrence time. The second component § € £ C R" is a
possibly multi-variate) auxiliary state variable, that possesses three properties

(
(
(A1) it is constant between jumps, i.e. 6(t) = 0(t — 7(t)),
(

A2) there is a measurable m: [0, 00) X £ — Rx, satisfying A\, = m(7(t—),0(t—)) and for each §° € £
there is an £(6°) > 0 such that

£(0°)
/ m(r,60°) dr < oo,

0

compare Eq. (290), Appendix A,

(A3) there is a measurable g: [0,00) x & — &, satisfying g(7(0;—),0(0;—)) = 0(0;) at jump times o;
of (Y%)tZO-

For a BReT-P counting process (Y;)¢>o we denote by BP the set of corresponding backward recurrence
time processes.

Remark 4.16. The set BP has more than one element, because a new BReT-P (7(t),0(t))i>0 can
be defined via 0(t) := [0(t),0] € € x {0} with m = moTl and § = Yo goT for the truncation
I': [0,00) x & x {0} = [0,00) x &,(7,0,0) — (7,0) and the extension ¥:: &€ — £ x {0},0 — (0,0). This
example extends the state space artificially. But in other examples the state space can be reduced.
To illustrate this, consider a Dirac-PDMP (0;):>¢ in the coordinate form ©; = (Vi(t),...,Vy,(?)) €
¥ C R™ with local characteristics (F, [, f). In the proof of proposition 4.13, this induced a BReT-P
on [0,00) x £,& C R™ with n = ng. If components of the third local characteristic f are constant
functions, then the dimension n of §(¢) can be reduced as we demonstrate now. Let us review the
proof of proposition 4.13. Suppose that n < ng and f,11 = US,_H, coisSng = vgo are constant, i.e.,
the values V,,41,...,V,, are reset to the same values v2+17 e ,vgo at any jump. We now construct
the process (7(t), 0(t))i>0. For this purpose define the extension and truncation similarly as above via
¥: & = R™,%(0) := (6,09, ... ’U?lo) and T': R™ — R™ T(v1,...,Un, Ung1y---sUng) = (V1. ,Un).
Furthermore, suppose that ©g = (0(0),v),,...,v) ). Define 7(t) := t — oy,,0(t) := [(O¢y)) €
R™ &(t) == oy, =t — 7(t) as well as m(7,0) = l o u(r,%(0))) and g(7,0) = T o f(u(r,X(0))). Let
(7(t),0(t));>0 be the BReT-P, constructed in the proof of proposition 4.13, then 7(t) = 7(t) and
0(t) = 2(0(t)) w-wise, in particular, both have the same embedded counting process.

This remark prompts the notion of a dimension for the (F,I, f)-counting processes. It is, loosely
speaking, the minimum dimension of §(¢) that we can reduce the BReT-P to.

Definition 4.17 (Dimension of (F,{, f)-counting process). Let (Y;):>0 be an (F, [, f)-counting process.
Consider the set D C N> of natural numbers n, for which a BReT-P on [0,00) x £, C R™ is in BP.
Then the dimension of (Y;);>0, denoted by dim(Y%):>0, is the minimum of D.

Remark 4.18. For the MMPPs, the conservation of probability mass and zero-states, defined below,
reduce the dimension.

(i) In Eq. (8) the evolution equation of the II;(z) for one z can be replaced by the trivial evolution
of 7 II;(z). The value of this sum is constantly 1. Hence, the number ng of sufficient state
variables of joint Markovian progression can be reduced to |Z| — 1. A reparametrization may
further decrease the number.

(ii) Call any z € Z with A(z) = 0 a zero-state. For zero-states, the reset value of the corresponding
II;(z) in Eq. (7) is 0, i.e., f is constant for these components. Hence, for the MMPP (Y});>0 it
holds

dim(Y)i>0 < {Z: A(2) > 0} — 1.
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The remark 4.16 and the definition of the dimension might require to modify the initial state of
the PDMP, or BReT-P. In the remark 4.16, the process was initialized with the constant reset values
Qo = (0(0),v,1,...,00,). Alternatively it is enough to initialize it in a state that can be reached
from the above state by the flow. This is not restrictive if the focus lies on the asymptotic analysis
and the process is ergodic, as discussed at the end of section 4.2.3 below.

4.2 Joint and marginal master equation using the conditional intensity

For the defined class of (F,l, f)-counting processes the rich Markov theory is now exploited which
provides the stationary analysis through the ergodic property and the invariance of measures. We
define a notion of stationarity that is tailored for our purpose. For more details on the stationarity of
point processes we refer the reader to [115, §12.5, p.222-236].

Definition 4.19 (Asymptotic stationarity, asymptotic conditional intensity distribution). Let (Y3)¢>0
be a counting process with a conditional intensity. If its conditional intensity converges in distribution,
then we call the counting process asymptotically stationary. We call the limiting distribution its
asymptotic conditional intensity distribution (ACID).

By stationary analysis, we mean the description of the asymptotic distribution via a stationarity
condition for the invariant measure. By ergodicity we mean the property to converge in distribution
to the unique invariant measure, independent of the initial distribution. The stationary analysis then
provides access to information measures, see section 5.1, via the CI A, = I[(6,_) = m(r(t—),0(t—))
and its limiting distribution, the ACID.

4.2.1 Probability evolution equation and stationarity condition

Assuming the absolute continuity of the distribution, the stationary analysis is usually addressed via
the evolution equation of the density, which is known as the master equation or differential form of the
Chapman-Kolmogorov forward equation for Markov jump processes and as the Fokker-Planck equation
for diffusion processes. For PDMPs, we analogously obtain an equation that combines the drift term of
the Fokker-Planck equation with the jump terms of the master equation. It goes by different names in
the literature. We adopt the names differential Chapman-Kolmogorov equation [63, §3.4] and Liouwville
master equation [1, §1.5].

Proposition 4.20 (Differential Chapman-Kolmogorov equation).

(i) Let (©y)i>0 be a PDMP on the state space ¢ C R™ with local characteristics (F,1, Q). Suppose
that Q(-,0) is absolutely continuous and admits a density 0 — q(0',0) for every 0 € 9 and
suppose that Oy is absolutely continuously distributed with density 6 — p(t,0) fort > 0. Suppose
that the partial derivatives of F exist. Then for 0 in the interior of ¥, it holds

dup(t,0) Za p(t,0)) /z Yo(t,0") — 1(0)q(0,0)p(t,0) d&’.  (86)

(i) Let (O)r>0 be a Dirac-PDMP on the state space 9 C R™ with local characteristics (F,l, f).

With 0 denoting the interior of ¥ define R := im f N 9 C 9 and suppose that the restriction
fly—1(m): f~YR) — R is a diffeomorphism with inverse f_: R — f~1(R). Suppose that ©; is
absolutely continuously distributed with density 0 — p(t,0) for t > 0. Suppose that the partial
derivatives of F' exist. Then for 8 in the interior of ¥, it holds

dep(t,0) Za ,0)) = UO)p(t,0) + Lr(0)| det Df_(0)[L(f-(0))p(t, f-(6)).  (87)
Proof. For Eq. (87), according to [65, §26, Eq.(26.15), p.70 & §22, p.53], the generator of the Dirac-

PDMP reads o
= Z 9ip(0)F(0) + 1(0)(0(f(0)) — ¢(0)). (88)
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Then for smooth test functions ¢: 9 — R that vanish at the boundary of ¥, we have

9 / P(O)p(t. 0) 40 = BE[(6,)]

- / A% (0)p(t,0) 46
/ > Oup(OF(O)p(.0) 00 - /9 16)p(0)p(t.0) A0 + /9 16)o(f(6))p(t, 6) do.

For the first term

J oo a=- [ Z P(O)0u(F(0)p(1,6)) 0
i=1
with integration by parts and the assumption that ¢ vanishes on the boundary. By the assumptions
we get that for all @ € 9\ f~(R), f(z) lies on the boundary of ¥ and hence ¢(f(z)) = 0. Consequently,
for the third term the change of variables formula yields

/ﬁ 1O)o(F(0))p(t,0) A0
- / 16)o(f(0))p(t,0) a9
f=1(R)
/\deth VI (0)0(O)p(t. f_(6)) db.

Then in summary,

[9 (0)0,p(t,0) d0—/ l Za 9))

— 1(0)p(t,0) + Lr(0)|det Df_( )\l( f-(O)p(t, f-(0))] do

which implies the claimed equation to hold for 8 in the interior of ¥. For Eq. (86), the proof works
analogously starting with

no

=3 0OF0) +16) [ (0) ~ 2(0)al0'.6) a0
=1

in place of Eq. (88). We refer to [63, Eq. (3.4.22), p.50], where the Eq. (86) is stated in a more general
form. We arrive at Eq. (86) by noting that in Eq. (3.4.1), p. 47 of [63] the function W (z|z,t) factorize
into I(z)g(x, z) and in Eq. (3.4.3), p.47 the function B;; vanishes. O

We follow Petruccione and Breuer [1, §1.5, Eq.(1.150), p.33] in referring to the equations (86)
and (87) as Liouville master equations. The Liouville equation describes the probability evolution of
an ensemble of particles under a deterministic flow, referring here to the first term of the equation.

Remark 4.21. The equation (86) is linked to Eq. (87) informally via the delta distribution ¢(6,6’) =
6(6 — f(0")) and the composition rule of the delta distribution for the substitution 6’ = f_(u) which
yields for the second term in Eq. (86)

/ 16)q(6.6)p(t, 6) A6/
f~Y(R)
- / 16)5(0 — F(8'))p(t,0) a6
f-(R)
- /R U(F— ()68 — F(f—(u))p(t, f—(uw))] det DF_(8)] du

- /R U(F— (u)5(6 — u)p(t, f—(u))| det Df_(8)] du
1RO (0))p(t, f—(0))| det DF_(0)] du.
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In the one-dimensional case and with monotone f the proposition 4.20 (ii) can be reformulated.

Corollary 4.22. Let (04)>0 be a Dirac-PDMP on the state space 9 = (a,b] or ¥ = (a,00). For the
second case, denote b= o0o. Let (O)¢>0 follow the stochastic evolution equation

dO; = F(0y) dt + [f(O¢-) — ©,-] dY;

and jumps of (Yi)i>o0 occur with intensity t — 1(©,_) forl: ¥ — R, i.e., the local characteristics are
(F,1, f). We assume there exists A\ > 0, such that | > \1. Suppose that F: 9 — R is differentiable
and strictly negative and that f: 9 — ¢ is differentiable and strictly monotonically increasing. Let
f—: ¥ = 9 U{a} be the inverse of f onim f and f_(0) = a for 6 ¢ im f. Then for a differentiable
ingtial condition p(0,0), the probability density evolves according to the PDE for all t > 0,0 € ¥

Op(t,0) = —0p(F(0)p(t,0)) — LO)p(t, 0) + fL(O)(f-(0))p(t, f-(0)), (89)
where f' (0) denotes the left-sided derivative of f_ in 6.

Proof. Eq. (89) follows by an application of the Poisson-Liouville equation, proposition 4.20, Eq. (87)
by using f’ (6) =0 for all 6 ¢ im f. Eq. (135) follows from (134) by Leibniz differentiation under the
integral sign. O

A more informal, but instructive, derivation of Eq. (89) considers jump probabilities in small time
intervals [t, ¢ + At]. For the derivation, it holds that

Pz t—i— € (—o0, 2]
f-
_ / Pljump in [t,t + Af]|Z(t) = 2']p(', ) d2’ + o(At)
- F(z)At+o(At)
+ / Plno jump in [t,t + A]|Z(t) = #]p(<, 1) d?’
_(2) z—F(z)At+o(At)
_ / A A(#, 1) ' + o(AL) + / (1= M) ADp( 1) A

Now we take the derivative with respect to z. This yields

p(z,t + At)
=fLA(f=(2))p(f-(2),t) At
+ (1= X2)At)(1 — F'(2)At)p(z — F(2)At, t) + o( At)
=fL (A= (2))p(f-(2),t) At
+ (1 = A2)At)(1 — F'(2)At)(p(z,t) — F(2)Atp.(z,t)) + o( At)
=[L()Af=(2))p(f-(2), t) At + p(2, 1)
— AtIA(2)p(z,t) + F'(2)p(z,t) + F(2)p.(z,t)] + o(At).

Then

At—0 At

= —0:(F(2)p(,1)) = Az)p(z, 1) + fL(2)A(f-(2))p(f-(2), ).

We now show that the master equation is invariant w.r.t. continuously differentiable monotone
transforms. For this purpose let W; = h(Z;) for h C! and monotone. Let g be the inverse of h. The
Ito formula provides the process equation of W

AWy = (h' 0 g)(W) - (Ao g)(Wy)dt + [(ho fog)(Wi-) — W;_]dY;

and jumps occur with intensity Aw (w) = Az(g(w)) = (Az o g)(w). The process W jumps from w to
f = (hofog)(w) and jumps that enter at w, jumped from f~!(w) = (ho f_ o g)(w). For the first

54



Ito formula process equation

Z —_— Wi dz; = AlZ)dt +[f(£-) — £-1dY;
chain rule master equation

pz(z,t) ———» pww,t) op(z,1) = —0-(A(2)p(z. 1) — M2)p(z, 1)
+ (DN (2))p(f-(2), 1)

Figure 6: Process equation and probability evolution equation under continuously differentiable mono-
tone transforms W; = h(Z;). The translation from process equation to master equation as in corollary
4.22 makes the diagram commute. The transformed process equation is obtained by the Ito formula.
The probability densities transform via the chain rule.

term of the process equation note that h'(g(w))g’(w) = (ho g) (w) = 1. We omit the t-dependence of
pw in the following derivation of the probability evolution equation for readability.

atpW(w)
—— 0, (B0 )) - Oz 0 g)whpw ()
+ (hof_o g)/(w)()\z ogoho f_og)(w)pw((ho f-og)(w))
ZMF(Q(W))PW(W — P (g(w))pw (w) — g(,g(ﬁﬂ“’)”awm(w) ~ A (9(w))pw ()
(- (g(w)F(g(w))g ()2 (f—(a(w)))pw (B o f- 0 g)(w))

By the transformation rule of densities

pw(w) = gl(w)pz(g(w))
and
Awpw (w) = g" (w)pz(9(w)) + (¢ (w))*d-pz(g(w))
we get
g (w)dpz(g9(w))
=g’ (w) [-F'(g(w))pz(g(w)) — F(g(w))d-pz(g(w))
=Mz (g(w))pz(g(w)) + Az (f-(g(w))) f (g(w)pz(f-(g(w)))]

(' (w))?
= Az (g(w))pw (w) + Az (f-(g(w))) - (g(w))pz(g((h o f- o g)(w)))
=~ Pyt () — D) SOOI ) g )
sl )+ 22U=GCDL o )
C Fle(w ) F@)upw(w) | g"(@)Flg(w))
=— F'(g(w))pw (w) (' (0)) + (g (0))? pw (w)
— Az (g(w))pw (w) + Az (f-(g(w))) f-(g(w))g' (w)h' ((f- o g)(w))pw (w).

Hence the diagram in figure 6 commutes. Next, we formulate the proposition 4.20 (ii) for the special
case of the BReT-P (7(),0(t)).
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Corollary 4.23. Let (7(t),0(t))t>0 be a BReT-P on [0,00) x £,€ C R™ with local characteristics
(m, g) and let the distribution of (7(t),0(t)) be absolutely continuous with density (7,0) — p(t,T,6).
Then it holds for all T > 0 and 6 in the interior of €

op(t,7,0) = =0, p(t,7,0) — m(r,80)p(t,T,0). (90)

Proof. By definition the BReT-P is a Dirac-PDMP with third local characteristic f(r,80) = [0, g(7,0)].
Hence im f is contained in the boundary of [0,00) x £ which implies R = @ and the third term of
Eq. (87) vanishes. The first local characteristic F' = [1, 0] implies

O-(Fy(7,0) - p(t, T,0)) + Z Bg, (Fipr(7,0)p(t,7,0))

:87'(1 ’ p(t, 7, 0)) + Z a@i (0 ’ p(t7 7 9)) = an(t, 7, 9)

i=1

O

In section 4.2.4, we provide the master equation for the joint system of subnetwork state and
BReT-P. We now aim for the asymptotic distribution of (7(¢), 8(t));>0. It is in general not easy to give
precise conditions under which an invariant measure for a PDMP exists. We discuss more on this in
section 4.2.3 below. For the remainder of this thesis, we assume that a unique invariant measure exists
and that (7(t),0(f))¢>0 converges in distribution to it. We assume that it is absolutely continuous
admitting a density (7,0) — p(7,0). With vanishing left-hand side in Eq. (90), it follows

O-p(7,0) = —m(7,0)p(T,6). (91)

Let p solve this equation for p(0,0) = 1. Since Eq. (91) is linear, the density of the invariant measure
then satisfies

p(7,0) = p(0,0)p(7,0). (92)
4.2.2 Boundary condition

The function 6 — po(f) := p(0,6) is the density of an unnormalized probability measure on &. It
has to satisfy a stationarity condition which serves as an integral boundary condition for the family
of differential equations (91). We state two versions of the condition. At the end of this subsection,
we comment on the interpretation of the following theorem as being the stationarity condition for
the embedded Markov chain (6(c;));en, which is known for PDMPs. The novelty is the formulation
for Dirac-PDMPs, which to the best of our knowledge is new. The linearity of the equation in the
unknown py makes the solution accessible numerically in order to allow for the numerical evaluation
of the ACID and the information-theoretic quantities, Eq. (121) and Eq. (123), see the section 5.2
below.

Theorem 4.24. Let the conditions of corollary 4.23 hold. Then for any B € B(E) it holds

/ po(0) db = / m(T,8)p(t,0)po(0) df dr. (93)
B g(1,0)eB

Proof. Let t > h > 0. The probability P[7(t) € [0,h),0(t) € B] can be written in two ways (up to

order o(h)), first
h
/ /p(T,H,t) dé dr
0o JB

and second, since we know a jump must have occurred in (¢t — h, t]
t
/ /p(jump at W'|O(R') = 0", 7(h') = 1")p(r,0, )1 (g(7',0") € B) d0’ dr’ dR’
t—h

¢
:/ /m(T',H’)p(T',9’7h’)]l(g(r’,9’) € B) d¢’ dr’ dn'.
t—h
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Then dividing by h and letting h — 0 gives the equality
/ p(0,6,t) d z/ m(7,0)p(r,0,t) df dr.
B g(,0)eB

If we drop the ¢ because of stationarity and use Eq. (92) on the right-hand side, we get the result. [
The differential version of this for the special case n = 1 is the following result.

Theorem 4.25. For each 0,0 let 7;,(0,0") for i =1,...,N(0,0") be an enumeration of the solutions
to g(7,0") = 0, where we allow N(6,0") = oco. Assume that g is continuously differentiable and
0-9(7:(0,60"),0") # 0 for all i. Here, N(0,0') is the number of such solutions. Then it holds

/ 5 m | 0/)p0(9/) at’ (94)
i=1 67’ ’

given that the right-hand side is finite.

Proof. Split {1,...,N(0,0")} into Cy and C_ depending on whether 7 — g(7,0") — 6 has a sign
change from — to + or from + to — at 7;(6,0"). We choose B = (—o00,60] in Eq. (93) and take
the derivative 99 on both sides. Then on the left-hand side we get po(#). For the right-hand side
define I(7,0) := m(7,0)p(7,0)po(#). There exists some choice C; = {j1,...,Jn, 0,0)} Or C4 =

{jh N ,jn+(973/),1}, o = jn+(0,9’) and C_ = {il, ce ,in+(973/)} or C_ = {’L'27 [N ,’L'nJr(g’g/)},’L'l =0
for which the right-hand side can be computed as

ny(0,0") 75, (6,0")
Do / Z / ) dr d¢’

(6,0")

n+(0 9

/ Z — 0973, (0,60')1(7:,(0,0),0") + Op7;,(0,6') (7, (6,0'),6) A&’

_ / S° sen{0rg(r(6,0),0)}05m(0,0)(7:(0,0),0') a9,

1€CLUC_

where we used, that the Jg-derivatives vanish for the lower and upper limits 7;,(6,6’) = 0 and
Tiu, o 9,)(9,9’) = 0o0. With

1= 899(7_1'(93 0/)7 0/)
= ‘rg(Ti(oa 0/)7 0/) : 6971‘(0, 0/)
= |0,9(7:(0,0'),0")| - sgn{0-g(7:(0,0'),0")}97:(0.6')

the result follows. O

Remark 4.26. Note that the integral equation might become singular [122] if there exist 79, 0o, 6},
such that g(7,6() = 6o, but 9,g(1,60)) = 0. This may occur both at 7y with sign changes of
T — g(70, 0() — 6 and without sign changes. In the first case, the equation (94) ought to be interpreted
as having an arbitrary value under the integral for this (6, 8))-pair. In the second case, the value
under the integral in Eq. (94) is defined for every (,6’). However, for 6’ close to 6], the derivative
0-9(7:(00,0"),0") will approach 0 and hence a singularity will appear nonetheless at (6o, ;). The
existence of a solution for this singular integral equation needs to be carefully checked.

Remark 4.27. Theorem 4.25 can be generalized to more than one dimension. Let v; = (7;.1,7%:,2):
(@i, b)) X Q; — [0,00) x Q,i =1,...,n satisfy g(v:(¢,6)) = 6 with each ~; injective and differentiable
and [0,00) x Q = U, 7v;((a;,b;) x ;) up to a set of Lebesgue measure zero. Then it holds that

p@ =Y / [ det Dyi(t,0)lm (1, 6)p((t, 8))po (s2(L,0)) L.

i 0€Q;
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Theorem 4.28. The normalization of pgy is related to the mean conditional intensity, i.e.,
[ ) a0 =B (95)
£

Proof. Using lim, o p(7,0) = 0 and Eq. (91), we compute

[ a(6) a6 = [ 50.6)~ 1im p(r.0) a0

://OOO_ p(r.0) dr d

_ / /0 on(r,0)p(r,0) dr A6

and recognize the right-hand side as E[m/(7(c0), 8(c0))] = E[l(u(7(c0), 0(c0)))] = E[l(Ons)] = E[Aso].

Remark 4.29. We emphasize that the strong advantage of the BReT-P standard form of the Dirac-
PDMP lies in getting rid of the third term in Eq. (87). Figuratively speaking, all probability influx
terms align at 7 = 0, i.e., the boundary of the domain [0,00) x £ 3 (7,6). These are processed in the
boundary condition (93) instead of the master equation. If the Dirac-PDMP (©;):>¢ in non-standard
form is chosen as the state variable, then the stationarity equation (91) grows wider by the third term
in Eq. (87), which is needed for any values ©; = # in the interior of ¥ that jumps can anticipate, i.e.,
for 8 € R. Figuratively speaking, these are the probability influx terms. The equation then assumes
a difference-differential form, e.g., [60, 7.2.5 (iii)] or the corollary 4.22. The BReT-P circumvents this
difference-differential formulation for which solution techniques, like the method of steps, are needed in
general. A direct solution technique for a one-dimensional (6;);>¢ can handle the difference-differential
formulation. It uses a fixed point method, similar to Eq. (94). We refer the reader to paragraph 5.2.5
below and continue with the BReT-P method here. To summarize, the appealing simplicity of Eq. (91)
- being autonomous linear ODEs - comes at the cost of an integral boundary condition (7 = 0) which
is more involved.

A further advantage of the BReT-P standard form lies in dimension reduction. Consider again the
Dirac-PDMP ©, = (Vi (t),..., Vs, (t)) € ¥ C R™ as in remark 4.16. The pair (7, #) uniquely informs all
state variables V,,11(t), ..., Vp, (t) with constant reset values, i.e., via (7,6) — u(r, X(0)). As discussed
in remark 4.16, we may consequently dismiss V;,11(t), ..., Va,(t) in the sufficient statistic 6(¢). In case
we apply the Markov theory, Eq. (87), to (©,);>0 instead of (7(t),8(t));>0 to obtain the analogue of
Eq. (91), can we dismiss the state variables with constant reset value as well? Generally not, because
the mapping (Vi (t), ..., Va, (1)) — (Vi(t),...,V,o(t)) can be non-injective. In that case there exists no
unique mapping (Vi(t),...,Va(t)) — (Vi(t),..., Vao(t)). As an example, see fig. 42 in the case study
9.4.2 below with V; = U, V, = A. The trajectory starting at U(0) = 0.6 intersects u = 0.5 twice.

The embedded Markov chain (EMC) (6(0;));en of the Dirac-PDMP (0,);>0 has the transition
kernel
K@0.B)=Q B.oo)= [ m(r#)p(r,8) dr. (96)
g(m,0")eEB
The probability density of the EMC is proportional to py because it equals the probability density
of being in a state 6 at a jump time. Consequently, Eq. (93) can be interpreted as the stationarity
condition for the EMC. When we approached the stationary distribution of the PDMP (©;);>¢ via
the BReT-P standard form to derive Eq. (91) and (93), the Eq. (96) shows that we took the well-
known strategy via the EMC whose stationary distribution is then lifted to the PDMP via the hazard
in Eq. (91). This link was first described in [123]. We refer the reader to the remark 4.33 below.
For readers that are more familiar with semi-Markov processes than with PDMPs we provide the
semi-Markov perspective on this approach following [124, §2, §3.1, §3.4]. This offers an additional
interpretation of the corollary 4.23 and theorems 4.24-4.28 and can thus also leverage improvements
on the computational or theoretic side.

58



Definition 4.30 (Semi-Markov process). A semi-Markov kernelis a function Q: ExB(€) %[0, 00) —
R>g, such that for each 0,t: Q(0,-,t) is a measure with Q(6,&,t) < 1 and Q(6,-,00) is a probability
measure, for each t, B: Q(-, B,t) is measurable, for each 6, B: Q(0, B,-) is a non-decreasing right-
continuous function with Q(0, B,0) = 0. Let (X,,,0n)nen, be a Markov chain on £ X [0,00) with
transition kernel P((z,s), B x [0,t]) = Q(z,B,t —s). Let (Y;);>0 be a counting process with jump
times (0p)nen,, then 6(t) := Zy, is called a semi-Markov process. The process 7(t) = ¢t — oy,
is the backward recurrence time and (7(¢),0(t)):>0 the associated Markov process. The function
Su(r) =1—Q(z, E,7) is the survival function and if it is differentiable A, (1) = — < In S, (7) is the
hazard. The process (Z,)nen is the embedded Markov chain.

Remark 4.31. Let H(0,[s,t]) := p(s,0) — p(t,0). For the semi-Markov kernel

Q. B,7) = /0 Ly(g(+, @) H(O, dr') = /0 Lo(g(+,0)m(r, ) p(r,0) dr’

the BReT-P (7(t),0(t)) can be seen as the associated Markov process of the semi-Markov process 6(t)
with 7(¢) being its backward recurrence time. Conditioned on being in state 6, the function m(r,0) is
the hazard and p(7,6) has an interpretation as the survival function P[T'(§) > 7] of the sojourn time
T(6). The embedded Markov chain (EMC) (6(0;));en has the transition kernel

K(0',B)=Q(0,B,c) = / m(r,0")p(r,0') dr. (97)

g(m,0")eB

The probability density of the EMC is proportional to pg because it equals the probability density
of being in a state 6 at a jump time. Consequently, Eq. (93) can be interpreted as the stationarity
condition for the EMC. Finally, the relation p(r,0) = po(0)p(r,0) reflects the fact that the EMC’s
stationary distribution and the sojourn time factorize asymptotically [125].

4.2.3 Existence and uniqueness of the stationary distribution

The questions of existence and uniqueness of a stationary distribution for PDMPs are in general not
easy to answer [65, p.127]. Research on these questions as well as on stability, i.e., the ergodic property,
has seen multiple approaches [126, 127] and is ongoing [128, 129]. By the ergodic property we mean
the convergence to the invariant measure independent of the initial condition. However, in the case
of the Snyder filter for MMPPs as described in proposition 2.10, the questions can be answered in
the affirmative for both existence and uniqueness. We transfer the analogous results [79] on Gaussian
observations to the counting process observations giving a step-by-step repetition of the proof.

Theorem 4.32. Let (Z;)i>0 be a stationary ergodic CTMC on a finite state space Z with stationary
distribution @ = (uz).ez. The PDMP given by the Snyder filter in proposition 2.10 has a unique
imwvariant distribution and I1; converges to it in distribution for the initialization Iy = .

Proof. The existence follows from a compactness argument. As beforelet A := {7 € leo‘; YoezT(2) =
1} denote the set of probability measures on Z. Denote by M(A) the probability measures on A,
equipped with the weak topology, i.e., the topology induced by weak convergence of measures. Since A
is compact, M(A) is also compact in the weak topology. Denote by (IIT);>o the process that evolves
according to Eq. (8) with initial condition IT] = 7 and if the superscript is suppressed we mean Iy = p.
Define v, € M(A) for all T € B(A) by

v, (D) == 1 /nIP’[Ht eI dt.
nJo

By compactness there exists a subsequence (vp, )r>0 that converges weakly to v € M(A). Then for
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any f: A — R continuous
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This proves that v is invariant. A measure ® € M(A) has barycenter p if by := [, m dv(r) = p. For
the uniqueness, the idea of the proof is to introduce an order relation on M,, := {® € M(A) : by = p}
and show that the maximal and the minimal invariant measure with respect to this order relation
coincide. The maximal and minimal invariant measure are constructed as the limiting distribution of
(II7 )¢>0 with 7 distributed according to the maximal and minimal element of M,, respectively.

Denote by C(A) the continuous functions and by CC(A) the continuous convex functions. By
interpreting M(A) as a subset of the dual space of C(A), we write for ® € M(A), F' € C(A) the scalar
product (®, F) to mean [, F' d®. Let us thus define the order relation < on M, via

O <o VF € CC(A) : (B, F) < (U, F).

When we refer to maximal and minimal in the following we mean with respect to this order relation.
The maximal element in My, is ® := " - p26(7%), where 6(a) is the Dirac measure §(a)[B] = 15(a)
and 7% is the vertex of A with 7*(2") = 0.,/ for all 2/ € Z. The minimal element in M, is ® := (p).
Define the function

h: A x[0,00) x C(A) = R, (m,t, F) — h(m,t, F) := E[F(II])].
Then h(-,t, F) € C(A) We now show the following
e For each F' € CC(A) and ¢t > 0: h(-,t, F) € CC(A), corresponding to lemma 3.2. of [79)].

e For each F € CC(A) : t v (®,h(-,t,F)) is increasing and t — (®,h(-,t, F)) is decreasing,
corresponding to lemma 3.3. of [79].

The strategy is to condition on appropriate sigma-algebras and use Jensen’s inequality. For the first
claim, let m,m € A, XA € (0,1) and 7o := Amy + (1 — A)ma. Define @ := Ad(m1) + (1 — A)d(m2). Then
for m distributed according to ®, by Jensen’s inequality

h(Ami + (1 = ), t, F)
= h(?‘(‘o,t,F) = E[F(H;ro)]

= E[F(E[II]|F])]

= E[F(E[E[II |7V o (I15)]| 7 ])]

< E[E[F(EIIF|F v o (I5)])F]]

= E[L(II§ = m) F(I")] + E[L(IF = o) F(I1;*)]
= P[lIg = m]E[F(II7*)] + P[I§ = mo]E[F(ITF*)]

]
= M(m1,t, F) + (1 = Ah(m, t, F).

For the second claim, let (Z;);>o be stationary and consider FZ := 0(Z,,0 < u < s). Then for any
FeC(A):

E[F((P[Z: = 2| VFZ]) ) = Y pE[F ). (98)
z'eZ

60



In particular this holds for s = 0. By noting that FY v FZ C FY Vv FZ, we obtain with Jensen’s
inequality for any F' € CC(A)

®,h(t =5, F))

Z Z'E H? s }

—~

= E[F((P[Zt = 2| F vV F), )

= EE[F((P[Z = 2|7 Vv F2)), INF Vv F]]
> E[F(B[(P[Z: = 2| FY Vv F2)), . |F v FD)
= E[

F((P[Zy = 2|7V F{]) e 2)]
(

Note that the larger sigma-algebra corresponded to the shorter time interval. For @, in contrast, the

larger sigma-algebra corresponds to the longer time interval, so we can expect the opposite inequality
to hold. For this purpose define FY, := (Y, =Y, s <u < t) Then FY, C FY and for any F € CC(A)

s,t =

<Q’h("t7F)> =E[F H?)]

=E[F((P[Z; = z|fY) ez
= (P[Z; = 2|F)] )zez ) Frl
F(E[(P[Z: = 2| F)]) e 5 | Fa))]

F((PZ = 2|F.4)) e 2 )]

This proves the second claim. Since ¢ — (®, h(-,t, F')) and t — (®, h(-,¢, F)) are bounded by compact-
ness of A and continuity of F', the limits for ¢ — oo exist, and induce invariant measures ®3 and @,
by

(@0, F) = tllglo<Q7 h(-t, F))
and -

<‘I)17F> = tli{n <¢)ah(at7F)>

for all F' € CC(A). By Eq. (98), and since C(A) is the closure of linear combination of elements in
CC(A), this implies the convergence in distribution for ¢ — co

(P[Zi = 2| F VFI]),co = ®1

and analogously
(P[Ze = 21 F)]) c5 — Po

This is exactly the claimed convergence of (II;);>¢ for IIy = p, if we prove that @y is the unique
invariant measure. We first prove that ®( is the minimal invariant measure and ®; is the maximal
one. Let ® be an arbitrary invariant measure, then for any ¢t > 0 because of the convexity of h(-,t, F)
and the definition of ® and ® as minimal and maximal, respectively

<9’ h('7t7F)> < <(I)ah('at7F)> < <6>h(')t’F)>'
Now, (®, h(-,t, F)) = (®,h(-,0,F)) = (P, F) constant for all ¢ > 0 and hence when ¢ — oo
(g, F) < (D, F) < (Dy, F).

This proves, that &3 and ®; define the minimal and maximal invariant measure.
In the derivations above we used that the PDMP is time-homogeneous. Since we were only in-
terested in distributions, this allowed - by time shifts of the Markov semigroup - to fix the random
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variable at a particular t. Then we conditioned on different sigma-algebra to make use of Jensen’s
inequality, instead of varying both the random variable and the sigma-algebra with respect to time.
This strategy will now again be used to prove that the minimal and maximal invariant measure co-
incide. To this end, let (Z;)ier be the stationary CTMC on the full real axis. And let (Y;)ier
be the corresponding integer-valued doubly stochastic Poisson process, i.e., there are sigma-algebras

FZi=0(Zyis<u<t), FYyi=o(V, - YVy:s<u<v<t)and F5 = stt V FZ, .. such that
/ C, dY,] / Cu\Z,,) du]

for all (C)s<u<: that are fff-predictable. Then

(P(Zo = 2l FY o9V Foooyonl)zcz (99)
agrees in distribution with

(B[Zn = 2|y V F])zez,
hence the limit of expression (99) for n — oo is distributed as ®;. Analogously,
(P[Zo = 2|FY,, 0))zez (100)

agrees in distribution with
(P[Z, = Z‘]:;/DZGZ>

hence the limit of expression (100) for n — oo is distributed as ®y. By Levy’s downwards theorem the
expression (99) converges almost surely to

(]P)[ZQ = Z‘]: 00,0 V m ]:—oo,fn])zef.‘fv
n>0

and by Levy’s upwards theorem the expression (100) converges almost surely to
(P[Zo = 2|FY o o))z 2-

By the ergodicity of the CTMC (Z;);>0 the sigma-algebra [,y F—oo,—n is trivial and consequently,
the limits agree and in particular ®; and ®; agree. This concludes the proof. O

The existence and uniqueness of an invariant measure for a PDMP, as well as ergodicity, are often
established via properties of the EMC, see the remark 4.31. The existence of an invariant measure is
linked to recurrence, or weaker, irreducibility combined with a compactness property, see [130, theorem
4.2]. Since the state space of the EMC is continuous, concepts such as @-irreducibility, ¢-recurrence
or Harris recurrence are needed. We refer the interested reader to Asmussen [131, §VIL.1, p.168-171 &
§VIL.3, p.198-206] for a collection of results and the link to regenerative processes and to Meyn and
Tweedie [132] for a compendium of results for Markov chains on general state spaces. If existence,
uniqueness or ergodicity could be shown for the embedded chain, it remains to transfer the property to
the PDMP. Conditions under which properties are transferable have been derived in the equivalence
results on ergodicity, recurrence and stability for the PDMP and its embedded chain [127].

Remark 4.33. The link between the set of stationary distributions of the EMC and the stationary
distributions of the PDMP was established for the first time in [123]. A simple sufficient condition
that guarantees the one-to-one-correspondence between both is the existence of constants A1, Ao > 0,
such that for all t > 0

M < A < Ao (101)

We state and prove in the following that the condition is satisfied by the Snyder filter.

Theorem 4.34. Let (Z;)1>0 be an irreducible CTMC on the finite state space Z. Then the piecewise-
deterministic Markov process given by the Snyder filter in proposition 2.10 satisfies the condition (101).
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We first introduce the proof idea and the notation required for the proof. Let Zy := {z € Z;\(z) =
0} the set of zero-states. As above denote the state space of the PDMP by A = {r € Rlzzo‘; Yoez(2) =

1}, which is compact in the hyperplane # := {r € RIZl; 3> __ 7(2) = 1}. We construct a subset A C A
which (i) is positively invariant under the flow F of the filtering equation (positively indicates forward
in time), namely under

F(m) := Am — (diag(A\(2).ez) — l(7) L z))7,

(ii) satisfies I(7) > A; for all @ € A for a global A\; > 0 and (iii) contains the initial condition II,
as well as all II,, for jump times o;. The construction of A is recursive in k = |S| with S C Z;. In
each recursion step we construct a convex polytope A¥ C A in the ambient space H that is positively
invariant, starting from A° := A. Intuitively, A is constructed by cutting off the vertices of Z, first,
the edges of Zy next and continuing with the higher dimensional faces until the convex hull of Z; is
entirely removed, thereby always cutting parallel to the faces.

For the proof we require the following notions from the theory on convex polytopes. A convex
polytope is the convex hull of finitely many points or, equivalently, the intersection of closed half
spaces. A closed half-space H is given by a normal vector ny and a vector g via H = {m € H :
(m — mg,ng) > 0}. Since we work in the ambient space H, the normal vector ny is contained in the
tangent vector space Ty = {m € RIZL;3" __ 7(2) = 0} of # and 7 € H. The normal vector ny is
pointing inward. To each half space H, a supporting hyperplane h := {7 € H : (x — mg,ng) = 0} is
assigned. A convex polytope, given by half spaces Hy,--- , H,, is positively invariant under F', if for
all boundary points

m:m € hy = (F(n),ny,) > 0. (102)
In particular, if the boundary point lies in the intersection h; N h;, it must satisfy the condition for
both.

Define the vertices of A as 7% with 7%(2’) = 8.+ for all 2/ € Z and 7% = 1/|5| Y., g 7m*. For each
S C Z define the corresponding face

Bg :=conv{n®:z¢€ S} ={r e A:m(z) =0 for all z€ S}.

For simplicity we introduce B := Bg,. Clearly, S C S’ = Bgs C Bg/. Denote by és the interior of Bg
in the subspace topology on Bg, i.e.,

Bs=Bs\ |J By ={recA:n(z)>0z¢€5}
5/:8'CS
Now, for each S C Z, we define the vector
ng := Z an? — Zﬁﬂz,
z€S¢ z€S
where «, 8 > 0 depend on S and are chosen such that ) .- ns(z) =0 and ||ng|| = 1.

Remark 4.35. The vector ng is a normal vector for Bg and points inward of A. More precisely, the set
hs = {m € H: (t—7°,ng) = 0} is a supporting hyperplane of A, i.e., A C {r € H : (m—7% ng) > 0}.
Furthermore, it holds hg N A = Bg.

Proof. For all m € A

(r— 75 ns) = Y an(2)ni(z) = ¥ Br(a)ri(z) + 3 8- ﬁﬁ(z)

z¢S z€S z€S

=S an() - 3 Ba(e) + B
z¢S z€S

= Z(a + B)m(z) > 0.
z¢S

Then
Bs={mreAVze S :n(z)=0}={n e A;ZW(Z) =0} ={mr e A;(r — 7% ng) =0}.
z¢S
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Lemma 4.36. Let S C Zy. Under the conditions of the theorem 4.3} for each m € Bg it holds
(F(m),ng) > 0.

Proof. Let 7 € Bg C B. Since 7(z) = 0 for all z ¢ Z,, we obtain I(7) = 0 and diag(A(2).ez)m = 0
and hence F(7) = An. Then by using Eq. (3)

(F(m),ns) =a Yy (Am,7%) =B (Am,7%)

z¢S z€S
=1lim h e > P[Zin ¢ S|Z = 2 |n(2') — lim b~ '8 (P[Zisn € 812 = 2] = 1w (%)
h—0
z'eS z’eS
1 —1 ) /
—%1_1%]1 (a+p) leezg]P’[ZH_h ¢ S|Z; = 2'm(2).

Each summand is non-negative. Since A is irreducible and S # Z, we obtain limj, o h"'P[Z;, s ¢
S|Z; = 2'] > 0 for at least one 2’ € S. Hence the sum is strictly positive. O

Lemma 4.37. Let D C A be a compact set with DN Bg C és. Then there exists an g > 0 such that
for all m € D with (x — 7%, ng) = eg it holds (F(rw),ng) > 0.

Proof of lemma 4.37. The proof uses the remark 4.35 and lemma 4.36. The property of lemma 4.36
holds for all 7 in the compact set D N Bg. Since 7 — (F(m),ng) is continuous, its minimum Mg is
assumed on D N Bg and is strictly positive. Again by continuity, there is a set Ug C D, which is open
in D, contains D N Bg and on which (F(7),ng) > Mg/2. The complement D\Uyg is closed and hence
compact as a subset of the compact set D. Now we write, by using Bs = hg N A from remark 4.35,

DNBs={reD:(x—7%ng)=0}.

By the choice of Us DO D N Bg, every m € D\Ug is in the complement of D N Bg. and thus satisfies

(r — 7%, ng) > 0. Hence, the continuous function 7 +— (7 — 7% ng) assumes its strictly positive

minimum mg on D\Ug. For €5 := mg/2 it then holds that all 7 € D\Ug satisfy (1 — 7% ng) > g,
thus

meD,(n—7%ng) <eg=meUsg
= (F(m),ng) > Mg/2 > 0.

O

Proof of theorem 4.34. Clearly, e < max{A(z) : z € Z} < oo. It remains to prove the lower bound.
We claim that for each k =0, ...,|Z,| we can define a convex polytope A* that is positively invariant
and for which A* N Bg = () for all S C Z, with |S| = k. Start the recursive construction by A? := A.
Clearly, A° is positively invariant under F. Now assume, that AF¥~! with the above properties has
been constructed, then A*~! N Bg C By for all |S| = k. Define

Ak = AF1n ﬂ {reH: (n—7% ns)>es} (103)
SCZ,,|S|=k

with £g as in lemma 4.37 for D = AF~!. Then
e A¥ is a polytope. To see this, let 7g satisfy (g — 7%, ng) = 5. Then
<7r—7r5,ng> ={(m—7my+7H —7r5,ns> =(mr—7my,ng) +es

S S

hence (r — 7°,ng) > es < (m — 7wy, ng) > 0. Consequently, each condition (r — 7°,ng) > eg

defines a half space.

e For all m € Bs: (m — ms,n5) =0 < £5 and hence A¥ N Bg = () for all S C Z, with |S| = k.
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e A* is positively invariant, because in the defining Eq. (103), we may replace A*~! by the inter-
section of halfspaces Hi,...,H,. Then each boundary point of A that lies in a corresponding
hyperplane h; satisfies the condition (102) by the induction assumption. Each boundary point
of A¥ that lies in the hyperplane {m € H : (7 — 7%, ng) = e} satisfies the condition (102) by
lemma 4.37.

Hence, the induction step is completed. For the positively invariant A:=AlPl and e :=¢ z,, We have
by construction in Eq. (103) for all 7 € A: (7 — 712°,nz,) > € and hence

z2€EZ z2¢ 2o
> min{\(z) : z ¢ Zo} Z m(2)
z¢ 2

> min{\(z) : z ¢ Zy} - Oéj-ﬁ

=: )\ > 0.

Finally, we have that II,, € {m € A: ) _- () = 0}, which is compact and has empty intersection
with B. Hence it has a positive distance from B. And IIy ¢ B because it is the stationary distribution
of Z; which satisfies II(z) > 0 because A is irreducible. Then by choosing €5, S C Zy small enough,
the uniformly positive distance from B guarantees that IIy and Il,,,i = 1,2,... are in A" for every
k=1,...,|2|, in particular in A.

O

It is beyond the scope of this work to investigate the exact conditions on the local characteristics
(m, g) of a BReT-P, for which (i) a unique invariant measure exists and (ii) the BReT-P is ergodic,
meaning that it converges in distribution to (7ec,0s) independent of the initial distribution. An
example of a non-ergodic process (7(t), 0(t)) was investigated in [133]. We assume for the remainder of
this thesis that (m, ¢) is such that (i) and (ii) hold. Furthermore, we assume that m: [0,00) x £ — Rxq
is continuous. Then A\, = m(7, ;) converges in distribution to the ACID. In case it admits a density, we
denote it m — py(m). Furthermore, we assume that the families {¢(X;) : ¢ > 0} and {£(\, fig) : t > 0}
are uniformly integrable. Then the convergence of the means (not to be confused with L*-convergence)
is guaranteed [134, Appendix, Prop 2.3, p.494] in theorem 5.1. The condition (101) is sufficient for
the uniform integrability, since ¢ and ¢ restricted to the domains [A1, 2] and [A1, Ao] X [p1, po] are
bounded.

Ergodicity allows us to replace the initial distribution by an absolutely continuous one, which
makes the evolution equation (90) and the stationarity equation (91) valid. Also, since we are merely
interested in the asymptotic properties, we may assume that the Dirac-PDMP or the BReT-P is
initialized in the stationary distribution. This assumption implicitly underlies the remark 4.16 and
the definition 4.17 of the dimension. This guarantees that it is possible to reduce the dimension of
the state variables of joint Markovian progression already before the first jump in remark 4.16. For
instance, the Snyder filter, proposition 2.10, is originally initialized in the stationary distribution of
the signal process (Z;):>0, i.e., in a fixed state of the state space A. This is because FY ={0,Q} and
by definition Ily(2) = P[Zy = 2|FY ]| = P[Zy = z]. However, a stationary version can be interpreted
as induced by a doubly stochastic Poisson process (Y;):cg on the whole real axis as in the proof of
theorem 4.32. In one example below, section 9.2, we additionally treat the transient behavior, i.e.,
capturing explicitly the behavior before the occurrence of the first jump.

4.2.4 Joint master equation

Building on the master equation (90) for a one-dimensional counting process, we next provide the
corresponding equations for a CRN in a random environment. These are hybrid master equations
for a general set of reaction channels and finite dimensional sufficient statistics. As before, integral
boundary conditions are needed for a complete description. For the BReT-P with m; and g, as in
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definition 4.11

M
Op(t,z,T,0) = ZmeTO (t,x,7,0) Z@TpthG (104)
M
/p(t,:z:,O 0) Z/ mj(z — v, 7,0)p(t,x —v;,7,0) dd dr (105)
B j=1"9; (x—vj,7,0)€

for any B € B(£). The characteristic feature of the probability evolution equation is the partial
derivative with respect to the sufficient statistic.

For the marginal evolution equation of p(t, z), we depart from the Kolmogorov backward equation,
and use the tower property on the filtration F; generated by the sufficient statistics

Op(t, x) =0 E[1(X; = x)]
M

M
- ZE[aj(Zt, z—v)L(Xe =2 —v;)] = Y Ela;(Z, 2)1(X, = )]

j=1

M
= E[E[a;j(Zi,x —vj) | FIL(X: =2 — ;)] = > _E[E[a;(Z, z) | FJL(X; = )]
: =

1

<.
Il

M M
ZE[mj(z =V T, 00) 1 (X = & = vj)] ZEmJ z, 7, 00)1(Xy = )]
j=1

M
E[m](m - Vj’Tt’Ht) | Xy =2 — I/j]p(t,l‘ - Vj) - ZE[mj<vat’9t) | X = 2]p(t, x).
1 j=1

M=

<.
Il

Alternatively, marginalizing out sufficient statistics from Eqs. (104)-(105), we obtained

/ /an(t,a:,T,H) df dr =0— /p(t,aﬁ,O,H) do
0o Je £

-->/ my( — vy, 7, Op(t, — v;,7.6) d0 dr
j=179i(x—v;,T.0)c€

M oo
—Z/O /gmj(x—Vj,T,H)p(t,z—Vj,T,H) dé dr
J=1

==Y Elm(e —vj,m—,00-) | X =z —vylp(t,z — vy)
=1

and hence

M

M
Op(t,z) = ZE[mj(x—Vj,Tt,Gt) | Xy = o —vjlp(t,z —vj) ZE mj(x, 1, 0;) | X¢ = x]p(t, z). (106)
j=1 j=1

We recover the familiar structure of probability inflow and outflow terms in the marginal master
equation. The derivation illustrated how the inflow term corresponds to terms in the fine-grained joint
master equation with sufficient statistics, namely the partial derivative with respect to the sufficient
statistic, Eq. (104) in combination with the boundary condition, Eq. (105).

4.3 Moment evolution equation

In the previous section we assumed, there are finitely many sufficient state variables 6 of joint Markovian
progression that describe the filter distribution or an approximation thereof. In general, however, the
filter distribution is a measure-valued Markov process. We describe its evolution equation for moments
of test functions. First, introduce the following operator notation for the filter equation.
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4.3.1 Operator notation for the measure-valued filter equation

The measure-valued random variable II; evolves as

dIl(2) = (AIL)( dt+z hj rlftt >>)Ht(z> (dY; () — ¢j(x)(hy, T;_)dt).

Or with the pointwise multiplication operator (Mym)(z) := f(2)m(2)

— (hj, I )T, -
<hJ’Ht7>

dIl, = (AIL,)dt + Z (dY;(t) — ¢;(x)(h;, T, )dt).

Then the joint process (X;,I1;) is a piecewise-deterministic Markov process.

4.3.2 Moment equation

Let us now consider test functions in the multiplicative form ¢(x,7) = ¢(x) - (h, 7), where (h,-) is a
linear functional. This covers all conditional expectations E,[p(Z)] via

) = o) = [ o(n(:) d.
According to the Ito transformation rule for piecewise-deterministic Markov process we obtain

) )
dp(Xy, IL,) = %Ant,dt +y 8—‘;’(;]- (X0)((hj, L) — M, )T, dt
J

" Z {sﬁ (Xt i m> - W(Xt—aﬂt—)} dy;(?)
= cj(Xt)<AT h,11,)

+ c(Xy) ch(Xt)(<h,Ht><hj7Ht> — (h, My, I1;))dt
+ Zj: {C(Xt + Vﬂ% - C(Xt)<h7Ht—>} dY; ().
For h = h, this reads
do(Xy, ) = o(X¢) (AT, 1)
+ c(Xy) ch(Xt)(<Q07Ht><hj7Ht> — (phy, ;))dt

3 {etx4p SEts) ey favico

+e(Xe) Y ¢ (Xo) B, [9(Z0)En, [hy(Z0)] — B, [p(Ze)hy (Z,)])dt

En,_[p(Zi-)h;(Zi-)])
# S el ) PG S B, ot a3 )

The left hand side is ¢(X;)Em, [p(Z;)]. Upon using the martingale increments dY; (¢)—c; (X;)(h;, I, )dt
we arrive at
d

¥ Ele(X:) (e, )] = Ele(Xe)(AT@, IL)] + > E[{e(X + 1) — e(Xe) Y (Xp) (0hy, 1)) (107)

J
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The left hand side is simply

S Ble(X0) (g 1)) = SEIe(XBIp(Z)| X0 = TEl(Xe)p(Z)

whereas the right hand side is composed of the prior dynamics of the environment and the change due
to jumps in X

E[{c(Xt +v;) — e(Xe) Yej (Xe) (phy, )] = E[{e(X¢ + v;) — o(Xe) bej (Xe)Elp(Z1) hi(Z:)| X [0,0]]
= E[{e(Xt +v;) — e(Xe) bo(Z) N (X, Z1)]-

This establishes the equivalence with the Kolmogorov backward equation for the joint system for mul-
tiplicative moments ¢(X¢)¢(Z;). The linking identity is the tower property of conditional expectations.
For non-linear functionals of II;, we expect differing evolution equations. The conditional variance is
such a non-linear functional. In the paragraph 4.5 below we elaborate more on the equivalence of
master equations via the tower property.

4.4 Variance of Markov-modulated and self-exciting counting process

In subsection 3.3 we introduced the asymptotic variance slope for Markov-modulated Poisson processes.
Here, we cover the analogous results for a large class of self-exciting counting processes, which includes
the marginal counting processes obtained by the multinomial filters. Namely, we assume that the
(multivariate) counting process Y € N7 is driven by the intensity vector \; = CO;_ + a,C € R¥*!
with the global parameter vector ©; € R! governed by the stochastic evolution equation

dO; = —A(©; — ©) dt + V(t)diag~ " (\)( dY; — \; dt), (108)

where A € R*! and V(t) € R4 is a (predictable) process mimicking the conditional covariance. Then
we obtain the central result analogous to Eq. (33)

lim (COVT[YA = diag(Elo) + C(ATIE[V(00)] + E[V (00)T]A™T + A71Cov[O4] + Cov[Os]A~T)CT.

t—o0
(109)

The proof uses martin%ale techniques. By the Doob-Meyer decomposition for counting processes,
decompose Y; = Q; + [, A du, where Q; is a (multivariate) mean-zero martingale. Then we compute

Y, — E[Y)])(Y; - E[Vi])7]

E[(
=E KQt +c/0t@(u) -0 du) (QtT + /Ot@(u)T — 07T du OTﬂ
R Uot T+CA (1 - exp(—A(t — u))V (u) diag " (\) dQu x

t T
(/O I+CA NI —exp(—A(t — u)))V (u) diag™*(\y) dQu> 1

= /0 E{I+CA M I—exp(A(u—t)))V(u)diag™" (\,)} diag(\,)

{diagfl(/\u)V(u)T(I —exp(AT(u —t)))A"TCT + I} du
_ /O E[diag(\)] du
+ /0 CA~ YT — exp(—A(t — w))E[V (w)] + B[V (w)]" (T — exp(—AT (t — u))) A-TCT du

+CA™" [ (I exp(=A(t = w)B [V(w) ding™ ()Y ()"] (1= exp(~AT(¢ = 0))) du ATCT.
(110)
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Furthermore, we apply the Ito formula for counting processes to derive the evolution equation
de,0F = — A0, —0)0F —0,(0, — 0)TAT + V(t)diag * (\)V(t)T dt
+6, dQ; diag ' (\)V(H)" + V(1)" diag™ () dQiO7
+ V(t) diag ™' (\y) diag( dQ,) diag™ ' (\)V (1)T.
Taking expectations on both sides we obtain

%E [0.07] = — ACov[®;] — Cov[@4]AT + E [V(t) diag - (\)V(1)7] (111)

which at stationarity equals zero. Then from Eq. (110), with only the terms multiplied by I surviving
and using Eq. (111) equal to zero, we obtain the asymptotic behavior

i t'E[(Y; - EYI])(Y: — E[Yi])"]
=diag(Els) + CATIE[V (00)] + E[V (c0)T]A~TCT
+ C(A™*Cov[O(c0)] + Cov[O(c0)]A~T)CT.

The variance result applies to the scenario of approximate marginal simulation via approximate filters,
see subsection 8.1.5.

Corollary 4.38. Ford=1=1, the asymptotic variance reads

2(CE[V (00)] 4+ C?Var[O4]) .

. -1 .
tli)rglot Var[V;] = EAoo + 1 (112)
and the asymptotic Fano factor, correspondingly,
. B 2(CE[V (00)] 4+ C?Var[0])
tlg]éloF[Yf] =1+ EroA . (113)
If \y = ©4,C =1 in the Snyder filter, then
lim ¢~ Var(v;] — B, + 2l (00)] + Var[Oc]) (114)
t—oo A
For the Fano factor, correspondingly,
. _ 1 2(E[V(c0)] + Var[Ou))
tliglo FlY;] =1+ EO. A . (115)

4.5 Unifying approach

We have taken the routes via stochastic conditioning on either the environment or the subnetwork
to arrive at generalized master equations. While the evolution equations may differ, the function
that solves it is the same. However, the different routes can be taken as starting points for different
approximation. As a summary, we present the unified version of the generalized master equations,
which highlights the equivalence of approaches. The unifying class of generalized master equations,
with the bracket (-) denoting the expectation, reads

M-

M
op(t,z) = ZUE[%‘(ZN? —vj) WXy =2 —vy) | B]) = ) (Ela;j(Zy, 2)1(Xy = x) | F])

St Zi (0N (@ = vy)p(t, e — vy | Fo)) = (Z; (0 (@)p(t, @ | Fr)),
if F; contains o(Z;)

<
Il
—

<
Il

YL UE(Z, (1) | Fidy(z = v)L(Xe = 2 — v))) = (E[Z;(t) | FolAj(2)1(X, = 2),
if F; contains o(Xy)
(116)
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and in both cases we assumed the form a;(z, z) = z;\;(x).

As a characteristic feature each generalized master equation for CRNs in random environment
requires the expected value of its propensities at jump times. To evaluate this expected value, the
unifying approach suggests to use the tower property of conditional expectations. The choice of the
sigma-algebra that we condition on in the intermediate step determines which approach is taken.
Section 3.5 corresponded to F; = o(Zs; s € [0,t]) and section 4.2 to F; = o(Xs; s € [0,¢]). The method

of conditional moments [34] is obtained, when choosing the j- and z-dependent ft(j ) = o({X: =

x—v;}) in the first sum and ]—"t(m) = o({X; = x}) in the second sum. In that case the summands in the
last line simplify to E[Z;(t) | X; = z — v;]\;(z —v;)p(t,x —v;) — E[Z;(t) | X¢ = 2])\;(2)p(t, ). Ocal et
al. [80] chose F; = o(X;) along with a Markovian projection for the KL divergence as an information
theoretic loss.

5 Information-theoretic applications

The results obtained in the previous section contribute to the problem of estimating information mea-
sures for CRNs. From the perspective of information transmission in general CRNs, the discrete nature
of the reaction events, i.e., Poissonian observations, as opposed to continuous (Gaussian) observations,
is of interest. When we model the characteristics of the low copy number regime (as opposed to
approximating via a Gaussian diffusion), this discreteness can bring to attention the bottleneck char-
acter of sensor molecules. Namely, the signal they sense may be a concentration of a high copy number
transmitter, but their synthesis events are restricted to the discrete regime [135, 136]. Furthermore,
Poissonian channels are suited for the inclusion of temporal effects because they are capable of mod-
eling time-varying inputs and outputs. However, computing the path MI over Poissonian channels
remains difficult. Many works of research resort to basing the MI on single time-point marginals ig-
noring any encoding in the temporal profile [137, 138, 139]. Other approaches include: (i) Gaussian
approximations of the input to make use of analytic results [135], (ii) Monte Carlo estimators [140,
141, 83, 142]. (iii) Often, the intractability decoyed researchers to resort to other channels such as the
Gaussian channel [143, 144].

This Poisson channel naturally appears in the setting of CRNs in a random environment as we
defined it, because its stochastic rates are the input to the channel and the reaction counters are its
output. Namely, the Eq. (56) defines an information-theoretic channel, that transmits information
from Z; and X; to Y;. Assuming the condition (C4), the channel is the Poisson channel with input Z;
and output Y;. Much is already known about the Poisson channel. In particular, its capacity under
amplitude constraint A(Z;) € [0,c] was determined by Kabanov [61] shortly after its introduction.
However, the capacity-achieving input distribution is found to switch infinitely fast between 0 and ¢
[61, 145]. This flaw in terms of physical interpretability was addressed by adding constraints on the
bandwidth [146, 147, 82]. While reducing the class of input processes this necessitates to review the
task of computing the mutual information (MI) between trajectories.

The definition of the MI depends on the Radon-Nikodym-derivative between probability measures
over the joint trajectories of input and output process. More precisely, if ,u%’y is the probability
measure of joint paths {(Z;,Y;),0 < ¢ < T} as specified by the doubly stochastic Poisson process,
whereas u% and u¥ are the measures for marginals {Z;,0 < t < T} and {Y;,0 < ¢t < T} with the
product measure pZ x p¥. of joint paths, then the MI and the mutual information rate (MIR) are

H(Z[O,T]aY[O,T}) =E

duZ’Y ~ 1
In——T |, L2Y)= lim —I(Zor,Y] 11
NGz | AV = Jim 7l Vo) (117)

The definition, although complicated, is sometimes taken as a departure for computations [90]. Alter-
natively, at least two strategies of computing or estimating the MI for the Poisson channel are usually
considered. The first one represents the MI as the difference between the entropy of the output and
the conditional entropy of the output given the input [141, 142]. The second one uses the expression
obtained by Liptser [148].

Besides the path MI, we are motivated to look at the relative entropy and the relative entropy rate
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(RER) between path measures P and Q for the counting process (Y%):>0

dP” — 1

D7) i= e 1w S| DIFIQ) = Jim 7.DETQY), (115)
Here, for T > 0 denote by PT (QT) the corresponding path measure of (Y;)o<i<r, i.., the restriction
of P (Q) to FY. When we compare stochastic processes, the relative entropy, also known as Kullback-
Leibler (KL) divergence in the literature, serves as an information measure to assess their similarity.
As an application in statistics, due to its definition as the expectation of the logarithm of the likelihood
ratio, the relative entropy is also closely related to sequential probability ratio tests [149]. For similar
applications in optimal control and finance see [59, §VII] for intensity control and [150, 151] for dynamic
pricing in finance. Statistical estimators for the RER in case of piecewise constant intensities are given
in the form of Monte Carlo estimates in [152], which uses the RER for sensitivity analysis with respect
to system parameters.

5.1 Information measures and the conditional intensity

The main purpose of this section is the link between the ACID, definition 4.19, and information-
theoretic quantities related to counting processes. Since we opt for asymptotic information-theoretic
quantities that complement transient ones and are simpler to compute, we assume stationarity as
defined in the this definition. A simulation-free way to compute the ACID is presented in section
5.2.4. We demonstrate that the CI and the ACID appear in expressions for Eq. (117) and (118), two
information-theoretic quantities related to counting processes. Both can be conveniently expressed
by means of the so-called natural loss function [85], defined as £: R>g X Rsg — Ry, l(z, &) =
zln(z/z) —x + .

Theorem 5.1. Let ¢: R>o — R, ¢(2) := zlnz if 2 > 0 and ¢(0) = 0.

1. Let (Y1)i>0 be a doubly stochastic Poisson process with the ftZ’Y—intensity A = MNZy) and (Z}) >0
its modulating process. Let (At)i>0 be the conditional intensity of (Yi)i>0. Then for the path
mutual information it holds

T ~
(Zyo.11, Yior)) = /0 E¢(A)] — El¢()] dt (119)
= / TE[E()\t,j\t)] dt. (120)
0

2. Suppose, additionally, that (M\)i>0 s a stationary process. Furthermore, suppose (Yi)i>o is
asymptotically stationary, and {¢p(Ay) : 0 < ¢t < oo} as well as {p(Ar) : 0 < ¢t < oo} are
uniformly integrable, then

where Ao is distributed according to the ACID and A\ is distributed according to the stationary
distribution of (A)i>o0-

3. Let (Yi)i>0 be a counting processes on (2, F) with the conditional P-intensity (Xt)tz() and the
conditional Q-intensity (fi;)i>0, respectively. For T > 0 denote by PT (QT) the corresponding
path measure of (Yi)o<i<T, i-e., the restriction of P (Q) to FX . Then the relative entropy between
path measures is

D(PT||Q") =E

T
/ (G ) dt] , (122)
0

where the expectation is taken over the path measure PT.

4. If the joint process (S\t,ﬂt)tgo converges in distribution on the probability space (Q, F,P) to
(Moo, fios) and {0(Ag, fir) : 0 < t < oo} is uniformly integrable, then

D(PQ) := Jim D7) = Ep [(uc, )] (123)
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Proof. 1. According to Liptser [148, §19.5, Corollary, Eq. (19.140) and after, p.347-348|

T
]I(Z / E )\t In )\t )‘t In )\t] de¢
0

T
/ E)\tln— ()\t_j\t)lnj\t_)\t‘i‘j\t] dt
0

T
/E/\tln + BN — M| F I A — A+ A dt
0

- / E[¢(\, 5)] dt.

0

2. Since ¢ is continuous ¢(A¢)i>o and ¢(5\t)t20 also converge in distribution. Then by [134, Ap-
pendix, Prop 2.3, p.494], the means E[¢(\)] and E[¢(\;)] converge to E[¢(Aso)] and E[¢(Aso)]
and the ’'Hospital rule proves the claim.

3. By [59, §VI.6., remark after theorem T12, p.188] the Radon-Nikodym derivative is

dpT A r R
i 7" 1(0,, < T)exp / Qg — A dt ] .
dQT H ( ) < 0 t t )

n>1 Koy,

Then for the relative entropy

Epr |1 dp” E Zl Ao 29 (g, < T) + /T iy — A dt
n—m--— | = Un = -
= dQT PT n>1 fo, 0 e '

[T A T )
= Epr / lnA—tdYt—&—/ fir — A dt
0 ot 0

T )\ . .
= Epr / In 2t X+ — A dt
0 Mt

T
== ]EPT / g(}\t,ﬂt) dt .
0

4. Since /¢ is continuous 5(5%, fit)t>0 also converges in distribution. Then by [134, Appendix, Prop
2.3, p.494], the mean Ep [E(j\t, ﬂt)] converges to Ep {6(;\00, ﬂoo)} and the ’'Hospital rule proves

the claim.
O

Remark 5.2. In Eq. (123) the projection Moo on the first component of the joint limit (5\00,/100) is
P-distributed according to the ACID of the conditional P-intensity ;. However, due to the asymmetry
of the relative entropy the projection i, on the second component is neither necessarily Q-distributed
nor P-distributed according to the ACID of the conditional Q-intensity fi;.

5.2 Simulation-free computation

The difficulty in computing the MI via Eq. (119) clearly lies in the computation of E[¢())]. Different
approaches address this. (i) In case of a stationary input (A\;);>0, Eq. (121) can simplify the com-
putation. The processes (A\;);>0 and (;\t)tZO can be confined to the moments E[¢(+)] of their limiting
distributions. (ii) Properties of the function ¢ can be used. For instance ¢ is Lipschitz continuous
on bounded intervals, which was used for a reduction to second order moments of Moo for bounded A
[61]. The non-negative third derivative of ¢ was used in a similar way [82]. (iii) Kabanov and Davis
used martingale theory with its rich second order analysis tools. (iv) The conditioning on a coarser
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sigma-field [147] or the use of a suboptimal estimator [82] provided upper bounds. (v) Alternatively,
one needs to have the knack for choosing tractable input process classes. For example, piecewise-
constant input trajectories, whose amplitudes follow a Markov chain were considered [153]. (vi) Being
an expectation the MI is often estimated via Monte Carlo sampling [140, 83].

Using our results from sections 4.2.1 and 4.2.2, we combined the approaches (i) and (v). In pursuit
of (v), we restrict ourselves to stationary continuous-time Markov chains (Z;);>o with a low number of
input states. For this case, we present a simulation-free method for the computation of the asymptotic
information-theoretic quantities, the MIR, Eq. (121), and the RER, Eq. (123).

This technique is applied in the case studies 9.4.1, 9.4.3 and 8.2.1. In section 9.2 below, we
portray an example that permits an analytic solution for the mutual information, see theorems 9.2
and 9.3 below. Generally, it not possible to compute information-theoretic quantities for the Poisson
channel in analytically closed form. We propose a simulation-free estimation method using the above
filtering and Markov theory to avoid estimation from Monte Carlo simulations. This section provides
an implementation to obtain the ACID, definition 4.19, and the asymptotic information-theoretic
quantities, Eq. (121) and Eq. (123) for the counting processes specified in definition 4.7 and 4.9.

5.2.1 Discretization

We assume that Y; is a BReT-P counting process as in definition 4.14 and we discretize the integral
boundary condition (93). To this end, we assume that po(6) is supported on Q@ C R™. We choose a
partition (€2;);=1,.. ~ with equal volume vol(€;) = vol(Q};) =: v. For n = 1, this is an equidistant
partition. We discretize po () as

N
po(@) = Z ai]lQi (6)
i=1

with unknowns a; and discretize m(7, 6), respectively p(7,0), as

N N

m(Tv 9) = Zm(Ta ai)]lQi (0), p(T,@) = ZP(Tv ei)]lﬂi (9) (124)

=1 =1

for a choice of representatives 6; € €);, e.g. the center of ;. Define the border crossing time points
70(0") := 0 and recursively 7 (0’) := min{r > 74,_1 : g(7,0") € 09, for some i}. Define I(k,0') := i if
g(7,0") € Q,; for ,_1(0") < 7 < 7%(0'). Then for B = Q; the equation (93) reads

N e (05) , ,
a; = Z Z / " m(r,05)p(7,0;) d7 | a;
iV Th—11Y;

3=1 \k:I(k,0))=
N

=S D pma(65),65) — p(ri(6)),6)) | aj. (125)

J=1 \k:I(k,0))=i

Defining the bracket term as A; ;, the equation can be written @ = Ad in matrix form. Observe that
by a telescope sum argument and p(0, 9;) = 1 the matrix A is left stochastic. If A is quasi-positive,
the fixed point equation has a unique non-zero solution by the Perron-Frobenius theorem. Then @ can
be approximated by taking a column of a large enough power A?" and multiplying by the product of

weight v and normalization constant E[A].

5.2.2 The mutual information rate

We assume that (Y;);>0 is an asymptotically stationary MMPP as in definition 2.8 and 4.19 with the
local characteristics (F,, f) of a corresponding Dirac-PDMP and (m, g) the local characteristics of the
corresponding BReT-P as in Eq. (84) - (85). Let Ay — A in distribution. The MIR is

12,Y) = B0 - | / " o(m(r.0)p(r,0) dr do. (126)
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The first term is a finite sum. The outer integral can be approximated by

Zpo /(b (7,0:))p(7,6;) d (127)

where po(6;) is found as in section 5.2.1. Define the partial integral J(t,6") by

= | dtmir.0))ptr. 0 ar

Then for each 4, the integral in Eq. (127) is efficiently solved by the joint ODE system, the dot denoting
the T-derivative,

p(7,0i) = =1(O7)p(T, b;) (128)
6. = F(O,) (120)
J(7,0:) = 6(1(O:))p(7, 8:)- (130)
The initial conditions are p(0,60;) = 1, ©g = (0;,v),,...,v) ) and J(0,6;) =

Remark 5.3 (J converges to the MIR exponentially fast). If m(r,60) > mgy > 0 uniformly over 7,0,
then p(7,0) < e ™07, Let furthermore m(r,0) < R(#). Then

maX{¢(R(G/))7 %} €_m0t~

mo

ﬂwﬂ%dwy)<[mem9»fmTM=

In order to obtain exponential convergence of [ po(6')J(t,8') d¢’ to the integral in Eq. (126) for t — oo,
it needs to holds that

/ po(0') max{(R(8")), é} 48 < oo,

Sufficient conditions are, for instance, if R is bounded or if § — R(#) is linear in § and the second
moment of py exists.

As a summary, a numerical approximation of the MIR can be obtained by solving for J(co,6;) via
Eq. (128) - (130) and po(f;) via Eq. (125). The weights in Eq. (125) can be determined on the fly
while solving Eq. (128) - (130).

5.2.3 The relative entropy rate

Let (Y3)i>0 be an (F, [, f)-counting process with the corresponding BReT-P counting process charac-
teristics (m, g), see Eq. (84) and (85). Let (F,Z, f) and (m, g) be the local characteristics of another
counting process. Trajectory-wise for trajectories of (Y;)¢>o the CI can be evaluated via Eq. (83) with
A =1(0,_) and ) o o R

dO; = F(6y) dt + (f(O¢-) — ©;-) dY3,
with /iy = 1(©,_). For the computation of the RER the measure of the (F, [, f)-counting process (Yt)t>0
is used, i.e., for both trajectory-wise evaluations (Y;);>o is a counting process with the CI (A)i>0-

Then deﬁne the concatenated Dirac-PDMP (O, @t)t>0 on the state space 9 x . For this purpose let
[:9x9—9and T : 9 x 9 — J be the projections. Then the local characteristics of the concatenated
process are (Fol', FoT'),loT, (fol', fol'). Note the asymmetry in the second local characteristic due to
the asymmetry of the relative entropy. The corresponding BReT-P characteristics for (7(t),0(t),0(t))
on [0,00) x & x £ and projections 7: [0, oo)x8x8—>[0 00) X £,7:[0,00) x € x € = [0,00) x £ are
mo~,(go~y,go7). If the stationary distribution p(r, 8, 0) is found, then the RER can be deduced by

D(P|Q) = /g /g /0 wz(m(T,o),m(ﬂé))p(w,é) dr d6 de.
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The outer double integral can be approximated by
N 3 0o 3 3
X)M@@w/’amﬁﬁgm@ﬁmmﬂ@ﬁ»w, (131)
i=1 0

where po(0;, 91) is found as in section 5.2.1. Define the partial integral L(t, 6, 0~’) by

L@%%:Ae(@m m(r,0))p(r,0',0") dr.

Then for each 4, the integral in Eq. (131) is efficiently solved by the joint ODE system, the dot denoting
the 7-derivative,

The initial conditions are p(0,6;,6;) = 1, g = (6;,00,4,...,00 ),00 = (Gl,vﬁﬂ,...,f)g ) and

L(0,6;,0;) =0

5.2.4 Numerical approximation of the ACID

The ACID is obtained as the distribution py of m(r,8), where (7, 0) is distributed according to the
density p(7, 0), see Eq. (91) and (92). We discretize (0, o0) with mesh size Am and compute the weights

i = Plmi—1 < m(r,0) < my)

// L,y ma) (m(7,0))p(7,0)po(0) dr db.

If we define Tk (9/) similarly as 7,(#'), namely by Tom)(el) — 0 and recursively 7_ (9/) = min{r >
Témi(a/) :m(7,0") = m; for some i}, then
N (m) (gt
, T (05) ,
piR - Zpo(ﬁj) Z / p(T,0;) dr, (132)
j=1

) (o1
kil (k,0)=i 1(05)

where I'(k,0") .= i if g(7,0") € Q; for 7,_1(0") < 7 < 7%,(6"). We further have

Am - p)\ sz]l(rm 1,m;] )

The ACID can be used for an empirical assessment of the similarity between counting processes,
e.g., by visualizing the histogram or by computing similarity measures between densities, such as the
Wasserstein metric.

5.2.5 Direct method

In special cases, the fixed point method 5.2.1 can be applied directly to the ACID py(m) without the
need of the BReT-P, i.e., we derived a linear fixed point equation

mz/Kmm%mmmﬂ (133)

for the stationary solution of equation (89) in corollary 4.22.
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Theorem 5.4. Assume the conditions of corollary 4.22. Suppose that the function G: 9 — R evolves

as l(@)

G'0) =~ 4570

on ¥ with G(c) =1 for some ¢ € 9. If there is p: ¥ — Rx¢ that fulfills

60
p(6) = /fw) T ) (134)

for all 0 € 9, then the stationarity condition is satisfied for all 0 € 9:

0= —0y(A(0)p(9)) — L(O)p(6) + fL(O)I(f-(0))p(f-(0))- (135)
Proof. Eq. (135) follows from (134) by Leibniz differentiation under the integral sign. O

The direct method applies for the case studies 9.4.1 and 8.2 below.

6 Examples of environments

Linear environments offer convenient choices as discussed in the introduction, section 2.1.3. Here we
introduce common examples, ranging from discrete state spaces with few states, and countably many
states to the positive reals. Along with their properties known from the literature, we also present
novel results that our case studies refer to. For the examples 6.1 and 6.2, we use that CRNs with only
zeroth- and first-order reactions are linear.

6.1 Conversion process

The conversion process describes metastable switching of a fixed total number N of molecules, that
can be in k different states, structures or conformations. This is an ubiquitous principle in cell biology.
Promoter states determine transcription efficiency, mRNA structures allocate different metastable
states to facilitate or hamper translation, enzymes change conformation upon activation to catalyze
reactions. We illustrate the model for promoter switching, but the promoter is exchangeable with
other macromolecules. Suppose there are N transcription sites with the same promoter architecture.
At each site, the promoter can be in one of k states. The switching between the states occurs according
to a Markov jump process with transition rates c; ; for the i-th to the j-th state. When being in the
i-th state, the transcription rate at which mRNA are produced is r;. We assume the transcription
sites have the same stochastic properties, i.e., the same ¢; ; and r; and are stochastically independent.
More formally, we define the conversion model Mg to consist of the k different promoters and their
k(k — 1) inter-conversion reactions

Ry Rij: 7; =227, (136)

Ci,j

where j,i € {1,...,k} and j # ¢, with the coupling matrix

0 cio2 -+ cik
c21 0 - cop
k1 Ck2 -0
The conversion process is Z(t) = [Z1(t),..., Zk(t)] where Z;(t) counts the number of transcription

sites that are in state ¢ at time ¢. the conversion process is a closed system with only monomolecular
(conversion) reactions, in particular it is linear and hence (C2) is satisfied. Its stationary distribution
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is the multinomial distribution with parameters p1,...,pr and N. The system parameters are derived
to be

Ay = =i, cii =Y _ iy, (137)
gt
k
p=[p1,...,pk]T, s.t. APZO»ZPizl (138)
i=1
Eij = N(biypi — pip;)- (139)

The multinomial stationary distribution implied the form of the covariance matrix, Eq. (139). Ac-
cording to Jahnke and Huisinga [154] p is uniquely determined by the condition in Eq. (138) if A is
irreducible. We assume (C1) to hold.

In combination with state-dependent transcription rates [ri,...,7%], such that the transcription
reaction is zero-order modulated as

Z?:l ri Zi
4——_)

R: 0 Prot, (140)

the conditions (C3) and (C4) are satisfied with
C=r=]ry,...,rx], 0 = N{r,p). (141)

The special case N = 1,k = 2 is the random telegraph process. For convenience, we call Z; the On
state and Zy the Off state and abbreviate c¢; := ¢3,1,¢c2 1= ¢1,2. Often in its standard form it satisfies
r1 = 1,79 = 0 but in general we redefine Ay := rq, A\g := 72 with AX := A1 — Ao.

6.1.1 The cumulants of the random telegraph process

We derived the cumulants of the random telegraph process Z(t) based on the higher-order autoco-
variance functions [155]. The (n + 1)-th cumulant term for ¢; < --- < ¢, < ¢, defined in section 3.5,
reads

(g — )™t (2 — )"t C1C2  _(ortes)(t—

Cltry..ostn,t) = —————7(0,t — ;) = : ertez)(t=t1) 142
( 15 " ) (Cl +02)n 17( 1) (Cl _’_CZ)n,l (Cl +02)2€ ) ( )
where v(t1,...,t,) = E[(Z(t1) —EZ(t1)) ... (Z(t,) —EZ(ty))] is the higher-order autocovariance func-

tion. Our derivation of Eq. (142) departs from the following recursive definition of the cumulant
terms

n—1
Cltr, sty t) = 7(0, Aty, .. Aby) = (0, Aty At 1)Cltiga, st t).
=2

We proceed by induction on n. Clearly, for n = 1 and n = 2, the identity holds, because the sum is
empty. Assuming that the conjecture (142) holds up to and including n — 1. Then we compute with
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o? = (Cffcz)z, 0=272,p=c1+cand f; = e?Ati as in [155] for n = 2k — 1
Clty,. .. ty,t) =c2e ?tmt)gn=1 4 o—elt=t) 292’“ 2222 AT (2k — 2)

_ ZW(O’ Aty, ..., At2j71)U2e—¢(t—tzj+1)9n—(2j+1)

— Z’V(O, Atl, ey Atgj)0’26_<p(t_t2j+2)9n_(2j+2)

k—1
_ 267<p(t7t1)0n71 + 67<p(t7t1) Zen7172r(0_2)r+1A(r) (2]{? o 2)
r=1
k—1 J
_ Zo2e—¢(t2j—t1) 2923‘—2—2(1”—1)(0_ )r 1A(r 1)( )O‘ e—ap(f t2j+1)9n (25+1)

Z_:Jzewwtnzj:gz;‘lwl)(g )1 AC=D) (2 _ 1)g2e#(t=tayen) gn=(2342)
—o2e—Plt—t)gn—1 4 —p(t— tl)zen 1=2r (52)r+1 A0 (9, — 2)
*Ze w “)Zﬁ” 2 (02 LA (2 — 2) fy
Ze—cp(t t1)29n 1=2r (52741 A(r=1) (95 _ 1) fajn

- e—cp(t t1)9n 1 —Lp(t tl)ZQn 1— 27’ 7"+1

k—2
AT (2K —2) = > ACTI(25 — 1) foj0 — ZA(T V(2] = 2) fo;
Jj=r j=r

_0_26—90(15 tl)an—l
The last equality holds because by the definition of the A(T)(m) the bracket term is 0 for each r =

1,...,k —1 by the following lemma. The derivation for n = 2k works analogously.

Lemma 6.1. Let r € N. For any k > r + 1 it holds

k—2 k—1
Ak —2) =3 ATV 2j = 1) oy + Y ATTV(2) = 2) fy;

j=r j=r
Proof. By induction on k, for the induction start k = r + 1, as in [155],

fQTA(T—l)(Qr —2) = for(for- for2) = A
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And the induction step k — k£ + 1

A" (2k)

= (all terms in A (2k) excluding for) + (all terms in A (2k) including for)
=AM (2 — 1) + for, ATV (2k - 2)

= A2k = 2) + for 1 AUV (2k — 3) + for AUV (2k - 2)

k—2 k—1
= AU = 1) faya + Y ATV = 2) fo; + for 1 ATV (2K = 3) + for, AUV (2K — 2)
j=r j=r
k—1 k
=3 AU = D) faja + > ATTI(2) - 2) oy
Jj=r j=r

6.1.2 Stochastic filtering for the random telegraph model
Suppose (Z;)>0 is the random telegraph model, i.e., two-state Markov on Z = {0, 1} with the generator

A= (Cl e ) .
C1 —C2
The intensity function A: Z — R>( maps the input to Ag := A(0) > 0, which is called the dark current,

and Ay := A(1) > A(0). Define the amplitude A\ := \; —

Proposition 6.2. The doubly stochastic counting process (Y;)i>o with intensity A\, is an (F,l, f)-
counting process with dim(Y3);>0 = 1 for Ao > 0 and dim(Y})¢>0 = 0 for A\g = 0.

The proof proceeds by establishing the local characteristics of the corresponding Dirac-PDMPs.

Proof. According to proposition 4.10, the MMPP (Y;);>¢ is an (F, [, f)-counting process. The remark

4.18 establishes 1, when Ao > 0, and 0, when A\g = 0, as upper bounds for dim(Y;);>o. Applying

the Snyder filter (proposition 2.10), the pair (II;(0),II;(1)) of posterior probabilities evolves according
to (8)

dII;(0) =(caIle (1) — 1 11,(0)) dt
Ao — AT (0
L Go= At (0
A

dHt(l) :(Clﬂt(O) — CQHt(l)) dt
n (M — AT (1)

At

{ dv; — X, dt} (143)

{ dv, — A, dt} (144)

and (Y3)>0 jumps with hazard Ao =10, (0)A\o+II;—(1)A;. This provides the canonical two-dimensional
Dirac-PDMP which demonstrates that (Y;);>0 is an (F,, f)-counting process. As in remark 4.18(i),
we can replace IT;(0) = 1 —TI;(1) due to the conservation of probability mass for the conditional proba-
bilities, which yields the one-dimensional sufficient state variable (II;(1));>¢ of Markovian progression.
Then A\; = \g + AMNI(1), the right-continuous version of )\u is an affine-linear transform and hence
in bijection with IT;(1). Consequently, (\;)s>o is an equivalent choice for a one-dimensional sufficient
state variable of Markovian progression. By abuse of the notation, we now replace e by the state
variable \, with the same symbol as the CI, even though ) is the left-continuous version of \;. Using
the Ito-rule for Dirac-PDMPs (proposition 4.8) on Eq. (144), we obtain the evolution Eq. (220).
This equation establishes F' and f as to match Eq. (83), i.e., f(A) = A1(A = Ag)(A1 — A) + A,
and the hazard is | = id of the Dirac-PDMP on the state space ¥ = [Ag, A1]. By l(;\t_) = A, it
is clear that the CI is meant to be the left-continuous version of the state variable. The function

79



u: [0,00) x ¥ = ¥, Eq. (84), links the Dirac-PDMP to the BReT-P standard form via Eq. (85). To
derive u define w; < @9 as the roots of the quadratic equilibrium equation

0= ClA)\f (C2 + +A)\)w+w2

and w; := @; + Ao, 7 = 1,2. With Aw := wy — wy we obtain

Aw
w(r,0) =wyg — ——————.
) = e

For the local characteristics m and g of the BReT-P it holds m = idou = u,g = f o u. Taking a look
at the jump update f reveals that for Ay = 0 we have

sy =2 5,

hence the upper interval bound of the state space ¥ = [\, A1] is targeted independent of the state 6.
This is equivalent to II;(0) = AoIL;_(0)/A; = 0 for ¢t = oy as discussed in remark 4.18(ii). It reduces
the dimension of the BReT-P to 0, i.e., (7(¢));>0 is a Markov process on its own with m(7) = u(7, A1).
Then dim(Y;);>0 = 0 by definition 4.17, when Ao = 0. For Ag > 0, Eq. (220) shows that it is
impossible to parametrize the CI only with the backward recurrence time, because the image of f is
not a singleton. O

Hence, we showed the claim and established the local characteristics (F,l, f) and (m,g) of the
MMPP to prepare the computation of the MIR in section 9.2.1.

6.1.3 Optimal linear filter for structure switching

We consider the equilibrated optimal linear (Hawkes) approximation of the conversion system in Eqgs.
(136) - (141), i.e., AH(t) as in Eq. (68). For this system, we provide the equilibrium value of the
ODE for \H (t) between jumps, from which we compute ZH (t) that is shown to be positive. For the
derivations, we require C' € R'*! and A to be invertible. For the conversion process, this is not the
case, since 1A = 0, but by truncation to [ = k — 1 we can enforce it, see the Appendix B.

The equilibrium Z of the linear dynamics

t=—(A+BCTu 'C)2z — BCT (145)
between jumps is evaluated by the Sherman-Morrison formula as
z=—(A+BCTCu Y~ 'BCT

ATYBCTu—tCcA-tBCT —A~1BCT

— _A'BCT - = _ :
O T A BoT, 1+ CA1BCTy1

We assume that (A + BCTp~1C) has only eigenvalues with positive real part. Then the equilibrium
is stable and the equilibrium value A of A (¢) between jumps is

v
Ltyp=t I4ypt

AN=pu+Cz=p—
y=CA'BCT.
Furthermore, jumps of z(t) by BCT ! increase AH(t) by
AM =cBCTu ' > 0.
Proposition 6.3. The term v = CA~'BCT is the positive root of

0=20A"'2C — 2y —y?u~".
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Proof. First, we note that CA='XC7T > 0, since
20A7'2CT = cATH (AL + 2AT) AT CT
and by condition (C2) AY + X AT is positive semidefinite. Since B(0) = X, we have

B(0) = -2 oy = -2t/ (et /p—HT <o.

Then by [156, Corollary 3] B(t) is monotonically non-increasing. By the property of complete observ-
ability, B(t) converges monotonically to the equilibrium B > 0. Define z(t) := CA~'B(t)A-TCT.
Then by the monotonicity of B(t), it holds that %m(t) < 0. With minor algebraic manipulation, we
express
Calt) = 20471507 — 2y(t) — y(1Put = F(u(1)

in terms of y(t) = CA 'B(t)CT. Then necessarily, at equilibrium of x(¢) and y(t), it holds 0 =
20A7'SCT — 2y — 42~ 1. The positive and the negative solution v; and 7 split the real line into
three intervals (—o0,¥2), (v2,71), (71, 00) on which f(y) is negative, positive, negative. The initial value
y(0) = CA=ISCT is positive and f(y(0)) < 0, hence y(0) € (y1,00). But since f(y(t)) = La(t) <0
for all ¢ > 0, the solution y(t) € (y1,00) for all ¢ > 0. Hence, v is the positive root 7. O

Then immediately we obtain

s _ 1
A= V1+2CATSCT 1 € 0:n) (146)

For the condition (C5) to hold we provide the following sufficient criterion which guarantees that A" (t)
stays positive at all times.

Proposition 6.4. Suppose that 21, ...,z form a basis of real eigenvectors of (A + BCTu=*C) for

the positive eigenvalues vy, ... ,v;, such that Cz; > 0 for alli = 1,...,1. Let L be the matrix whose
columns are the eigenvectors z1, ...,z and assume that
L='BCT has only positive entries. (D1)

Then AU (t) > 0 for all t > 0.

Proof. We consider the half-space Ay := {z;Cz 4+ p > 0} with boundary {z;Cz 4+ u = 0} as well
as the inward normal vector C, and the cone U := {Z + >, a;2;;0; > 0}. By Eq. (146), z € Ay
and hence Cz; > 0 implies U C A;. By assumption, there exist positive 5;,4 = 1,...,[ such that
BCTu=! =¥, Biz;. Consequently, f(U) C U for the map f(u) := u+ BCTp~!, which means that
jumps of the trajectory ZH(¢) by BCT;~! remain in U. The initial value Z%(0) = 0 is in U because

L'0—-2) =LY A+BCTu 'C)"'BCT = diag{v} 'L~ 'BC” (147)

has only positive entries. Finally, we verify that the dynamics in Eq. (145) leaves U invariant. Let z
be any boundary point of U, i.e. 2 —2Z =), 32, f1,...,0 > 0 and there exists 7 such that 3; = 0.
Let 1 be any corresponding inward normal vector, in particular, (z;,n) = 0 for alli =1,...,l. Then

(z,m) = (~(A+BCTp™'CO)(z - 2),m) = (- Z Bivizi,n) = — Z Bivi(zi,m) =0

As a remark, we note that the condition D1 is equivalent to
—L7'% has only positive entries, (D2)
by Eq. (147). Geometrically, the condition corresponds to requiring that the ray starting from z and

going through 0 lies within the cone U, defined in the proof.
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6.2 Birth-death process

The birth-death process is a one-dimensional linear reaction network with zeroth-order birth (or syn-
thesis) reaction and first-order death (or decay) reaction
A

Ri,Re: 0 —=— 72, (148)
m

Its stationary distribution is the Poisson with mean % Its mean evolution reads

d
SELZ() = A~ kE[Z(1)
and its autocovariance function in the weak stationary case is Cov[Z(t), Z(s)] = %e‘“'t_ﬂ. More

generally, its transient probability distribution remains invariant in the class of Poisson distributions
for time-varying birth and death rate parameters.

Proposition 6.5. For a birth-death process X (t) with time-dependent birth rate \(t) and death rate
w(t) and Poisson(Ao)-distributed X (0), the marginals X (t) are Poisson-distributed, i.e.

PIX(t) = k] = %’?ke—w

where A is such, that is solves

By the variation of constant formula

AE) :Aoexp(—/otu(T) dT)—&—/Ot)\(s)eXp(— /:u(f) dr) ds.

If Ao =0, then P[X(0) =0] =1.
Proof. By means of generating functions: Define p(t,n) = P[X(t) = n]

g(tv S) = Z Snp(tv n)
n=0

Then g¢(t, s) has to solve the partial differential equation
deg(t,s) = (s = 1)(A(t)g(t, s) — u(t)0sg(t, s))

with initial condition
9(0,5) = exp((s — 1)Ao).
The function g(t, s) = exp((s — 1)A(t)) satisfies

dsg(t,s) = At)g(t, s)

and

8tg(t7 8) = A(t)(s - 1)g(t7 8)
and thus solves the PDE. But [0,1] 3 s — g(t, s) is the generating function of Poisson(A(t)). O
Remark 6.6. This result can also be obtained by just checking, that

A n
(t) oA
n!

p(ta Tl) =
satisfies
Ip(t,n) = A@)(p(t,n — 1) — p(t,n)) — p(t)((n + L)p(t,n + 1) — np(t, n))

The Poisson distribution is a limit distribution of the (N, p)-binomial distribution for N — oo, p —
0, Np — 2. More generally, the birth-death process can be seen as a limit of the conversion process
with two structures, under the limit N — co,¢12 — 0, Nej o — A
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6.3 CIR process

The CIR process is a Markov process on a continuous state space, that evolves according to the SDE

2v02Z(t)

AZ(t) = v(u— Z(t)) dt + dw (t) (149)

with velocity of adjustment -y, saturation level y, diffusion parameter o and a standard one-dimensional
Brownian motion. It was first introduced to model interest rates [57]. The condition ;1 > o2 is sufficient
for the process to remain positive. The corresponding Fokker-Planck operator reads

02 0'2
(AD) (21 1) = 7p(= 1) + 7 <2M . z>) 0.p(e01) + T 20.p(2.1)

with the Gamma distribution G(u?/0?, u/0?) as its stationary distribution. By Z ~ CIR(u,~,0?), we

abbreviate a CIR process with respective parameter triple, initialized in its stationary distribution.

Mean and auto-covariance for a CIR process, initialized in a distribution with mean gy and variance
2

og read

E[Z(t)] = p+e " (o — ) (150)
and
2 2
Cov|Z(s), Z(t)] = o2 77%) 4 g2V (sHD) (1 _ ko Ug) +20%e7 <M0 - 1) . (151)
poo !

The derivation uses martingale techniques as follows. Analogously to [63, example 4.5.4], derive an
SDE for the transformed process
Y(#) = (Z(t) - pe.

The intuition behind choosing this transformation is the following:
2(t)=p—e "

solves the deterministic equation dZ(t) = v(u— Z(t)) dt, which by the transformation is transformed
to constant —1. Hence figuratively speaking, only the fluctuating part survives. Applying Ito’s formula
to Y (¢):

Y (t) = d(Z(t) — p) d(?*) + d(Z(t) — p)e”* + (Z(t) — p) d(e*)
— 0+ (= Z(t) dt+ o %Z(t) AW ()™ +A(Z(t) — e dt

— gt %Z(t) AW (t).

Upon resubstituting, we obtain

Z(t)=p+e "(Z(0) — p) + e‘”ta/o e’/ %Z(S) dW (s).

Then we calculate the mean
E[Z(t)] = p + e " (E[Z(0)] — )

and, by using that for the martingale

w = [ on/ 2z awe)
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it holds E[M (s)M (t)] = E[M (s)?], see below, the covariance for s <t
(

E[Z(t)Z(s)] — E[Z(s)|E[Z(1))]
= eI Var[Z(0)] + 040

+ et 021@[ /0 ,/272( W(s’)> ( / SeVS’,/@Z(SI) dW(s’))}
= e Var[Z(0)] 4+ e+ QEK / 1/ ) AW (s )1

= e 6HDVar[Z(0)] + e+ 2/ EKe 272( )) ] ds’

0

S , 2
= eI Var[Z(0)] + e+ 52 / 2 L pz(s)] ds’
0

28 | g2e-(st) (

4 202t (E[Z(O)] — 1)
i
For martingales {X (¢)};>0 and 0 < s < ¢, it holds E[X (s) X (t)] = E[X (s)?], because

E[X ()X (t)] = E[X(s)’] + E[X (s)(X (t) — X (s))] = E[X (s)°] + E[X (s) E[X (t) — X ()| F,]] = E[X (5)°],

2E[Z(0)] N Var[Z(0)] )

where the second equality follows from the F,-measurability of the factor X (s) combined with the
tower property E[E[Y|G]] = E[Y] and the third equality is implied by the martingale property.
The following expression for the variance

Var[Z(t)] = e~ "'Var[Z(0)] + o /O ) e’zV(t’S)%E[Z(s)] ds

implies that the linear differential equation

L varlz(n) = -2 (Var[zun - ‘;E[zun) . VarlZ(0) = 03

is satisfied. In summary, mean and variance solve the closed differential equations

SB(Z()] = 1 (EIZ(0)] - ), EZ(0)] = o
%Var[Z( t)] = —2v (Var[Z(t)] - (LE[Z(t)]) ) Var[Z(0)] = o2.

In case of a CIR started in po = u, 03 = o2, the expressions simplify and read
E[Z(t)] = p, Cov[Z(s),Z(t)] = o2e =5l
In Eq. (63), for a CIR process Z(t), we have

FO,V)=—©0—pn), GO,V)=-2v (V - U:@) . (152)

Consequently, the first and second conditional moment equations in Eq. (64) for a CIR process Z(t)
read

46(1) = (~(8(0) ~ ) ~ V() dt + G V(1) (153)
o2 _ 2,
AV (t) = {—27 (V(t) - M@(t)) - cS(t)] dt + [ g((i_)) - 228_2 } av; (t) (154)

The CIR-modulated reactions have motivated the approximate Gamma filter, see section 8.2.3 below.
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6.4 Static Gamma heterogeneity

For a static environment random variable, the Gamma distribution is a convenient choice. Unlike
the normal distribution it has a positive support. Unlike the exponential distribution it has two
parameters such that its mean and variance can be independently chosen. The Gamma distribution
has the probability density function

a—1 efzﬁ7

p(2) x z z>0

where a denotes the shape parameter and 8 the rate parameter. The normalization constant is

/p(z) dz = Fﬂ(g).

The mean and variance of a G(a, 8)-distributed Z are E[Z] = § and Var[Z] = 4. For G(o, B)-
distributed Z and Y|Z = z Poisson distributed with mean z, the conditional distribution Z|Y = k
is G(aw + k,B + 1). This property is called the Gamma distribution’s conjugacy with the Poisson
distribution. It is a convenient property of the Gamma distribution for modulated counting processes,
compared to the lognormal distribution.

The hybrid master equation, Eq. (87), is available for the static Gamma heterogeneity. Setting
Zi,j =1,..., M are independent Gamma-distributed random variables with shape a; and rate f3;.
The heterogeneous reaction rate of the j-th reaction is Z;a;(n(t)), where n(t) is the vector of species
copy numbers at time ¢ and a; is the state- dependent propensity function. Introduce the sufficient
statistics W (t) = (Wi(t),..., War(t)) with W;(t fo a;(n(t')) dt’. Then W;(t) = a;(n(t)) and hence,
we apply Eq. (87) to obtain

M

atp(t7$,W) :ij(x - Vjvw)p(tax - Vj7w)
j=1

" (155)
—mj(z,w)p(t,z,w) — Z Aj ()0, (L, z,w).
j=1

as in [106, p.96]. When the state X (¢) describes the reaction count vector, and the initial species copy

number vector n(0) is fixed, then v; = e;, and, building on the previous work, m;(z,w) = ;j:ﬁi Aj(z)

and \;(z) = a;(n(0) + ijl x;jv;) with the state-dependent propensity function a;(n). The evolution
equation of p(t,z) obtained from marginalization over w. Marginalize out w as in Eq. (106) to obtain

;4 T

Oep(t, ) ZE [a] Rk 1>\ j(@ —e;)L(X () Zx—ej)} —E [W

Bj+Wi(t) ™

o +a;—1 ' I N L e
Z</8]+W()‘ e]7t>)\](x es)p(t:x = ;) <5j+Wj(t)

A1) =)

x,t>)\j(x)p(t7x).

The equation is not closed, but depends on the expected value of the propensities. We solve the
expected values for the particular example, section 8.5.1, below.

7 Marginal simulation

The joint simulation of the external process Z(t) and the reaction system X (¢) provides samples for
Z(t) and X (t). Disregarding Z(t), as this is mostly not of interest, means a marginal simulation of
X (t) that behaves in its statistical properties as if it was still embedded. It can be obtained using the
FY -intensity. Simulation with an approximate instead of Snyder’s exact filter yields an approximate
marginal simulation.

Approximate marginal simulation using the aforedescribed filters requires algorithm that can handle
time- and history-dependent propensities. Here, we use the modified next reaction algorithm by
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Anderson [157]. It proceeds by assigning each reaction counter an internal time that progresses as
a unit Poisson process. Then the internal time is transformed to the global time via the inverse of
the cumulative intensity. We now apply this algorithm for the simulation of a reaction system X ()
that has probability Q, i.e., with 7} -intensity XOL(t) given by Eq. (65)-(67). To this end, we need
to propagate the approximate state estimate A (t) and posterior covariance mock B(t) jointly between
jumps via

d

@Z(t) = — AZ(t) - B(t)C" diag{x(1)}(n+ CZ(1)) (156)
%B(t) =AY + X AT — AB(t) — B(t)AT — B(t)C" diag{x(u)}CB(t). (157)

The coefficients p; and Cj;, can be state-dependent. Additionally, each reaction R; gets assigned
another state variable A;(t), its cumulative intensity, which evolves as

Aj(t) = pj + (Cja, Z(1)). (158)

We collect them in the vector A(t) = [A1(t),...,An(t)]. For determining which reaction occurs, we
need to check whether the cumulative intensity has reached the internal time difference. For this we
define events, i.e., time points

Finally, Z(t) needs to be updated when the reaction R; occurs, i.e.,
Z(t+) = Z(t—) + B(t)CT diag{x(u)}e;, (160)

where e; is the j-th unit vector. The complete algorithm reads as follows.

Algorithm 1 Approximate marginal simulation with the optimal linear filter

1: Input: System parameters A, Y, state-dependent functions p(z), C(x), the stoichiometric matrix
N, the initial value X and length T of the simulated time interval.

2: Initialize internal times T; = 0, jump times P; ~ expo(1) and AT; = P; —T,j=1,..., M.
3: Initialize global time g = 0.

4: Initialize coeflicients u = p(Xyp), C = C(Xp).

5: Initialize Z(to) = 0, B(to) = %, A(to) = 0.

6: Save t = tg. Save X = Xo.

7: while tg < T do

8 Set events as in Eq. (159),j=1,...,M

9:  Evolve Z, B, A jointly according to Eq. (156)-(158) on [to, 7] until 7 = min;{t;}.

10:  Assign J = argmin;{¢;}.

11:  Update to < 7 and Z(to) < Z(7), B(to) < B(7), A(to) + A(7). Save t < [t, to).

12:  Update state Xy « Xo + vy. Save X + [X, Xo].

13:  Update internal times T; < T; + A;(to),j =1,..., M. Reset A(ty) < 0.

14:  Draw AP ~ expo(l). Update jump time Py <— Py + AP. Update AT; «+ P;—T;,j=1,..., M.
15:  Update Z(to) according to Eq. (160) with j = .J.

16:  Update coefficients u = pu(Xyp), C = C(Xp).
17: end while
18: return Jump times ¢ and states X.

We formulated the algorithm for Anderson’s modified next reaction method, but other algorithms
that can handle time-dependent propensities [158, 159] can replace it, i.e., lines 3, 8, 10, 13, 14 must
be modified.

7.1 Independent environment components

When the environment has independent components, the line 9 of the algorithm can be simplified.
Assume a diagonal structure for A = diag{a},¥ = diag{o?} and C = diag{c}, i.e., the environment
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components Zi(t), ..., Zy(t) are stochastically independent and Z;(t) modulates R; via p;(X(t)) +
¢;(X(t))Z;(t). In this case B(t) is also diagonal, say diag{((t)}. We assume that 1,;(X (t)) = 0 implies
¢;(X(t)) = 0 to avoid negative rates. We analytically solve the joint ODE system of Z;(t), 8;(t), A;(t)
for j = 1,..., M separately. For the derivation, we first solved the one-dimensional Riccati equation
for 8;(t) with standard techniques. Upon plugging 3;(t) into the evolution of Z;(t), the variation of
constants formula for linear systems with time-dependent coefficients yielded Zj(t), where we took
advantage of the logarithmic derivative % In¢;(t) in B;(t). Note that the derivative and first integral
of &;(t) are analytically expressed as linear combinations of a;(t) and b;(t), together yielding the
expression for S\J-OL (t). Finally, for A;(¢), the integral was solved by the technique of partial fractions

and the substitution u = ei(*=%)_ Altogether, if ¢; # 0,

Z;(t) = Zj(to)fgj((t;)) to gj(t) ( /t (1) — €4(r) dT)
)

a;(t) = cosh(p; - (t —t0)), b;(t) = sinh(p; - (t — o))
A oA, + Byen -
CjQQPj'(t*tO) +1

A <Cjepj(tto) + epj(tt0)>
=—1In
Cj +1

t
Cj>0
to

L/?p_ arctan (N/Cjepj(ttﬂ))]

t
B, e~ Pj(t—to)
tanh (<22 , C.<0,B; <0
{ 6ol artan ( @] )LO J J

c?
_pjt g+ g pi(to)

+

Cj Y 7 Aj _ ,UjOéj7
pj — o5 — 7= B5(to) bi
2
N wjeg(aj+55 B4 (to))
g, p(tt0) +

c?
pi — a; — 7=f;(to)
If Cj = O,
Zj(t) = em (710 7, (tg)

Bj(t) = Uf— + e 25 (t=t) (5, (tg) — 032‘)
Aj(t) = /.tj(t — to).
Note, that for the case ¢; = 0 the mimics of the state estimate Z;(t) and the posterior variance Z;(t)

follow the prior dynamics of mean and variance. We demonstrate the use of this filter in the case study
8.3.8 when we investigate a two-stage gene expression in uncorrelated random environment.
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7.2 Sinzger’s min-thin algorithm

For the time-dependent intensities A(t) in the marginal simulation algorithm the modeler requires a first
reaction method, which comes with a disadvantage over Doob-Gillespie’s direct next reaction method.
Namely, proposed waiting times are rejected, when choosing the first reaction, and the time-dependence
can make the computation of waiting times inefficient. This disadvantage is mitigated if a large
amount of reaction events in the environment complicates the Doob-Gillespie method. Independent
of the question, at which threshold of reaction events the disadvantages are on a par, we present an
optimized first reaction method for our purposes. The key idea is to sample waiting times with the
inverse method from finitely many auxiliary intensities fi(¢), ..., fx(t) whose sum dominates A(t). The
auxiliary fi(t),..., fx(t) are chosen such that the inverse method is applicable in closed form for each.
Additionally, we decompose A(t) = A1 (t)+- - -+ Ax(t), each part dominated by the corresponding f;(t).
A thinning step is applied that accepts the time with A;(¢)/f;(¢). With this method, we combine the
advantages of both the thinning method [158] and the Anderson MNRM [157]. Namely, on the one
hand, the Anderson method is only strong, if the integrated intensity can be inverted, on the other
hand, the thinning method is only strong if the acceptance rate is large enough.

To explain why the proposed method generates the correct law of sampled trajectories, we review
how the following two operations on intensities induce operations on simulated trajectories: (i) addition
and (ii) multiplication with a number between zero and one. Let us assume that {Yi(t)}:co,7) is a
counting process with intensity A;(¢) and {Y2(#)}+cjo,7] is a counting process with intensity Ao (Z) which
is stochastically independent of {Y7(t)}:epo,77- Then Y (t) := Y1(t) + Ya(t) is a counting process with
intensity A(t) = A1(t) + A2(t). In the point process picture we can visualize this. If the jumps of Y7 ()
and Y5 (t) were marked with different colors on a common real axis, then Y (¢) amounts to "forgetting"
their color. If {Yi(t)}sepo,r) is a counting process with intensity A(¢) and for each of the jump
times (7,)n>0 we throw a coin, i.e. U, ~ bernoulli(p(r,)), then Y?(t) := > 1{r, < t,U, = 1}
is a counting process with intensity AP(t) = p(t)A1(t). Graphically we keep each point 7, with a
probability p(7,). The latter procedure, called thinning, is the reverse of the addition. Each point
that is kept is marked with one color, each thinned point is marked with another color. Then Y?(¢)
and Y17P(¢) := Y1 (t) — YP(t) are stochastically independent counting processes with intensities \P(t)
and A\17P(¢) = (1 — p(t))A1(t). The decomposition A\ (t) = A\P(t) + AP (¢) indicates that "forgetting"
the colors as before reverses the procedure. We call this decomposing operation (iii) assignment of
marks.

The origin of why the three operations on intensities result in the correct law of the counting
processes lies in the corresponding operations of exponentially distributed random variables. Let the
distributions for two independent random waiting times 77,75 (here, not to be confused with the
internal times of algorithm 1) be given by their survival functions

PT} > f] = exp (- /Ot Ao(s) ds) .

Then
]P’[min(Tl, TQ) > t} = P[Tl >t, Ty > t]
= P[Tl > t]]P)[TQ > t]
t
= exp (—/ A1(s) + Aa(s) ds) .
0
Let Si,S3,... be random jump times from a point process with intensity A(t) and conditional on
S1 =1t1,5 =ta,... let Uy,Us,... be independent Bernoulli random variables with p; = ig’g where

A(t) < A(t) for all t > 0. Let I := min(i : U; = 1) and T := Sy, then for A, (t) := {f € [0,t]" : t; <
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- < t,} we obtain

Z/ ..,TLZUl':O|S1:t1,...7Sn:tn,5n+1>t}
Ay (t)

Xp[Sl :tl,...,S —tn75n+1 >t

_Z/A(t)”{ )A }exp )ds) df
— exp (- /0 As) — A(s) ds) exp (— /0 AGs) ds)
= exp (— /Ot A(s) ds>

Building on this, the idea of Sinzger’s min-thin simulation algorithm is to combine two algorithms,
the modified next reaction algorithm by Anderson and the thinning algorithm by Lewis, to harvest
the advantages of both for an efficient simulation. To illustrate the conjunction of the algorithms by
Lewis and Anderson assume exemplary that the intensity of a one-dimensional counting process is

A(t) = an + by, exp(—cpt) (161)

between (¢(n),t(n + 1)), where ¢(0) < t(1) < #(2) < ... are the jump times Then Anderson’s modified
next reaction algorithm requires to invert the cumulative intensity

At) = /0 A(s+t(n)) ds = ta, + by /cn(1 — exp(—cpt)).

However, this function is not analytically invertible, which slows down the algorithm. On the contrary,
if we take the cumulative intensities of the intensities

A(t) = an,  A2(t) = by exp(—cpt)

separately, we obtain invertible cumulative intensities for both. This corresponds to simulating two
counting processes (Y1(t)):>0 and (Y2(t))r>0 with intensities A;(¢) and Aa(t), respectively and then
adding both Y (¢) := Y1 (¢) + Ya(¢).

Similarly, if we have

A(t) = an(t) + by exp(—cyt)

for which f(f an(s + t(n)) ds is not analytically invertible, but we know 0 < a,(t) < a,. Then we
can simulate the two counting processes (Y1(t));>0 and (Y2(¢));>0 as above and we thin the jumps of
counting process Y;(t) with probability ay,(t)/a, to yield the counting process Yi(t). Then Y(t) :=
Yi(t) + Ya(2)

This motivates the following general decomposition. Suppose that

N
= Ni(1) (162)
i=1
for non-negative \;(¢), such that there exist fz-(n) (t) > \i(t),t € [t(n),t(n + 1)] for which

- /Ot £ (s +t(n)) ds (163)

is analytically invertible in ¢. Let Yi(t),i =1,... N be counting processes with intensity fi(") (t), and
Y;(t) the counting processes obtained from Y;(t) by thinning with )\i(t)/fi(") (t). Then

Y(t) =) Yi(t) (164)



Algorithm 2 Sinzger’s min-thin algorithm

1: Input: Intensities \;(¢),i = 1,..., N, dominating intensities fi(n) (t), length T of the simulated
time interval.

2: Initialize internal times T; = 0, jump times P; ~ expo(1) and AT; =P, —T;,i=1,...,N.
3: Initialize global time 3 = 0 and event counter n = 0.

4: Save t(0) « to.

5: Evaluate t; « Ai_,ll(ATi),i =1,...,N.

6: while to < T do

7. Assign [ = argmin;{¢;}. Assign 7 < ¢;. Update ¢y « to + 7. Update t; < t; — 7,1 # I.
8:  Sample u ~ unif|0, 1].

o if u < Ar(t0)/f™ (to) then
10: For i # I: Update internal times T; < T; + A; ,(to — t(n)), update AT; < P; — T}, evaluate
11: Update n < n + 1. Save t(n) < to.
12:  end if

13:  Update internal time 77 < P;. Draw AP ~ expo(l). Update jump time P; < P; + AP.
Update ATy < Pr —Ty. Update t; < A}, (ATy).

14: end while

15: return Jump times ¢(0),...,¢(n).

has the desired law. This translates into the algorithm, where A;- 1(-) denotes the inverse of ¢ +— A; ,(t)
in lines 5, 10 and 13. If the minimum of the proposed times is thinned, i.e., if the condition in line 9 is
false, a new time must be proposed line 13 to compete with the remaining proposed times in line 7.

The challenge of the decomposition Eq. (162) lies in the condition that the A;(¢) must be non-
negative, which becomes apparent when b,, in Eq. (161) is negative. The case that for one component
there are almost surely only finitely many jumps on (0, c0) is included in the procedure and does not
cause a conflict, since the component then suggests oo as a jump time and is not chosen. This is the
case for the above example Y5(t) with intensity As(t) = by, exp(—cpt).

Our presented algorithm 2 portrays the case of a univariate counting process Y (¢). It can be com-
bined with Anderson’s modified next reaction method to obtain the multivariate case (Y1 (¢), ..., Yar(¢)),
for the reaction channels j = 1,..., M. Each single channel Y;(¢) is decomposed as in Eq. (164), i.e.,

Y;(t) = Zij\;(f) Y;.(t), where the number of components N(j) can depend on j. Correspondingly, in
the algorithm 2, we use double indices T} j,i =1,...,N(j),j =1,..., M.

We now apply Sinzger’s min-thin trick to obtain a fast simulation algorithm for a chemical reaction
network with independent environment components. The above difficulty of a non-negative decompo-
sition results in a distinction of various cases for the intensity S\OL(t) =pu+cZ (t). For convenience

we suppress the subscript j. Define 8 := limy_o0 8(t) = %(p — @), A = limyoc AOL (1) = % and

Ao := A9 (tg). First of all we consider the case

e B(to) = B. Then AL (1) = X 4 (Ag — A)e Pt=to).

— )Xo > A is the case considered above and we choose

filt) =X (t) = A (165)
fa(t) = Aa(t) = (Ao — S\)e*p(t’m), (166)
whereas for
— A < A
Ar(t) = (A= Xo)(1 — e P(=10)) (167)
f1(t) = (A= Xo) - min(1, p(t — to)) (168)
f2(t) = A2(t) = Ao, (169)

The next case we consider is
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e B(ty) < B. Then

_C — e 2p(t—to) Be—r(t—to)

At = )\C + e—2p(t—t0) T + e~2p(t=to) (7o)
_ Blto) + B+ %
C= = .
_ o (5 Qo= Nou
b=2 (A 2 (5(k0) —5)) 1)

The first summand in Eq. (170) is positive, because p > 0 and C' > 1. For the second summand,
it depends on the sign of B from which we obtain the case

Y 2
Ao—A_ < ca Ty this case B > 0 and we choose

Blto)—B =
Fi(8) = Au(t) = A- % (173)
Flt) = hlt) = o (174)
- 6?2555 > % In this case B < 0 and we choose
A (t) = AOF () (175)
hi =3 S (176)
fot) = Xa(t) = 0. (177)

Finally, we consider the case

e B(tg) > B. Then again Eq. (170) holds and the first summand is positive because C' < —1 and
p > 0. The denominator of the second term is negative. Again the sign of the second term
depends on the sign of B. We distinguish again the cases

B(to)—B =
Eq. (175) - Eq. (177) as above, whereas for
Ao—A Ca

Be—r(t—to)

fa(t) = Xa(t) = O 1 e—20(i—t0)

B <0,C< -1, (178)

Note that the dynamics of A°%(¢) is dominated as follows

AO%\(t) = —p(AO"(t) = A) = (B(t) = BACH(t) = —p(AON(¢) = N,

because 3(t) > f for all t and A°4(t) > 0. Consequently, A% (t) < X + (Ag — A)eP(t=t0)
Then we distinguish cases by the sign of A\g — A.

* Ao — A >0
The cumulative intensities and their inverses are for Eq. (165)
A(t) = Mt (179)
T
A

AYT) = (180)
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and analogously for Eq. (169), for Eq. (166)

A(t) = L;Aa —e P (181)
AYT)=—p~tn (1— Af_”)\) 0T < AO;A (182)

for Eq. (168)

(
o

/__ 2T T < A—Xo
Ail(T) = (Af)\ﬂ)p, = 2 (184)

T 1
+ 55 else

— o)
— A\p) min (t - (183)

A — \g) min (%pt2) , t<p!
55 ) clse

A—Xo
as well as
X (204 S (B(to) — B)(1 — e 2t
A(t):AtJriln p 5 (Blio) — B)( ) (185)
p 2p
-1 T -1 -1 -1 _ 1, A1
A (T)=§—p In(2) +p ln(1+0 +\/(1+C 1)2 — 4C-1e—2TPA ) (186)

for Eq. (173) and Eq. (176). Finally, for Eq. (174), we obtain

At) = \/Bao (arctan(\FC’ept) - arctan(\FC)) (187)

AN T)=p'In <tan (T\B@p + arctan(@)) \/C’—l) ,0<T < (g - arctan(\/a))\/lgp (188)

whereas Eq. (178) yields

A(t) = \/_—%p (artanh( —C~1) — artanh(y/ —O—lefpt)) (189)

_ _ TV—-Cp -B
A Y T) = —p7 11 <t h( tanh Cl)\/C),0<T< tanh(y/—C—1) -
(T) p~ " In [ tan B + artanh( ) < artanh( ) Naxep
(190)

Here, we have portrayed Sinzger’s min-thin algorithm 2 for our tilted Hawkes model. However,
the algorithm can be more generally applied for multivariate counting processes with piecewise-
deterministic intensities.

8 Case studies

We illustrate the derived methods and results in a variety of case studies. The different environments of
section 6 are employed. We derive probability evolution equations using the stochastic conditioning. A
focus of the case studies is on the comparison of approximate filters. The stationary mean is evaluated
for the birth-death process in different environments that modulate the death rate and the contribution
of environmental shares is analyzed. The examples cover zeroth- and first-order modulation. Preparing
for the channel interpretation of zeroth-order modulation, the table 8 summarizes the models that were
analyzed with the sufficient variables of joint Markovian progression, see section 4.1.4.

8.1 Modular embedding of structure conversion

At all three stages of gene expression the allosteric principle postulates that regulation occurs via the
switching between different states or conformations. The promoter region of the DNA strand can be
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Model (*Type) I O, | no | dim | l | u | F ‘ f

Random telegraph IT;(1) 1 0 cmy v | Eq. (275) 1
Dark current At 1 1 id v | Eq. (220) W +A
Single On N Off (I (=), 1Z|-1] o0 cmy - | Eq (6) (1,0,...,0)
s e(22)21))
Double On (U, A, 1 (23), Ito from
> At Z-1] 1 - .1,0,...,0
eNow e [FEE e ] ke | ROt
- Single Off (U, Ay) 2 1 ca - | (287)-(288) (u, 1)
Hawkes* At 1 1 id v Eq. (58) A+ 0
Hawkes conversion* (z1(t),...,z,(t)) k k—1| p+Cz | v | Eq.(145) 2+ BCTu™ T
_ Multinomial” _ ) 1 Onft), - Opa @) | k-1 k=1 Bq. (202) | - | Ea. (200) ) _ Fq. (201)
Binomial* 0(t) 1 1 Eq. (203) | v/ | Eq. (200) Eq. (201)
Gamma filter* (M, St) 2 2 cm - | Eq.(222) | (m,s)+ (55, %)

Table 1: Snyder filters and approximate filters for zeroth-order modulated reactions. The type indicates
whether the model is a Snyder filter (Markov-modulated Poisson process, no *) or an approximate filter
(self-exciting counting process, *). The minus (—) in the column u indicates that no analytic solution
is available for 7 — u(7,v"). For the Hawkes conversion process, see also the Appendix B

accessible for transcription or shielded. The mRNA can fold in different secondary structures and
transition among these via metastable switching. Proteins undergo conformational changes to fulfill
their function as enzymes, or to regulate as transcription factors via activation or repression. Both the
composition of the thermodynamic ensemble, i.e., the stationary distribution of structures, and the
switching dynamics between those, play a role. Structure kinetics and gene expression is often studied
separately. Here, we present approaches that allow quantitative information on structure switching
from biophysical experiments or coarse-grain molecular dynamics simulations to be included in gene
regulatory chemical reaction network models without an increase in the number of species. Addressing
the problems of simulating gene regulatory networks and the modular design of synthetic circuits, we
provide an efficient way of including heterogeneity due to structure switching. For the latter purpose,
our method may help with in silico studies, i.e., simulations, that precede in vitro studies. The ultimate
goal is the incorporation of the approaches in larger genetic circuits and gene regulatory networks.

8.1.1 Promoter-mediated transcription

The transcription of mRNA is a process that is shaped by the cellular context. The number of poly-
merases, fluctuating transcription factor concentrations, noncognate binding and chromatin remodeling
are some of the factors that determine the rate of transcription. Often these influences are abstracted
into a low number of discrete promoter states that determine the transcription rate. The effect of
switching between an active and an inactive promoter state is often equated with transcriptional
bursting. We continue the example of section 6.1 where X (¢) denoted the total number of mRNA
from multiple transcription sites. Assume further that mRNA decays with a rate . Then X (¢) is a
birth-death process whose birth rate is modulated by a conversion process Z(t) = [Z1(t), ..., Zr(t)] as
described in section 6.1. The switching rates are c; ; and the transcription rates were denoted by ;.

We first considered a promoter model which unidirectionally transitions through an active, an
inactive and a refractory state, see figure 7TA. We chose equal transition rates, hence the promoter
uniformly spends time in either state. Assuming leaky transcription, we set the transcription rate for
the inactive state to a small leakage value, the rate for the active state to the highest and for the
refractory state to an intermediate value. Furthermore, we considered four independent copy of the
promoter. We numerically verified the condition (D1) for the considered choice of parameters. We
looked at the stationary distribution of the mRNA, figure 7B to compare the exact system with the
equilibrated optimal linear (Hawkes) model, Eq. (68). From theorem 4.4 we know that the variances
coincide. However, also the shape is essentially captured. When looking at the true and approximated
state estimate (fig 7C) for a mRNA trajectory (fig 7D), both also agree to a large extent. Even though
the equilibrated optimal linear (Hawkes) model does not capture the base level, the state estimate
seems to allocate the regime where the linearization fits well for a large amount of time.
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Figure 7: Promoter-mediated transcription. A. Transcription model with promoter states modeled
by a discrete Markov process. The promoter model transitions through an active, an inactive and
a refractory state with all three transition rates being equal to 0.2. Each state summarizes at what
rate transcription is initiated. Assuming a leakage of 0.01, we chose exemplarily for the transcription
rates 1.01 (A), 0.01 (I), 0.06 (R). Furthermore, we considered four independent copies corresponding
to different transcription sites in the cell. We compared the true system (green) and the equilibrated
optimal linear (Hawkes) approximation (purple). B. Histogram of the stationary distribution for the
exact simulations, using Gillespie (green) and the approximate marginal simulations, using Anderson’s
modified next reaction method (purple). C. State estimate of the effective (posterior mean) transcrip-
tion rate obtained as an average over the posterior probabilities of being in either promoter state.
Green uses the true posterior probabilities, purple the equilibrated optimal linear (Hawkes) model,
Eq. (68). D. The mRNA trajectory for which the state estimate was computed. It was simulated,
using the Gillespie algorithm. E. A different promoter model is used compared to A with an inactive,
a weak and a strong state. The arrow thickness indicates the transition strength. Transition and
transcription rates were cyy; = csw = csy = 0.2, cwws = 0.4,¢c15 = crw = 2, A5 = 90, A\ = 10, A1 =0
(borrowed from [24]). We considered only a single transcription site. F. Histogram as in B. The exact
bimodal distribution is not captured by the equilibrated optimal linear (Hawkes) model, even though
the variances agree. G. State estimates as in C for the time interval [28,34]. H. Sample trajectory
corresponding to G, simulated using Gillespie. The degradation rate of mRNA was chosen 0.1 in model
A and E.
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Figure 8: A sample trajectory of the mRNA counts for the approximate marginal simulation, i.e., the

analog to fig 7TH

0.06 0.06 0.06 0.06 0.06
a=1 a=2 a=3 a=4 a=5
0.04 0.04 0.04 0.04
0.02 0.02 0.02 0.02
0 0 0 0
0 50 100 0 50 100 0 50 100 100 50 100
mRNA mRNA mRNA mRNA mRNA
0.15 0.15 0.15 0.15 0.15
N=1 N=2 N=3 N = N=5
0.1 0.1 0.1 0.1 0.1
0.05 0.05 0.05 0.05 0.05
0 0 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400 0 200 400
mRNA mRNA mRNA mRNA mRNA

Figure 9: Details on promoter-mediated transcription. Histograms of the stationary mRNA,
simulated from the exact system using the Doob-Gillespie algorithm. Final time point was ¢ = 60. For
the upper row, the transition rates were multiplied by a = 1,...,5. For the lower row N was increased
from 1 to 5. Otherwise, the parameters were as in 7E. The number of trajectories was 2500.

We now turn towards a promoter model, which has more extreme properties than the previous one.
The new model allows transitions in all directions, where two states, a strong and a weak one, are
dominantly allocated, see figure 7TE. The major changes are: (i) an increase of the transcription rates
compared to the transition rates, (ii) only one transcription site as opposed to four copies. Again, we
numerically verified the condition (D1). Then we see that the true bimodal distribution is not captured
by the equilibrated optimal linear (Hawkes) model, even though the variance is captured correctly (fig
7F). Looking at the exact and the approximate state estimates (fig 7G and H) we see that the very
sharp transitions are not well captured by the equilibrated optimal linear (Hawkes) model. These
non-linearities are out of reach for the linearization. The sample trajectory (fig 7H) was simulated
with the exact system (Doob-Gillespie). An mRNA trajectory simulated by the approximate marginal
simulation is shown in the figure 8. It differs from the exact system in underestimating the time spent
in the regime of 80 to 100 mRNA copies, compare also the histograms in figure 7F.

We hypothesized that both a relaxation of (i) and (ii) could lead to a better agreement with the
linearization. As a necessary condition, the bimodal distribution must transform to a unimodal one.
To relax (i) we multiplied the transition rates by a factor @ > 1, and to relax (ii) we varied N. In figure
9 we depict the corresponding histograms for a = 1,...,5 and N = 1,...,5, which provides evidence
that the necessary condition is met.

If in the case of relaxing (i) the timescale of the promoter approaches the timescale of the transcrip-
tion then the knowledge about the state is more vague, hence the domain of state estimate values that
are allocated narrows. On this domain, the linearization can have a good accuracy for a larger propor-
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tion. The extreme case would be a much faster promoter timescale than the transcription timescale,
for which the state estimate distribution would narrow to a peak at the mean value. If in the case
of relaxing (ii) we increase the number of copies, the prior distribution of intensity values becomes
unimodal, in the sense that the distribution of ﬁ(Zi\; A(Z;) — NE[X(Z;)] approaches a Gaussian for
the i.i.d. promoter copies Z; distributed as the stationary prior distribution of one promoter. Let us
assume the extreme case of perfect state estimation, with the distribution of state estimate values equal
to the prior distribution of intensity values. This distribution would resemble more the distribution of
intensity value a Hawkes model can achieve, see section 8.2 below. With imperfect state estimation,
the linearization is even improved by the above argument. In summary, we conjecture that both with
a lower frequency of point observations and with a more Gaussian shape of the prior distribution of
intensity values, the accuracy of the equilibrated optimal linear (Hawkes) model can increase. We
continue this case study in sections 8.2.2 and 8.3.6

8.1.2 Conformational mRNA switching dynamics mediates translation

With the conversion process environment, not only the promoter switching can be captured, but
also the conformational changes of macromolecules, such as mRNA or enzymes. A growing body of
experimental work indicates a negative correlation between translation efficiency and mRNA secondary
structure [160]. Structure switching thus contributes to translational heterogeneity [161, 4], which is not
covered in the classical approach via CRN models. While the use of statistical physics has illuminated
how the ensemble of mRNA secondary structures is composed, it is still an open question in what
way and how much the dynamics between these structures contributes to translational heterogeneity
[4]. A recent study hints at the importance of the unfolding kinetics near the ribosome binding site
[162]. Although the unfolding and refolding of mRNA can happen on its own, it is more commonly
mediated by ligands, small RNAs or proteins [163, 161, 164]. Riboswitches are included in this class
of translational regulators [165].

The dynamics of RNA structure changes occurs at different timescales [166, 167] (figure 10E). At the
fastest timescale of about femto- to nanoseconds, the structure changes as a result of intramolecular
thermal motion [161], e.g., exhibiting base wobbling or rotational diffusion. These fast changes of
the states, summarized by all atom positions, are called equilibrium fluctuations. A conformation,
or metastable state, of a macromolecule, such as mRNA, denotes a subset of atom configurations
that preserves large-scale geometric properties [168]. At a medium timescale, the switching is due to
conformational changes between metastable states. The dynamics remains in the metastable state for a
medium timescale with a probability of almost one until entering another metastable state [169]. Due to
energy barriers, these state transitions of functional importance happen only rarely [161]. Metastable
states are often linked to energy minima of the free energy landscape of mRNA folding [167]. Note
the role of co-transcriptional folding [170] that determines in which suboptimal local minimum the
structure might be trapped. At the slowest timescale of seconds or minutes, in contrast to equilibrium
fluctuations such as base wobbling, we consider switching due to changes in the energy landscape
that are induced by cellular cues, e.g., a change in ligand concentrations [171]. In particular, such
altered energy landscape comes with changes in the canonical ensemble, the conformations and the
conformational dynamics, i.e., the transition rates between metastable states [172]. While the state at
the fast and medium timescales is the physical position of atoms and the abstract metastable state, the
state at the slowest timescale is the energy landscape itself, i.e., the full RNA ensemble and transition
dynamics. A transition between such states is also called redistribution [167]. Note that Dethoff et
al. use the term conformational transition exclusively in the sense of altering the energy landscape.
Assuming that there is a dominant conformation for each altered energy landscape, a discrete state
Markov model might still be sufficiently accurate at the slow timescale. The dynamics of the cellular
effector then determines the transition between dominant mRNA structures.

We interpret Eq. (136) as mRNA structure switching and (140) as translation reaction. Different
mRNA conformations are associated with different translation rates. Denote the translation model
consisting of Eqs. (140) and (136) as Mg, where S stands for structure.
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Figure 10: The inclusion of mRNA structure switching in the CRN modeling of gene expression in gene
regulatory networks. (A) A representative of a gene regulatory network. Nodes are genes, arrows indi-
cate activation and repression. (B) Statistical properties of protein trajectories, such as the variance,
the Fano factor. The figure shows trajectories without (green) and with (red) sources of heterogeneity
and indicates how the standard deviation increases. The Fano factor increase or the KL divergence
between trajectories can indicate the contribution of the heterogeneity. (C) The gene regulatory motifs
(activation and repression) are modeled in a classical two-stage gene expression model, separating tran-
scription (TX) and translation (TL). (D) Classical CRN models are extended to reflect translational
heterogeneity. Approximate stochastic filtering links biophysical knowledge about the reaction rate
constants to CRN models. (E) The translation reaction is refined to allow for mRNA conformations
with different translation rates. The dynamics of mRNA conformational switching occurs on different
timescales. At the slowest timescale, the conformation or energy landscape is altered by cellular ef-
fectors. Exemplarily, we depicted changed energy landscapes for a low (left) and high (right) ligand
concentration. The dynamics of the cellular effector that modulates the conformational landscape dic-
tates the timescale. At an intermediate timescale, transitions occur between conformations, i.e., sets of
atom configurations that preserve large-scale geometric shapes. At the fastest timescale, equilibrium
fluctuations due to intramolecular thermal motion occur. When accumulated, those lead to the more
rarely occurring conformational transitions. (F) The rates of transition and the translation rates are
deduced from biophysical experiments and (MD) algorithms, such as oxRNA, in combination with
hidden Markov state models.

mRNA

8.1.3 Contribution of mRNA structure switching to translational noise

Experimental evidence hints at the contribution of mRNA structure to the translational noise. In order
to demonstrate this effect in the modeling context, we consider the standard transcription-translation
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model and enhance it with a two-structure model. The transcription-translation base model
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When the structure Z; is synthesized, the probability to be in Z; is chosen as f :=c21/(c12+¢21) to
match the stationary ratio of structures due to switching between structures. This explains the choice
of the birth rates « - cg; and « - ¢1 2. The models are matched in that (i) the constant transcription
rate of the model Mrx equals u = a(c1,2 + ¢2.1), the total transcription rate of Mrx g, and (ii) its
constant translation rate equals the mean translation rate of Mrx g, i.e., 7 = fri+(1— f)ro. Without
loss of generality we assume the structure Z; to possess the higher translation rate, i.e., r; > ro, and
introduce the fold change p := 71 /rs.

Both models are instances of Markov-modulated Poisson processes where the modulator is a linear
CRN. How to choose the parameters of the models Mrx, Mrx s, Mg in Eq. (33) is demonstrated
below. For example, 7rx = 6! and g = (c1,2+ 02)1)_1 are the timescales of transcription Rz — Rg
and structure switching Ry 2, R2 1 in Mrx g, respectively.
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Figure 11: Translational noise. Contribution of the structure compared to the transcript copy number
as in the expression Eq. (197). (A) Noise share as a function of the fraction of structure Z;. Local
maxima occur at f = (p+ 1)}, ie.,, when (1 — f)/f = p. Different curves show different relative
correlation times 7g/71x (solid is high, dashed is low) and different fold changes p (blue is low, orange is
high). (B) The dependence of the noise share on the relative correlation time for different fold changes
p. The fraction f was set to (p+1)~! to yield the maximal value. Curves saturate at (p—1)?/(p+1)2.
Diamonds and circles belong to corresponding parameter choices in the subfigures.

Let Y'(t) count the number of translation synthesis events. We assess the total translational noise
by means of the asymptotic Fano factor Frx g of the protein synthesis, i.e. lim;_, o Var[Y (¢)]/E[Y (¢)].
In order to disentangle the different noise sources we decompose the total noise into contributions from
translational intrinsic noise (Poissonian), translational noise due to transcription and due to switching
between structures

Frxs =1+ AF7x + AFS\TXo (191)
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AFgrx-

We computed Frx g and Frx as in Egs. (32) and (33), section 3.3. Then AFpx = Fpx — 1 yielded
are

E[N] = %,(COV[NH_;,, Ny

For the model Mrx the first- and second order statistics of the modulating birth-death process N
With C' = r we obtain for the asymptotic variance slope

_ K _sn
_66

. 22 &

Var = lim t~!'Var[Y;] =7 - K J
t—o00 (5

and consequently, for the Fano factor:

Frx =142 -2 =1+42.

flri—mra) + 1o
d X
=142 7 (f(E — 1) +1)
2
142X (f(p—1) +1).
TTL

For the model Mrx s, the modulator X = [Z7, Z5] induces as parameters the matrix

A |2t 0 —co
the mean

b)
—c12 C21+6

Bz = 22 giz) = L2DH

0
while the matrix entries of the stationary covariance matrix ¥ must satisfy

QcCy2C21
0= acgy + ———

]

QcCy2€C21
0=acio+——

]

— (0 +c12)%11 + 21212

— (0 + c2,1)X22 + 12812

2acy 9C
0=—(20+c12+c21)X12 — 1(’52 LU c1,2211 + 2,122,
which is solved by 211 = %, 212 = O, 222 = (1_7}‘)#

5. The stationary distribution can be shown to be a
joint of independent Poisson random variables. But through the matrix A, temporal cross-covariances
enter, such that the variance slope of Y; reads

Var = % + [r1,72] (EA_T + A_lZ) [r1,72)T
T 21
= +

2 5 )
0 1— )
d(ci2 + 21 +0) (r(er2 + co1) +0(rif +73(1 = f)))
With transformations analogous to the ones above

2r 2(r1 —r9)2f(1 —
Frxs=1+"—"+ (15 2) /(1= /) (192)
1) (1 + Gietoat )(0172 -+ 0271)7’
20— 1)*f(1 - f)
=Frx + = — . 193
=+ Z (- D11 e
For the model Mg with fixed number N of mRNAs we represent the modulator as one-dimensional
process Z = Z; and use the conservation relation Z; +Z = N. Let Y;(¢), j = 1, 2 count the number of
Then % = 220128

translation reactions via the structure Z;, and let Y (t) = [Y1(t), Ya(t)], whereas Y (t) := Y1 (t) + Ya(t).
(c1,2+c21)2? C = [r, _r2]T7 o = [0, Nro], = caft

ci,2+ca1’
.1 N
Jim § Con(¥0) =

A =c1,2 + c21 and hence
diag([rice,1,m2¢1,2]) + {Tl ]
S EE— 1€2,1,72€C12

1,2+ C21

2c9,1¢1,0N
—ry

(CLQ + 62’1)3 [7‘17 —7‘2].
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Consequently,

lim ~Var[T'(t)] = lim ~Var[Vi(t) + Ya(t)]

t—00 t—oo t
=1[1,1] Ii 1C Y; 1
=[] lim 3 Covi¥y) |
r1¢o1 + rac12)N
_ (riczn 2€1,2) +(n —T2)2 .
€12+ C21 (cr12+¢21)

=N + 2rsr§(:i ~1)2f(1— f)N
2

202)101)2]\]

= 7N+ 27573 (p — 1)2f(1 — f)N.
Hence, for the Fano factor

27573 (12 = 1)*f(1 — f)
ro(f(3E—1)+1)
275(p — 1)*f(1 = f)
L (f(p—1) +1)
LEE 20 020 )

Fg=1+

=14
T (fp- )+ D)

— 1+ (1 n TS) AFgrx.
TTX

Overall, for the noise contributions we obtained the terms

AFpy = 2%(]”@ —1)+1), (194)
_ o 2Ap-12f(1- )
ATSI = o — 1)+ 1 1)

with (i) the fold change p, (ii) the share f of Z;, (iii) the relative timescales 7s/771, and (iv) 7rx/7rL,
where 7pp, =75 .

Both models Mtx and Mrx s account for the transcription. Like Mrx g, the above translation
model Mg (Eq. (136)-(140)) with & = 2 accounts for two mRNA structures. However, it neglects
transcription. Instead, the number of transcripts in Mg is conserved. We set this constant number of
transcripts to N = pd~!, the mean of the combined model Mrx g, thereby matching the two models.
Then AFgrx is related to the Fano factor Fg of Mg by

AFs = (1+ —-)AFg/rx. (196)
TTX

Note that the correction factor in Eq. (196) only depends on the timescale difference between tran-
scription and switching. And note further that AFgrx does not depend on N, so the matching can
be neglected.

In order to set the translational noise due to structure in relation to the translational noise due to
transcription, we considered

AFgTx AFgTx 1

_ _ , 197
AFrx,s  AFgx +AFrx 1+ (1+ ZX)h(p, f) (187)

with h(p, f) = ((p — D)L + £)?2/f(1 = ), p > 1,f € (0,1). In this model, the contribution of
the structure depends only on (i) the fold change p, (ii) the share f of Z; and (iii) the relative
timescale 75/77x. The dependence is visualized in figure 11. For a fixed p, the function A is minimal
if f = (p+ 1)~! which maximizes the contribution of the structure to the noise.

The contribution of the structure to the translational noise compared to the noise due to transcript
copy number fluctuation increases with the fold change and with the relative timescale, when fixing the
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remaining parameters (figure 11A). The dependence on the fraction f shows a local maximum (figure
11A) which, independently of the timescale, is located at f = (p+1)~!. This means that the structure
maximally impacts the translation noise when fr; = (1— f)rs, i.e., when the odds of allocating the low-
translated structure equals the fold change. Or in other words, the larger the separation between the
high and low translation rate the less does the maximally noisy switching allocate the highly-translated
structure. The odds of its abundance decrease in exactly the Way that the fold change increases. We
now consider the fraction at its maximizing value f = (p + 1)~! (figure 11B). Not surprisingly, slow
switching structures have a higher impact on the translational noise when p is fixed. However, this
effect is limited, where the limit is dictated by the fold change of the translation rates (horizontal
asymptotes in figure 11B at (p — 1)?/(p +1)?). When fixing the relative timescale, however, we found
that the contribution of the structure can be brought arbitrarily close to 1 for large enough p.
In more detail, the relative noise contribution of the structure, Eq. (197), is

(p—1)2f(1—f)
(0= 12F(1= )+ (= +1) (flp—1) +1)?
For fixed p, it can be derived analytically that v(f, p, 7s/7rx) is maximized at f* = (p+1)~!. Then

(p—1)?
(p+1)2+47%p

V(fv Ps TS/TTX) =

v(f*, p,7s/TTX) =
and

. * P — 1 ?
lim  v(f*, p,75/7rx) = <)

Ts/TTx—>OO p + 1
Furthermore, lim, , v(f*, p, 7s/7rx) = 1 for every 7s/7rx > 0. Finally, v(f*, p,7s/7rx) = a € (0,1)

is solved by
a1 427 a=l+1+27x 2
Pa = =+ ) -1
a"l—1 al-1
which for a = 1/2 yields

2
T T T
p1/2=3+2TX+\/<3+2TX> —1r6+4—X,

7S 7S 7S

whereas a = 0.05 yields

21 2 7px 21 2 mpx\°
P05 =79 T 19 7 +\/<19+19 75 ) -1
The value of pg o5 approaches (1 + 1/0.05)/(1 — +/0.05) = 1.58 for large 75/7Tx and is approximately
2.21 + 021% for TS/TTX < 0.1.

In summary, the contribution of the structure makes up half when p ~ 6 + 47X and potentially
becomes negligible (contribution at most 0.05) when p < 2.21 + 0. 21TTSX in the fast switching regime
(72 < 0.1) and p < 1.58 for slow switching (- > 10). Considering fast switching compared to
the mRNA lifetime, fold changes of p > 4.31 yield potentially non-negligible contributions by this
argumentation.

Next, we compared the contribution of structure switching to other sources of noise in the protein
abundance. Promoter switching is a well established noise source. When the promoter alternates
between the On and Off state, transcription occurs in bursts, and this heterogeneity transfers to the
protein counts during the translation step. We used the standard three-state gene expression model
with a two-state Markov model for the promoter. To include promoter switching we replaced the
reactions R3 and Rjs in the model Mrx g by

Ry : Goft % Gon
Ry : Gon ki&f Gorr
RBa : G'on = Gron + Zl
R5a : Gon 5 G'on + Z2'
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to obtain the model Mrx ¢,s. Denote by |G| the fixed sum of Goy and Geg, which typically is 1. Define
Varg = |G|PoPon, Where Poy = 1 — Pog = —fon— f =1 — f ki = kon + kogg and Ex = |G[Pon%.

With kon+kots
i
[ Kkon + kot 0 0
A= —fu ci2+d0  —can |,
—(I—=f)p  —c12  c21+0
Varg ot Tt
== | e s + /Ex ] e |,
Tuv Tulv T p?v. -
_fi+a§ < fél{k+§§c félgk+§§G + fEx

we obtained from Eq. (33)

r Pogur (r —7)(r —12)
F =142 -+2 —+2- ’
TX,G,S 5 (kon + ko )6 (c2,1 +c12+0)r

The expression analogously to Eq. (191) reads
Frx,a,s =1+ AFrx + AFgrx + AFgrx.¢
T _
AFgrx = 2 XP2B(f(p—1) +1)
TTL

with AFpx as in Eq. (194) and AFgrx ¢ = AFgirx as in Eq. (195). Here, 8 = pu/kog denotes the
mean number of mRNA per burst and P,g the frequency of being in the promoter Off state. In the
corresponding reference model Mrx g, that we obtained from Mrtx by replacing the reaction R3 by

Ry : Gosr ki? Gon
R :Gon ¥ Gog
RSa : Gon ﬂ) Gon + Za

we obtained

Varg wVarg

A [kon ko 0] & _ Fon Hhort 10
- —p 517 - pnVarg p-Varg + E ’
kontkott+8  8(Kon+kotr+0) X

and thus from Eq. (33)

P2eud ' (f(p—1) +1)

=F +2.
= koHT§1

r Pogpur
F =142 —-+2. —2
e 5 (Fon + kot )0

This implies for the contribution of the structure switching

AFsirxa 1
AFrxcs 1+ (14 Z)(1+P2%B)h(p, f)

(198)

We observed that, in this extended model, the contribution of the structure additionally depends on
Pog and 3. The contribution is larger, when the promoter is more frequently active and when the
mean number of mRNA per burst is smaller. The qualitative dependence on the parameters p, f and
7s/7Tx is as before. Secondly, we asked by how much the effect of structure switching is diluted by the
protein decay. We extended the model by a protein decay reaction. In detail, Mrx ¢ sp and Mrx g,p
are extensions of Mrx ¢, and Mrx @, respectively, by the reaction Prot — () with rate x. Then the
theory of linear CRNs provides the stationary variances, from which the Fano factors are computed as

Pogrp(d + k + k) LT
0+ kr)k+r)(k+0) d+k

(i —7)(r—r2)
7’(0271 —+ 6172 —+ 6 —+ H)

AFrxap = (

AFrx gsp =AFrxap +
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This yields

AFgrxcp 1
B C: (& 1
RPrxcsr 1y (1 o) (11 Pd ) 1o
1
= T b (199)
TS Ts 2 1+( P+TTX) !
T+ (1+ (2 + )71 (1+ P26 il h(p, f)
where 7p = k™! is the inverse protein degradation rate and 7q = k™! is the inverse sum of the

On and Off switching rates of the promoter. For 7p > 7rx, the expression amounts to Eq. (198).
This expresses what the structure switching contributes to the Fano factor compared to other external
protein noise sources, i.e., the intrinsic transcription noise and the promoter switching, while excluding
the intrinsic protein noise from the consideration. As an additional observation, if we include the
intrinsic protein noise in the comparison, and again assume 7p >> 7rx, we obtain

AFgirtx.a 1

L+ AFrx + AFgrx + AFgrxa 14 ((1 + ZX) (14 P2gB) + rl) h(p, f)

)

where m = r/§ is the average number of protein translated by one mRNA.

The findings in this section justify incorporating noise due to mRNA structure into CRN modeling.
Since with increasing number of structures, direct stochastic simulations of the conversion reactions are
expected to become inefficient, we aim for a model reduction that incorporates effects of the switching.
This motivates the remainder of our work. While we chose a model reduction approach via approximate
stochastic filtering, the projection operator formalism has been used as an alternative in the literature
[173, 174, 175, 99, 176]. We opted for an approximate stochastic simulation approach that does not
presume specific copy number regimes and switching timescales. The projection operator formalism
provides process equations only for the diffusion approximations. On a discrete state space, it yields
probability evolution equations with memory terms, from which no immediate process equation can be
derived for simulations. Stochastic filtering is more commonly applied for state estimation in partially
observed reaction networks [58, 89, 87|, whereas for model reduction purposes it was proposed by
Zechner and Koeppl [3] and rediscovered by Ocal et al [80].

8.1.4 Approximate filters for mRNA structure switching

The Hawkes filter can be compared to the multinomial filter, which is obtained as a multinomial
closure of the posterior mean equation (64). The stationary prior distribution of the heterogeneity
network is a multinomial M(N, (p1,...,px)). This suggests a multinomial moment closure, assuming
M(N, (61(t), ..., 0k(t))) for the posterior distribution. We use 0;(t) = N~ M;(t) and express the second
order terms in the posterior mean equation (64) as

0:(t)(1 = 0:(t)), i=j.

This leads to the multinomial parameter evolution equation

%i{NM%<» i #

k k

d
a@- = ;(_Ci,jai + cjﬂj) —10; + ;r]ﬂj&i (200)
i N

in-between jumps of the translation counting process. When Y () jumps at ¢, we get

(4 _ 1 T ;
0;(t) = 6:(t=) (1 vt NZ.?_ll(Tka)Gj(t)Jer) i#k (201)
1— Y 0i(t-) i = k.
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We call

R: @ NE;;I ri 0;(t)

Prot (202)

the model M{}, where M stands for multinomial. It is shown in [A5] that the multinomial moment
closure coincides with an entropic matching evolution equation. For k = 2, we call the model ME,
where B denotes binomial. The intensity of ME is equivalently expressed by

AP = Nrif(t) + Nra(1 - 0(t)). (203)

The model MY differentiates between translation reactions Ry, counted by Y;(t), and Ra, counted by
Y5(t). The evolution equation between jumps is equal to Eq. (200). However, the available information
about which reaction fired modifies the jump update equation Eq. (201) to

o(t) = ~ +55720(-), ifi(t) =Yi(t-) +1

Complementary, we considered the Hawkes approximate filter as in section 8.1.1. The mRNA switching
replaces promoter switching and protein production events replace transcription events

~>H
R 0 —2Y s prot. (204)

We indicate this reduced model by M with L denoting linear, For k = 2, it simplifies to a one-
dimensional evolution equation

dZ8(t) = — A(ZR(t) — p) At + B()( AY (1) — ZH(¢t) dt), (205)
%ﬂ(t) = —2AB(t) + 24 — B(t)?, (206)
20) = 50~ (207)
with
A=cio+ca1, 8= N(ry — ry)t— 1221 - N[121 TG

(c12+c21)? B 1,2+ C21

When we are interested in the asymptotic behavior, we may assume that B(¢) has equilibrated and
replace it by the constant 8 = /A2 + % — A. Then the model reads in differential form

A7 () = —a(Z(t) — o) dt + B AY(E),  Z(0) = p,

HA (208)
=A+ ) = i
o By o=+ e
and in integral form
¢
Z9(t) = o + / Be=at=) dy (u), (209)
0

upon replacement of ZH (0) = po for convenience, which is justified for the asymptotic analysis. In
particular, under the equilibrium assumption the model M{ for k = 2 yields a Hawkes process with
standard exponential kernel. We indicate whether we used the non-equilibrated or the equilibrated
case.

8.1.5 Comparison of Fano factors for approximate filters

In this section, we apply the result of section 4.4 and investigate the Fano factor in the two-structure-
model with constant mRNA number. While comparing the contributions of noise due to structure
and intrinsic transcriptional noise in figure 11, here we investigated the relevance of fast switching
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r2
ci,2+ca1”

timescales compared to the slowest translation rate, i.e., the dependence on 7g/771, = As

discussed in subsection 8.1.3, the Fano contribution AFg due to structure is

AFs — 275(p — )*f(1 = f) (210)

mr(f(p—1) +1)
For the Fano factor Fy of the binomial filter, Eqs. (200)-(201) for k = 2, we use that it is of the form
in Eq. (108) with one-dimensional global parameter and V(¢) = (r1 — r2)0(t—)(1 — 6(t—)), see the
section 8.1.6 below. Using Eq. (109), we find that AFg = AFg + AFps with

275(p — 1)?(N — 1)Var[f.]
mrL(f(p—1) +1)

This shows that the binomial filter systematically overestimates the exact Fano factor, because AFp|g >
0 if N > 2. We explain this as follows. The binomial filter estimates the filter mean with only one
degree of freedom, since the filter parameter 0 is a scalar. The binomial ansatz, however, relies on the
implicit assumption that the events for finding either of the N mRNA molecules in structure Z; are
independent. The success probability is then calibrated, such that the mean matches, because there
is only one degree of freedom. But the events are not independent, since knowledge about the recent
history of the translation process adds implicit negative correlations. There is one exception. In the
case, when no event was observed for a long time, the filtering distribution converges to a binomial
distribution, implying that the independence assumption is met. For the derivation of the convergence,
suppose the 61, ..., 60 satisfy

AFg)s = (211)

k k
0= Zcijﬁi — Cjioj — rjﬂj + Zr,ﬂzﬂj

i=1
it
forall j =1,...,0k. Let 1,...,2, € Ng. Then upon multiplication with x;/6; and summation we get
k 0. k k k
0= Z Cijl‘jefz‘ — CjiTj — erxj + Z’mel(z ij)
i,j=1 J j=1 i=1 j=1

i#]

k k k
_ § 0i § 0 §
= Cij.’lﬁj? - cjixj — ’I“j(.%’j — Uy .’1%)
ig=1 J j=1 i=1
it
Now, we employ the multinomial ansatz
" N!
m(x1,...,x5) = 607" ...szﬁ
T1:...Tk:

for any x1, ...,z € Ny that add up to N.
Plugging this ansatz into the dynamics (right-hand side) of the exact filtering equation, we obtain

Z @)
k
= Z Cilj(l‘i-i-l)ﬂ'(...,xi—i-1,...,33]' —1...)
k
— cjiay (@, k) — > (e — B[ X)) m(a, )
=1
k 9 k
=@, wk) § Y CijTjg- = Cjitj = > rila; = Nbj)
i,j=1 J j=1
i#]
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by applying N = Z _, x;. Hence, the multinomial distribution is the equilibrium distribution of the
filtering equation between jumps.

In order to evaluate the term Var[0.] in Eq. (211), we made use of that computes the asymptotic
conditional intensity distribution (ACID) in a simulation-free way. The technique makes use of the
convenience that 0; is a piecewise-deterministic Markov process.

The reduced model M2, yields the analogous result, Eq. (211), with the respective 6;. In this case,
the asymptotic moment Var[f.,] can be obtained by a tight moment bound approach [42, 41]. Applying
the Ito formula for counting processes to the powers 0',n = 2,..., N yields a system of N — 1 linear
equations in the moments E[02 ], ... E[#Y+1]. Then E[¢2 ] can be maximized and minimized under the
additional inequality constraints

Elfoo] > E[6%] > E[63] > --- > E[pH] > 0.

For large enough N the obtained upper and lower bound are tight. Details on the moment equations
and the linear program are found in [A5].

The reduced model M{ agrees with the exact model in terms of the Fano factor, compare 4.1 for
the non-equilibrated case. For the equilibrated case, Eq. (208), see section 8.1.6 below. Apparently,
the model uses its degrees of freedom g, «, 5 to match the three parameters (i) mean, (ii) variance
and (iii) correlation time of the modulating process Z; or, equivalently, f,p, 7s/7rL, that determine
the asymptotic Fano factor.

8.1.6 Derivation of the Fano factors for the model reductions ML, MY and M{
For the model ME, i.e., M} for k =2

(rl —TQ)Ne(t—)+N7"2

R: 0 Prot, (212)

compare Egs. (200)-(201), the intensity is expressed affine-linearly in 6(¢t—) of the form in Eq. (108)
with ©; = 9(t) S [0, 1], d=1=1, 6 = 0271(0172 + 02’1)_1, V(t) = (7“1 - Tg)(g(t—)(l - Q(t—)),
A=c192+4+¢21,C =N(r1 —r2),a=Nrs.

Then Eq. (109) yields

tli}m t~Var[Y;] = Edgo + 2CAH(E[V (00)] + CVar[fs])

C2.1 2(ry —19)?N c21 Nc3 )
=(ry —r9)N————— + Nry + : - : + (N = 1DE[0
(1 2) c12+ca1 ° c12+cC21 crgtcar (c12+e21)? ( JElf]
c2,1 2(ry —r2)®N ( €1,2C21 9 )
=(ri —r9g)N————— + Nry + == + (N — 1)Varl|0
(rs 2) C1,2 +C21 ? 1,2+ C21 (c1,2+ c2,1)? ( ) [Bcc]

~ 2(ry —19)2N(N — 1
= lim ¢~ 'Var[Y;] + (rs —r2) N{ )
t—o0 c12+cC21

Var[f],

where Y; denotes the counting process of model Mg. The asymptotic Fano factor is hence given by
27"%(% —1)%(N —1)Var[f]
5 e (f(E— 1) +1)
275(p — 1)?(N — 1)Var[f.]
mru(f(p— 1) +1)

Fp =Fs+

:FS+

)-.<

2(t)] with ©, = 0(t) € [0,1],

o(
(1) = —rab(t-)(1 — (1)),
:= Y1(t) + Ya(t). Then the

For the model MY we have a bivariate counting process Y; = [Y;(t),
d=21=1, V() = [Vi(t),Va(t)] for Vi(t) = r0(t—)(1 — 0(t—)),
A=ca+c,:1,01 = Nri,Cy = —Nra, o1 = 0,0 = Nry. Denote Y (¢

VS

(t
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asymptotic variance Y; is given via the asymptotic covariance of Y3, i.e.,

. Var[Y(T)] 1 1
i, P <0 i ot )
C2.1 2(ry —r2)?N ( €1,2€2,1 9 )
=(ry —rg)N———— 4+ Nry + == + (N —1)Var[fZ,
(rs 2) €12+ C21 ? C1,2+ C21 (c1,2 +c2,1)? ( ) Bcc]

- 2(ry —1m)2N(N -1
= lim ¢~ 'Var[Y;] + (r = 72)" N )
t—o0 C1,2+ C21

Var[foo],

where Y; denotes the counting process of model Mg. The asymptotic Fano factor is hence given by

275(p — 1)2(N — 1)Var[f]
mrL(f(p—1) +1)

For ME, we use O(t) = Zy(t) and V (t) = BCTZ%(t)u~". Then at equilibrium in Eq. (111) we obtain

Fp = Fs +

ACov[O4] — Cov][O4]AT
=E [V/(c0) diag ™" (Aso)V (00)"]
=BCTu~'CB
and, assuming that A is invertible, see appendix B, in Eq. (109)
Jim ¢~ E{(Y; — B[Yi))(Y; ~ E[¥;)7]
=Elo + CAY(BAT + ABYA™TCT + CA™Y(BCTy~'cB)A~TCT
=Elo + CATH(AD + 24T AT CT
=E)\ +C(xA™T + A71%)CT.

8.1.7 Demonstration of modular embedding of mRINA structure switching

We demonstrate how the binomial and the Hawkes filter can be used to incorporate intragenic trans-
lational heterogeneity due to mRNA structure into existing gene networks in a modular way. For
this purpose, we need to generalize the filters for time-varying N. We assume that each mRNA
structure degrades with the same rate and that new mRNA molecules are synthesized with probability
given by the stationary distribution of the prior process, i.e., a categorical distribution [py,...,px] as in
Eq. (138). Let us first consider the case N(t) = N(t—)—1. Since the N(t—) mRNA molecules are non-
distinguishable, by symmetry each of them is in conformation Z; with probability Ex_)[Z;]/N(t—),
where 7(t) denotes the exact or approximate filtering distribution. After any of the non-distinguishable
molecules degraded, again by symmetry, the remaining ones are still in the conformation Z; with
probability Ez_)[Z;]/N(t—), which implies Ez [Z;] = %Eﬁ(t_)[zi]. For the multinomial fil-
ter, this means 6;(t) = 6;(t—). Let us next consider N(t) = N(t—) + 1. The newly synthe-
sized mRNA molecule is in conformation Z; with probability p;, whereas the N(t—) are of type Z;
with probability Ez_)[Z;]/N(t—). Hence, the expected mRNA molecule of type Z; at time ¢ are

Ex(1)Z:] = Ea(1—)[Z] + pi- For the multinomial filter, this reads 0;(t) = Y{510;(t—) + . For the
Hawkes model, let us first consider the case N(t) = N(t—) — 1, then Zy(t) = %Zo(t—) because it

scales linearly in NV, and furthermore 8(t) = §(t—), because the ratio of the variance and the mean does
not scale with N. Next, we consider N(t) = N(t—) + 1. Then Zy(t) = Zo(t—), because a stationary
contribution to the mean of the new mRNA does not contribute to Zy(t), which is linearly shifted to
have mean zero. The contribution of the new mRNA to the variance is independent of the conditional
variance of the present mRNAs, which means it is added. For the ratio of the variance and the mean
this implies ,

(t—)+1 N(t=)+1 (rif +ra(l = f))

As a case study, we considered a stochastic toggle switch [177] which exhibits bistability caused by
mutual repression of two gene products. The first output protein represses the mRNA of the second
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output protein via a decreasing Hill function and vice versa. In the model, we included the effect
of mRNA structure, such that the full symmetric reaction system that we considered contains the
following reactions

Ri,Ry 0" 2,730
Ry, Ri 0" 71550
Rs 2Ziq — g 71,2
Rg 1212 = = — 21
R7 . Zl,l S Zl,l + PI'Otl
Rg : Z1,2 3 Z1,2 + PI‘Otl
Ry : Prot; oy 1]
Mrxs: hos 1
Ry, R11 20 = Zoa gy
Ry, Ri3 0 hap Zz Y
Ry, 221 2
Rq5 5Z2,2 _> Z2,1
R16 : Z271 g Z2,1 + PI‘OtQ
Ri7 1o kY 7.9 + Prots
ng : PI‘OtQ 51{“ @

with hi1 = g(P2)f, hi2 = g(P2)(1 — ), ha1 = g(P1) fho2 = g(P1)(1 — f),g(z) = W> where p
is the half-max concentration, « is the full induction and H the Hill coefficient.

We also considered the reduced models, that consist only of the TX, TL and degradation reactions.
To this end, we replaced the translation rate constants by one of the following time- and history-
dependent filters, the Hawkes and binomial filter. The Hawkes model reads

Py)
Ri,Ry 0°% 7z, 0
R3 : Zl A l(t) Z1 + PI‘Otl
MP A R4 ZPI'Otl —% (Z)
L~ g(P1) or
R57R6 Z(Z) Z —;( (Z)
R, 1 7o AL, 2( ) Zo + Prots
Ry - Proty 2% ()

where Ar,;(t) = Z1, as in Eq. (205) with updates of N(t) as in the first paragraph of section 8.1.7.
For the Hawkes filter we used the non-equilibrated version, since with the repeated modification of N
we cannot expect the filter to be at equilibrium, but assume that it spends a non-negligible amount
of time in the transient regime. For the binomial model M’g , the reactions R3, R; obtain altered
propensities A\g ;(t) as in Eq. (203) with updates of N(t) as in the first paragraph of section 8.1.7.
The switching parameters and heterogeneous translation rates are accounted for by the filter. In the
case study, the parameters were chosen to match the mean translation rate of the extended model with
the one of the initial model as described in section 8.1.3 after the model introduction. We emphasize
that the extension does not alter the reaction types, in particular, it does not increase the number
of reaction types. Due to the model reduction via filtering, the switching reactions are not explicitly
simulated. Their effect enters implicitly via corresponding history-dependent propensities, that rely on
tracking a sufficient statistic, as opposed to depending on the current network state. For this reason,
a stochastic simulation algorithm that handles time-varying propensities is required, which excludes
the convenient Doob-Gillespie algorithm. Accordingly, the results were obtained by our algorithm
presented in section 7.1 for the Hawkes model and a modified algorithm 1 for the binomial model.
The stochastic toggle switch can operate in three different regimes. Here, we looked at the two
bistable regimes with (i) stable modes and (ii) unstable modes. The third monostable regime, which
is characterized by a unimodal joint distribution of the two protein species, is not of interest here.
The bistable regime is characterized by a bimodal joint distribution. For (i), transitions between the
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Figure 12: Symmetric toggle switch with conformational mRNA switching. (A) Heatmap showing the
average number of switching events per hour for varying fold change and relative correlation time.
Fold change increases from bottom (p = 5) to top (p = 50), relative correlation time increases from
left (rs/7rx = 0.1) to right (rs/7rx = 100) with logarithmic axes. Estimated values from simulation
of the reaction system Msg. (B) The average number of switching events as a function of the relative
correlation time for three different fold changes (boxed by black in A). (C) Sample trajectories for
the first (black) and second (gray) protein species, p = 30.0,7s/7rx = 100. Exact and reduced
models are indicated. (D) Stationary variance of the protein abundance of the first protein species
as a function of the relative correlation time for two different fold changes (p = 10.8 is not shown to
avoid cluttering). In B and D, exact model Mg (solid line, values as in A) and reduced models M¥
(dashed), ME (dotted) are compared. Parameters were o = 15~ H = 5,p = 10,drx = 0.2s7 1,611 =
0.1s~'. Translation rates ri,7o and transition rates c1,2,C2,1 between structures were chosen such
that fri + (1 — f)ro = 1s7! with f = (p+ 1)7!, and according to values of p as well as 75/7rx =
drx/(c1,2+c2,1). To estimate the values shown in A, B and D, 100 trajectories were drawn, initialized
in (Zl,la Z172, PI‘Otl, Zg,l, Z272, PI‘Otz) = (5, 5, O, 5, 57 0) for the exact model and (Zl, PI"Otl, ZQ, PI‘Otg) =
(10,0, 10,0) for the reduced models. Simulations were terminated after 500, 000 reactions that changed
Prot; or Prots.

two modes are rare, and the bimodality is a result of the initial transition to either mode. For (ii), we
observed switching between the modes in the time course of a trajectory. A symmetric toggle switch,
which we study here, allocates both modes with equal probability. We expected that a heterogeneous
translation due to mRNA structure switching can alter the regime in which the toggle switch operates.
We conjectured that the stable modes of a bistable toggle switch can be destabilized. As we have
seen, the protein variance increases upon the introduction of heterogeneous mRNA structures. This
broadens the distribution of each mode, which increases the probability of transitions from one mode
to the other. Indeed, we found parameter choices for the Hill coefficient, the saturation values and the
degradation rates which exhibit a destabilizing behavior. As in section 8.1.3, the fold change between
translation rates is the ratio r1/ry. We investigated how the frequency of transitions varies for different
fold changes and timescales of mRNA conformational switching.

For the estimation of the number of switching events, 100 trajectories were simulated, until 500, 000
jumps had occurred in reactions that altered Prot; or Prot,. The system state at the jump times yielded
a time series. The time series was smoothed by a moving average with window length 100, and the
sign changes of the difference between the smoothed protein abundances were counted. Each of the
100 trajectories yielded one total number of sign changes. We added all total numbers and divided by
the sum of elapsed time over all 100 trajectories. The stationary variance of Prot; was estimated as a
time average over the appended trajectories. By the symmetry of the system in Prot; and Prots, we
appended all trajectories of Prots, even though both are clearly not independent.

Consistently, we found that the quasi-steady state assumption holds for fast conformational switch-
ing. We observed that the switch switches more frequently with increased fold change for slow enough
conformational switching (figure 12 A). This behavior is qualitatively captured by the reduced Hawkes
and binomial models (figure 12 B). However, quantitatively, the reduced models deviate, overestimat-
ing the number of switching events, compare also the sample trajectories (figure 12 C). Because of the
non-linear propensities for the repression, realized by decreasing Hill functions, we cannot expect the
protein variance of the Hawkes model to agree with the exact model. We observed a lower variance
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(figure 12 D). At the same time, the effect of overdispersion for the binomial model persists, compare
section 8.1.5. The switching behavior for the Hawkes and binomial models shows an interesting non-
monotonic relation (figure 12 B). While for an intermediate fold change p = 10.8 the Hawkes model
switches less than the binomial model, for a high fold change p = 30.0 the Hawkes model switches
more. We explain this by the following observation. Due to the constraints of its linear approxima-
tion, the Hawkes model spends an overestimated amount of time in intermediate propensity values,
whereas the binomial model leans away from the central propensity values towards the high and low
propensity values. For larger fold changes, in particular, this brings the two modes closer together for
the Hawkes model, whereas it broadens the modes for the binomial model. This explains not only
the underestimated variance for the Hawkes model, but also implies that the Hawkes model has more
overlaps between the modes, which makes transitions more likely. For the binomial model, on the
contrary, the more likely transitions result from increased allocation of low propensity values. This
example shows that quantitative deductions from approximate stochastic filtering, as presented here,
need to be treated carefully when a CRN contains non-linear propensities. Not only the monotonic
agreement of the approximate filter’s propensity with Snyder’s filter matter, but also the proportion
with which the filter allocates the propensity values.

8.2 Hawkes modeling

For the inclusion of structure switching in the previous case study, we observed cases where the Hawkes
model and the exact joint model agree, as well as cases with a discrepancy. Based on these observations,
we investigated the Hawkes approximation in more detail. We used the ACID as a discrimination tool
and compared the Hawkes approximate filter, Eq. (208), to the Snyder filter for the random telegraph
model with a dark current. Formally, the model is equivalent to the promoter-mediated transcription
model or mRNA-structure-mediated translation model with £ = 2 and N = 1.

We first provide the technical details of the computational approach for the ACID that uses sections
5.2.1 and 5.2.4. For this purpose, the Eq. (58) provides the one-dimensional sufficient state variable
of Markovian progression with linear F(z) = —a(z — po), f(2) = z+ 8 and | = id. The CI ), is the
left-continuous version of Z(t) in Eq. (58). The link to the BReT-P is established by Eq. (84) and (85)

m(7,0) = u(r,0) = po + e “7(0 — po), g(7,0) =m(r,0) + 5. (213)

The next proposition parallels the proposition 9.6. In the Eq. (215) below we also provide the analogue
of Eq. (286), i.e. the kernel for the direct method. The support of po(6) is (po + 5, 00) and contained
in (pg,00). We consider the equidistant partition b; = pg +iA68,i =0,..., N for Af - N large enough
to cover most of the probability weight, i.e., for

AG-N [e%s)
/ po(0+ o + ) doz/ po(6+ o + B) 6.
0 0

Proposition 8.1. Suppose that we partition the truncated po(0)-support @ = (o + 8, po + 8+ A8 - N

into equidistant intervals (b;—1,b;] with b; = po+ B8 +1i-A6,i = 1,...,N and choose representatives

0; = %. Then the matriz entries in (125) are given by

Ai)j = R(bi, 97) ANl — R(bi_l, GJ) A1l

with

Ko
6 - - o —1 ’
R(oa 9,) = ( e/ﬂ_ MOILLO> eia (0 79+'B).

Proof. Continuing with Eqs. (213), we solve the Eq. (91) to obtain

plr,0) = ¢ exp (9;’“(@—6” - 1)) .

Define the function

- " — po
T,0") :=a"'1 ( > 214
(6,6) =~ In (G5 (214)
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The number of solutions of g(7,0") = 0 is N(6,6") € {0,1} with 7(0,6’) = T(6 — 3,60’). Then the
matrix entries in Eq. (125) are given by
Aivj = p(T(bH 9]) \ Ov 0]) - p(T(b’i—la 9]) \ 07 0])
= R(bz, 93) ANl — R(bl‘,l, 9]> Al

O

The ACID was obtained from a fixed point iteration as described in 5.2.1 and, according to section
5.2.4, we employed 7(™(0,6) = T(0,6), see Eq. (214), with numerical integration in Eq. (132).
Examples are shown in fig. 13. The other way to obtain the ACID via the direct method in Eq. (134)
yields for the Hawkes process

ko _
o

m'(m — o)
0

e (m=—m’=p) (215)
a(m/ + B — po)~ @

K(m,m') =
in Eq. (133). By "iterative solution" [178, p.2] this fixed point iteration could have originally been
meant instead of the method of steps. Fig. 13 shows agreement for three Hawkes examples.

The approximate py(m) may serve as initial distribution of Ao for the stationary Hawkes process.
Using martingale theory, the equilibrium variance of A; was derived to equal

A 2
Var[i] = m.

For this purpose the process equation for the Hawkes process is rewritten as

(216)

dA = —v(\ — cp) dt + 3 dQ

with the canonical ]-"ty -martingale increment d@Q; = dY; — 5\t dt. The parameters are linked as derived
in Eq. (68) with the correspondence A\ = ug, BD = 5, A = ~, i.e.,

2cy02
B= |12+

=7, a=7+ 8, apg = cu, (217)

see also Eq. (208). We are interested in the asymptotic behavior, i.e. Moo It can be brought to finite
time ¢ under the shift [60] of the time domain [0, 00) to (—oo, t):

¢
A = cp —|—/ e 798 4Q,. (218)

— 00

By the Ito isometry for counting processes, Eq. (5), we get Eq. (216) from Eq. (218) via:

t 2 t )
( / e t=9)p dQS> ] = / e~ B2RIA ] ds

= c?0% — cuB = Var[\] — E[\]. (219)

Var[\] = E[(As — cp)?] = E

cBu
2

In section 8.2.4 below, we take Eq. (219) as a point of departure to define a relative effective noise that
is transferred from the environment to the subnetwork. The parameter sets in fig. 13 were chosen,
such that the ACID’s first and second order moments are constant, but vary in the exponential decay
parameter « of the Hawkes kernel. This makes the shape vary qualitatively. While, for fast decay («
large), the region near the base value pyg is frequented more heavily, for slow decay, the CI spends more
time in the middle regime around the mean cu. This illustrates that the ACID analysis goes beyond
the mean and variance analysis, i.e., that the ACID is parameterized by more than two parameters.
Let us return to the perspective of the previous subsection, where we saw the Hawkes process as an
approximation of the MMPP modulated by (Z;);>0. We emphasize that the stationary distributions,
i.e., the distribution of A for common input processes (Z;);>0, such as the Cox-Ingersoll-Ross process,
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Figure 13: ACID for the Hawkes process. ACID mean cuy = S—f% = 2 and ACID variance
% = 1 were constant, while o € {0.3, 1,3} varied. The truncation Af-N of the support was chosen
to be the 0.999-quantile of the Gamma distribution with mean cu and variance c?02. Discretization
granularity was N = 200. Additionally, three equidistant representatives 6;, see Eq. (124) were chosen
in each interval. Their mean function evaluations were used in Eq. (125) for the coefficients of A.
Number of iterations was L = 15. Comparison of BReT-P and direct method is shown, where the
discretization granularity was N = 1000 for the direct method.

see case study 8.2.3 below, the birth-death process or random telegraph model, are entirely character-
ized by their mean and their variance. The autocovariance decay parameter 7, i.e., A in Eq. (C2), is
not captured by Ao. In contrast, the ACID Moo does capture a change in -, see fig. 13, so it contains
temporal information about the input process. Next we go into detail about the comparison of the
MMPP and its Hawkes approximation with the ACID and the RER. This exceeds the second-order
analysis, which by theorem 4.1 fails to tell them apart.

8.2.1 ACID discriminates Snyder and Hawkes filter

In the promoter-mediated transcription model with three structures, case study 8.1.1, we observed
that the Hawkes model does not capture the trajectory-wise non-linear Riccati dynamics of the Snyder
filter, see figure 7G. While the trajectories provide an empirical comparison of the dynamically evolving
conditional intensities. The information-measure RER, on the contrary, can assess the deviation of the
path measures. Alternatively, we use the ACID for an ensemble comparison of assumed conditional
intensity values, that summarizes the comparison of trajectories. We compare the Hawkes filter to the
exact Snyder filter, i.e.,

A —2o) (A1 — A)

t—

dh, = {clA/\ —(ea+e1 + ANy — o) + (A — )\0)2} at + 4 av;, (220)

see also section 6.1.2 and information-theoretic applications 9.2 and 9.4.1 below. We fixed the dynamic
range A\ = 1 and varied the intensity \g for the Off state, i.e., the leakage. The RER and the empirical
comparison of the ACID is employed to detect the parameter regimes where the approximate marginal
simulation deviates from the exact marginal simulation (fig. 14b, ¢). Let P denote the path measure of
the random telegraph modulated counting process with leakage, i.e., with the CI given by the Snyder
filter and Q the Hawkes process. Following section 5.2.3, the RER D(P||Q) was computed. Figure 14e)
shows that for fixed switching rates, gain and amplitude, the deviation gets more severe for smaller
leakage. We also computed other similarity measures, depicted in fig. 14f). The Wasserstein metric
compares the ACIDs, while the metric

R Y
lim — [Ae — Ay dt. (221)
T Jo

T—00

implements a path-average L'-comparison. It depends on the context, i.e., the approximation goal,
when to use a comparison of the ACIDs and when to use the RER for assessing an approximation.
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Figure 14: The random telegraph with dark current modulates a Poisson process. Compar-
ison of the exact Snyder filter and the optimal linear filter (Hawkes process). a), d) Lower panel shows
100 realizations of the approximate marginal simulation (blue, increasing) and the exact simulation
(red, decreasing). The lower y axis was flipped to simplify visual comparison. Upper panel compares
A¢ for the Hawkes (blue) and the exact (red, dashed). The trajectory t — Y; for which both where
computed, is shown in the lower panel (black). b), ¢) The cdfs of the ACIDs are compared for Hawkes
(blue) and Snyder filter (red, dashed). e) The RER between the counting process obtained by the
Snyder filter, i.e., the MMPP with the random telegraph input, and the Hawkes process is depicted for
increasing dark current. f) The Wasserstein metric between the Hawkes ACID and the exact ACID
for increasing dark current. The dashed line depicts the path metric (221) obtained from a) as the
average distance between both paths. (The trajectory ¢t — Y; was obtained from the Snyder filter.)
All plots used the parameters AN = 1,¢; = ¢ = 0.1,¢ = 1. Dark current varied in e), while a), b)
used A9 = 0.1, and ¢), d) used Ao = 4. Both values are indicated as dots in e) and f).
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When approximating the MIR via Eq. (121) with an approximate filter Ai, & comparison of the ACIDs
seems suited. According to [85], the RER precisely quantifies the error of a mismatched computation
of the MIR, i.e., if an approximate filter is used in Eq. (8), while (Y};);>0 is distributed according to
the original counting process. Note that this differs from approximating Eq. (121) with A being
the ACID of the approximate filter. In the latter case, also the measure with respect to which the
expectation is taken, changes (compare remark 5.2) or, in other words, (¥;):>0 in Eq. (8) is a counting
process with the mismatched CI.

8.2.2 Mixing effects

At the end of case study 8.1.1, we observed that a higher copy number in the environment of switching
structures and faster switching than synthesis could impose more agreement with the Hawkes model.
Moreover, the section 8.2.1 revealed how the KL divergence decreases with faster switching and low
fold change even for the extreme case of N = 1. In addition, we observed that the binomial model
overestimated the variance of translation events with higher N, while being accurate for N = 1 (section
8.1.5). With its quadratic evolution equation it is able to capture the case when the intensity values
are concentrated more in the upper and lower region of the interval of achievable intensity values,
see figures 7F and 14a)-b). Building on these observations, we hypothesized that M{; and MF,
see section 8.1.4, are advantageous in different regimes. The model Mf appears to be appropriate
when the intensity of the exact model MY allocates the intermediate regime most of the time. We
conjectured that different mixing behaviors imply this condition, i.e., (i) large enough N, (ii) smaller
p, (iii) larger k and (iv) faster 7 compared to 7rx. As for (iii), with one more conformation that
allocates an intermediate translation rate, we would expect an additional mixing effect in terms of
allocating medium intensity values. We hypothesized that k = 3 is disadvantageous over k = 2 for the
multinomial compared to the Hawkes model.

In order to check this systematically, we considered a cube with the three axes k, N,p and the
values k € {2,3}, N € {2,5}, p € {10,30}, compare figure 15A. For each of the eight combinations (the
vertices of the cube), we evaluated whether M{ or ML (MF) was more advantageous in terms of a
lower KL divergence rate. If our hypothesis of the mixing behavior was true, we would expect to find a
separating hyperplane, s.t., the vertices on one side of the hyperplane would be advantageous for MY
and the vertices on the other side would be advantageous for M{;. As a fourth parameter we varied
7s/7rL. To elaborate our hypothesis, we included intermediate values in our study to visualize the
transition between mixing and non-mixing conditions. In figure 15B, the KL divergence rates for the
faces k = 2 and 3 spanned by (N, p) are shown, while in the case k = 3 we iterated over three network
topologies. Results are shown for the fixed relative timescale 7s/7rr, = 1 and for the three-node-chain
topology, see figure 16. For a faster timescale of 75/71r, = 0.1 and for the approximately balanced and
flux network the results are shown in the figure 16.

Our analysis revealed a higher complexity than what we conjectured in the cube hypothesis. The
main reasons are influences that were not captured in the abstraction with three parameters, such as
the network topology in the case kK = 3 and the timescale of conformation switching. But also among
the three parameters, we found deviations from the hypothesis. While for IV there was a clear opposite
trend for ML and M as hypothesized, for p homogeneous trends can be observed and for k effects
were heterogeneous for M{;, depending on the network structure and the timescale. Thus, in the
following, we elaborate on the details of these findings. In order to resolve effects only present in either
Mf or Mﬁ, we chose to present the KL divergence rates for both, instead of their difference, which
would obscure some trends.

Independent of k£ the multinomial model has the worst accuracy for p = 30, N = 5, the extreme
values among the ones studied. Decreasing N or decreasing p from there improved the accuracy. In
contrast, the Hawkes model exhibits an opposite trend. Its worst accuracy is found for p = 30, N = 2
while increasing N or decreasing p improves the accuracy. As expected, for slower switching the overall
accuracy decreases, compare figure 16. Changes with N confirm our hypothesis: For fixed p, decreasing
N improves the accuracy for M{;, while increasing k improves the accuracy for M. The larger p
the stronger is this effect. The outlier to this trend, M{ k =2, N = 2,3, 75/711, = 0.1 can likely be
attributed to a numerical approximation error.

For M{, the additional mRNA conformation with intermediate translation rate (k = 3 instead
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Figure 15: Comparison of models M{; and M{" in the context of different mixing regimes characterized
by k, N, and p. (A) Cube with vertices corresponding to the minimum and maximum values of the
three mixing parameters k, N, and p. (B) Heatmaps showing the Kullback-Leibler divergence rates
(logarithmic scale) for (i) both models, and (ii) £ = 2 and k¥ = 3 mRNA conformations. In the
latter case, the underlying network topology is the three-node-chain from figure 16. In all cases, the
relative timescale 7s/771, was set to 1. The full heatmap table for all three &k = 3 topologies and the
additional relative timescale 7s/7rr, = 0.1 can be found in figure 16. (C) Histogram of P—channel
intensities for the exact, multinomial and Hawkes approximation for the chain network with N = 3,
1 =0.1,70 = 0.3,r3 = 3, (thus p = 30), and switching rates ¢1 2 =4 = 23,21 = 6,¢3,2 = 8 scaled so
that 75 /71, = 1. Used with permission of Maleen Hanst.

P/aqP P
MB/MM ML
Ts/TTL=0.1 Ts/TTL=1 Ts/TTL=O.1 TS/TTL=1
-4.458 -3.741 E -5. £ -0.6172
-3.818 -8.042 -5. 4 = -0.5935

-3.518 1. =5.i - 99 - -0.6212
-3.377 -6. = 4 -0.6686

-6.167 -4.798

-5.727 -4.353

-5.554 -4.15

-5.494 -4.06

-6.208 -4.719 . -7. - - 3111

-5.814 -4.32 - . -7. - - -3.996 -2.992

-5.65 -4.149 -1, -0. . -7. - - -4.472 -3.768 -

-5.552 -4.065 - : -7. - - -4.87 -4.137

QX Q:\ o NN q:\ o NS Q} o NS q:\ o

7 7 7 7 7 7 4 7 7 7 7 7 7 7 7 7
N NN Q Q NN Q Q NN Q Q NN Q

Figure 16: Full table of heatmaps: Kullback-Leibler divergence rate (logarithmic scale) for (i) the
multinomial and Hawkes model, (ii) ¥ = 2 and 3, and (iii) relative timescales of 7g/7rr, € {0.1,1}.
Heatmaps spanned along (N, p). Used with permission of Maleen Hanst.

of k = 2) causes an the effect claimed in our hypothesis, with higher accuracy throughout the three
network topologies for both timescales. In the multinomial case, the behavior is depends on the
topologies and timescales. For the depicted chain network, the accuracy decreases strongly for both
timescales as our hypothesis claimed. For the approximately balanced and flux network, the result is
more heterogeneous and depends on the timescale as well. For fast switching, the accuracy increased
for both of the two topologies. For slow switching the accuracy decreased strongly for the flux and
slightly for the approximately balanced network. Contrary to our hypothesis, decreasing p improves
the accuracy for both models. For Mf ,k = 2 at both timescales, the fold change p is the dominant
factor determining the accuracy, compared to the number of mRNA molecules N.
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In figure 15C, histograms of the intensity values at equidistant time points for the models ME,
MPE . ME are shown. We observed three distinguished peaks in Mg corresponding to 0,1,2 mRNAs
in structure Zs. Opposed to the hypothesized limitation of the Hawkes model in non-mixing cases, we
see that the peaks are captured qualitatively, even though they are not peaked enough.

We conclude this section with two remarks on what makes either filter advantageous, giving inter-
pretations that are to be tested in further experiments. First, we found that the worst overall accuracy
was observed in the multinomial case for the chain and flux networks within the slow switching regime
(rs/7r, = 1). We hypothesize that the reason for the strong deviation is the network structure which
violates the independence assumption in-between molecules for the multinomial filter, but this need to
be evaluated in more detail in ensuing work. Second, the Hawkes and multinomial filter have different
failure modes. The Hawkes filter tends to over-allocate the intermediate regime of achievable intensity
values, see figure 15C, which becomes a limiting drawback when there are not enough mixing prop-
erties, in particular for very small N. In order to achieve the same variance as the exact model, the
intensity at peaks is over-estimated which compensates for over-allocating the intermediate regime, see
figure 15C. For the multinomial filter, a general characteristic is that it is too steep in the intermediate
regime and tends to over-allocate the high and low achievable values, implying the overestimation of
the variance. Similarly as for the Hawkes model, we observed that it overestimated at the intensity
peaks.

8.2.3 Hawkes versus Gamma filter

The Gamma filter [3, 81] is an approximate filter obtained from conditional moment closure. It
departs from a doubly stochastic Poisson process (Y;);>o that is modulated by a Cox-Ingersoll-Ross
(CIR) process [57]. As introduced in section 6.3, the CIR process is a Markov process with stationary
CIR-mean p and CIR-autocovariance function o?e 7%, i.e., Z; ~ CIR(,02,7) turning (Y;):>0 into an
MMPP for which we assume \; = cZ;. The Gamma filter is the assumed density filter, where Z;|Yo 4
is assumed to be Gamma distributed. With two degrees of freedom for the Gamma distribution, two
equations sufficiently describe the filter. One governs the mean, one governs the variance. Expressing
the Gamma’s third centered moment in terms of mean and variance justifies the replacement E[(Z; —
3| FY] — 2B(Ze—p)?|F)N )
p)?|F] = E[Z:|F)] .
Gamma filter. This yields a self-exciting process (Y,%);>¢ with (M;, S;) mimicking (E[Z,|F} ], E[(Z; —

)2 FY]), the CI AS = ¢M,_ and

Consider an approximate marginal simulation of (Y;);>¢ that uses the

S,
AM; = {—~(M, — p) — ¢S;} dt + —— dy,¢

My
o? S? S7 G
dSy = {—27(S: — ?Mt) - 20@2}0% + ME dy;”. (222)

It is instructive to contrast the approximate marginal simulation of (Y;);>o with the estimation of
(Zi)1>0- Both perspectives can make use of the equations (222). In approximate marginal simulation
(Y,)i>0 is by definition self-exciting with A¢ = ¢M,_, while in estimation Y,¢ in Eq. (222) is replaced
by the original (Y;);>0, which is self-exciting with intractable CI A, = ¢E[Z;|F}]. We proceed with
(Y,%)i>0, i.e., the approximate marginal simulation. While the CI S\tG alone is not of Markovian
progression, the joint (M, S;) is, yielding dim(Y;)i>0 = no = 2. With 0(t) = (M, S¢) at jump times,
the sufficient statistic can be defined.

The Gamma filter and the Hawkes filter were obtained from the CIR modulated Poisson process
with a different ansatz. The ACID is now employed to discriminate between approximate marginal
simulations with either one, indicating its limitations as a discrimination tool for approximate filters.
It, however, informs a decision, in which parameter regime to replace the Gamma by the optimal linear
filter when approximately computing the MIR. Moreover, the Gamma filter is used to illustrate the
method for dim(Y,%);>0 = 2.

The Gamma ACID was computed using sections 5.2.1 and 5.2.4. The (m, s)-plane was truncated
in a way to respect the minimal value of m in the progression Eq. (222) and to cover 99,5% of the
probability mass of a Gamma distribution with mean cp and c?0%. The bounds of the auxiliary s
were dictated by the minimum and maximum in Eq. (222) for the above determined range of m. The
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rectangular (m, s)-domain was partitioned into 100 x 50 congruent rectangles. Denote the boundaries
of the rectangles by b/ and b;, respectively. Similar to the Hawkes ACID, 3 x 3 equally spaced
representatives 6;, see Eq. (124), were chosen in each rectangle. Their mean function evaluations were
used in Eq. (125) for the coefficients of A. As for the DOnSOff numerical approximation, the times
7(07) in (125) that satisfy

91 (7—7 9;) = br or gz (Ta 0;) = bf (223)

were found by evolving the ODE system (91), (222) and checking for the event (223).

Consider the MMPP (Y});>0 whose external signal is a CIR-process, i.e., satisfies Eq. (C1). The
Hawkes process seen as optimal linear filter and the Gamma filter both approximate the CI of (Y;);>0.
We compare them for the same parameters p, 02,7, c. First, we inspect the asymptotic mean slope
and variance slope for the Gamma filter.

Proposition 8.2. For (Y;);>0 the CIR-modulated Poisson process and (YH)i>o the corresponding

Hawkes process and (YtG)tzo the approximation via the Gamma filter it holds

1 1 1
lim ~Var[V;%] = lim ~Var[V;] = lim ~Var[V,"].
t t—oo t t—oo t

t—o0

Proof. By application of Eq. (112) for ©; = M; and V; = S; we obtain that

1 2¢2(E[Ss M,
lim SVar¥,€] = e 4 2 ElSoc] + VariMoc]) (224)
t—oo t y
Furthermore, the Gamma filter satisfies the variance decomposition
E[Sw] + Var[M,] = o2, (225)

by the following derivation. The Ito rule, proposition 4.8, yields the evolution equation of M? from
Eq. (108)

dM? = {2y M,(M, — p) — 2¢M,S;} dt + (M, + %)Q — M} dY;. (226)
t

By applying the E and dY; — cM;_ dt = dQ; we get

S? d d
cE [Mtj = aE[ME] + 29E[M?] — 2ypu? = &Var[Mt] + 2yVar[M,].

Taking the expectation in Eq. (226) and Eq. (222) yields

d 52

~(E 21,2 — cE |:t:| — 9+(E 21,2

dt( [M{] —p*) =c v Y(E[M;] - p7)
L R8,] = —21E[M2] + 2902 — cE St
dt t] = —<&Y t Yo c Ak

So the derivative of the sum evolves as

d
E(E[St] + Var[M;]) = —2v(E[S;] + Var[M;]) + 2yo>.
Since the sum starts in the steady state E[Sy] + Var[M,] = o2, it stays constant for all ¢ and in

particular in the asymptotic. As a consequence of Eq. (225) plugged into Eq. (224), the Gamma filter
agrees with the exact CIR-modulated Poisson process in asymptotic first and second order moment,
like the Hawkes process did. L

First and second order analysis cannot tell the counting processes obtained from the Hawkes and
the Gamma filter apart. A comparison of their ACIDs shows that they are remarkably similar. The
cdfs of their ACIDs approximately agree for a range of values o2, v, while the mean and gain were kept
constant 4 = 2,¢ = 1. The Wasserstein metric was computed for the regime (¢2,7) € {0.05,0.1,2} x
{0.2,0.4,...,4}. For the Gamma (Hawkes) filter, the numerical method yielded 93,0% (98,5%) of
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Figure 17: Comparison of the ACID for Gamma and Hawkes. a) and b) show the cdf of the
ACID for the Gamma filter and Hawkes process for p = 2,y = 0.65 and different values of o2. ¢) The
Wasserstein metric was computed for a range of v, 02, while y = 2, ¢ = 1 were fixed. In the examined
regime v has little effect, while the difference measure slightly increases with growing o2. The largest
deviation for v = 0.65, 0% = 4 was depicted in b) still showing agreement of the ACIDs.

ACIDs that had mean value less than 0.01 from the true value p and 40, 6% (53, 1%) with a difference
less than 0.001. For the Gamma filter, most outliers (deviation > 0.01) were detected for v = 0.05
or 02 > 4 -~ — 0.45. For the Hawkes filter all outliers were detected at v = 0.05. The Wasserstein
metric values ranged from 0.0005 to 0.13. When neglecting v = 0.05 the largest value was 0.078 for
02 = 4,7 = 0.65 and a decreasing trend for decreasing o2 was detected, relatively independent of +.
The large values for v = 0.05 can be explained by the numerical inaccuracy in the Gamma ACID.
Exemplary graphs for p = 2, = 0.65,¢ = 1 and smaller vs. larger variance are depicted in fig. 17.
The most prominent dissimilarity is found in base values and it becomes more pronounced for larger
variance.

In summary, a comparison of the ACIDs for a range of parameters revealed a slight increase
of the Wasserstein metric for increased o?. The parameter  had little effect on the Wasserstein
metric. Looking at the extreme case, fig. 17b depicts the example with the largest Wasserstein metric
among the considered parameters, revealing that the ACIDs are still very similar. Due to the ACID’s
limitation as a partial characteristic, we cannot deduce that the path measures are close in some notion
of distance. However, we conclude the following. When quantities are computed that only depend on
the ACID, the optimal linear filter - appealing with efficient analytic expressions - might replace the
Gamma filter. The MIR, Eq. (121), is such a quantity.

The MIR along the Poisson channel was efficiently approximated by Monte Carlo simulation in [83,
Case study 1] via the Gamma filter. We replaced the Gamma filter by the even more efficient Hawkes
filter. In more detail, for the birth-death input process (Z;):>¢ with birth rate yu and death rate -y
(i.e., mean p and autocovariance function pe=*) the gamma filter’s conditional variance equation is
slightly modified:

52 sz
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Figure 18: Comparison of the MIR I(Z,Y) for an MMPP (Y;):>0, approximately computed with the
Gamma and Hawkes filter. The input Z was a birth-death process with birth rate yu and death rate
~. In the biological context this corresponds to the gene expression model with mRNA counts Z; and
protein translation event counts Y;. a) The x-axis shows the average mRNA lifetime v~1. Both the
Gamma and Hawkes approximate MIR were computed as Monte Carlo average using [83, Eq. (16)]
with hyperparameters T' = 200, sample size 10,000. Parameters were y = 10,c=1and v =1,...,10.
The value at 0 was determined analytically via E[¢p(Z)] — ¢(E[Zw]), with Zs, ~ Pois(u). b) shows
the relative simulation time of the Gamma vs Hawkes in logarithmic scale with colors as in a).

In the limit v — oo ACID is a delta distribution at Ao = E[As] and hence
lim 1(Z,Y) = E¢(Ae)] — $(E[Anc]).

y—00

Note, that both the Gamma filter and the Hawkes filter yield only an approximation of the exact
MIR. Between them, the Hawkes filter can be preferred in this case with its gain in efficiency and no
loss in accuracy relative to the Gamma. In what respect the replacement works for more complicated
reaction networks, must be carefully evaluated.

8.2.4 Effective noise conjecture

In [3] a direct relation between the effective noise Var[Ao] and the noise of the output Y; was con-
jectured. The effective noise conjecture implies that second-order information about the environment
is lost in the marginal description of the subnetwork. However, the remark 4.3 shows that both the
variance of the environment and the autocovariance decay are recovered by the Hawkes process, and
both parameters are disentangled. Hence, at least for the modulated birth process, no second-order
information is lost, when the autocovariance function is available. For linear subnetworks with zeroth-
order modulation, the proposition 3.12 shows, how the second-order information of the environment is
convolved in the second-order information of the subnetwork. Whether the relation can be deconvolved
depends on the knowledge of I' and B as well as the rank of N;C.

We next suppose that only the variance of the Y; is available. Let us look at the claim that

Var[As], i.e., the variance of the ACID, can be interpreted as the effective variance transferred to Y.
In the expression (114) both the effective noise Var[Ao] and suppressed noise E[V (c0)] contribute,
which again rejects the conjecture. The conjecture suggested that a reduction of the environmental
variance yields the variance in the subnetwork. From Eq. (33), the autocorrelation time 7 is the
factor that reduces the contribution of the environmental variance to the variance in the subnetwork.
We asked whether, alternatively, a relative effective noise captures how the environmental variance is

reduced in the subnetwork, thus providing a direct relation. If we define the relative effective noise as

= % then the Hawkes Fano factor, Eq. (113) and Eq. (216) allows to be rewritten as
4n
F=1+ ——. 227
= np 220

Does this relation also hold for the Gamma filter?
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Theorem 8.3. Let (M, S;) be the Gamma filter associated with the quadruple (p,02,7,c) and th =
cM; the conditional intensity. Further let A]' be the Hawkes intensity corresponding to (u, 02,7, c).

Define n9 := VarD] and nM = M. Then

202 c20?

g

n? >n".

Proof. Considering the rescaling (£ %227'77 1) we may assume w.l.o.g ¢ = 1. From Eq. (222) we obtain

)

0= —2v(E[Ss] — 0?) — E [A%J .

Cauchy-Schwarz applied on /M., and —2=— yields

vV Moo
2 2
M, E[M]
Equality can be excluded: Suppose it would hold, then \/S]‘C}'; = av/ My for o deterministic. Clearly
a= ]@—"; is not deterministic, as seen from applying Ito’s formula, proposition 4.8, to Eq. (222). Taken
together, we obtain
E[Soo]?
2y(E[Ss] — 0%) + [u } < 0.
This implies E[Ss] < u8. By the relations Eq. (225) and (219) for ¢ = 1 it follows Var[A.] > Var[A%],
which implies the claim. O

As a consequence of the theorem the relation Eq. (227) is not exact for the Gamma filter. The
right hand side is strictly increasing in 7. If the relation held for the Gamma filter, the statement of
the theorem would contradict proposition 8.2. However, the numerical evaluation suggests that for the
evaluated parameter regime the deviation is not severe.

This procedure allows for a generalization: Suppose we have an intensity process A+ = cM, that
depends on some auxiliary process as in Eq. (108). The asymptotic Fano factor for such a process is ob-

tained from Eq. (113). Then we can define 1 := lim;_, #%7 appealing to the equalities (225)
and (219). This is an intrinsic definition of relative effective noise that requires no environmental pro-
cess with parameter o2. If V; can be obtained from a low number of state variables of joint Markovian
progression, the method introduced can compute the joint distribution of (;\Oo, Vo). Both Var[j\oo]
and E[V,] can be obtained from it to check how well n satisfies Eq. (227). So we hypothesize an
approximate relation (227) between the relative effective noise and the noise of the output, measured
by the asymptotic Fano factor. This relation can be intrinsically checked using the ACID and the
corresponding asymptotic distribution of the auxiliary process.

In summary, we reject the hypothesis of the effective noise contribution, that is based on a decom-
position of the variance into the contribution by the ACID and a suppressed noise The situation is
more complex and depends on an interplay of the variance and autocorrelation time, Eq. (33), or the
knowledge of both the variance of the ACID and the asymptotic expected conditional variance in Eq.
(114). We suggested a new direct relation that is based on a definition for a relative effective noise. As

shown, a relative effective noise can also be intrinsically defined for a self-exciting counting process.

8.2.5 Genetic feedback loop with fluctuating decay

As a next example we consider the following genetic feedback system studied by Holehouse et al. [49]:

R: : G — G + P

Ry G* — G + P

Ry : G+2P — G* (228)
R, G* — G + 2P

Rs P — 0

with extrinsic noise in the reaction rate parameters. Reaction Rz introduces the feedback.
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Figure 19: Genetic feedback loop with fluctuating decay as specified by the reaction system Eq.
(228). Environment was chosen with characteristics y,0? = D/7,v = 1/7. Parameters were
[24,464,1000/92,1000, 1] for the reaction rate constants, Q@ = 200, = 1,7 = 1 and D indicated
above, as in [49, Figure 3]. Figure shows Monte Carlo estimates from 107 equidistant samples from
one trajectory that was terminated after 4 - 10% reaction events. The first 107 reaction events were
discarded to ensure the chain reached the stationary regime.
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Holehouse et al. found for this system bimodal distributions in the case of a fluctuating decay
rate. We observed that the proposed tilted Hawkes model captures this bimodality, see figure 19. The
environment was simulated as a birth-death process, to mimic the reference model in the literature
case study. There is a difference with the case study 8.1.1. In case study 8.1.1, Z was bimodal, and
bimodality was transferred to X. Here, Z is not bimodal, but bimodality emerges from the topology
of X under the presence of noise in the decay rate.

8.3 Birth-death process in a random environment

Being guided by the general question of how the random environment leaves a fingerprint on the
ensemble statistics of the subsystem, we now focus on a minimal system to capture the fingerprint
on the mean. When a random environment modulates zeroth-order reactions, the mean value is not
altered compared to averaging the random environment to a reaction rate constant, see theorem 4.1.
As a minimal example consider a birth-death process with birth rate A and death rate p whose mean
approaches A/ in the equilibrium. By the argument for the mean of zeroth-order modulation we skip
the case of a stochastic A. If u is stochastic, in contrast, we expect effects of the random environment
on the mean, because the mean does not commute with the denominator, i.e., E[A/u] # E[N]/E[y].
Additionally, the excursions during ¢ = 0 (Fig. 3b) hint at a deviation from E[A]/E[y].

We illustrate this effect of three different stochastic environments E1 - E3 (Fig. 20a-c) on the
stationary mean of a birth-death process X. Our focus is on comparing the stationary mean of
the Q.SS model and ESME (theorem 3.7) to evaluate the effect of the random environment on the
mean of the embedded system. ESME requires the generator and the stationary distribution of the
Markov environment, as well as the reaction rate constants of the linear subsystem. The generator and
reaction rate constants are specified by the model, whereas the stationary distribution can be obtained
numerically, or in special cases analytically, e.g., for the class of monomolecular CRNs [154]. The
modulated first-order death reaction can be seen as a bimolecular reaction. Here, we demonstrate the
effect of different relative speeds between the environment Z5 and the subspecies X. The environments
E1 - E3 modulate the birth and death rates independently. The birth modulation via a birth-death
process Z; is the same in all cases, while the complexity of the death rate modulation Zs increases.

8.3.1 Death modulation via random telegraph (E1)

First, we considered the scenario where the death rate is modulated by a two-state Markov process
(Fig. 20a). A two-state modulation highlights the effect that the Off state Z5 has on X. When the
instant decay rate is zero, the molecular numbers of X increase unboundedly. We call these phases
excursions. We expect the stationary mean to depend on (i) the length and (ii) the frequency of
excursions, because (i) the temporal average during one excursion increases with the length of the
excursion, and (ii) if excursions occur more frequently, the excursion average value is weighted more
strongly. The frequency can be characterized by Pog := P[Z2 = 0], whereas the length of excursions
is proportional to the relative correlation time. The autocorrelation function of the random telegraph
process, as well as the birth-death process, is of the form e~*/7, where ¢ is the time lag and 7 is the
correlation time. Thus, for the random telegraph process Zy with On and Off switching rate cs, ¢4,
the correlation time is 77 = (c3 + c4) ™!, while for the birth-death process with constant degradation
ce it is Tx = ¢4 1 With these definitions, the expression of the stationary mean takes the form

E[X.] = E[X5] (1 + POHZ) . (229)

In the derivation, we used the ESME, Eq. (23). The birth rate is a birth-death process and the death
rate is a two-state Markov process (random telegraph model), i.e., consider the CRN (see Fig. 20a.)

Rl,RQ : @%Zl i)@
Rs, Ry : Zyt =17
3, 14 QC ca 2 (230)
R5 : Z1—5>Z1+X
R¢ : X 4+ Zy =% Z,.
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Figure 20: a,b,c Environment schemes for the birth-death process X. The two processes Z; and Z»
modulate the birth and the death rate, respectively. d, e, f The stationary mean as a function of
the relative correlation time systematically exceeds the Q.SS mean, to which it converges for a fast
environment (valid Q.SS assumption). d Lower panel. The contributions of Z to the stationary
mean (E1). For a slow environment the share of Z; = 0 dominates. e Upper panel. The asymptotic,
the intermediate and the degenerate regime can be distinguished (E2). The matched plot of El,
Eq. (234), shows agreement in the fast and slow regimes and a discrepancy for the intermediate
regime. Lower panel. The contributions of Z; = z for z € {0}, (0,E[Z2]), [E[Z2], ) to the stationary
mean indicate the distinct regimes. f Mutable Z5 synthesis (E3): The curves reflect different relative
speeds between environmental components Z5, Z3. For a fast Z3 the muting is neglectable and the
environmental effect E2 from e is recovered. For slow Z3 the deviation from the Q.SS mean increases.
g,h,i The asymptotic behavior for E1 - E3 as the relative subsystem speed tends to co. The log-log
plot demonstrates that E[X ] increases proportional with the relative correlation time. The dashed
line (proportionality constant) was computed according to section 8.3.4. Curves correspond to different
values of g P[Z3 = 0] in E1, h environment mean in E2, i relative speed of environmental components
in E3. The relative correlation times 7z /7x = cg/(cs + c4) (E1), cg/ca (E2, E3) progress from slow to
fast subsystem (hence slow environment) in increasing direction. All parameter choices kept the Q.SS
mean E[X25%] = 10 and the ratio c5/cs = 1 fixed. For E2, E3 E[Z,] = 8 was chosen unless indicated
otherwise, while in E1 E[Z,] was calibrated to match P[Zs = 0] with E2. For E3 E[Z5] = 0.8 was held
constant when varying 7z /75 = (¢7 + ¢g)/cq.
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The stationary means of Z; and Zs are easily identified as

1
Ez]=2,  ElZ]=

C3

In this case, the dimension of the subsystem is d = 1. Then A(z1,22) = ce22 and b(z1,22) = c521
are scalars. Since Z; only enters via the zero-order reactions, i.e., via b, we use the Q.SS assumption
and set it to its mean. This reduces the environment to Z = Z on the state space Z = {0,1}. The
generator of the environment is
[z
C3  —C4

with stationary distribution 7 = Bernoulli(es/(c3+c4)). The expression of the stationary mean is then

(Eq. (23)) e
_cacs(ezt e CeCq
bl = 252 (1 ) 231

In the queuing literature, [51] already derived an equivalent expression in terms of rate constants,
along with other characteristics for the model, e.g., stationary distribution, using a generating function
approach. The bracket term is larger than 1, yielding a systematic positive deviation compared to the
Q.SS as a reference model (section 3.1.1). Note that this can be expected from the moment equations.
The mean equation for X is

SEX(#)] = sE[Z1 ()] — c6E[Za(£) X (2)] (232)
= csE[Z1 ()] — B[ Za()|E[X ()] — c6 Cov|Za(t), X ()]. (233)

The first two terms in Eq. (233) would yield the Q.SS dynamics. Since Zs and X are negatively
correlated, the stationary mean is larger compared to the Q.SS mean. As Eq. (229) shows, the deviation
is proportional to the separation of timescales 77 /7x and to the probability P[Zs = 0].

Figure 20d (upper panel) portrays the stationary mean E[X ] as a function of the relative corre-
lation time 77 /7Tx = cg/(c3 + c4), given that the Q.SS mean and Pog are constant. Increasing the
relative correlation time can be achieved by accelerating X or decelerating Z,. Figure 20d (lower
panel) shows how the share of Zs = 0 increases with the mean waiting time in Zs = 0 (or decreases
with increasing speed of Z5). In the regime 74 /7x — 0, the stationary mean reaches the Q.SS mean,
confirming that the Q.SS assumption is valid for sufficiently fast Zs or, equivalently, slow X.

8.3.2 Death modulation via birth-death process (E2)

We next investigated whether the generic expression Eq. (229) still holds when the death modulator
Zy is itself a birth-death process (Fig. 20b). To this end, we altered 7, = ¢; * and Pog = exp(—E[Z])
and asked whether

£(2) = Exes) (14 L ew(-niz)) (234)

Cq Cq

approximates E[X ], computed via ESME. In Eq. (230), replace the two reactions R3, Ry by
Rs, Ry : 05 Z, =5 0. (235)

The full CRN is visualized in figure 20b. While the collection of rates A,b of the X dynamics re-
mains the same, we make adjustments in the stationary mean state space, generator and stationary

distribution of Z5 accordingly:
B[z =<, E[z)=2.

C2 Cq

The standard birth-death generator on state space Z = Ny is given by

c3, z=2'+1
A(z,2") = < es?, z=2 -1 (236)

—(c3 4+ 42, z=2
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Figure 21: Model E2 with leakage. Upper panel. Stationary mean as a function of In(cy).
The stationary mean systematically exceeds the Q.SS mean m = 9.97. Four regimes can
be distinguished: the asymptotic regime, the intermediate regime, the rising degenerate regime and
the saturating degenerate regime. Lower panel. The contributions of Z5 to the stationary mean.
Parameters were % = 60, i—i =6,c6 =1, = 0.02.

with stationary distribution = = Poisson(cs/c4). The expression of the stationary mean was already
presented in [52] and [50]. Analogously to model E1, we analyzed the behavior of the stationary mean
E[X ] as a function of the relative correlation time cg/cy. For computational purposes, we truncate
the state space Z to Zy = {0,1,..., N} with a large enough N. Here, N = 99 was used.

Returning to Eq. (234), the approximation is valid for the extreme cases of (i) ¢4 large compared
to cg or (ii) ¢4 small compared to cg (Fig. 20e, upper panel). Namely, we found E[X] = O(f(£2))
for (i) ¢¢ — oo and (ii) £ — 0. The means E[Z;] and E[Z>], as well as ¢5/cg, were fixed.

Next, we partitioned the states of Zs into three classes: the zero state, the non-zero states below
the mean, and the states equal to or above the mean. The relative speed 77 /7x of the environment
defines which of these three classes dominates in terms of the corresponding environmental share, i.e.,
the effect on the stationary mean. In order to interpret the deviation of E2 from E1, we quantified
environmental shares according to the three classes of environment states:

[E[Z2]-1]

a(0), aczi= > ak), asz:= Y alk).

k=1 k=[E[Z]]

We found that, depending on the relative speed of the environment, the subsystem can be in one of
three phases (Fig. 20e, lower panel). For a small ¢g/c4 ratio, the non-zero shares a«z and a>; both
contribute significantly, with o>z showing a slight dominance over oz, while the share of «(0) is
negligible. For a medium cg/c4 ratio, a<; takes the lead in dominance, while «(0) is still negligible.
Finally, for large cg/cy4, the share a(0) dominates the contribution to the mean. Returning to the
upper panel of the figure 20e, we confirm that the mean E[X ] as a function of 75 /7x undergoes the
same phase transitions.

The qualitative behavior for large 77 /7x is driven by unbounded excursions in the state Zo = 0.
However, in biological systems, these are generally prevented by, e.g., a leakage in the death rate. Upon
introducing a base death rate Ay, we expect the stationary mean to saturate at the upper bound as
the relative environmental speed approaches zero. To demonstrate this, we generalize the propensity
of the death reaction to a(x|z) = (cgz + Ao)x. This altered A, i.e., A(z) = ¢z + Np. The figure 21
indicates four qualitatively different regimes of the stationary mean over the relative correlation time.
In particular, the three phases of the model E2 analysis (Fig. 20e.) persist, whereas the fourth phase
with the largest 7z /7x reaches saturation.
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Figure 22: Model E3 Mutable c3 synthesis. a. The figure shows the ¢4 value at which «(0)
and az intersect as a function of %} Dominant «a(0) > o<z indicates that the stationary mean
has entered the degenerate regime. The three curves illustrate different values of P[Z3 = 0]. For
P[Z3 = 0] = 0.5,0.8 and slow enough relative speed cg/cq4 no intersection was found, because a(0)
dominated a; for all ¢4. The mean E[Z;] = 8 was fixed and c3/c4 adapted accordingly. Parameters
were ¢; = 0.4,co = 0.01,¢5 = 1,¢4 = 0.5 and IE[XC%SS] = 10. b. The left upper panel shows the
slow switching Z3, whereas the right panel shows the fast switching Z3, compare figure 20f. The
corresponding shares are depicted in the lower panels. Parameters were as in figure 20f.

8.3.3 Mutable synthesis of the modulator (E3)

We next considered the case where the modulating process Zs is itself modulated by another process,
Zs (Fig. 20c). The modulator Zs <> Z3 is a two-state Markov process that acts as a switch with
On (Z3) and Off (Z3) states, switching rates c7,cs, and correlation time 7¢ = (¢7 + cg)~!. Here, Zo
can be seen as a regulatory protein produced from a promoter Z3 that alternates between On and
Off states. Then Z5 is a Markov-modulated birth-death process and, as such, represents an example
of a non-Markovian death rate modulator. Since the joint environment (Zs, Z3) is Markovian, ESME
applies.
In detail, we modified reaction R3 of model E2, see Eq. (230) and Eq. (235), to

Rz Z3 I Zs+ Zs
R7, RS : Zg* Z:; Z3. (237)

Then the two-dimensional environment Z = (Z3,Z3) € N x {0,1} has a stationary distribution that

is expressed via the confluent hypergeometric function. Expressions for P[Zy = m,Z3 = 0] and
P[Zy = m,Z3 = 1] were derived analogously to [18] by expanding the generating function given
therein.

Lemma 8.4. Definea = <2, b= <t = % Then it holds
Cq Cy Cq

LB)I(m +a)(b—a)
Ma)D(m+b+1)
r)rim+a+1)
(@) T(m+b+1)
Proof. Define the partial probability mass functions p;(m) = P[Zy = m, Z3 = j|,j = 0,1. They are

determined from Peccoud and Ycart’s expression for the corresponding generating functions

P[Zy =m,Z3 =0] = 1F1(m+a,m+b—|—1,—u)%

P[Zy=m,Z3=1] = 1F1(m+a+1,m+b+1,—u)%-

go(z) = i 1Fi(a,b+1,u(z = 1)), g1(2) = 1F1(a, b, u(z — 1)) — go(2)
C7 (&

In order to get the coefficients of the Taylor series at expansion point 0 the following integral formula
for 1 F} is used. It is correct because the condition b > a > 0 holds.

1
1Fi(a,b,2) = ﬁ?—a)/o eyt 1 —w)P 0 du (238)
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Upon x = u(z — 1) we get

o 1
. (b a)r(b + ]-) ) / EHFU o HU a— 1(1 . u)bfa du
0

I'(b) o 2t [ —pu, nta—1 - -
_ u, nta 1— (n+b+1)—(n+a)—1 d
T(a)T(b— a) ; ) AL ) “
I'(b) 2 2 un Fn+a)l'(b—a+1)
T ()T —a) nzzo PR L ek S by Py v
Consequently
r'oIim+a)(b—a) um
- F b+ 1, —p)t
Polm) = i m o+ 1y Hm e m b L)
By the analogous representation of 1 Fj(a,b, u(z — 1)) we get
m!T(a) TO)T(m+ a) m!T(a)
=" F b, —p) —
/Lm pl(m) F(m+b) 1 1(m+a'?m+ ) ,M) /lm po(m)

_ F(b) ! —pu, a+m—1 b—a—1

(bia)l—‘(b) ! —pu, at+m—1 —a—1
O [ et 4 = =11 )
_ F(b) ! e—uuua—&-m—l —u b—a—1 _ —u u
~moo | (1 -0 (1= (1)) d

I'(b) 'm+a+1)I'(b—a)
T — g fin et lmabtl —p) =507,
Hence
rorm+a+1)

Mm
= F 1 b+ 1, —p)—-.
pi(m) T(@T(m b1 1) Hmtat+lmtbtl,—p)

O

ESME was calculated numerically using Eq. (22) with truncation N = 100. Figure 22a shows the
entry of the stationary mean into the degenerate regime as a function of the relative speed of the
modulator Z3 <+ Z3. Figure 22b depicts the environmental shares for the slow and the fast modulator.

We varied the relative correlation time 7 /7x = £ while keeping the ratios - z, 3, 2, and 22 constant.
Furthermore, we varied the relative speed of the env1r0nmental components by addltlonally varying

the relative correlation time 7z /75 = 67;‘108 while keeping the fraction of time the modulator is active,
07+Fs

E[Z3] = —“—, constant. For a large relative speed , the original model with a constant birth

rate C3E[§3TCIS recovered as expected.

Comparing the stationary means at different relative switching speeds of the modulator (Fig. 20f),
we found the following. For slower relative speeds, the deviation from the Q.SS mean becomes more
pronounced already at smaller correlation times ch, and the intermediate phase vanishes. Meanwhile,
figure 22a visualizes how the entry into the degenerate regime depends on 7z /7¢ and E[Zs]. The

muting prolongs the excursions of X in the zero or sub-average Z states.

8.3.4 Stationary mean for slow environment

We considered each of the environments E1 - E3 without leakage in the death rate of X and analyzed
the behavior for a slow environment and a fast subsystem, i.e., 7z/7x — oco. We aimed at isolating
the effect of the timescale separation. For this purpose, we kept the means and the relative speed of
the environment components, as well as ¢5/cg, fixed. As the plots of the environmental shares (Fig.
20d,e, 22b) suggest, the state Zo = 0 is the only one that contributes in the limit case 7 /7x — oc.
Consider any of the models E1, E2, E3. Under the fixation of E[X355], 2, E[Z,], E[Z5] and 72 /75
the stationary mean only depends on the relative timescale 7z /7x. Hence in the following we fix
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T = cgl = 1. Then, 77 /7x — oo is equivalent to ¢4 — 0. By our main theorem (3.7), we obtain
E[Xo] = O(n(0)2(0)) for ¢y — 0 in the models 1a, 1b and E[X ] = O(7(0,0)x(0,0) + (0, 1)x(0,1))
for model E3. By definition z(0) = E[X (7,41)|Z2(7,) = 0]. The function ¢t — E[X (¢)|Z2(,) = 0]
progresses affine-linearly in time. For very slow Z5 the excursions are long and the base value at 7,,
from which they depart, is small compared to the value they reach at 7,,11. We thus neglect the base
value to obtain a linear progression with constant slope ¢sE[Z1], yielding

2(0) = O(csE[Z1]E[r41 — Ta|Z2(70) = 0]) = O (22) .

In total we obtain for the stationary mean of models E1, E2

E[Xo] = O <Clc5]P>[Z2 = o]) .

C2C3

Since P[Z; = 0] only depends on the mean E[Z5] which we keep fixed, the parameter ¢z which scaled
linearly with ¢4 dominates the asymptotic behavior ¢4 — 0. More precisely, we obtain

y E[X ] C5E[Zl](17EI?[ZZQTD27 Z5 random telegraph
im = .
a0 ¢p! esE[Z,|22CEZD - 7, birth-death

E[Z2]

For model E3 the two states (Z3, Z3) = (0,0) and (0,1) contribute for ¢4 — 0. After setting up the
recursion that couples 2:(0,0) and x(0, 1), see next paragraph, we obtain
 E[Xu] P[Zy =0] ¢y P[Zy = 0,75 = 0]
1 =c:E|Z -
B A 7/ B T P A R

Note that P[Z; = 0] and P[Z; = 0, Z5 = 0] only depend on the relative rates Z—Z, z—i, Z—Z, which were fixed,
i.e., the timescale of the joint environment (Zs, Z3) was varied. The inverse proportional dependence
on ¢4 for models E1 - E3 is visualized in figures 20c.,f. 1.

For ¢4 — 0 we compute the stationary mean under assumption that all terms in Eq. (21) vanish

except for z = (0,0), (0,1). The recursion equations (18) for the two states (0,0) and (0, 1) read

C5C1

0 = —c7m(0,0)x(0,0) + csm(0,1)x(0,1) + c4m(1,0)z(1,0) + ?77(0, 0)
0= —(cs + ¢3)m(0, 1)a(0, 1) + e7m(0,0)z(0,0) + cam(1, )z(1,1) + %w(o, 1)

By assumption,
max{m(1,1)z(1,1),7(1,0)z(1,0)} < min{x(0,1)x(0,1),7(0,0)x(0,0)}

so we can set 7(1,1)x(1,1) = 7(1,0)x(1,0) = 0. Then the 2 dimensional linear system has the solution

+

m(0,0)2(0,0) = “F - (% w(0,0) + o (0,1))
0,0 0,1

m(0. )(0,1) = 2L 0,0 +7(0,1) >C+3”< )

which by E[X ] = 7(0,0)z(0,0) + 7(0,1)2(0,1) yields the result for lim,, o E[X]ca.

In summary, we derived

E[Xo] = O (TZ> , (239)

TX

i.e., the stationary mean grows proportionally to the timescale differences. The parallel asymptotes in
the log-log plots with unit slope in the figures 20g,h,i reflect this dependence.
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8.3.5 Application to a division-dilution model

In a model similar to E1, subsection 8.3.1, Beentjes et al. [179] studied the dilution of protein copy
numbers due to cell division. The mean copy number in a single lineage increased in a model with
Erlang distributed division time and binomial partitioning at cell division (model III in the reference)
compared to the same model with deterministic division times (model II) and to a birth-death model
with averaged effective degradation rate (model I). We can attribute this deviation to the random cell
division times. To demonstrate this attribution, we elaborate on the analogy to the random duration
of excursions in E1. Let the extrinsic noise component (the environment) be the cell cycle duration.
To formalize this, we introduce the time points of division, denoted by a sequence of random variables
0=:79 <7 <72 <...,such that the 7,41 — 7; are i.i.d. Let X (¢) be the number of proteins that
increases on average with rate A\ between environment jumps, be it by geometrically distributed bursts
or by simple birth reactions. Furthermore, let X (7;) follow a Binomial distribution with p = 1/2 and
N = X (7;—). If the protein production, the binomial partition at division, and the environment jumps
are all assumed to be stochastically independent, it is easy to see that Y(¢) := E[X(¢)|(:):] evolves
as Y (t) = X between the jumps and is set to Y(r;) = 1/2- Y (7;—) at the environment jumps. It
is furthermore easy to derive E[Y (7;)] = AE[r1] for the stationary system. Then, analogous to the
derivation in section 3.1.3, we obtain

NI T Y at 2
E[Xo] = lim_ Ni ZNf ;fl_ = AE[r1] + 1/2&2[] y
N i=1 1t 1—1
A . Var[r ]
= 5 (= + )

For (N, N/y)-Erlang distributed 71, i.e., E[r1] = y and Var[r;] = y?/N, this is in accordance with Eq.
(39) in [179], which was derived using a generating function approach. Compared with our two-state
Markov model of alternating linear increase and exponential decay in X, the division-dilution model
replaces the periods of exponential decay by instantaneous decays at divisions. In both models, the
stochasticity in the duration of excursions (referred to as cell cycle length variability in the reference)
causes an increase in the stationary mean. While in the reference paper this is the single cause of the
increase compared to the model I, in our case the increase is caused by an interplay of the random
duration, the frequency of the excursions, and the timescale separation between Z and X. Note that
the reference models (model I and Q.SS, respectively) are constructed differently. The degradation
rate of the model I was tuned such that the stationary mean matches with that of the deterministic
division-dilution model II. As a consequence, it encodes the timescale of the environment, whereas in
the Q.SS reference model, the degradation rate is uncoupled from the environment timescale. This
uncoupling provides a degree of freedom which causes a larger relative increase of the stationary mean
value in our case study than in Beentjes et al., compared to the respective reference models.

8.3.6 Probability evolution equation for the telegraph-modulated birth-death process

Zeroth-order modulation was seen to not impact the mean of the subsystem. However, the probability
evolution equation is affected. As a minimal example, we considered the promoter-mediated tran-
scription with mRNA decay, see case study 8.1.1. To keep the example minimal, we considered two
promoter structures, an active and an inactive one, i.e., a random telegraph model

7 =2 g

c1
7r -2 7 +X, 1<i<k (240)
X2 0.

The cumulant approach, section 3.5, provides analytically closed probability evolution equations in
this case. The time point marginals of the random telegraph process at stationarity are Bernoulli
distributed with success probability ¢ := 611162, having a variance of o2 := (cffc";)z. We applied the
cumulant expansion (53) for the canonical birth operator A; = B with birth rate A, the canonical
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death operator Ao = D with death rate § and the mean operator A := B + D. Define ¢ := ¢; + ¢y
is the switching timescale of the random telegraph process and 6 := E[(—1)%°] = 1 — 2¢) = 2=% For

ci1tca

the derivation we use the Baker-Campbell-Hausdorff formula, namely, if [X,Y] = sX, then

Xexp(Y) =exp(Y)e’X. (241)

Using Eq. (142), derived in section 6.1.1,

n

o0 t —
Oupr = Apy + Z/ / [ ]C(t’, tr,. ot OB [[ e B d(ty, ... tn)py dt!
n=0 0 n(t't

k=0

o t n -
= Api + Z/ / 002 ? OB A 2B d(ty,. .. ta)py dt’
n=0 0 n[t,t] k=0

t o0 _n o N —
= Ap, +/ o2Be—?t—t) Z/ oth H e M OB)e N d(ty, ... t,)e A Bpy dtf
0 n=07 A" poy
t —
= Ap, +/ 0286_‘?(t_t/)e(t_t/)(A+96)Bpt/ dt’
0

¢
=Ap+B | o2et-1)B+05-2)p,, q¢'.
0

In summary, we resolved all terms in the series to obtain an explicit expression for the kernel without
the need of a truncation. Hence, the following generalized master equation governs the probability
evolution

t
Opr = Kpy + B / o2 exp [(R + 0B — o) (t — )] Bpy dt’. (242)
0

Upon defining the integral term as g; one recovers the memory-less evolution equation system

opr = Apy + By

) _ (243)
Ovqr = 0°Bpy + (A4 0B — ¢)q;.

This system is a linear transformation of [18, Eq.(5)], which reads, for pgz)(x) =P|Z; = 2, Xt = x],

8tp§0) = *CIPEO) + 02p§1)

o = e1pl” — copt) + Bpl" + Dp.

+ ngo)

Namely, for p,(z) = pi" (z) + p* () and q.(x) = (1 — ¥)p{" (x) — ¢p” () we obtain Eq. (243) by a
linear transform.

In Eq. (242) as it is written, commuting the birth operator with the operator exponential simply
introduces another factor exp(—d(¢t — t')). More precisely, using Eq. (241) with X = B,Y = (¢t —
tY(A+0B— ), and [X,Y] = (t —t)[B, D]+ (t — ) [B, (¢ + 0)B — @] = —(t — t')B + 0, we obtained

t _
Oipr = Apy +/ Uge(t_t/)(A+98_(W+6))82Pt’ dt’. (244)
0

We make two remarks about what happens to Eq. (242), when (i) changing the modulated reaction,
(ii) altering the state variable p; to be the generating function. When (i) the random telegraph
environment modulates the death reaction instead of the birth reaction, then the same equation holds
with B replaced by D and with A = B + ¢D accordingly. In detail, parallel to the calculation for the
modulated birth rate, we obtained

n

o t —
atpt :Kpt +Z/ / [ ]C(t/?t17'~-at7lat)DHeAtkAD d(tla"'7tn)pt’ dt/
n=0 0 nt,t

k=0

t _
~Tp+D [ el ED-oy, ar.
0
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Upon defining the integral term as g; one recovers the memory-less evolution equation system

Owpr = Apt + Dgy

) _ (245)
ﬁtqt =0 Dpt —|— (A + 91) — (p)(]t

Unlike in the above case, the operator D does not commute with the operator exponential by the
simple compensation with a factor. Hence, we do not obtain an equation analogous to Eq. (244).

When we seek (ii) an evolution equation for the generating function p;: [0,1] — R>¢ with p,(s) :=
E[s*¢] instead of p;, then the same (242) holds true using the corresponding operators (Bf)(s) = —A(1—
s)f(s),(Df)(s) = 8(1 — 5)0s f(s). Note that both X = A, Y =A—pA=Band X =L,Y =L —p, L
satisfy the same commutator relation [X,Y] = —ép,Y.

To contrast the cumulant expansion approach for system in Eqs. 240 with the filtering approach,
we consider as a sufficient statistic the backward recurrence time 7(¢) of the birth reaction counting
process, definition 4.11. It denotes the time since the last birth event and evolves according to 9;7(t) =
1,t € (ti—1,t;),7(t;) = 0. The hybrid master equation (104)-(105) is found in the section 4.2.4. The
marginalized hybrid master Eq. (106) in this example can be simplified by the help of Eq. (105).
Namely, from

Ope(7, @) = =0rpe(7, @) — Ag(T)pe(7, ) + Dpe (7, )
and integration over 7 on the half axis [0, 00) by use of [~ Ag(7)p:(7,2) d7 = p;(0,2 + 1) we obtain
with ¢;(z + 1) := p(0, 2 4+ 1). Moreover, we derive

Plr(t+h) € [0,h), X(t+h) =z + 1]

pt(0,2+ 1) = lim

h—0 h
_ PX(t+h)=2+1,X(t) =]
5o h
=A\P[Z(t) =1, X(t) = ]
=i (2)

Then Eq. (246) becomes 0pi(z) = Bpgl) (2)+Dp;s(x), which is equivalent to the evolution of d; (pgo) (x)+
pgl)(x)) in Eq. (243). This illustrates the equivalence of the approaches, that condition on either
the environment or the subnetwork with the approach without conditioning, see section 4.5. The
equivalence is here obtained from linear transformations. We expect that linear transformations cannot
in general link the approaches.

8.3.7 Mean evolution for the telegraph-modulated birth-death process

In the previous paragraphs we derived generalized master equations for the birth-death process with
a modulated birth reaction. We also commented on how the equations are altered when the death
reaction is modulated. For the modulated birth reaction, the generalized mean equation agrees with
the Q.SS mean equation (section 3.1.1), i.e., GE[X;] = AE[Z;] — 0E[X}]. In contrast, for the modulated
death reaction we obtained equations that deviate from the naive mean equation, see Eq. (233). The
mean equations can be derived directly,

d
dt
d
dt

E[X] = AE[X;] + E[AA(Z;) AX]
t _
E[X{] :AIE[Xt]—i-/ C(t' ) A" AR[X ] dt'+ ...
0
t ot - s
+/ / C(t' t1,t)Aet A A=A AR[X,] dt’
o Jt

t gt ~ ~ .
+/ C(t' by, ta, 1) Aet—t2)A felt2=t)A o= A SR X,,] dt.
0 t’
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Then

// / e~ mre ) (et OE[X,,] b, dis b
ty

/ 1 20~ e Ot- WE[X / / VUTIC(tyy ety t) by, L. dEy diy
t1

n—1
—gese . (i - tl))
(n—1)!

’ . (
:/ pule” G 5(t_t1)IE[Xt1] ~v(0,t — tq) dt.
0

Summing over n, we obtain

d (561
—E[X 7E X
GBI =3 = LX)
+ Z/ / / e et tl)( )" et b, DE[X ] dby . dEs dby
tn—1
t
B+ e [ g,
0

6y preics /t — (5525 +er+ea)) (t—t1)
:)\_ EX 4+ — e c1+teg 1 2 L EX dt .
(c1+ ¢2) 1] (c1+¢2)? Jo Pas] dts

For the equilibrium, introduce y(t) for the integral term to obtain the two-dimensional linear ODE
d E[Xt]] H [—w 6202
- = + . 247
rd i el R A 247

Following the standard stability analysis for a two dimensional ODE, we compute the trace, determi-
nant and discriminant

tr=—(0+c14+c2) <0
det =c16 >0
A:(5+Cl+62)2—481(5>(5—(}1)220,

The trace-determinant criterion reveals that the fixed point is stable. In summary, applying the
cumulant expansion approach, we derived

d t ’
T EIXd] = A — SYE[X,] + 5202 / e~ OU=H+) =R X, dt’ (248)
0
with the stable equilibrium E[X ] = (1 4 (=v)8 ) This expression for the stationary mean is in

accordance with Eq. (229).
When truncating the cumulant expansion after the first cumulant term, we obtain the same func-
tional form of the evolution equation, reading

t
%E[Xt] = ) — SYE[X,] + 620 / -GV X, ] df’ (249)
0

We notice that the exponent of the exponential kernel is different. This also results in mismatched
stationary means. As another consequence, if we inferred parameters based on the non-truncated
model and the truncated model, the interpretation of the inferred parameters would differ. Finally,
the mismatch indicates a non-intuitive property of an optimal projection. Suppose we constrained the
evolution equation to a second-order truncated functional form with variable exponent and we wanted
to project the exact evolution equation onto the functional form. Then the second-order truncation is
not generally the optimal choice of the variable exponent.
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To illustrate the correspondence with the alternative route via conditioning on the subnetwork, we
apply Eq. (107), for ¢ = 1 and ¢ = id reads
d

&E[Xt] =A- 5E[XtE[Zt|X[O,t}]]

d
EE[XtE[ZﬂX[O,t]H = E[Xi(c1 — (e1 + 2)E[Z4] X[0,4])] + AE[E[Z:| X o,4]] — OE[X:E[Z7] Xo,4]]-

In this particular example, we make use of Z? = Z; to obtain the closed two-dimensional system

d [ EX, | | A 0 )
T []E[tht}] = {1} + [cl T (250)
Note that the same equation also holds for E[X;II;] replaced by E[X;Z;] by the tower property. In
fact, E[X;II;] = E[X;Z;]. Hence, in this case, the filtering is not necessary to find the solution. For
the centered variable y(t) = E[X ;] — E[X{]E[IL;], the equation (247) holds. We found that the
centered variable y(t) = E[XII;] — E[X{]E[II;] equals the integral term in (248). This demonstrates
that the approaches via conditioning on the environment and via conditioning on the subnetwork lead
to equations which are transformations of each other, emphasizing the equivalence of the approaches
without using properties of the conditional expectation, section 4.5.

In remark 3.13, we interpreted the terms in the cumulant expansion. To illustrate this interpretation
more clearly, we considered the example of a birth-death process X (t) and a stationary process Z(t)
with mean po that modulates the decay reaction. Let c¢; be the birth rate. For convenience, we
assumed X (0) = 0. Using the conditioning on the environment, the conditional mean evolves as

d

&E[X(tﬂz[o,tﬂ =c1 — ZMOE[X(#)|Zj0,4]s

solved by

¢ ¢ t ¢
E[X(t)|Z,q] = / ¢1 eXp (—/ Z(0) do) ds = cl/ e 279 exp (—/ Z(o) — po dO’) ds
0 s 0 s

with mean

E[X(¢)] = E[E[X ()| Zjp 4] = &1 /Ot e H2(t=9)R [exp (- /: Z(0) — pia daﬂ ds.

Consequently,

%E[X(t)] =1 — E[X(1)] - E[(Z(t) — n2)E[X (£)|Zpo,q]] (251)

— e~ paBIX(0)] - 1 [ mralt-g [<Z<t> ~ ) exp (— / 20) daﬂ ds. (252)

0

If we assume the approximation that Z(o),>y is independent of Z(0),<y for any ¢’ € [0,1), we get

E [(Z(t) — pi2) exp < /: Z(0) — p2 da)] (253)

I
&=

(2(6) = pz) [ (2) ~ ) ex (— [ 20) -1 da> dt'] (254)
_ / '

~ / E[(Z(t) - o) (Z(¢') — o) E

(Z(t) - 12)(Z(t) - piz) exp (— / 2(0) - iz doﬂ ar (255)

exp ( /t, Z(o) — p2 da)] dt’. (256)
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Plugging this approximation into Eq. (252), we obtain

d
SEIX (1)

~ c; — B[ X (1)]

- 01/0 e_“"'(t_s)/s E[(Z(t) — u2)(Z(t') — p2)| E lexp <—/‘S Z(0) — 2 da)} dt’ ds

=c1 — wE[X(t)]
- cl/o E[(Z(t) — pu2)(Z(t) — /,Lg)]ef“g(tft/)/o e 2" =9)E | exp (—/S Z(0o) — po da)] ds dt’

=c1 — (X (1)] - /0 Cov[Z(t), Z(t)]e " —E[X ()] dt’.

This recovers exactly the cumulant expansion truncated after the first cumulant term, see [106, Exam-
ple 4.2.3]. Hence, when we assume that the environment trajectories before and after the intermediate
time point ¢’ are independent, we obtain the first cumulant term.

8.3.8 Gene expression in a random environment

Next, we extend the single birth-death process to a cascade of two birth-death processes and place it in
a random environment. For this example, we illustrate the effects of the environmental parameter, i.e.,
the mean, variance and autocorrelation time, using the tilted Hawkes model for independent environ-
mental components, section 7.1. We applied Sinzger’s min-thin algorithm for an efficient simulation.
Each component modulates one of the four reactions of the following gene expression model, see figure
23A.

R, 0 — mRNA

R2 : mRNA — @

Rs : mRNA — mRNA + protein
Ry : protein — ]

When all environment components are set to their constant mean level, we recover the unem-
bedded gene expression model, i.e. the homogeneous Q.SS reference model. As we incorporate the
modulation of the first-order reactions, we do not expect the mean to coincide with the mean of the
reference model. As relevant characteristics of the environment, we considered the variance and the
autocorrelation time of the individual environment components. We varied these characteristics for
the first-order modulators Zy, Z3 and Z4 one at a time, while leaving the remaining ones fixed. Figure
23B depicts the setup of the simulation study. For the variance JJZ, we chose ,u? as an upper bound
for the considered domain. This bound is motivated by the CIR process, which guarantees the strict
positivity of the trajectory only for 0]2- < u?. For the autocorrelation time 7; = 'yfl, we distinguished
three regions. The region for which the timescale of changes in the environment is of the order of the
mRNA timescale or faster (low autocorrelation), the region where the environment timescale is shared
with the protein timescale (medium autocorrelation) and the slower-than-protein timescale (high auto-
correlation). Additionally, we investigated how the timescale differences between the mRNA level and
the protein level in the reference model affects the results. For this purpose, we separately considered
a fast mRNA timescale (Z; and Zs multiplied by ¢; = ¢o = 1) and a slow mRNA timescale (Z; and
Z5 multiplied by ¢; = ¢o = 0.1). This choice keeps the mean of the protein level the same for the
homogeneous case, but brings the mRNA and protein timescales closer to each other in the latter
case. The gene expression model is a cascade of two birth-death processes. We thus were interested to
understand what was different between changing the modulation at the mRNA level (Rz) compared
to the protein level (R3 and Ry4). Also, we expected to see differences between the modulation of the
birth reaction (R3) and the death reactions (Rz and Ry).

We first investigated the regime of low environment correlation time, at most of the order of the
mRNA level. We saw no effect in the stationary mean of the protein (figure 23C) for varying the
modulation at the protein level (Rg and Ry4). For a variation at the mRNA level (Rg), the stationary
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Figure 23: Gene expression model in a fast random environment. A. Four independent
environment components modulate the gene expression model. Each component Z; is characterized by
its mean p;, its variance 032 and its autocorrelation decay ;. The inverse of +; is the autocorrelation
time 7;. The birth and death reactions of the mRNA can be multiplied by factors ¢; and cp. B. The
setup of the simulation study - We simulated trajectories of the model in A with the approximate
marginal simulation algorithm for the tilted Hawkes approximation. For each component Z,, Z3 and
Z4, we varied O'JZ and 7;. The parameter pairs (0]2.,7']-) for which we simulated trajectories with are
marked by crosses in the logarithmic (UJZ-, 7j)-plane. For the comparison of the three components, we
varied 032- relative to u?. Along the decreasing diagonals, the product 7; x 0‘? / u? is constant. We
distinguished the low autocorrelation regime from the medium and high regime. A correlation time
of 50 — 500s (upper end of low regime to lower end of the medium regime) was the correlation time
of the mRNA. We conducted simulations for a slow (¢; = ¢z = 0.1) and fast (¢; = c2 = 1) mRNA
timescale. The black circle and triangle symbolizes the reference model, in which all environment
components are replaced by their constant mean values. C and D. The mean and the variance of
the protein at time point ¢ = 10000, estimated from 10000 sampled trajectories, is shown for the
different conditions. The ticks of the x-axis correspond to the four diagonals of the low regime in
B. Accordingly, the second and third tick combine two values which overlap, sometimes to an extent
that only one is visible. For Z, we indicated the pair with the larger 03 by orange (C). Lines were
added and different colors for the same tick were shifted horizontally to improve readability. The
stationary variance of the homogeneous model was added for reference in black. E and F. Sample
protein trajectories of the reference model were plotted in black to contrast the embedded model with
the largest variance and correlation for fast mRNA timescale and Z4 (E) and Z5 (F). Histograms of time
t = 10000 were added. Circled marks in B, C and D indicate that for these parameter choice trajectories
are shown in E and F. The components that were not varied were fixed at ((uj,a?,vj))jzlwﬁl =
((0.06,0.001,0.05), (0.02,107°,0.3), (0.03,3 - 107*,0.05), (4 - 107%,4 - 1072,0.3)). In the shaded low
regime of B parameters were O'JQ»/[IJ? =e* k=0,1,2,4 and T = ek k=0,23 4.
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mean increased when we increased o3 or 7. This effect was stronger for the fast mRNA timescale and
for larger 03 when the product 03 x 75 was fixed. The autocorrelation showed no substantial change
in either case, see figure 25. In contrast, we saw a noticeable effect on the stationary variance of the
protein in all conditions, see figure 23D. The variance of the reference system was calculated as [92]

H1pts (1 + M3 ) .

e Cofba + [a
It is composed of a Poissonian and an additional term. The Poissonian term accounts for the intrinsic
variance at the protein level, while the additional term captures the impact of the mRNA level. The
latter is dominated by the mRNA timescale couo, which is larger than uys. As a consequence, we get
a significantly higher variance level for the slow mRNA timescale, which is attributed to the effect
of the mRNA level on the protein noise. On top of these two reference values of the variance, the
modulating environment further increases the variance. We found that the effect was the strongest for
a modulation at the mRNA level by Ra, while R3 and R4 showed a similar effect. Figure 23E illustrates
the broader distribution compared to the reference model for the modulation by Z; with maximal o7
and 74. Can the increase be attributing to either an increased environment autocorrelation time 7;
or environment variance 0]2-? We obtained Monte Carlo estimates of the variance at time ¢ = 10000
for different pairs of autocorrelation time and variance, see figure 23B. Interestingly, the simulation
studies seem to indicate that the product of 7; and 0.72. majorly determines the variance level. This
observation is in line with the increase of the variance for the zero-order modulation.

An exception to this observation is the condition with a fast mRNA timescale and varying Ro
modulation, which shows a steeper increase in the variance compared to the other conditions (fig
23D). Also for the slow mRNA timescale the Ry modulation shows a deviation compared to Rz and
R4 in the condition with the maximal o3 and the highest 75. Note the parallel to the protein mean in
figure 23C. Sample trajectories for the modulation of Ry with the largest values of 75 and 3 and for
the fast mRNA timescale are depicted in 23F. They are contrasted with trajectories from the reference
system. We observe the increase in both the variance and the mean. In summary, we found that in the
regime of low environment autocorrelation (the order of the mRNA at most), there is an effect on the
variance for all conditions, which becomes significant only when 7; approaches the autocorrelation time
of the reference mRNA level and 0]2 approaches the maximal value. For the modulation of the mRNA
level, Ro there was a higher increase compared to R3 and R4, whose increase majorly depended on
the product of 7; and O'JQ-. This additional contribution is likely associated with the increased protein
mean for this condition. The trajectories look qualitatively the same as for the reference model.

Secondly, we investigated the regimes of medium and high environment autocorrelation. We were
interested whether our finding on the variance for the low regime still holds, or whether factors other
than the product of 7; and ajz determine the variance. The exception of Ry modulation hints at other
contributing factors. For this purpose, we chose two pairs of autocorrelation time and variance, which
have the same product, figure 24A. One pair utilizes the maximal variance combined with a medium
environment correlation time which is of the order of the reference protein timescale. The other
pair utilizes an autocorrelation larger than the autocorrelation time of the protein, combined with a
medium value for the variance. In the protein mean, we saw a different behavior for the modulation
of death reactions compared to the birth reaction, figure 24B. For Ry, we observed largely increased
values in the means for the first (correlation time, variance)-pair compared to the second. For Ry,
we observed an increase comparable with the increase for Ry in the low regime under fast mRNA
timescale. In the variance, we noticed different values of both pairs for all reactions, figure 24C and
also the autocorrelation exhibits a noticeable difference 24D. Before we investigate these differences
further, we first note, that for the mean, it was to be expected that there is no effect when the birth
reaction Rz is modulated. The mean equations read

%]E[mRNA(t)] = E[Z,(t)] — E[Z2(t)mRNA(t)]

%E[protein(t)] = E[Z5(t)mRNA(¢)] — E[Z4(¢)protein(t)].

Since the environment component Zs(t) is independent of mRNA(¢), the first term in the second
line equals p3E[mRNA(#)]. Hence, the mean equations do not depend on o7 and 73. Consequently,
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Figure 24: Gene expression model in a slow random environment. A. As fig 23B, but with focus
on the medium and high correlation time. The mark in the medium regime is the timescale 7; = 14 of
the reference model. We simulated trajectories of the model in fig 23A with the approximate marginal
simulation algorithm (tilted Hawkes approximation) for the two marked parameter pairs. Circled marks
indicate that E depicts corresponding trajectories. B and C. The protein mean and variance at time
t = 40000 estimated from 10000 sampled trajectories for the different conditions. Different colors for the
same tick were shifted horizontally to improve readability. D. The protein autocorrelation as a function
of the lag. Black trajectories indicate the analytically computed autocorrelation of the reference model.
Colored curves indicate the correlation coefficient of protein trajectories for the embedded model at
different conditions of varying Z5 and Zy, estimated from 10000 sampled trajectories. For reference
model and medium 7;, dashed = fast mRNA timescale, solid = slow mRNA timescale. The high
correlation regime is shaded by gray (dashed-dotted = fast mRNA timescale, dotted = slow mRNA
timescale). E. Sample trajectories of the mRNA and the protein for the maximal 02 value and medium
(protein-like) correlation time 75. The left mRNA-protein pair depicts the fast mRNA timescale and
the right one depicts the slow mRNA timescale. F. Sample trajectories of the mRNA and the protein
for the pair of a high (more-than-protein) correlation time 75 and a medium o3 value with slow mRNA
timescale. Trajectories are depicted from ¢ = 20000 after stationarity has been reached. G. Sample
trajectories of the protein for the pair of a high (more-than-protein) correlation time 74 and a medium
0% value with a fast mRNA timescale, at stationarity as in F. In the shaded medium and high regime
of A parameters were 0’?/#? =e " and T; = 2500 - ek k=0,2.

137



the mean protein level is expected to be the same as in the low regime. Now, we turn to the more
interesting modulation of the death reactions. For the modulation of R4, we notice a difference in
the protein means. From the sample trajectories, see figure 26A, we conclude that periods of low
environment value Z, can cause excursions, meaning periods of strong deviations from the mean, in
the protein. We further observe that the mean does not depend on the relative timescales of the
mRNA and protein. A way to explain this is by arguing that the protein mean depends linearly on the
average protein birth rate. The protein birth on average is majorly affected by the mRNA mean. The
mRNA however is the same for both the fast and the slow mRNA timescale. Conversely, this means
that when we see a difference in the protein mean for the two timescales of the mRNA, this might be
attributed to different mean mRNA levels. And indeed, for the modulation of Ry, we see a significant
difference between both timescales (figure 24B). We confirmed that this difference can be attributed
to a difference in the mean levels of the mRNA, see figure 26B. By looking at sample trajectories in
figure 24E, we see excursions at the mRNA level. By the same argument as for the R4y modulation at
the protein level, these can be attributed to phases of low Z5. To explain the difference between the
two mRNA timescales, we see that the excursions are heavier for the fast mRNA timescale (left-hand
side of 24E) than for the slow one (right-hand side of 24E). This can be explained by a higher average
mRNA birth rate c;p; for ¢4 = 1 compared to ¢; = 0.1, while the length of the excursions depends
mostly on 75, which is the same for both cases. Looking for other quantities that are equal or differ
for both cases, we note that the scaled variance compared to the scaled mean squared c303/(capa)? is
also the same. However, both cases differ in their values of 303, which seem to play a negligible role.
The mRNA excursions and their strength directly translate to the protein level (lower panels of 24E).
We have thus explained the behavior of the protein mean for the pair of high variance and medium
correlation. For the other pair with high correlation and medium variance a similar behavior is not
observed, compare figure 24F and G. The lack of this behavior hints at the crucial role of a sufficiently
large environment variance in order to expose relevant excursions.

When we now turn towards the variance (fig 24C), we see a very different behavior compared
to the regime of low correlation (fig 23D). The variance for the low regime was dominated by the
base variance and a contribution by the product of 7; and 032-, which increased as 7; approached the
mRNA timescale and 0]2- its maximal value. For the medium and high regime, we see no significant
contribution of the base variance any more. It is still noticeable when we look at the differences between
the slow and the fast mRNA timescales for an R3 and an R4 modulation. However, what seems to
become the dominating factors are the mean level of the protein (largely caused by excursions) and
the environment variance. Consequently, the trajectories, figure 24E, look qualitatively different from
the reference case.

While for the protein mean and variance, the environment variance 0']2- played the essential role,
this is not the case when we look at the autocorrelation of protein trajectories, figure 24D. We an-
alytically computed the autocorrelation function for the reference system as in [92], and compared
it to the correlation coefficient obtained from 10000 Monte Carlo sample trajectories. We computed
the correlation coefficient between the final time point at ¢ = 40000 and time points further in the
past, increasing the lag from 0 to 20000. To avoid cluttering, we excluded the Rs modulation. Its
behavior is qualitatively the same as Ry and Ry, see figure 26C. Both the medium and the high regime
differed significantly from the reference case, showing a slower autocorrelation decay. When comparing
the high regime and the medium regime, the high regime even showed a much slower decay than the
medium regime. When we look for differences among the modulation by Rs and R4 combined with
the slow and fast mRNA timescale, we find that the R4 modulation in the fast mRNA timescale shows
the slowest decay, and the Ry in the slow regime the least slow one. The sample trajectories, figure
24F and G, indicate that two individual trajectories can remain separate for a rather long time. For
the R4 modulation in the fast mRNA timescale, we see that the trajectories show very little mixing
behavior (fig 24G). This illustrates the strong correlation between even far apart time points.

To summarize, we observed an increase in the protein mean, when both the correlation time and
the variance of an environment component that modulates a decay reaction, are large enough. We
attributed this effect to excursions. We saw a stronger effect for the modulation of the mRNA decay
than the protein decay. Interestingly, our findings differ from Keizer et al. [180] who investigated
the same gene expression model in a different environment, i.e., using log-normally distributed slow
extrinsic noise. For the parameter regime considered in their work, the mean protein levels were the
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Figure 25: Details on the gene expression model in the fast environment. The protein
autocorrelation as a function of the lag (dashed = fast mRNA timescale, solid = slow mRNA timescale).
Analytical autocorrelation for the reference model (black), shown with the correlation coefficient of
protein trajectories for the embedded model (colored) at different conditions (from left to right: varied
modulation by Zs, Z3, Z4), estimated from 10000 trajectories. It was computed from the last time
point, paired with previous time points.

A B C
8 A
C
8 6 c
g°f ® 5
24 °
€ |e .Y 5
2 3
5
TN SR W m
0 2 4 73 med. high
time[s] x10% U_i2 high med. time [s] x10*

Figure 26: Details on the gene expression model in the slow environment. A. Sample
trajectories of the protein for the maximal 3 value and medium (protein-like) correlation time 75 with
the fast mRNA timescale. B. The mRNA mean at time ¢ = 40000 estimated from 10000 sampled
trajectories for the different conditions. Different colors for the same tick were shifted horizontally to
improve readability. C. The protein autocorrelation as in 24D for all conditions in the medium and
high regime.
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same regardless of modulating the mRNA decay or the protein decay. In our case study, the increase
of the mean contributed to an increase in the variance, which, for the regime of medium to high
autocorrelation, is no longer dominated by the base variance and 032 x 7j. The protein autocorrelation
increases essentially with the autocorrelation of any environment component, with minor differences
for the considered conditions.

8.4 Synthetic controller mitigating the heterogeneous degradation rate

One goal of synthetic biology is to design circuits that are robust to environmental changes. The
setpoint objective specifies a target copy number or concentration at which the species of interest
should be kept robustly, i.e., the concentration is supposed to re-adapt when environmental changes
perturb it. Building on the results of the case study 8.3, we considered the setting of a birth-death
process X and an environmental birth-death process Z that modulates the degradation of X (Fig.
27a). Additionally, a controller species U senses the environment and acts on the birth rate of X to
attenuate the effect and achieve the setpoint objective for X [81, Fig S.9¢]. We chose the Q.SS mean
as the setpoint, and as the deviation measure we employed the relative deviation

_ E[X.] - E[XZ5]
B E[XZ5)

: (257)

or the accuracy measure A~!, respectively. In the previous sections, we saw that Z = 0 can be the
main driver of deviations from the Q.SS. The controller U works against this effect. During phases
of otherwise unbounded X excursions, the birth rate of X is now down-regulated by U and, in the
extreme case, comes to a halt at a plateau.

Compared to environment E2, we replaced the reaction Ry in Eq. (230) , (235) by

Ry : Ty 570+ 7.

In order to apply our general framework, we regard Z, as the one-dimensional environment and (7, X)
as the modulated linear CRN. Then Z = Ny and A is the generator of a birth-death process with birth
rate c3 and death rate c4. Detailed balance is satisfied by Poisson-distributed = with parameter c3/c4.
For the dynamics of V' we obtain

—C5 Cg2
_ |az
We fix ¢g, ¢5 and the means 2—;, E—Z For different speeds ¢y of Z; we let the speed ¢4 of Zs vary, see

figure 20k. For large c4 the stationary mean saturates to the Q.SS mean c¢jc¢5/cacg = 10 independent
of co. The saturation level for small ¢4 depends on the speed c; of Z;. For a fast enough Z; a local
maximum appears. For a slower Z; the saturation level increases. The stationary mean curve for small
co resembles the leakage case displaying the same four phases.

With stochastically independent birth and death modulation that we considered so far, the sta-
tionary mean was not affected by fluctuations in the birth modulation, and we could apply the Q.SS
assumption on Z;. Here, on the contrary, the timescale of the controller species U matters in reacting
robustly to the environment. Figure 27b depicts the stationary mean of X for different controller speeds
¢2/cg. The deviation A gets more pronounced for a slower controller, whereas a fast controller achieves
better accuracy A~!. For the effect to become apparent, the environment needs to be sufficiently slow
(rz/7x large). When the controller operates slowly, it does not have the attenuating effect. In this
regime, the target species achieves a base accuracy that depends on a given environment speed and its
mean (see Fig. 27c). The base accuracy decreases when the environment gets lower in mean or slower
in timescale. In particular, a slow controller achieves worse accuracy in a slow environment compared
to a fast one. As a contrary effect, as the controller speeds up, it departs to a better accuracy later in
a fast environment than in a slow one. That is why in figure 27c¢ the accuracy curves for the slow and
the fast environments intersect, which also explains the local maxima in 27b. The slower environment
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Figure 27: a. Reaction scheme for the environment with controller. The birth-death environment E2
is mitigated by a controller that senses the environment and regulates the birth rate of X accordingly.
b. The stationary mean as a function of the relative correlation time 7z/7x. Different relative
controller speeds c2/cg are plotted. Circles (triangles) indicate fast (slow) environment. c. Accuracy
A~! as a function of controller speed c3/cg for different values of environment mean E[Z] and speed
c4/cs. Green (purple) indicates slow (fast) environment. The mean value E[Z] = 4 is highlighted by
triangles (slow) or circles (fast) to match b. The slow environment achieves lower accuracy than the
fast one for inactive controller (controller speed near 0). In order to improve accuracy, less increase
in controller speed is needed for slow than for fast environment. As a consequence the accuracy
curves for slow and fast environment intersect. The dashed line indicates the the critical controller
speed needed to reach a given accuracy level for all environment mean and speed. The slow and low
environment exhausts this universal accuracy-controller relation. Parameters were E[X®55] = ¢, /co =
10, c6E[Z3] = 4(2,0.1),¢6/cq = 1 (circles, purple), 100 (triangles, green).
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Figure 28: The controller U becomes slower from a to d. Parameters were ¢5 = 1,¢6 = 1,¢1/co =
10,¢3/c4 = 4. For small cg/cy the stationary mean saturates to the Q.SS mean cycs/cacg = 10
independent. The saturation level for large cg/cy depends on the speed ¢y of U. For fast enough
U a local maximum appears. For slower U the saturation level increases and the contribution «/(0)
dominates more and more.
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- although having a lower base accuracy as a handicap - can be compensated for (in terms of accuracy)
already at a slower controller speed. For the details on the shares a(0), a<z, >z, see figure 28.

As a key question, we asked at which timescale the controller must operate to mitigate environ-
mental perturbations with a given accuracy. To formalize this, we request the deviation in Eq. (257)
to stay below a critical margin A* or the accuracy to stay above 1/A*. Interestingly, we found that
for each accuracy margin, a critical controller speed can be chosen that operates universally for all
environment speeds and means (see the dashed line in Fig. 27c). For fixed ¢5/c and c¢;/co, the critical
relative controller speed is given by

cy/ce = (A*)7L (258)

When the environment changes in mean or timescale, the controller holds the accuracy within the
tolerated margin. Since the robustness that we analyze is defined via the steady state behavior, our
statement is restricted to environmental changes that occur so rarely that the steady state can be
reached between changes (see Fig. 29).

Which environment speed and mean exhaust the critical accuracy? It is not the fast and furious (i.e.,
large mean) environment that causes deviation from Q.SS. For fast environment, the degradation rate
of X averages out to the mean, making the Q.SS assumption valid. For large (furious) environment,
the main driver of deviation 0 is hardly visited. In addition, the furious environment boils up the
controller to act in a regime where it has a higher signal-to-noise ratio. This leaves the slow and low
Z to exhaust the critical deviation. During excursions (Z = 0), the average dynamics follows

U= —cou, u(0)=E[U|Z=1]=c1/co
i =csu, x(0)=E[XI55].

Consequently, the deviation for an infinitely long excursion rises, on average, to the value

o) .SS
o(o0) — E[X Q5% = B [T ear gy - EXE e
e Co 0 Co

The excursion becomes the single dominating share as E[Z] tends to 0, and 7 — oo justifies infinitely
long excursions. Since this dominating case is linear, the average dynamics is justified and the heuristic
derivation of Eq. (258) can be made rigorous.

In summary, we observed that the accuracy margin was exhausted by the regime of slow and low
environment, leaving the controller with the simple task to react as fast as to guarantee that a plateau
is reached within the tolerated deviation, on average. This finding joins the variations on the theme
"faster sensor molecules achieve higher accuracy’. Note that the setting and the control objective differ
from [135]. In the latter, a sensor molecule recorded the progression of the target species, while here it
senses the environment. The objective of suppressing fluctuations, i.e., the variance, in the controlled
species induced the quartic root law on the sensing event counts. Here, in contrast, we asked for the
stationary mean to stay within a tolerance of the setpoint, and this induced an inverse proportional
law on the speed with which the controller responds to the environment. To summarize, both findings
show that, when under the influence of a random environment, the accuracy can be increased at the
cost of a faster sensor molecule. Our finding stands out due to its independence of size and speed of
Z and the proportional relation in Eq. (258).

With analytic expressions for the stationary mean at hand, we aim to test whether the impact on
the stationary mean is also captured quantitatively by the approximate marginal simulation with the
Hawkes approximate filter. Since the joint process (U, Z) is used as the environment for the birth-death
process X, this is an example of a birth-death process embedded in a correlated environment. We
picked two different controller speeds from the setting of figure 27B. Then the figure 30B depicts the
stationary mean as a function of the environment speed for the exact model and the tilted Hawkes
model. We recall that the faster controller has the maximal point in the interior. The tilted Hawkes
model captures this behavior. In the sample trajectories figure 30C and D of the state estimates, we
notice that the fast controller tracks the environment and the slow one only follows with a sincere delay
or not at all. Hence, the state estimate mimics capture the behavior of environment and controller
qualitatively. We note here that we did not encounter negative values of the state estimates (U Z ).

Returning to the slow controller in figure 30B, we observe a deviation of more than 100% from
the set point, which the tilted Hawkes model does not exhibit. To see that the excursions cause the

142



environment

100
50

controller

—— sliding window mean
set point

target species

t x10%

environment

controller

e Sliding window mean

Qo naind

Set paiiit

target species

Figure 29: Trajectories for the environment E2 with controller. Environment Z and controller U are
shown in plain form, while X is depicted as a moving average with window length ¢ = 10, 000 to match
the statement about the stationary mean. A burn-in time of ¢ = 10,000 was used. The environment
progresses through four stages of different mean and speed. a. A fast controller (¢3/cg = 10) keeps
the target species near the setpoint, on average, as the environment changes. According to the theory
the deviation stays within 10% of the setpoint. In the last phase a higher deviation indicates that
stationarity is not reached within the window length. The drop below the setpoint is due to a low
plateau value in the trajectory that would be counter-balanced by larger plateau values in the long
run. b. A slow controller (c3/cg = 0.1) achieves low accuracy for the critical stage of low and slow
environment (last phase). Parameter values were E[X25%] = E[U] = 10, ¢ = 1 and in the four phases
the four pairs (E[Z],c4) = (4,3),(0.1,3), (4,0.03), (0.1,0.03) were used.
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Figure 30: Modulation of first-order reaction. A. A birth-death process X is embedded into a correlated
environment (U, Z). The controller U senses the environment component Z which modulates the death
rate of X, and it regulates the birth rate of X accordingly to achieve the set point goal of keeping X
near Clc” . B. The stationary mean is plotted for two controller speeds as a function of the environment
speed, dlctated by the relative correlation time cg/cq. The environment becomes slower from left to
right. As a reference, the set point (quasi-steady state) is added. The stationary mean serves as a
proxy to assess whether the control goal is achieved. The error bars indicate the stationary mean of
the tilted Hawkes model (approximate marginal simulation algorithm). For each of the 20 replicates it
was computed as the temporal average of a trajectory of 55,000 (100, 000) transitions, truncated by a
burn in period of the first 5000 (50,000) transitions for the fast (slow) controller. The 95% bootstrap
confidence interval for the mean, using 1000 bootstrap samples of the 20 replicates, is shown. C. Sample
trajectory for the approximate state estimates of the controller U and the environment component Z
in the system with a slow controller. D. As in C for a slow controller. E. Sample trajectory of X for
the slow controller (Doob-Gillespie). F. Sample trajectory of X for the slow controller (approximate
marginal simulation). Parameters were ¢;/ca = 10,¢3/cs = 4,05 =cg =1 and co = 1,¢6/ca = 0.6 (C),
¢ =0.01,¢6/cqa = 54.6 (D-F).
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deviation from the set point to a large extent, we examined the shares that the different environment
states contribute to the stationary mean (fig 28). Also, when we compare sample trajectories of the
exact system (fig 30E) and the tilted Hawkes model (fig 30F), we see an excursion occurring for the
exact system at around ¢t = 150, while the tilted Hawkes model does not show an excursion. We
conclude that the tilted Hawkes model underestimates the effect of the excursions on the stationary
mean. We did not rule out that for a slower environment, the severe deviation from the set point and
the rise to a plateau value for the slow controller can be qualitatively captured. Also, it is not unlikely
that the simulation time was too short for the last confidence interval (slowest considered environment,
slow controller) in figure 30E to properly capture the mean. When we cross-checked the Monte Carlo
estimation procedure by the exact system with the same hyperparameters, the mean was often not
captured by the confidence interval. This supports the hypothesis of failed convergence. Beside this
possible explanation for the discrepancy between the exact mean and the approximation, we recall that
in the case study 8.3.8, we saw the excursions only for sufficiently high values of ¢2. Consulting these
findings, we hypothesize that the stationary variance of Z could be too small for excursions to arise.
In summary, we see that, on the one hand, the tilted Hawkes model captures important features of the
model such as the controller (not) following the environment and the maximal deviation occurring in
the interior environment speed. The quantitative deviation attributed to underestimating excursions,
on the other hand, poses a clear limitation to the approximation. This comparison also classifies the
excursions as imposed by the non-linear dynamics of the environment, as the linearized Hawkes model
does not capture them.

8.5 Gamma-modulated reactions

So far, we have considered examples with a dynamic environment. Characteristically, its reaction
counter had a variance that is asymptotically linear with respect to time, as discussed in section 3.2.
We now assume a static Gamma-distributed environment introduced in section 6.4 causing the variance
of Gamma-modulated birth process to increase quadratically with time, see figure 5.

8.5.1 Gamma-modulated decay reaction

We considered a minimal system with only M = 1 reaction, a decay X — () with rate Zdz, where Z
is Gamma(a, 8)-distributed. The scaled random variable §Z is Gamma Gamma(a, 3/0)-distributed.
Thus, by redefining 8 = 8/, we can assume without loss of generality § = 1. Then, with W (¢) :=

fot X (s) ds and p(t,z) := P[X(t) = z],

a+N—xz—1
B+ Wi(t)

a+N—zx
B+ Wi(t)

Op(t,z) =1(x < N)< ‘x + 1,t>(x + Dp(t,z+1) — < x,t>xp(t,x). (259)

We claim with X (0) = N,

<a—|—N—x‘ ,t> _ O‘Zk]y;()m(*l)k(]v;x)(ﬁwL (erk)t)*(o‘*l)'

B+ W(t) ! SR ) (B A+ (2 4 k) (260)
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The derivation uses the joint conditional distribution of the decay time points (77,...,Tn—,) condi-
tional on {X(t) = 2} = {In—z < t,TN_g+1 > t}, derived with Bayes rule as follows

pT1 ..... TN_m(tl, tN x | x t)
XP(TN—pt1 >t Th =t1,..., TNz =tN—z)PTy,.. T o (t15 - EN—2)

/ / Py (IN—zr1|Ty =1, TN o =tN 2, Z = 2)X
b1, ‘5TN71(t17‘ ctN—g | Z = Z)pZ(Z) dz dtherl

00 N T
/ / i)efZ(N*i)(ti“7“)672520‘ dz dtn—zt1

N

/ / exp <_Z (ﬁ + i(N —i)(tiy1 — tz))) Slat(N—z+1) 4. Aty i1

Nz (a+N—z+1)
x / (5 + Z (N —i)(tit1 — tz)) dtN_z41
t

1=0
= / (BHti+ -+t +2ty—os1) TV Aty
t
o (B4t + ity +at) (TN

By o we mean that there is constant depending on ¢,z, N, «, 3, such that multiplication with this
constant turns the relation into an equality. Define the integrals

Cha,p(to) : () / / (BHti+ -4ty dty,... diy, (261)

which by induction can be shown to evaluate to

Ch.a5(to) = }: ( ) (B + kto) ™.

Then, with W(t) =xt+T1 + - +TN—z,
a+N—zx ot
B+w() I

L ptN—a—1 t -1
:(a—i—N—x)-(/ / / P,..., TN_I(t17~~«7tN7x|x7t) dég ... dtNm> X
0 0

tN—z—1 t1
/ / (Brat+ty 4+ +tn_w) Doy (st |2, t) Aty dEn_y

_ O‘CN*w,a+N7:v+1,B+a:t (t)
CN-z,0+N—z,6+at(t)

oSS VOB + @+ ety
RN (B (@ k)

Then, Eq. (259) is solved by

N—x

o) = (0) T (V) a0 = T O a0, (262

T
k=0

which can be checked by differentiating. We recognize the discrete distribution on « € {0, ..., N} with

pe e = (V) S (Y ) e

k=0



as the Gamma-binomial distribution GammaBin(a, v, N) with the Gamma parameters (o, y~!) and N
the number of trials [181]. This is a binomial mixture distribution, where the success parameter is e =%
with Gamma-distributed Z, i.e., the conditional p(x|z) is the binomial distribution with parameters
(e7#,N).

For the mean of a GammaBin(«, 7y, N)-distributed X, we find

N
E[X] =) ap(x|a,7,N)

N—1 N—(z+1)
N -1 (N —(x+1 _
=N ( )ﬁ“ (—1)k< (Z )>(1+(sc+1+k)fy) o
z=0 r k=0
N—-1 N—-14+x
N-1\ . N-l+z .
vy (Ve X o (VT i)
=0 k=0
N—1
=N@1+7)"" ) p|ay/1+7),N-1)
=0
=N(@1+7)77.
Thus, with v = 871, the mean E[X(¢)] = N(1 + 57 '¢)* satisfies the evolution equation
d —a
—FE[X(t)] = ——F[X(1)]. 263
GEX O] = 5 BLX () (263)
Similarly, for the second falling moment of a GammaBin(«, 7, N)-distributed X, we obtain
EX(X —1)]=N(N —1)(1+2y), (264)
which implies for the variance
Var[X] = N(N —1) (14+29)* + N (1 +7)* = N2 (1 +)**, (265)

The distribution GammaBin(«, 371, N) was to be expected for p(z,t), since conditional on Z = z,
each of the N molecules degrades independently of the other molecules and the probability of having
escaped degradation after time ¢ is e=*. The transformed random variable tZ is precisely Gamma-
distributed with parameters (o, 8t71).

In the limit for @« — 00,7 — 0 with ay — p the distribution GammaBin(«,~y, N) converges
to a binomial distribution with parameters (e #, N) with corresponding mean Ne * and variance
Ne #(1—e™#).

8.5.2 Gamma-modulated conversion reaction

In the previous subsection, we obtained a Gamma-binomial distribution for the Gamma-modulated
decay reaction. Along the same lines of argument, we obtain a binomial mixture distribution for the
conversion process

X* =X

that is initialized in the binomial distribution with parameters (6p, N). Again, the Gamma-distributed
Z is transformed to [0,1] to serve as a success probability. However, this time the transform is not
Z — e 2 but

T Ore—T+20t L (] _ —(rt2)t
o€ + r+ Z( e )a

such that the limit distribution for ¢ — oo is a binomial mixture distribution with success probability
=z for Gamma-distributed Z.
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8.5.3 Gamma-modulated birth-death reaction

Taking the limit N — oo, — 0 while 7N — X, we obtain a birth-death process with birth rate A and
Gamma-modulated decay. Suppose, the initial distribution is a Poisson distribution with mean Ay,
then p(z,t) is a Poisson mixture distribution, where the parameter is

_ A _
)\Oe Zt_i_E(l_e Zt)
with Gamma-distributed Z. Its limit distribution for ¢ — oo is a Poisson mixture distribution with
parameter % for Gamma-distributed Z. This is different from a birth-death process with Gamma-
distributed birth rate and decay rate k, whose distribution p(z,t) is a Poisson mixture distribution

with parameter
Z

)\Oe—nt + 7(1 _ e—nt)
K
for Gamma-distributed Z. For Ay = 0, this is a Gamma-Poisson distribution, more commonly known
as negative binomial distribution.

9 Information-theoretic results

There is mounting evidence that the information encoded in the temporal concentration profiles of
biomolecules plays a key role in cellular sensing and decision making [182, 183| and helps to over-
come biochemical noise [184]. The computation of mutual information (MI) between time-varying,
biomolecular signals is complex, and analytical solutions so far relied on Gaussian [143] or steady-state
approximations [185]. Other papers based the MI on single time-point marginals ignoring any encod-
ing in the temporal profile, e.g., [138, 137]. Works, that account for the discrete nature of chemical
reactions, commonly assume diffusion approximations as inputs [135, 186] or are based on stochastic
simulation [141, 83, 140]. Restrictions to sub-classes of discrete-state input processes permit analytical
bounds on the capacity [153], often challenging diffusion based results [136].

9.1 Path mutual information in cell signaling

Our particular interest lies in studying the MI between time-varying signals in the biological cell. It
is widely assumed that the optimization of the MI could be an evolutionary strategy to mitigate noise
in the cellular signaling via metabolites and in gene regulatory networks [139]. The exact mechanisms
how temporal features result in decision making are unclear [187]. A path MI that is sensitive to
temporal effects has been recently introduced for a class of chemical reaction networks [83]. The MI
is often interpreted as a measure for the amount of input states that can be resolved accurately [188].
From an engineering perspective maximizing the path MI between sensor and actuator could thus
define a design principle to construct cellular circuits. Information theory has been used to reveal
fundamental physical limits of information transmission guiding our understanding of gene regulatory
motifs as information processing units [135, 189].

Why is the Poisson channel used as a communication model in cells? Transcription, i.e., the process
of synthesizing mRNA, can be modeled as a counting process that records the number of completed
mRNA molecules. In promoter-mediated transcription [24] the accessibility of the promoter determines
at which rate molecules are transcribed. The promoter state is then modeled as a finite-state CTMC
combined with an intensity function and the transcription as its corresponding doubly stochastic
Poisson process. The classical promoter model is the two-state random telegraph process (Fig. 1a),
i.e., Markovian switching between a high and low or zero transcription rate [18], but recently more
general models were studied [22, 55]. Among them the class with more than two states and a binary
intensity function separating the states into On states (high) and Off states (low or zero) was considered
[190]. The directed graph that captures possible transitions between the On and Off states is called the
promoter architecture. In particular, the model class contains the two-state non-Markov models with
phase-type sojourn time distribution. Constituting the smallest building block of gene regulation, the
promoter-mediated transcription is hypothesized to be optimized in an information-theoretic sense.
In order to find the optimal promoter architecture under appropriate physical constraints an efficient
computation of the MI between promoter state and mRNA transcription events is required.
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9.2 Poisson channel with binary input and average sojourn time constraints

The Poisson channel was introduced as a model for direct-detection optical communication systems
[191]. A random telegraph wave switches a light-source on and off and photons are detected by a
photosensitive device. Upon entry of photons to the detector, photoelectrons are generated. The
number of detection events are counted by (Y3):>o according to a Markov-modulated Poisson process
with an intensity that follows the random telegraph wave. Additionally, due to a random generation
of electrons, a small electric current flows in the device. We model the input (Z;);>¢ as a random
telegraph model on Z := {0, 1} with On and Off rates ¢y, co.

Regarding the question of how the biological cell operates under uncertainty, we analyzed the
minimal gene expression model with a two-state promoter (see e.g. [100] and Fig. 2a in [3]) as an
analytically tractable example. Despite our biological interpretation of the mathematics, the following
analysis is transferable to other such applications. Switching stochastically between inactivated state
z1 and activated state zs, the promoter is modeled by a stationary random telegraph process Z(t),
i.e., a binary, time-homogeneous, stationary Markov process (BMP). Its state linearly modulates the
synthesis rate of messenger RNA (mRNA) molecules Y (¢). The decay of mRNA molecules can be
ignored from an information theoretic point of view, because birth events are uniquely identified from
birth-death trajectories [83]. The joint distribution of (Z,Y"), that factorizes in the conditional Y|Z
and the input path distribution uz, is equivalent to the Poisson channel, whose class of input processes
Z(t) is restricted to BMPs. We distinguish between channels with leakage (z; > 0) and without leakage
(zero dark current case z; = 0), see Fig. 33a. By Zjo 7] we denote the trajectory Z(t)o<t<r of the
time-varying input signal with transmission duration 7. The sojourn times o1 in z; and o9 in 29 are
exponentially distributed with parameters ¢; and cy such that E[oy] = ¢! and E[op] = ¢; . The
channel output Y'(¢) fires at rate c3Z(t), where cg is the channel gain that dictates the timescale of
Y (t). We denote the switching times of Z as s; with 0 < s; < -+ < T and the jump times of Y as ¢;
with 0 <t <--- < T.

9.2.1 Capacity of the Poisson channel and optimal allocation of binary input

When it comes to computing the capacity of the Poisson under constraints, classically, the input peak
and average power are constrained. Then among general inputs the class of BMPs achieves capacity,
however at the cost of infinite switching rates c1,co [61, 145]. This physical implausibility motivates
bandwidth-like constraints [146, 82]. By restricting general signals to binary inputs with |s; —s;41] > A
for some A > 0, [147] reported a transition from asymmetric to symmetric allocation of the states
z1 and zo for the capacity-achieving input, as A increases. We consider the Poisson channel with
BMPs as input class and investigate the following bandwidth-like constraint (B1) 0 < ¢; < r1,0 <
ca < 13, i.e., lower-bounding the average sojourn times by E[oy] > ri ', E[o] > r;'. A special case
is the homogeneous constraint max{cy,c2} < rp, in analogy to [147]. We consider the path-wise
MI 1(Zjo,77, Yjo,77) [148] and the information rate, defined as [(Z,Y) := limp_ o T_lﬂ(Z[OwT},Y[O,T]).
Optimizing (i) the MI and (ii) the information rate among all admissible input path distributions uz
yields (i) the capacity Cr and (ii) the information rate capacity C. For fixed z1, 22, the distribution pz
is parametrized by the system parameters ci,co > 0. Fixing cs3, the capacity-achieving distributions
are characterized by the following constrained optimization problems

. 1 .. -
(i) sup TH(Z[O,T]aY[O,T])a (i) sup I(Z,Y)
c1,C2 C1,C2

subject to the constraint (B1). Applying Jensen’s inequality to the second integrand term of Eq. (119)
and using the identity ¢(cz) = cd(z) + z¢(c) as well as the stationarity of BMPs, the MI is bounded
by

1(Zjo,r), Yjo,11)

CgT

where Az := 25 — 27 is the dynamic range and m := P[Z(t) = 22] = ¢1/(c1 + ¢2) coincides with the
average power E[Z(t)] for a normalized signal z; = 0,29 = 1. Optimizing over the general average
power constraint 0 < z; + Az -m < z; + Ax - pg implies

Cr < CSJ(Zlv 22, min{vaﬁ})a (266)

< (1 —m)p(z1) + md(z2) — ¢ (21 + mAz) =: J(21, 22, m),
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Figure 31: Poisson channel with Two-State input reduced to binary random variables on small intervals
[t,t + A

where p = {exp (Az7(¢(22) — ¢(21)) — 1) — 21} /Az.

Kabanov and Davis showed that for ¢;,ca — oo the bound (266) is indeed achieved with the
asymptotic ratio m = min{po, p} [61, 145]. The case z; = 0,22 = 1 (no leakage) with py > 1/e reduces
to C = Cr = c3/e with m = 1/e. Why is the asymmetric allocation optimal for large switching rates?

In the following we caricature the Poisson channel as an input-output-pair of binary random vari-
ables. The idea is that the number of jumps of the channel output on small time intervals is essentially
a Bernoulli variable, i.e. only 0 or 1. In order to regard the input as a Bernoulli variable as well, we
split the time axis in small intervals, on which the input is constant. If the switching rates are large,
this corresponds to choosing the inputs on consecutive time intervals independently. This justifies that
the following picture captures the path mutual information by merely investigating a single small time
interval. Now we turn to a more formal description.

Consider an equidistant discretization of the time axis of length A. Suppose on each interval
[t,t+ Al [t + A,t + 2A],... the input Z is constant. Later, we will let A — 0. We write Z; ;4 for
the value of Z on the interval [t,t+ A]. Consider additionally the output Y[t,t+A] :=Y (t4+A) =Y (¢).
Figure 31 summarizes the (conditional) probabilities of the two-stage experiment: Z; ;1 takes the
values z; and zo with probabilities p and 1 —p. Y[t,t + A]|Z;. 1+ = 7 takes the values 0 and 1 with
probabilities 1 — z;A + o(A) and z;A 4+ o(A) and all larger values with probabilities o(A).

Now, we aim for the mutual information of the two binary random variables Z := Z; ;1A and
Y :=Y[t,t + A] up to o(A). We will first derive the result for z; = 0,22 = 1, and then state it for
general z;.

We decompose the mutual information I(Z,Y) = H(Z) — H(Z|Y'), which is shown in figure 32.
The entropy

H(Z) = —pln(p) = (1 = p)In(1 —p) (267)

of the input Z is maximized by p = 5. The evaluation of the conditional entropy H(Z|Y') requires the
knowledge of P[Z = z;|Y = 0] and P[Z = z;|Y = 1]. Using the notation p(z|y) := P[Z = z|Y = y],
we have (1-A) )
bl = - P
111) =1 0]1) =0 1|0) = ———= 0]0) = .
p(11) =1, p(0]1) =0, p(1(0) T p(0/0) TN
Then

~H(Z|Y) = > p(z,y) In(p(z]y))

z€{z1,22},y€{0,1}

— pAln(1) +p(1— A)In (pl(l_pi)) +(1—p)ln <1l—ppA)

=p(1 — A)In(p) — pA + p*A+ (1 — p)In(1 — p) + (1 — p)pA + o(A)
=pln(p) + (1 — p) In(p) — ApIn(p) + o(A)

where we used the logarithm laws and the expansion In(1 — hA) = —hA 4+ 0(A). Adding terms, we
get

W(Z,Y)=H(Z)— H(Z|Y)=—-Aplnp+ o(A).

Hence, the mutual information is of order A and the instantaneous gain is maximized for p = exp(—1)
(Fig. (32)). This explains the asymmetric allocation that favors the state z; = 0.
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Figure 32: The entropy, conditional entropy and mutual information for the discrete caricature of the
Poisson channel with Two-State input. The mutual information I(Z,Y") is maximized for p(Z = 1) =

exp(—1).
For general z; it holds that

I(Z,Y)=A(pzelnze + (1 — p)z1 Inz1 — (paza + (1 — p)z1) In(paze + (1 — p)z1)) + 0o(A)

Define the bracket term as m; = p22z2 + (1 — p)z1, such that for the mean it holds E[Y] = P[Y =
1] = Amy. Using the logarithm laws and the expansion In(1 — hA) = —hA + o(A) we compute the
conditional entropy

~H(Z|Y) = Y. p(zy)np(zly)
z€{z1,22},y€{0,1}
B pz2A (A-p)zA
= pzAln (mlA) +(1—=p)z1Aln ( A

+p(1 —22A)1In (m) +(1-p)(1—-24A)n <(1 _1p)(?1nZAZlA))

= pzAln(p) + pzaAln(zs) + (1 — p)z1Aln(l — p) + (1 — p)z1Aln(z)

+p(1 = 2248)In(p) —p2A + (1 -p)(1 - 214)In(1 —p) — (1 —p)zA

— ((pz2 + (1 = p)z1)Aln(my1) — pmiA — (1 — p)miA) + o(A)

=pln(p) + (1 —p)In(1 — p) + A(pzaInze + (1 — p)z1 Inz; — my In(my)) + o(A)
=—H(Z)+ A(pzalnza + (1 —p)z1Inz; — myIn(my)) + o(A)

By the decomposition I(Z,Y) = H(Z) — H(Z|Y) and definition of m; the claim follows.

9.2.2 Average sojourn time constraints

For the Poisson channel with a random telegraph input, a bandwidth-like constraint is imposed to
avoid the physically implausible capacity-achieving input with infinitely fast switching rates. We thus
analyze how [(Z,Y) depends on the system parameters cy, co,c (as in the Eq. (220)) with the goal
to answer questions of optimality under constraints 0 < ¢; < 71,0 < ¢2 < ry. Continuing with Eq.
(220) for vanishing dark current, A\g = 0, we consider the Dirac-PDMP (II,(1));>0 on [0,1], which is
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Figure 33: Dynamics of the causal estimator ©(t) for ¢; = ¢ = 0.1,¢ = 1,21 = 0,29 = 1. a Sample
trajectory of the binary signal input Z(t). b The solid line is a sample trajectory of ©(t). Crosses
indicate the jump times ¢1,ta,t3 of Y. The dotted line f,(¢) is the common trajectory of O(t) prior to
the first jump. The dashed line f;(¢) separates the (¢, 0)-plane. Prior to the first jump the trajectories
evolve below, afterwards they evolve above. ¢ The probability distribution of the causal estimator at
time ¢ = 2 is composed of a Dirac measure with weight x(2) at f,,(2) and a density supported on
(f1(2),1]. d Probability density of the asymptotic causal estimator.

the normalized version of \; = \; I (1). Its hazard is I(w) = cr with 7 := 7 and ¢ := A\ = A\
for simplicity. Furthermore, we consider the normalized parameters ¢; := ¢;/¢,é := c2/c and, for
convenience, drop the tilde again. Let w; < wo be the roots of the quadratic equation at equilibrium

0=clcr —(c1+ca+ 1)w—|—w2)

with difference Aw := ws — wi. We now use the results of sections 4.2.1 and 4.2.2.

9.2.3 Mutual information for the Poisson channel with binary Markovian input

First, we present the transient results. Since all trajectories ©(t) start in the stationary mean E[©(0)] =
E[Z(0)] = ¢1/(c1 + c2) = m, the probability distribution of Z(0) is a point mass. In order to track
its progression, we switch to the trajectory-wise perspective (220). Solving the deterministic part of
(220), i.e. the Riccati equation & f,(t) = A(fa(t)), f2(0) = a, yields

fa(t) = w1 + Aw(l + e (Aw/(a —w) — 1)) 71

Ot) = fm (D) Lj0,01)(t) + Z St =)W, 0,00)(0)

For each t the ensemble of trajectories is partitioned by f1(t) into the ones that have and those that
have not yet jumped:
t<ti o Z(t) < fi(t) & Ot) = fm(t). (268)

Returning to the distribution perspective, Fig. 33c visualizes the ensemble of trajectories stopped at
a fixed t, while Fig. 33d visualizes the asymptotic distribution. The following theorem fully describes
the distribution of ©(t). Besides preparing the main result, theorem 9.2, it can be interesting in its
own right in the related fields of filtering and control theory.

Theorem 9.1. The probability measure py: B(wy, 1] = [0,1], ut(B) = P[Z(t) € B|, defined for Borel
sets B C (w1, 1], is a hybrid measure

i (B) = K(t)dy,, ) (B) +vi(B), (269)
composed of a Dirac measure §,(B) = 1p(2),z € R at fn,(t) with weight

K(t) = e et (1 — (Aw) Y m — w1 — e*A“’Ct))
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and an absolutely continuous measure vi(dz) = w(a)da supported on (f1(t),1] with time-independent

density
(@) ccy <z —w >
w(a) =
02(01 +Cg) 1—w

3—(cotei+1)/Aw 34 (coter+1)/Aw
2 2

=)

where

Proof. We use Eq. (268) and compute

P[O(t) € B] =P[O(t) € B,t; > t]| +P[Z(t) € B,t; <t
=P[t1 > t]éy, 1) (B) + P[O(t) € BN (f1(1),1]]

having the form of Eq. (269). First,

t
Pty > t] = exp <—c fm(s) ds) = k().
0
Second, by the equivalence
O(t) € BN (fi(t),1] & t —sup{t; | t; <t} € f7(B),t1 <t
the absolute continuity of the ¢; implies that v(B) = P[O(t) € BN (f1(t),1]] is an absolute continuous
measure, i.e., v;(da) = p(t,a)da with some density p(t,a) supported on (f1(t),1]. Its solution is

obtained by the method of characteristics [192], initiated at the boundary condition p;(t) := p(¢,1)
and propagated through the rewritten linear PDE (104)

%p(t, a) + A(a) %p(t7 a) = p(t,a) {—ca - A(a)} )

It remains to evaluate p;(t). We compute

h—0 h
. PY({t+h)—-Y(t)=1]
= lim
h—0 h
i FIOG ) € (51(0),1)
T 0 h
= —f1(0)p(t, 1) = —A(1)p1(t) = caps(2).

The absolute continuity of v; was used in the fourth equality. Stationarity of Z implies that p;(t) =
cm/co independent of t. Plugging this in, p(t, 2) = 7(2)1 4, ¢),1(a) is obtained. O

BleZ(t)] = | lim DO R =V =1 Z[o,t]]}

Accordingly, for the mutual information, we obtain the following analytic expression.

Theorem 9.2. Let z;1 = 0,25 = 1, then

T
P Zom Vo) == £ [ ouo)n(o at

1
~¢ [ @@~ 7 @)/) da

1

Proof. Using theorems 9.1, the identity ¢(cz) = c¢(z) + z¢(c), and Fubini’s theorem, we evaluate Eq.
(119). O

Next, we state the asymptotic results.
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Theorem 9.3. The process (I1;(1))i>0 converges in distribution, where the density of the limiting
34 (catei+1)/Aw
2

distribution s
ccy Z—w we —1\
z) = , 271
pz(2) co(c1 + c2) (1—w1) (wg—z) (271)

when we assume Z is distributed according to the limiting distribution. The limiting distribution of the
backward recurrence time (7(t))i>0 is

3—(cgte1+1)/Aw
2

__cta —cwiTW2 1 —cwaT 1 —w 279
pr) = 2 ( 2ol el ) (272)
The MIR of the random telegraph model and its Poisson channel output equals
— ccy e Aw o we—1 oo 1l—w
I(Z.Y)=—-— - wiT_ = fac p—— e | 273
@ == ¢<“2 1+ifiew> R
1
=—c | ¢(2)pz(2) dz. (274)
w1

Proof. According to theorem 4.32, II;(1) converges in distribution to its unique invariant distribution.
The distribution in Eq. (271) satisfies the stationarity condition obtained from (104) by equating the
right side to zero. For Eq. (272) compute the solution u(7) of

IL-(1) = c(cr — (1 + o+ DI (1) + I1.(1)%), (1) =1 (275)

that yields
Aw
=Wy —————————. 276
U(T) w2 1 T i};fi@fCAWT ( )
As in Eq. (85) we have m(7) = cu(7). Then the unnormalized density p(7) is obtained from solving
Eq. (91)

_ —cuTW2 T 1 760.}27'1 — W
plr)=e Aw te Aw
and po = E[As] = ;5. By p =po - p, the claimed Eq. (272) is proved. Using ¢(cz) = cg(z) + z¢(c)

the MIR can be written as

IZ,Y) = - cpo / " pu(n)p(r) dr

oo
cey Aw Cwprwa— 11wy
=— wy— ————— | |e —— e ——| dr.
c1+02/o (b( g 1+1“’16A‘”> [ Aw Aw 4

wg—l

The linear time scaling 7 — ¢7 was used in the second equality. Analogously, Eq. (274) is obtained
from Eq. (271). We identify Eq. (273) as a reparametrization of Eq. (274) for w = w; and TI;(1) 4o

1
12,Y) = ~Bleo(2)] = —c | o(z)maz) dz. (277)

The link can be obtained via the transformation rule applied on the transformation u: [0, 00) — (w,1].
Let T satisfy 7(¢) L7, ie., T follows the stationary distribution of 7(¢). Then

u”H(1)

1
/ $()pe(z) dz = / o(u(t))po (u(t)) - ' (t) dt
w uH(w)
- / B(u(t)) [~po(u(t) - u'(t)] dt
_ /0 " o(ut)pr(t) dt

= Po /000 d(u(t))p(t) di.

154



Remark 9.4. The reparametrization Eq. (273) has the advantage over Eq. (274) that vertical
asymptotes of the integrand at z = w can be avoided. Furthermore, the integral bounds do not depend
on the system parameters ci, co, ¢, allowing more uniformly chosen integral bounds in the numerical
approximation, compare remark 5.3.

9.2.4 Computation of partial derivatives

Getting rid of the dependence on the parameters in the integral bounds has another advantage. It
enables the computation of partial derivatives. Let us pick up the tilde again. In order to answer
questions of optimality of I(Z,Y"), the partial derivatives of I(Z,Y) = I(é;, ¢, c) are relevant. Note
the relation 0;1(¢y,éa,¢) == 05 1(Z,Y) = ¢0.,1(Z,Y). In particular the nullclines [0,1(¢y, é2,c) = 0]
and [01(éy, G, ¢) = 0] contain information about optimal points. By the implicit function theorem,
the ¢ -nullcline ¢ — h(é;) satisfies the ODE

(278)

Furthermore, to decide on the convexity of the c¢;-nullcline, positivity of

— — — -2 —
2811]18112]1 N a111]I _ 811]1 81221[
61212 812H 812ﬂ3

he(ér) = [ ] (€1, he(ér), ¢) (279)

must be checked. This motivates to compute partial derivatives up to the third order. The numerical
method is exemplified for 0;1(¢1,c2,c). In order to appreciate the reparametrization, we observe
that the Leibniz rule for differentiation of the parameter integral in Eq. (277) fails when there is
an asymptote at wi. Then the lower boundary term evaluates to —oo. Thus, let us exploit the
reparametrization. Define uq(7) := 0z, u(7) and p1(7) := 0z, p(7) as well as

CT

Ji(7) =0z, J (1) = 05 /OT —cp(u(t))p(t) dt = 0g, | —o(u(t/c))p(t/c) dt.

For the evolution of u;(7) one takes advantage of u;(7) = dyu(7). The joint evolution (for the time
scaling 7 — c7, i.e., f(7):= f(7/¢) for f =p,u,p1,u1,J1 and dropping the tilde again) is given by

p(7) = —u(7)p(7) (280)

() = & — (6 + &1 + Du(r) +u(r)? (281)

p1(7) = 01p(1) = —ur(7)p(7) — u(r)p1(7) (282)
U1 (1) = ohu(r) = 1 —u(r)

— (éa + ¢1 + Dur (1) + 2u(r)uq (1) (283)

() = =¢' (u(r))ua (1)p(r) — ¢(u(T))p: (7) (284)

1, =2 0,0). The saturation value lim,_,, J;(7) is the partial deriva-

with initial conditions ( el

Cal
C1+¢C2”

tive 81E(617 62, C).

9.2.5 Mutual information in the phase plane

For the analysis we set ¢ = 1, which is justified by the scaling behavior I(cy,ca,c¢) = cl(éy,é,1) =:
cl(¢y,&). For convenience, we drop the tilde. Along the line (c1, (e — 1)cy), both partial derivatives
are numerically found not to switch sign. From this, we conclude that the nullclines do not intersect.
This excludes local optima of ﬂ(cl,CQ). For a rectangular constraint 0 < ¢; < r1,0 < ¢ < 7o,
the maximizing pair (¢}, c}) is consequently always located on one boundary ¢; = ry or ca = ra.
The (cq,c2)-plane is split into regions A, B and C by the nullclines. The pair [sgn(9;1), sgn(d21)]
characterizes the regions: [1,—1],[1,1],[-1,1] on A,B,C. Depending on the location of (rq,rs2), the
maximum (cj, ¢5) shows different behavior. If located in A, it holds ¢} = 71, ¢ < 73, while a location
in B enforces ¢ = r1,¢5 = ro, and finally, ¢f < r1,¢5 = ry for (ry,r2) in region C. As a summary,
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Figure 34: Phase plane analysis of the MIR for the Poisson channel with random telegraph input.
Nullclines 011 = 0 and 051 = 0 were evaluated, using 7" = 1000. Colored arrows indicate the gradient
of the MIR, calculated alike. Optimization domains are rectangular. Depending on the location of the
domain’s upper right corner (r1,79), the optimum is assumed on the nullclines 9,1 = 0 [(ry,72) in C]
and 0ol = 0 [(r1,72) in A], respectively, or in the interior of region B [(r1,72) in B]. Regions I and II
contain all (r1,79), whose optima favor the On and Off state, respectively. In the inset the dashed line
¢ = (e — 1)c1 separates the nullclines. The gain was fixed at ¢ = 1.

the maximum is always located in region B or its boundary. Numerically, we find that the ¢;-nullcline
crosses the bisection line (c1,¢1) at 0.29. An evaluation of 9;11(cy,c2) for ¢; € (0,0.29) indicates no
further intersections. The derivative (278) at ¢; = 0.29 is found to be larger than one. Furthermore,
Eq. (279) evaluates to positive values in the region {(c1,c2) € [0,0.3]% : ¢1 — 0.07 < ¢ < ¢1 + 0.01}.
Hence, the isoclines that transit the region are convex, in particular the c;-nullcline. The constraint
0 < ¢g < ry for ro € (0,0.29) then returns a maximum (cj,cl) with ¢f > ¢3. This shows that a
bandwidth-like constraint can impose an On-favoring maximum complementing the classical result
by Kabanov. The sequence of input processes for the Poisson channel that exhaust its capacity is a
random telegraph process with ¢1,co — 0o and ¢a/c; — e — 1. The stationary input distribution favors
the Off state, occupying it 1 — 1/e of the time.

Optimizing the allocation of the On and the Off state under constraint (Bl) can be intuitively
explained as an interplay between different forces that maximize the efficiency and precision of signal
transmission. On the one hand, a force, reducing average sojourn times is predominant in region B
of Fig. 34. This force aims at increasing the amount of signals transmitted. On the other hand,
forces that increase the sojourn time in the On and Off states are predominant in regions A and C,
respectively. A larger sojourn time in the On state increases the likelihood of observing the On state at
the channel output. A larger sojourn time in the Off state decreases the likelihood of misinterpreting
the period between consecutive channel output pulses as an input Off phase. The phase diagram in
Fig. 34 explicitly quantifies how the ensemble of forces is balanced.

Given the analyzed model’s and the constraints’ rather minimal nature it might not account for
biophysical reality. Yet assuming that evolutionary strategies aim at achieving capacity [193] the model
supplies the hypothesis that system parameters ¢, é&; are located in or near the optimal region B [194].
The prediction made by this interpretation is yet to be verified by experimentalists.

9.3 Optimal promoter architecture

The goal of this section is to provide evidence that the circular motif is information-theoretically
optimal for the 3- and 4- state promoter with one active and otherwise inactive states. We also
provide evidence that there is an information-theoretically optimal number of steps for the circle.
We considered the Poisson channel
R:0 )y

with Markov input Z; € Z. The input is discrete and A(Z;) € {0, 1}. For this reason, we call the input
binary. Moreover, we assume that there is a unique z € Z, such that A(z) = 1. For this reason, we
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say that the input has exactly one On state, while the remaining states are Off states. Without loss of
generality, Z = {1,...,k} and A(1) = 1. Denote by «;; the transition rate from ¢ to j, where i,j € Z.
Then, according to remark 4.18, the CI is of dimension 0 with the backwards recurrence time 7 being
sufficient without additional state variables. In other words, the process Y; is a renewal process. The
mutual information I(Z,Y) is computed by method 5.2.2, i.e., Eqs. (128)- (130) with auxiliary states
©, = (II.(1),...,II;(k — 1)) and the evolution equation F for i < k

I (1) = —( ) o) (0) + Y ayilL () + el (V)IL, (i) — el (i = DIL (i),
Jyi#] 1,17
where II;(k) = 1 — >, ; 1I.(j) and ¢ = 1. The equation is initialized at (Ilo(1),...,Io(k — 1)) =
(1,0,...,0). In Eq. (128) and (130), the function [(IT) = II(1) is used, accordingly.
We considered Markov transition architectures A € A(k) for |Z| = 3 and |Z| = 4, Formally we
define the set of architectures for k = |Z| as

A(k‘) = {A S {0, 1}ka;Vi,j S {1, .. ,]{1} taq; =0, (Ak)l] > 0}/ ~,
where we divide by the equivalence relation
A~ B<d0 ES({l,...,k}),q)(l) =1:Vi,j € {1,...,]@‘} D aB(i)d(5) :bij.

with S being the symmetric group. More informally, ® corresponds to a relabeling of the states that
keep the active state 1 fixed. The entry a;; = 1 means that there is a transition from j to ¢, whereas
a;; = 0 means there is no such transition. The condition (A¥);; > 0 guarantees that Z; is irreducible.
For each Markov transition architectures A € A(k) we optimized the function I(Z,Y) = I(a;) in the
parameter space of positive matrix entries

{(aij)si # jraij =1} = REGY, x(A4) = Zaij-
4,J

To capture the constraints on the mean On and Off time, define the set Q of @) matrices that are
transition matrices of irreducible CTMCs, i.e., off diagonal entries are non-negative, row-sums are
zero. Call 1 the active state in Z. For Z; with transition matrix @, and jump times 71,75, ..., the
mean Off time is

m(Q) = Emin{r, — mpy1}lk >n+1,Z,, =1=2Z,].

For given A € A(|Z|), given mean Off time p and mean On time M, we optimized over the set
{Q € Qmax(sgn(Q),0) = A,m(Q) = p,Qu = —-M "'} C R0 (4)

where the sgn and max functions are applied entry-wise to map the @ into A(k).

The results for the three-state and four-state inputs are shown in figures 35, 36 and in the appendix
C. Within the constraints of the architecture, a one-directional circling through all states was preferred
over branching or smaller circles. Furthermore, Off states were equally allocated. The experimentally
obtained optimal input thus corresponds to an Erlang-distributed sojourn time.

Next, after we identified the circular motif as maximizing the mutual information rate, we were
interested, whether a higher number of steps in the circle always increases the mutual information.
To this end, we fixed the mean On and Off time. Interestingly, we found an information-maximizing
number of steps in the circle, see figure 37. This can be explained, when we notice that with an
increasing number of steps the Off time distribution becomes less informative. Its variance decreases
to 0, the distribution converges to a delta distribution with peak at the fixed mean. As a consequence,
information is only transmitted by the On time, while the Off time takes up part of the trajectory
without being informative. Since in the mutual information rate we divide by the time, this nearly
deterministic Off time causes loss of information transmission efficiency.

9.4 Leakage and non-exponential On time distributions

In the previous sections we restricted our study of the Poisson channel to binary inputs without leakage
and with exponentially distributed On sojourn time. Directions that could be taken for leakage and
non-exponential On time distributions are considered in the following two examples.
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OFF-time distribution for 3 state architectures, OFF-mean = 5, ON-mean = 3.3
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Figure 35: Results of our experiment of the Poisson channel with three-state input, of which one was
active and two were inactive. The 10 different architectures were investigated. The active state is
labeled with a. The thickness of the arrow shows the transition rates of the optimal input under the
fixed average sojourn time. The coloring from red (low) to green (high) encodes the value of the mutual
information rate. The histogram shows the corresponding Off time distribution.
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OFF-time distribution for 3 state architectures, OFF-mean = 3.3, ON-mean = 5
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Figure 37: Circular promoter model with n inactive and one active state (left) and the mutual in-
formation rate between promoter input and Poisson channel output (right). The maximal mutual

information rate is non-monotone in n. We used r; = - -- = r,, and On switching rate 1 /n, the inverse
of the mean Off sojourn time n/ry.

9.4.1 Random telegraph with dark current

We now consider the MMPP (Y});>0 with a random telegraph modulator and Ao > 0. As seen in the
proposition 6.2, dim(Y;);>o = 1 and the integral boundary condition, theorem 4.24, will be in place
in contrast to the previous example with dim(Y})¢>9 = 0. We numerically investigate how a non-zero
dark current alters [(Z,Y). For this purpose, we apply sections 5.2.1 and 5.2.2.

Continuing the example 9.2 with f,c1,co, w1, ws, Ag, A1, m as defined in there, we first make the
following observation to choose the discretization domain.

Remark 9.5. For every 6 the trajectory m(-, ) is decreasing and lim, o, m(7, ) = w;. Consequently,

for any 7,0

(wl - >\0)(>\1 - wl)
w1

g(1,0) > fwr) = = foo-

Proposition 9.6. Suppose that we partition the po(0)-support Q = (foo, A1] into equidistant intervals
(bi—1,b;) withb; = foo+1i- 1_1\];“’ ,i=1,...,N and choose representatives 0; = %
entries in Eq. (125) are given by

. Then the matrix

with

L1 w2
f‘1(9) —wy \ &« Wo — o’ Aw
R, 0) = —+—" —_— ,
6.6 ( 0" —w wa — f71(0)
where f,w1,ws, Aw are as in example 9.2.
Proof. Continuing the example 9.2 and solving Eq. (91), we obtain

. _wlng—e _wg.,-o—wl
plr,6) = e Aw te Aw

-0 0 —w
T(6,6') := Aw™" {In | 22 1 L)L 2
0,6 w {n(g_w1 +1n T (285)
The number of solutions of g(7,0") = 6 is N(6,6') € {0,1} with 7(0,0') = T(f~1(0),6’). Then the

matrix entries in Eq. (125) are given by
Aij = p(t(bi,0;) vV 0,0;) — p(7(bi-1,0;) vV 0,0;)
= R(b“ HJ) AN 1-— R(bi_l, Gj) A 1.

Define the function
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Figure 38: Phase planes with leakage. a z1 = 0.0l,22 = 1 b x; = 0.1,z = 1. Black and gray
marks indicate the nullclines 011 = 0 and 021 = 0, respectively, and were obtained from Monte Carlo
simulations with sample size 2 - 10°. The red shaded area indicates region B of the case 21 = 0.
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Figure 39: Random telegraph input with dark current \o and amplitude A\ = 1. The MIR
I(c1, c2) is plotted for different values of Ag, ¢1, c2. The graphsofc; = 0.1,¢c0 = 0.landc¢; =0.1,¢2 =0.5
intersect, showing that dark current can alter the monotonicity properties of I(c1,c2) in the (c1,ca)-

plane.

O

The initial condition pg(#) was found by fixed-point iteration A?" of Eq. (125) with L iterations.
The MIR [(Z,Y) = I(cy1,c2), Eq. (121), was computed with ODE system (128) - (130). Results for
different c1, co and increasing dark current are shown in figure 39. For any examined pair (c1, ¢2), the
MIR decreases with dark current as expected. The figure reveals a notable property. For fixed ¢; = 0.1,
the plots for ¢ = 0.1 and c3 = 0.5 intersect. This means that increasing the dark current increases the
MIR 1(0.1,0.1) relative to I(0.1,0.5). Consequently, an increased dark current can qualitatively alter
the monotonicity and optimality properties in the (c¢1, ¢2)-phase plane. For example, the On favoring
region increases with a dark current, see figure 38.

For the histogram approximation of py, as described in section 5.2.4, we compute 7™ (0,0 =
T(0,0"), using Eq. (285) and explicitly obtain in (132)

T (mio1,0) ) (wo — 0') 35 (m — wy) 5 (m—wy)ss 1"
p(T’ 9 ) dT = w1 w1 w2
7(m) (m;,07) Aw(l —wi)ae |wi(we —m)ds  wa(wp —m)aw |
=m;_1

Fig. 40 shows the agreement of the computation with and without the Monte-Carlo sampling. The
ACID py(m) has an asymptote at w; and is not differentiable at fo, = f(w1).

The linear fixed point equation (134) can be used to return a numerical approximation of py(m)
directly. However, it can have a singularity at the equilibrium 6 characterized by A(f#) = 0. And
the ad-hoc discretization into equidistant intervals is not guaranteed to be a stochastic matrix as in
Eq. (125).

The equation (134), which is the analogue to theorem 4.25, yields

m(m — w1) & wp — (') 5

(f=(m') — w1) =5 (wy —m)a5t1

K(m,m') = (286)
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Figure 40: Random telegraph input with dark current. ACIDs obtained from Monte Carlo
samples and simulation-free computation via BReT-P agree. The direct method, computed by fixed
point iteration of Eq. (286), shows an inaccuracy. The density has a vertical asymptote at w; and is
non-smooth at fo, = f(w;). Parameters were ¢; = co = 0.1, \g = 0.1, A\ = 1. Sample size was 10° for
the Monte Carlo simulation. Grid point number was 2000 for the po-support (foo, A1] and number of
fixed point iterations was L = 12.

Figure 41: State diagram for the Double On Single Off (DOnSOff) model. The three-state
model is Markovian. A refractory second active state realizes a non-exponential sojourn time in On.
For a1 = aq¢ the sojourn time is an Erlang distribution. The Off sojourn time remains exponential.

in the Eq. (133). In fig. 40 the accuracy for the considered random telegraph with dark current suffers,
possibly caused by the singularity at the equilibrium w;. This is in contrast with fig. 13 that showed
good accuracy for the direct method.

9.4.2 Non-Markov On time distribution

In section 9.3 we considered promoter models which are binary and Markovian with precisely one unique
On state. Consequently, the On time was exponentially distributed. Now, we relax this condition. Let
(Z¢)t>0 be an ergodic CTMC with n states, let A : Z — {0, ¢} be binary with two active, i.e., non-zero
states z1, 2o and (Y:)¢>0 the corresponding MMPP. We refer to the model as double On (DOn). Then
introduce the conditional probability of being in an active state

Ap = Ii(21) + i (22)
and U; := II;(21)/A; the contribution of z; to this conditional probability. Then
C"‘)t = (Ut; Aty Ht(Zg), o e 7H,5(Z|z|_1))

are sufficient variables of joint Markovian progression. The reset value at jumps is (U;—, 1,0,...,0).
Since all but the first component are set to a constant at jumps, we may choose the sufficient statistic
0(t) = Ui_r(1), hence dim(Y;);>0 = 1, compare remark 4.16. The progression of ©; can be found by the
chain rule, proposition 4.8, from Eq. (8). We only elaborate on it for the circular CTMC with double
On state and single Off state (DOnSOff), depicted in figure 41. Let ag1, @11, @10 be the transition
rates of going from inactive to first active, first to second active and second active back to inactive,
then the generator is of the form

—aqy 0 Qo1
.A = 11 —Q10 0
0 alg —og1
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Figure 42: The Double On Single Off input. Trajectories (IL,(z1),I1-(22)) evolve in the (7, m2)-
plane with 71 + 79 < 1. The gray grid indicates the change of coordinates (u,a) = (71 /(w1 + m2), 71 +
m2) € [0,1]%. The initial value is [ug, ag] = [#, 1]. Dots indicate the temporal evolution, i.e. trajectory
values at equally spaced time points. The equilibrium is marked by the cross. Parameter values were
Qo1 — 0.4, Q11 — 190 = 0.8,0 = 1, 0= 0.2,0.4, 0.6

The evolution of the conditional probabilities II;(z1) and II;(z2) is, according to the Snyder filter in
proposition 2.10,

I (21) = a1 (1 — Ap) — an1Tly(z1) — e(1 — Ap)TTi(21)

ﬁt(ZQ) = anHt(zl) — Oélont(ZQ) — C(l — At)Ht(ZQ).

Via the function ¢(m1,m) = (71 /(w1 + m2), 71 + 72) = (u,a) and the Ito rule, proposition 4.8, this
transforms to, omitting ¢,

1-4)@1-0)
A
A = —C(l - A)A + am(l - A) - 0410(1 - U)A (288)

U=—-a11U + ao + aoU(1 =) (287)

The update function according to Eq. (7) is f(u,a) = (u, 1), i.e., constant in the second component.
Figure 42 visualizes how trajectories for different initial values [U(7), A(7)]r=0 = [0, 1] evolve. The
coordinate system shows the plane (7, 72), while the grid indicates the transformed radial-like coor-
dinates (u,a). The DOnSOff model is equivalent to a binary semi-Markov process with exponential
sojourn time in the Off state, while the sojourn time in the On state is the convolution of two expo-
nential distributions. It serves as an example of a non-Markovian binary input to the Poisson channel
whose I(Z,Y) is compared to the Markov case in the following paragraph.

9.4.3 Double On single Off

Binary Markov input processes exhaust the capacity of the Poisson channel when their switching rates
tend to infinity. The defining property for optimality in the limit is only the proportion On/Off.
With the autocorrelation time going to 0 for an exhausting sequence of binary semi-Markov processes
also, the Markov property might as well be relaxed. Consider the following capacity problem: We
restrict the input process class to binary semi-Markov processes and impose a lower bound on the
average sojourn times in the On and the Off state. Is the Markov case with its exponential sojourn
times the capacity-achieving input? Here, we consider the DOnSOff model, which is a semi-Markov
processes with exponential sojourn time in the Off and Erlang sojourn time in the On state. For the
numerical evaluation, following sections 5.2.1 and 5.2.2, we discretize [0,1] > 6. The state variables
(u(t,0),a(r,0)) evolve according to (287) - (288) with initial conditions [u(0,6),a(0,0)] = [0, 1] and
g(7,0) = u(r,0), compare Eq. (85). The times 75(6}) in (125), that satisfy

were found by evolving the ODE system (91), (287), (288) and checking for the event (289). The matrix

entries (125) were evaluated and po(6) was found by fixed-point iteration with 2% iterations. The rates
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Figure 43: The Double On Single Off model increases the MIR compared to the random telegraph
model. Parameters were ag; = ¢; = 0.04 and a;; = a9 = 2 - ¢3. This choice guaranteed a model
match in terms of mean On and Off times.

apr = 0.04,a11 = a1p = 1.6 exhibit a MIR of I(Z,Y) = 0.101 compared to I(Z,Y) = 0.096 for the
Markov case. The rates were tuned such that the average sojourn times are the same. This example
shows that the Markov input does not generally solve the capacity problem with average sojourn time
constraint. It remains an open research question which On and Off sojourn time distributions are
capacity-achieving.

10 Summary, Discussion and Outlook

For the analysis of stochastic CRNs in a random environment, we contributed at different levels of the
stochastic description. At the process level, we established a link between CRNs in a linear random
environment with Hawkes processes. Furthermore, we introduced the class of Dirac-PDMPs and the
BReT-P, a standard form of marginal process equations that make use of auxiliary state variables. From
these, by proceeding to the probability evolution layer, we derived generalized master equations and
their asymptotic analysis. Those enabled the simulation-free estimation of information measures. We
presented the ACID, a characterization tool for counting processes. At the level of moments, with our
new method ESME, we computed the stationary means of linear CRNs in a Markov environment. For
the seemingly simple example of the birth-death process with environmentally modulated decay rate,
our case study 8.3 revealed a complex effect of the environment, even on the mean. We could explain
the asymptotic cases of a slow and a fast subnetwork. Between the two asymptotic regimes, however,
we observed a complex transition phase. At the levels of moments, probabilities and the stochastic
process, we compared the Snyder filter and approximate filters by using, respectively, asymptotic Fano
factors, the RER and anecdotal case studies.

We would like to point out misconceptions in the marginal process framework as introduced by
Zechner [3] and Bronstein [78]. Firstly, we found evidence that the interpretation of the variance
decomposition as effective and suppressed noise does not hold. Secondly, the Gamma filter is not
exact for the CIR-modulated reactions. Thirdly, the CI was previously seen as an optimal estimator of
the environment based on the subnetwork observations. Here, we advocate the perspective of filtration-
dependent intensities. With this change of perspective, the CI can emancipate as a state variable that,
on an augmented state space, is Markov. Furthermore, the filtration provides another tuning knob
that can be flexibly modified when developing model approximations.

10.1 Marginal simulation

We presented a novel approximate marginal simulation scheme for CRNs in random environments
based on the Hawkes approximation. The method builds on optimal linear state estimation for doubly
stochastic Poisson processes. The simulation scheme studied here provides a convenient way to account
for variance in the subsystem caused by the environment, even when only limited information about the
environment is available, i.e., the mean, covariance and auto/cross-covariance decay of the environment.
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This matches well with the situation of the experimentalist who has limited information about the
environment, but would like to include that information in the model.

It would be of interest to investigate whether the linearizing approach with a Gaussian environment
that has the appropriate first- and second-order characteristics, generates trajectories equivalent to the
Hawkes model. For the linear noise approximated environment, one can argue that the intensity can
become negative. In contrast, when considering independent environment components, our approach
guarantees positivity by the one-dimensional Hawkes model. For a correlated multi-component envi-
ronment that modulates a single reaction, we derived a sufficient criterion for positivity. However, in
general, we could not guarantee that the filter remains positive. Yet, we anticipate that the possibility
of negative rates is less restrictive than for the linear noise approximation, because we use marginal
rates. The latter ones have a smaller variance, and thus explore a smaller range of intensity values,
making negative intensities less likely.

Independent of the use of approximate filters, we introduced Sinzger’s min-thin algorithm, a new
simulation technique for time-dependent piecewise deterministic rates. It combines the strengths of
the Anderson MNRM and Lewis’ thinning method.

Using the established link with the Hawkes process, future research can transfer more results from
this well-studied self-exciting counting process to CRNs in a random environment. The Hawkes process
can be simulated using an immigration-birth-scheme based on branching processes [195]. We anticipate
that marginal simulation with approximate filters can be implemented in analogous schemes.

10.1.1 Evaluation of approximate filters

Although several approximate filter schemes have been proposed in the last decade, there has been
limited progress in systematic studies of their structural properties and estimation of their accuracy.
For the optimal linear filter, we provided structural results in terms of the second-order moment
agreement for zeroth-order modulation. It is to be expected that only statements about the first- and
second-order moments are possible, since the approximation ignores other features of the environment.

We presented different similarity measures for counting processes. On the one hand, the RER is
an established measure for the comparison of two counting processes based on their path measure. We
provided a simulation-free computational method for it. On the other hand, a comparison based on the
ACIDs is less established. The ACID may offer an accessible lower-dimensional statistic for comparison
that still exceeds the first- and second-order analysis. We exemplified this for the comparison of an exact
and an approximate filter or of two approximate filters. The ACID was successful at differentiating
between them. While the relative entropy can detect whether path measures are equal, the ACID, in
contrast, does not have this ability. By our current state of knowledge, it does not allow a conclusion
about the distance of the path measures in case two ACIDs are close.

Our characterization theorem 4.5 sheds light on the moment closure E VOr] E[V (t)]2/E[A(t)],
NO)

which was misconceived before. In [3] this moment relation and its supposed equivalence with S3 =

2V/ A was erroneously used to derive the Gamma filter from the CIR-modulated reaction channel. This
would have justified the Gamma filter as being exact for the CIR-modulated counting model. However,
we showed that the moment closure instead imposes the optimal linear filter.

For mRNA structure switching and its effect on translation in gene regulatory networks, we tested
several approximate filters. As a limitation of the method we saw the following effect. In cases with a
non-negligible deviation from the quasi-steady state, i.e., when the effect of the environment is needed,
the approximated models is also more prone to inaccuracies. The non-negligible cases were those
when the structure considerably contributed to the Fano factor. In contrast, the quasi-steady state
assumption was clearly valid for a fast switching timescale compared to the translation timescale, i.e.,
a mixing property in time. And also, when enough conditions for a mixing behavior in the states were
combined: (i) more than two structures, (ii) N > 20, and (iii) low fold change in the translation rate
among structures. The results raise the question, in parameter regime is at once (i) biologically relevant,
(ii) non-negligibly contributing to the Fano factor (iii) well approximated by the reduced models and
(iv) less complex than the non-reduced model. The studies conducted here provide evidence that this
regime might be small, which questions the capability of the approximate filter approaches.

Namely, we observed complementary coverage in performance by the Hawkes and the multinomial
(binomial) model. The performance was measured in terms of a lower deviation of the KL divergence
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rate. While the Hawkes model performed better when a mixing behavior in the states is given, i.e.,
when Snyder’s filter allocates the intermediate values, the multinomial performed better when due to
lacking mixing properties, Snyder’s filter allocates more frequently the upper and lower values of the
achievable regime. This is the case in particular with low N. In the case study of a minimal gene
regulatory network, the toggle switch, we investigated how the symmetric stable switch is destabilized
with heterogeneous translation rates due to conformational switching. The binomial and the Hawkes
model captured qualitatively the increasing switching frequency for slower conformational transitions
and increased fold change. However, in line with the conclusions from the accuracy assessment, we
saw complementary failure modes. While the binomial model severely overestimated the variance,
the Hawkes model underestimated the variance only slightly, in return overestimating the switch-
ing strongly. Hence, more optimistically formulated, a single filter may be insufficient, but hybrid
approaches may be pursued if still in line with (iv).

We have doubts if a marginal simulation algorithm that uses filters can increase simulation effi-
ciency compared to a Doob-Gillespie-algorithm on the joint system. For any such marginal simulation
approach, auxiliary variables must be coevolved. In all examples we considered, there were at least as
many auxiliary variables as environmental species. Both the Hawkes filter and the multinomial filter
had a tie between auxiliary variables and environmental species, whereas the Snyder filter and the
Gamma filter had an increase in state variables. Even with a tie in the state space, this replacement
comes at the cost of losing the runtime advantages of Doob-Gillespie’s next reaction method. More-
over, generally, ODEs must be coevolved. Closed form solutions for the filter, efficiently simulated
using Sinzger’s min-thin, were an exception rather than a rule. Even in this case, the Doob-Gillespie
algorithm is faster. In addition, there is an accuracy loss from approximate filters. It remains unclear,
whether there exists a case with many environment species that can be reduced to only a few effective
auxiliary variables. Even in this case, we consider it more likely that a modified Doob-Gillespie algo-
rithm can be employed to eliminate some species using quasi-steady state assumptions. In contrast,
simulation efliciency is possibly gained in the case with a continuous environment, e.g., a concentration
evolving according to an SDE. In this case, the environment might alternatively be realized as a CTMC
with matched stochastic properties, to return to the Doob-Gillespie algorithm as the method of choice.

10.1.2 Design of approximate filters

We advocate that, before the design of approximate filters, one should initially define the approximation
goal. As seen with the comparison of the Hawkes and multinomial filters, approximations can have
complementary benefits and weaknesses. Alternatively, as seen with the Hawkes and Gamma filter,
efficiency can be increased without the loss of accuracy.

We anticipate that the optimal linear filter can be used as a base case which can be adjusted
and improved. We suggest adjustments in a controlled and hierarchical way to account for structural
properties at each level of the adjustment. We imagine that a principled approach for the adjustments
can take at least two routes. First, the base case uses a linearization in the trajectory of reaction counts.
A canonical adjustment is the incorporation of higher-order terms in increasing order. Since we covered
the case of first-order dependence, the next step could be a second-order dependence. A second route
could use variational methods to find the optimal functional form of improvements, similar to [196].
Thereby, we would not impose the polynomial order, but account for trajectory features. For instance,
this could be hierarchically achieved by an increasing family of sigma-algebras that control for the
trajectory features. The structural results revealed that the Hawkes model and the doubly stochastic
model coincide in the covariance measure. A matched covariance measure can also guide the design
of approximations for non-linear systems. It is the second term when expanding the logarithm of
the characteristic functional of the random measure associated with the counting process in terms of
cumulants [115, §9.5, proposition 9.5.V]. Higher order terms can successively be matched.

While the construction of the optimal linear filter used the quadratic loss criterion, other loss criteria
can be considered. Atar and Weissman showed that the natural loss criterion provides a principled
choice that is well-suited for positive random quantities [85]. In figure 44 we illustrate how the optimal
Hawkes parameters are altered when the natural loss criterion is used. Projection criteria that differ
from the quadratic loss criterion could be applied to rule out the possibility that the filter becomes
negative.

The usefulness of the ACID for the design of approximate filters might be strengthened if we find
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Figure 44: Optimal Hawkes parameters. Exemplarily, we chose a random telegraph modulated count-
ing process model. Consider the task of finding the optimal one-dimensional Hawkes model A\ () with

parameters as in Eq. (58). Level sets indicate the natural loss criterion limy o0 7 fOT CN(E), AH(2)) dt
in the (8, a)-plane. The red circle locates the optimum with respect to the quadratic criterion. The
stationary mean pga/f of the Hawkes intensity is equal for both criteria.

statements that allow conclusions of the following forms. (i) If the distributions of AL and A2 are
close and the deterministic dynamics F() and F(? are close, then the jump updates f(V) and f® are
close. (ii) If )\(Oé) and )\((3)) are close and f(l) and f(2) are close, then F® and F® are close. This is
subject for future research that might allow concluding the closeness of the path measures from the
closeness of two ACIDs under mild additional conditions.

For the binomial model we observed and proved that it systematically overestimates the exact
variance of the Markov-modulated counting process. The binomial ansatz is limited to only one
free parameter. Within the theory of approximate filters, this is an interesting observation, since it
provides an example where limited free parameters imply that the second-order moment cannot be
captured properly. In contrast, both the Gamma filter and the optimal linear filter shared the variance
decomposition with the exact model. The finding on the binomial filter suggests a road map for future
improvement of the filter ansatz. For assumed density filtering, distributions that are underdispersed
compared to the binomial distribution should be preferred to replace the conversion environment.
A canonical way to introduce more degrees of freedom would be the use of binomial mixture models.
However, these generally increase the variance and are thus not suited. Underdispersion models, such as
the underdispersed continuation of the beta-binomial distribution [197], can be promising. Independent
of the precise route taken to design approximate filters in future works, this thesis provides a stepping
stone toward a systematic study of approximate filter schemes, that can foster better understanding
of environment effects and advance the discovery of new schemes tailored to the specific needs in the
biological context.

10.2 Model reduction and generalized master equations

The goal of model reduction approaches is to arrive at generalized master equations and process
equations. For this purpose, we used stochastic conditioning on either (i) the environment or (ii) the
subnetwork. For (i), we targeted only deterministic quantities, while for (ii), we also arrive at process
equations via stochastic filtering. This comes at the expense of an augmented state space, i.e., the
sufficient statistics of joint Markovian progression. In the case of the Snyder filter, this is the posterior
distribution with the corresponding filtering equation.

The Markovian nature of the filtering equation was also paraphrased as a ‘mysterious’ concept of
recursiveness by Brémaud [59, p.84]. Back in the days, more emphasis was on its purpose of saving
memory-space. A priori, the CI depends on the history of (¥;);>0. With the dependence only on the
current state, there is no need to record the history. In contrast, we use the insight on the Markovian
nature to analyze the asymptotic conditional intensity distribution. More generally, Daley and Vere-
Jones discuss the representation of counting processes with a CI by a Markov process whose states
represent past histories. They emphasize that the usefulness of this observation is limited, although
there are cases where the ’joint statistics’ [115, Example 10.3(e), p.101-102] can be reduced to a low-
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dimensional Euclidean space. The idea of resorting to the governing Markov process to describe the
convergence to the equilibrium of point processes was also explored [115, §12.5, p.225-229]. However,
this idea was not linked to the theory of PDMPs in particular. We spotlight the subclass of Dirac-
PMDPs as a novelty for which we provide the related expressions, such as the differential Chapman-
Kolmogorov equation (or Liouville master equation) and the stationarity condition of the embedded
Markov chain.

The simulation-free method for computing the limiting object, i.e., the ACID, is modular. The
parametrization of the sufficient statistic  can be varied. The discretization scheme, used here to find
po according to Eq. (93) or (94), can be replaced with another technique. The normalization constant
can be employed from Eq. (95), or the resulting distribution p(r, 8) can be normalized. Depending on
whether the entire ACID or a summary statistic, such as variance or E[¢(+)], is of interest, the method
can be modified. We expect that there is room for improvement: when substituting single modules
in the method, the precision might be increased, computation time decreased and limitations relaxed.
While our grid discretization was an ad-hoc approach, we consider our main contribution to lie in the
formulation of the BReT-P and the derivation of the integral boundary conditions, i.e., the stationarity
condition of the embedded Markov chain for Dirac-PDMPs. For the Hawkes process, to the best of
our knowledge, only the difference-differential equation (135) was available so far [60, 7.2.5 (ii)].

For the example 6.1.2 of dimension zero, we entered the territory of renewal processes, as discussed
by [115, §10.3, p.95 & example 12.5(a), p.227|. Then Eq. (272) for p expresses the known fact that the
sojourn time for the marginal distribution is a mixture of two exponential distributions [198]. Renewal
processes in general fall within our framework. They are characterized by dim(Y;);>o = 0, as the

backward recurrence time 7(¢) is sufficient for their description. Their CI is A, = —’; g:ggg for the
survival function p(7). It is well established that the stationary distribution of 7 has the probability

density % [121, §5.1, Eq. (3), p. 61] and the theorem 4.28 reduces to stating that the expected
A(7)

hazard, called the renewal density, is equal to ([ p(u) du)~! [121, p. 62|. The transformation 7 — -5
provides the ACID, i.e., the hazard.

Faced with the problem of the intractable augmented state space, we require approximations.
The study of the approximation via optimal linear filtering revealed that the Hawkes model and the
doubly stochastic model coincide in the covariance measure. This hints at a future application for
model reduction, as the covariance measure is the second term in a cumulant expansion of the random
measure associated with counting processes.

Our Hawkes model is especially well-tailored for linear environment that modulate zeroth-order
reactions. Consequently, we expect that it can be used to replace linear leafs in the reaction network
graph and linear transit networks. As a word of caution, we would like to recall that, for this kind of
model reduction to work, the replaced linear environment must not be bi- or multimodal, as we have
seen in the case study 8.1.1. Multimodality also includes discrete-state environment models with few
states.

The optimal linear filter for counting processes has seen some application [199, 200]. Alternatively,
the Kalman filter has been used after applying a diffusion approximation [201], in the linear noise
approximated case [202], or for a continuous model to begin with [203]. Our assessment of the literature
suggests that the approach via diffusion approximations has been more common. In contrast, we
emphasize that the Kalman-like approach by Snyder, on which we built the Hawkes model, does not
require a diffusion approximation. The link between the Kalman filter for a Gaussian setup and the
Kalman-like filter for point processes is a shared integral equation for the estimation kernel. With this
insight, Snyder transferred the results from the continuous-time additive white Gaussian noise channel
to point processes.

The reduction techniques of approximate filtering and truncation of the cumulant expansion can
have difficulties in capturing the asymptotic mean correctly, as seen in the case studies 8.3.8, 8.4
and [106, p.70]. The expressions for the stationary mean might assist in detecting the parameter
regimes in which approximations succeed. On the one hand, ESME does not require Monte Carlo
approximations. On the other hand, our quantification of environmental shares can permit insight into
the failure mode of the approximate simulation or model reduction technique. Besides the detection
of parameter regimes, the knowledge of the exact stationary mean can tune approximation methods
towards capturing the asymptotic mean correctly.
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At the same time, our expressions are limited to a particular class of CRNs, i.e., the ones that can
be decomposed into a linear subsystem and an environment, where the modulation is only allowed
unidirectionally, from the environment to the subsystem. Often, such decomposition does not exist,
because the requirements of linearity and unidirectional modulation are limiting. Let us consider the
common violations of these requirements. (1) There exists a reaction A+ B — C where at least one of
the three species is in the subsystem, e.g., the MAPK/ERK pathway [204]. If A is an environmental
species, it needs to be preserved during the reaction, and A and B cannot be both in the subsystem due
to the linearity assumption. (2) Any partition into two sets of species contains bimolecular reactions
of the forms A; + B; — A; + * with A; in one set and B; in the other set for one 7 and the other
way around for another 4. Finally, (3) reaction rates that have a Hill or other non-linear dependency
violate the linearity constraint. We suggest that, for non-linear propensities, Monte Carlo simulations
with the method of conditional moments [34] are used to obtain numerical estimates of the stationary
mean. Additionally, our expressions require the stationary distribution of the environment, which
further limits our approach.

Previously, it was believed that generalized master equations decrease complexity over master
equations of joint Markov models, especially when alternatives, such as quasi-steady state model re-
ductions, are too simple to be exhaustive. In our studies, we could not validate that generalized master
equations with this benefit are within reach. Instead, the unifying approach showed that generalized
master equations require evaluating conditional expectations of random propensities, given the state
of the system. For the telegraph-modulated birth-death process, we derived evolution equations via
conditioning on the environment and conditioning on the subnetwork. For this tractable joint system,
we found that both the approach via the cumulant expansion and via stochastic filtering arrived at
the same equations as the classical CME for the joint system. In the Gamma-mediated decay reac-
tions, complex calculations via stochastic filtering yield the probability distribution of the subsystem.
However, the solution is more simply obtained by conditioning on the Gamma random variable and
solving the classical CME, i.e., the route of section 3.

The ansatz of the generalized CME via conditioning on the subnetwork, section 4, is the replacement
of environmental species by their state estimates, which become the new continuous state variables.
In the studied examples, the necessary number of state variables was at least as high as the number
of environmental species. More commonly, an augmented state space is needed to recover the Markov
property. Moreover, replacing discrete by continuous states implies the need for challenging hybrid
approaches. The advantages of this ansatz over joint Markov approaches in terms of reducing the
complexity have not become apparent in our studies. Overall, we conclude that (i) the curse of
dimensionality is not resolved by the two approaches in sections 3 and 4, and (ii) between both
approaches, the route in section 3 might be preferred for analytic approaches, as it parallels the
structure of the generative model, which defines the subnetwork conditionally on the environment.

10.3 Computation of information measures

We contributed to information theory in cell biology by presenting a Monte Carlo-free numerical
computation of the path mutual information rate of a Poisson channel for Markovian input with a
low state number. We aimed at computing the MIR and RER in a simulation-free way, i.e., without
Monte Carlo simulations. This involved the evaluation of ODEs on a grid with the dimension given
by the dimension of the sufficient statistic. We considered doubly stochastic Poisson processes (signal
process along Poisson channel) and self-exciting counting processes. The ACID is accessible by our
method in the case of very low number of non-zero signal states. With no limitations on the number
of zero states, the method enables us to analyze binary semi-Markov inputs, i.e., have non-exponential
phase-type Off-times. We demonstrated how the RER can compare two counting processes.

In section 8.2.3, we compared the Gamma filter and the optimal linear filter in their ability to
estimate the mutual information in the two-state model of gene expression. We noted that the optimal
linear filter improves the computation time with no decrease in accuracy. The conditions under which
either of the two approximate filters is preferable still have to be determined more systematically. The
characterization result for the optimal linear filter can be used to guide the intuition.

For the Poisson channel, we considered the input class restricted to binary processes that have a
Markov representation with one or two active states. For this class, we were able to contribute a novel
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MI optimization method that does not require costly Monte Carlo simulation. Instead, we took an ana-
lytic approach based on ODEs and a fixed-point iteration. With this approach, we observed interesting
effects, such as optimal promoter cycling and a favored allocation of the On state. Ultimately, it is the
goal to add one more stochastic layer in the channel. Namely, in gene regulatory networks, the channel
between a transcription factor as an input and mRNA transcription as an output is more interesting.
The promoter serves as a mediator. Mathematically, this requires another external stochastic process
that modulates the rates of the promoter switching. It is still unclear, whether the same techniques
that use the ACID and the BReT-P can be applied.

10.4 Attribution of subnetwork features to the environment

We contributed several decomposition results. The Fano factor decomposition for mRNA structure
switching showed its contribution to translational noise. The spectral formula for correlated environ-
ment has the common structure of intrinsic and extrinsic noise components. As a further novelty, we
provided the method of environmental shares that quantifies the contribution of the environmental
states to the stationary mean. The method of the environmental shares allowed to correctly attribute
the excursions to the zero state of the environment. Moreover, it showed an interesting decomposi-
tion of the parameter regions, in which different environment states dominate. Beyond these positive
results, we also provided a line of argument why the decomposition of subnetwork noise into effective
and suppressed noise as proposed by [3] seems misconceived.

In the case study 8.3.8, we found that excursions persist under the linearization, and for this reason,
we classified them as results of linear environment features, at least qualitatively. The same holds for
the local maximum in the case study 8.4, figure 30B. Non-linear features of the environment, such as
bimodality, skewness, a non-linear evolution of the intensity, and a discrete state space with few states,
are expected to cause deviations in X (¢). These deviations suggest using more details than first- and
second-order moments of the stochastic description of Z(¢). In the modeling context, if the Hawkes
model lacks specifics of the observed X (t), this indicates that non-linear environmental features may
cause these specifics. The case study 8.2.5 showed that the Hawkes model is not generally incapable of
bimodal distributions if the bimodality results from the architecture of the embedded system instead
of being caused by the bimodality of the environment.

To benefit future research on state estimation, the partial observations of the system that is be-
ing modulated could be used to infer the three characteristics of the environment using the proposed
Hawkes model. For this purpose, it would be desirable to derive path likelihoods for the Hawkes-
modeled CRNs when it is reasonable to assume that the environment has an exponentially decaying
auto/cross-covariance. Overall, among the studied applications, we see the largest benefit of approxi-
mate filtering and conditioning on the environment in the areas of information theory and attribution
theory. Disentangling intrinsically stochastic effects of the subnetwork and extrinsic effects of different
environment components beyond the decomposition of the variance can improve our fundamental un-
derstanding of how systems are shaped by being embedded and advance the design of synthetic biology
in a specific cellular context.
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A Piecewise-deterministic Markov processes

Here, the piecewise-deterministic Markov process is redefined. We follow the construction of Davis [65,
§24, p.57-59 & (24.8) standard conditions, p.62| step by step.

Construction A.1 (Piecewise-deterministic process). Let (Q,F,P) be a probability space. And let
U1, V1,Ua, Va, ... be independent and uniformly distributed random variables Q — [0,1]. Let ¥ C R™0
be given. This will be the state space of the constructed process. Let B(9) denote the Borel sets of 9
and let further three function be given

e [: 9 — R™ J[ocally Lipschitz continuous
o I: ¥ — Ry measurable satisfying an integrability condition, specified in Eq. (290)

e Q: B(W) x 9 — [0,1], such that Q(B,-): ¢ — [0,1] is measurable for all B € B(Y), where B
denotes the Borel o-algebra, and Q(-,0) is a probability measure for all 6 € 9.

Then with these characteristics construct the following piecewise-deterministic process (O)s>o starting
from the fized initial value ©¢ := Sy := 0 € ¥ at ¢ := 0. First, for each v° € ¥ denote by [0,00) —
9,7+ u(r,v°) the solution of the initial value problem

ét:F(@t), @0:1)0

and assume that there exists an e(v°) > 0, such that

/ ) dr < oo (290)

Now we construct the process recursively, for i = 0,1,..... Suppose, that we have constructed the
process untilt = o; and O,, = S;. Then by the standard technique of the inverse cumulative distribution
function, let Fiy1:[0,1] — [0,00) such that T;y1 = Fi11(Uiq1) is distributed as

P[T},1 > #] = exp (- /0 u(r. 5)) dT)

and set 041 = 0y + Tiy1. Next, set ©; = u(t — 04,5;) fort € (04,0i11) and let EH: [0,1] — ¥ be
such that Si11 = Fiy1(Viy1) is distributed as Q(-,u(Ti41,Si)). The process has then been constructed
until t = 0541 and B4, , = Siy1.

According to Davis [65, §25, theorem 25.5, p.64], this process has the strong Markov property.

Definition A.1 (Piecewise-deterministic Markov process, embedded counting process). A Markov
process (O;):>0 on the state space ¢ is called piecewise-deterministic Markov process (PDMP),
if its finite-dimensional marginal distributions agree with the construction A.1 for some triple (F, 1, Q).
Then (F,1,Q) are called the local characteristics of the PDMP and the process Y; := > .~ 1(0; < 1)
with (0;);en as in the construction A.1 is called the embedded counting process.

Remark A.2. The class of PDMPs as studied by Davis allows an active boundary meaning that an
entry into the active boundary triggers jumps automatically [65, §24, p.60 and §34, p.116]. In our
setting there is no active boundary.

B Invertibility of matrices for promoter-mediated transcription

This section discusses how to make A and A 4+ BCTu~1C invertible. The matrix A in Eq. (137)
has vanishing column sums, i.e., 174 = 07 for the vector 1 = [1,...,1]7. For this reason A is non-
invertible. The matrix X2 has column and row sums zero, i.e., 17%% = 07 and ¥21 = 0. We derive
an equation equivalent to Eq. (65) - Eq. (66) for the reduced state Zo(t) € R*~! dropping the k-th
coordinate of Zy(t). This way, we make A invertible by reducing its dimension.
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To this end, we define I' and decompose the matrices A and 32 as

R | P kex (k—1) | Ao | _ o[ %2 2 N B

with Ay € RE-Dxk 52 ¢ RE-Dx(k=1) " Then we define A := AT’ € RE-Dx¢:=D & .= CT ¢
RY>*E=D et B(t) € RE-Dx (k=1 solye
%B = —AB — BAT + AS? + $2AT — BCT ' CB.

Then we derive the evolution equation for

,6":{ B  -B1

- | =TBrT.
-17B 1TBJ

€=~ PABIT ~TBATI” + DASPIT + DS2ATIT — DBCOTu CBIT
= —TABIT — BT AITT 4 1A TT + 12207 AITT — BT’ y—reBrt
=— AB — BAT + AX? - 22AT — pCT Tt op.
Hence 3(t) = B(t) for all t > 0. Let further Zy(t) € R* satisfy
AZ0(t) = —AZo(t) + BOCT (Y (1) — (u+ CZo(1)) dt),
where the intensity of Y (t) is assumed to be u + CZy(t). Then I'Zy(t) satisfies

dTZy(t) = —TAZy(t) + TB(t)CT =t (dY (t) — (u+ CZo(t)) dt)
= — AT Zy(t) + TBOTTCT 1 (dY (t) — (4 CT Zo(t)) dt)
= — AT Zy(t) + B{)CT =1 (dY (t) — (u+ CTZo(t)) dt).

Hence for Z:O(O) equal to the first k — 1 entries of Zy(0), we have T'Z0(t) = Zo(t) for all t > 0 and in
particular ZH(t) = pu 4+ CZy(t), hence Y (t) is equal to Y (t) in distribution.

C Promoter architectures

Results from the experiment described in section 9.3.
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