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Abstract

Cell-to-cell variability, born of stochastic chemical kinetics, persists even in large isogenic populations. In
the study of single-cell dynamics this is typically accounted for. However, on the population level this source
of heterogeneity is often sidelined to avoid the inevitable complexity it introduces. The homogeneous models
used instead are more tractable but risk disagreeing with their heterogeneous counterparts and may thus lead
to severely suboptimal control of bioproduction. In this work, we introduce a comprehensive mathematical
framework for solving bioproduction optimal control problems in the presence of heterogeneity. We study
population-level models in which such heterogeneity is retained, and propose order-reduction approximation
techniques. The reduced-order models take forms typical of homogeneous bioproduction models, making
them a useful benchmark by which to study the importance of heterogeneity. Moreover, the derivation from
the heterogeneous setting sheds light on parameter selection in ways a direct homogeneous outlook cannot,
and reveals the source of approximation error. With view to optimally controlling bioproduction in microbial
communities, we ask the question: when does optimising the reduced-order models produce strategies that work
well in the presence of population heterogeneity? We show that, in some cases, homogeneous approximations
provide remarkably accurate surrogate models. Nevertheless, we also demonstrate that this is not uniformly
true: overlooking the heterogeneity can lead to significantly suboptimal control strategies. In these cases, the
heterogeneous tools and perspective are crucial to optimise bioproduction.
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1 Introduction

Stochastic gene expression leads to cell-to-cell variability within a population of genetically identical cells, which
can manifest in heterogeneous behaviour, such as response to stimuli or cell-fate decisions [3, 7, 18, 42]. Our ability
to image and track single-cell dynamics and model their statistics has led to a thorough mechanistic understand-
ing of the behaviour of individual cells and communities [43]. Nevertheless, when it comes to bioengineering,
bioproduction models typically neglect this heterogeneity due to the complexity it introduces [16], especially
when it comes to process control [17]. When this nonuniformity is ignored, as is the case in homogeneous models,
the dynamics can be heavily skewed. For example, small subpopulations that are weak bioproducers may be
fast growers, having alleviated the onerous burden of production [9, 20, 33, 51]. These cells may dominate the
population and exhibit vastly different behaviour (such as gene expression dynamics, metabolic activity, growth
rate, etc.) than the mean dynamics predict. This casts doubt over whether homogeneous models can be used to
optimally control bioproduction in the presence of population heterogeneity.

The aim of this work is twofold. First, we pose a collection of heterogeneous multiscale models that cover
a variety of behaviour and features that routinely appear in bioproduction applications. The models take the
form of systems of partial differential equations and partial integro-differential equations (abbreviated simply
as PDEs) and may be derived from first principles [14] or from the chemical master equation — the central
governing equation in chemical kinetics modeling [26, 27]. Crucially, our population-level models incorporate
sources of heterogeneity born of single-cell stochastic gene expression that encompass a class of models of diverse
biological relevance [11, 27, 44]. We study the optimal control of these multiscale models and thereby attempt to
unite the heterogeneous population models arising from the important stochastic chemical kinetics with optimal
control theory and practice.

Second, we study order-reduction techniques based on a moment closure approximation of the heterogeneous
models, which yield homogeneous surrogates. Deriving these reduced models from the heterogeneous setting
provides several key advantages over more common ODE approaches that ignore heterogeneity from the outset.
For example, many parameters in the reduced-order ODE models may be expressed as functions of the underlying
heterogeneous single-cell dynamics, allowing closed-form expressions for parameters that would otherwise have
to be fitted [5]. Moreover, the derivation allows us to clearly identify the source of the discrepancy between the
reduced-order models and their heterogeneous counterparts. This allows us to pin down the precise assumptions
that would otherwise remain tacit.

The heterogeneous models are more challenging to analyse and more computationally demanding to optimise
numerically. This begs the question of how important the heterogeneity is, particularly with regard to the control.
Studying the homogeneous approximations and their optimal control allows us to directly address this question.
We find that the homogeneous models can certainly be quantitatively reliable surrogates. However, this is not
always the case, and the heterogeneity may influence the control to the extent that the reduced-order models
perform relatively poorly. In the final case we study, for example, this poor performance manifests in significantly
reduced bioproduction.

After developing the theory for a class of bioproduction models, we demonstrate the optimal control results on
a range of examples with a wide array of biological features. The underlying stochastic chemical kinetics include
gene expression in both birth-death as well as bursts [12, 24]. We consider gene expression from the concentration
perspective, and separately from the copy-number perspective [34]. We show how these processes are modeled
both in the PDE setting, as well as how these differences manifest in the moment closure approximations. We
consider models controlled by light-induced responses in both monocultures and consortia [6, 23, 38, 53].

The paper is organised as follows. In section 2 we outline the class of bioproduction models we study,
summarise the optimal control framework, and derive the homogeneous moment closure approximation. The
following four sections, sections 3 to 6, contain example systems of interest. In each, a heterogeneous model is
presented, followed by a homogeneous approximation, and then numerical results comparing the optimal control
of both models. A diverse choice of models allows us to observe different model features and how their constitutive
ingredients interact with view to bioproduction control.

2 Heterogeneous bioproduction models and their optimal control and
approximation

2.1 The influence of heterogeneity in bioproduction

It is instructive to motivate the study of heterogeneous models and their homogeneous counterparts using a
sketch of a simple, idealised scenario. We consider a protein of interest that is present in different levels across a
population, as typically arises due to stochastic gene expression. There is some selection process occurring within
the population, say growth, that is modulated by the protein via a step function, (fig. 1a). This may be caused
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Figure 1: (a) Sketch of how the influence of protein-modulated growth on the distribution of protein levels can
lead to selection. (b) A homogeneous model does not capture the time-varying growth as it does not account for
the selection.

by the protein being toxic or burdensome to the cell [9, 20, 33, 51]. We then consider how the average selection
evolves with time (fig. 1b) and ask: how does a homogeneous model compare with its heterogeneous counterpart?

In fig. 1, we assume that stochastic gene expression gave rise to an initial population distribution in the
absence of selection. We then induce a protein-dependent growth process that is assumed, for the purposes of
demonstration, to occur on a timescale much faster than the gene expression. Homogeneous models effectively
represent the full underlying distribution exclusively by its mean with no account of variability. Therefore, the
homogeneous perspective sees no change to the mean, retaining a low and time-invariant average growth rate. On
the other hand, in the fully heterogeneous account, the state-dependent growth selects for cells of lower protein
levels thereby skewing the distribution in the heterogeneous model and leading to a higher average growth rate
(but lower average protein levels). This raises the question: do the different dynamics captured by the models
manifest in vastly different optimal controls that maximise bioproduction? We will demonstrate that, in certain
circumstances, homogeneous approximations provide sufficiently good surrogate models. In other circumstances,
the discrepancy between the full transient behaviour and the approximations is definitive in describing the optimal
control, and the heterogeneity must be accounted for.

2.2 Modular model class

Here we sketch the structure of a general class of models by delineating different constitutive components of
the bioproduction process. We then provide concrete instances of each component under different modeling
assumptions. This approach enables us to construct models in a modular fashion by plugging in the modeling
description relevant for different bioproduction configurations.

We begin by considering a collection of continuum quantities within each cell, such as levels of a protein
of interest or a transcription factor. We denote the jth quantity z; and the vector of the entire collection
x = (z1,...,2q4) € Ri. We then consider distinct discrete types of cells, with cells of a given type being
indistinguishable. Our interest is in the dynamics of populations of large numbers of cells, as is typically the
case in bioproduction applications. Importantly, heterogeneity at the single-cell level depends on the stochastic
chemical kinetics, not the population size, and therefore persists in large populations [27]. The primary object we
study is the (expected) population density of each class over the continuum quantities. This description allows us
to capture the population mass in any given state, and thus allows a description that governs the evolution based
on the multiscale dynamics comprising the single-cell kinetics and the population-level processes. Ultimately, it
also allows us to quantify the bioproduction, which is typically the quantity we seek to optimise.

We denote the population density of cells of class k over the continuum quantities @ at time ¢ by pg(x,t).
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Figure 2: Schematic of the multiscale evolution of a population of cells. Each cell has an evolving internal
configuration comprising a discrete state whether the cell is active or inactive (section 2.2.3), and a continuous
level of a protein of interest (section 2.2.4). The population changes composition via selective state-dependent
mechanisms such as growth as cells proliferate (here, cells with lower protein levels tend have duplicated more,
see section 2.2.1). In turbidostat mode, the total population mass is maintained by dilution (indicated by red
crosses, see section 2.2.2).

Models governing the evolution of the collection of population densities in all states, {px(x,t)}x, take the form

0
—pr(x,t) = Population growth + Bioreactor removal

ot

+ Discrete dynamics + Continuum dynamics, (1a)
Pk (:13, 0) = Pok (:13), (lb)

for k=1,...,K. Each term on the right-hand side of (1) contributes to the rate of change of the density of cells
of class k with internal state @, and thus each may depend on both k and x, as well as time ¢. A schematic
illustration is provided in fig. 2. We now detail a collection of examples for each component on the right-hand
side of (1), from which we compose all of the case studies we subsequently explore.

2.2.1 Population growth

The population growth refers to the processes by which the cells proliferate. A simple and classical example is
exponential growth. If the continuum quantities @ represent concentrations (that is, copy numbers divided by
cell volume) that remain essentially constant over cell division events [34], then the rate of change of cell density
due to growth may be governed by a law of the form

%pk(az, t) = gr(x, t)p(x, t) + (Non-growth sources), (2)
where the growth rate gy (i, t) exhibits dependence on the states k (e.g. different cell types grow at different rates)
and x (e.g. enhanced or inhibited cell division for different levels represented in ) as well as time ¢ (e.g. fluctuating
ambient environmental conditions).

An alternative is to consider the continuum states & to represent (scaled) copy numbers. In this case, cell
division events cause the state  to be partitioned and shared between the two daughter cells, which is described
by a fragmentation process. We define the set of states in R‘i with each component no greater than each
corresponding component of z, which we denote 0 < x < & := [0,2;] X --- x [0,#4] where 0 = (0,...,0) € Nd
is the d-dimensional vector of zeros. Similarly & > x denotes the set where each component is no less than its



counterpart in . The rate of change of cell density is then governed by

0 . . N 1a
apk(fﬂ,t) = —gi(x, t)p (2, t) + 2/@2m 9k (2, O)pr (2, )0k (¢ | ) dE 3

+ (Non-growth sources),

where the growth rate is still gi(x,¢) and 0 (x | &) represents the probability density that, for a given daughter
cell, a mother cell in state & divides to produce a daughter in state . The factor of two reflects the cell division
of the mother into two daughter cells. We require that 6 be a symmetric probability density:

/0< <A9k(a:|§:)dw:1, Op(x | &) =0p(2 — x| ). (4)

As we will demonstrate in deriving the moment contributions of the terms in (3), assumptions (4) guarantee that
the fragmentation contributes an increase in the total number of cells per unit time while conserving the total
protein copy number.

2.2.2 Bioreactor removal

Bioreactors operate in a variety of modes. Batch operation describes a bioreactor where the initial colony is
placed into the media and left to develop without breaking containment. Typically the contents are stirred
to ensure a homogeneous solution. Batch operation requires no “Bioreactor removal” term in equation (1).
While operation is straightforward, one major disadvantage of batch operation is that once the nutrients in
the original media are exhausted the desired production slows to a halt. This then requires a work-intensive
sterilisation between short-lived batches, and complicates the modeling since the culture transitions through
several phenomenologically different phases (lag, exponential growth, stationary, death, long-term stationary [39]).
Various modes of continuous operation allow fresh media to be introduced into the bioreactor, and the existing
solution diluted to remove toxins and byproducts as well as maintain an equilibrium population density. This
allows longer operation, reducing the burden of frequently resetting the bioreactor, and simplifies the modeling
as it allows the colony and nutrients to remain in a single phase.

Turbidostat operation is a particularly useful mode, where the dilution is tuned in real time so as to maintain
a constant optical density. Taking the optical density as a proxy for the population density, we may model this
contribution via the dilution rate, A(t),

%pk (z,t) = —A(t)pr(x, t) + (Non-bioreactor sources), (5)
where A(t) does not depend on k or x, but does depend on the population density as follows. Integrating (1) over
the state space x € Ri and summing over all discrete states k = 1,..., /K, the discrete and continuum dynamics
cancel as they are conservative; describing how members of the population change their states k and & without
changing the total population mass. In this case, where all changes in population mass stem from the “Population
growth” terms, it follows that

K
Z/d [Population growth], (x,t) dz
k=1"RY

A(t) == <
;/Ri pr(x,t) de

where we have shown the explicit dependence of the population growth contributions on the states k and @ and
time ¢. The turbidostat dilution rate (6) is simply the mean growth rate, which is precisely the balance required
to preserve a constant total population mass. Moreover, since the denominator in (6) is constant, we may assume,
without loss of generality, that it is unity. This is equivalent to rescaling the population densities py(x,t) by this
constant value. This gives a simpler form for the dilution rate, namely

; (6)

K
At) = Z/ [Population growth], (z,t) de. (7)
k=1"RY



2.2.3 Discrete dynamics

Discrete dynamics refers to the change of state of a cell in class k£ to some other class ¢, at a rate denoted by
cre(x, t), whereby

K K

i@ = )Y eiole. ) + 3 enta Opi(o. 1) .

+ (Non-discrete sources).

In this work, we use the discrete states to model different cell classes, as we will detail. Nevertheless, the
discrete states could, in principle, also describe the stochastic single-cell chemical kinetics by representing the
copy number of a species produced in numbers below what would justify a continuum approximation [26, 27], or
a binary internal state such as governed by promoter switching or binding kinetics. The copy-number paradigm
described above pertains to continuum species. It may be straightforwardly extended to account for division of
discrete copy numbers.

2.2.4 Continuum dynamics

Continuum dynamics refers to the change of the internal states of cells from, say, « to y. It is common, as is
exclusively the case in this work, that these internal continuum states represent levels of different proteins, whose
dynamics are governed by gene expression models. For example, the evolution of the continuum state  under a
birth—death process with rate ri(a,t) > 0 is described by the Fokker—Planck operator

gpk(w, t) = —ex - V[ri(x, t)pr(z, )] + iegv2 [T%(z, t)pr(x, 1)) ex

ot 20 9)

+ (other sources),

where e, € Z? is a vector representing the number of reactant molecules minus the number of product molecules
of each continuum species [27], V2 denotes the Hessian, and §2 >> 1 is the system size parameter, representing the
characteristically large copy numbers that justify a continuum formulation [26, 15, 14]. The operator is associated
with the zero normal-flux boundary condition

(ex - m) {rk(m,t)pk(ac,t) — %ek -V [rk(ac,t)pk(m,t)]} =0, x € &Ri, (10)

where n denotes the outward-facing normal to the boundary. There may be many such processes occurring
simultaneously on the state k, in which case we sum over all the associated Fokker—Planck operators and boundary
conditions.

In many biologically relevant scenarios, production in bursts (where multiple gene expression events occur in
rapid succession) provides a more realistic description of the underlying production mechanism [12, 24], whereby
the continuum dynamics take the form

o o2, 1) =~ fula, Opia 1

+ [lex| fr(x — zeg, t)pp(x — zeg, ) Qr(x — zey, 2| ex|]) dz (11)

m—zekeR‘jr

+ (other sources),

where e), € Z% again represents the number of molecules of each continuum species in the reactants and products of
a single gene production event, fi(x,t) denotes the rate of production bursts, and Q(, y) denotes the probability
density, characteristically of exponential form, that the bursty production process in a cell of state x yields a cell
state © + yey /| ex||. We thus require that, for all x,

/OOO Qr(z,y)dy = 1. (12)

Here too, if several such processes occur simultaneously these are to be summed.

There are no boundary conditions to be imposed with the burst operator, however, the formulation (11)
implicitly imposes boundary conditions. The present formulation assumes that all components of the vector
ej are non-negative. Were this not the case, the first term on the right-hand side of (11) would need to be
modulated by a coefficient representing the fraction of valid jumps: vg(z) := ||ey]| fm+zekeRi Qi (z|lex|]) dz. This



would disallow jumps that use “exhausted” continuum species (that is, jumps to states & with at least one negative
component) and instead leave the state unchanged. This treatment can be handled in the present formulation by
simply absorbing the coefficient vy () into the rate fi(x,t). A more physically relevant model would place the
fraction 1 — v () of invalid jumps at the boundary, however, for the sake of simplicity, we will not account for
this.

We have presented different example components for each of the terms in equation (1). This allows us to
consider the broad class of PDEs where these components are chosen independently and pieced together to model
a range of bioproduction systems, as we subsequently demonstrate in the examples. Given this class of systems,
we proceed now to discuss the optimal control of the PDE models.

2.2.5 Optimal control of the PDE

Our primary focus is on optimally controlling bioproduction models of the form (1), which requires two additional
ingredients. First, we must specify how the rates in each contributing term depend on the control input, which
we denote u(t) throughout. Second, we must specify some objective function Jppg which we seek to optimise.
We rewrite the dynamics (1) in vector form as

0

5P(® ) = M(p(1),t,ut))p(=, 1), p(z,0) = po(x), (13a)
where the operator of the right-hand side M now exhibits explicit (non-local) dependence on the system state
p(-,t) and the control u(t). We consider optimising objectives of the form

T
JppDE = /Rd w(m,p(m,T))da:+/0 /Rd o(zx, t,u(t), p(-, 1)) de dt, (13b)

where 1 and ¢ map to R. Typically, as is the case in this study, the objective measures the amount of bioproduct.
The control problem (13) is to maximise the objective (13b) subject to the dynamics (13a) and a bounded control,
say, u(t) € [0, 1].

How do we optimally control this family of PDE models? While full detail is provided in Appendix A, it is
instructive to outline the structure of the approach. The principal aim is to calculate the “derivative” of the
objective with respect to the control. If we can accomplish this, we have both an analytical characterisation
of the optimal control — where the derivative vanishes — as well as a numerical recipe for computing it —
given a control, we may use the derivative to iteratively update the control in a direction which better optimises
the objective. In practice, we use L-BFGS-B, a limited-memory, control-bounded implementation of the BFGS
routine [31], which uses the difference between iterates to approximate second-order information (the Hessian)
and thereby precondition the derivative to provide a curvature-informed search direction. A stable and consistent
discretisation of the PDE model is detailed in Appendix A.

So how do we calculate the derivative? We take the adjoint approach: in brief, we construct the Lagrangian
by adjoining the system dynamics to the objective function:

T
L := JppE — /0 9 Az, t) {;p(m,t) — M (p(-,t),t,u(t))p(x,t)| dedt

(19)
- [, M@0 bla.0) ~ po(e) do.

Equating the derivative of the Lagrangian £ with respect to the system state p(x,t) to zero gives a terminal
condition and a backward (in time) equation governing the costate A(a,t). Then, the derivative of the objective
with respect to the control — the quantity we sought to compute — is found to be an explicit function of the
state and the costate. This recipe may be followed for the discretised formulation identically to yield a discretised
costate equation and discretised gradient of the objective with respect to the discretised control.

2.3 Moment approximations of model components

The analysis of the PDE models outlined in section 2.2, as well as their optimal control, is formidably challenging.
The computational cost of their numerical simulation and optimisation quickly becomes prohibitive with increasing
resolution and dimension, motivating dimension reduction techniques. Many order-reduction (and discretisation)
techniques, such as spectral methods, Galerkin methods, projection and decomposition methods, are based on
expressing the solution p(x, t) as a combination of basis functions approximately spanning the state space. In this
work, bearing in mind that our primary goal is to determine the optimal control but not necessarily keep track of
the full distribution p(,t), we consider dimension reduction by tracking only the moments of the distribution,
thereby removing the independent state variable x altogether.



In the general case, where the rate and burst functions introduced in section 2.2 are state-dependent, the
moments of the distribution are governed by an infinite hierarchy of coupled equations, which require a clo-
sure approximation. We focus on low-order moment closure approximations, up to and including first order.
Zeroth-order approximations essentially assume that the underlying heterogeneous quantities have a stationary
distribution. First-order approximations preserve the time-varying nature of the heterogeneous quantities, how-
ever, they do not preserve the cell-to-cell variability. Thus, the comparison between the heterogeneous PDE
models and their homogeneous ODE approximations provide great insight into the influence of the cell-to-cell
variability on the control. Moreover, the resulting homogeneous ODE models are of the type typically found in
the bioproduction literature, making any deviation in performance particularly pertinent.

Taking the components introduced in section 2.2, we derive the associated low-order contributions to the
moment closure approximations. We introduce the moments

X;,k(t) = / x; pr(z,t) de. (15)
Rd
4
When ¢ = 0, the index j € {1,...,d} is of no consequence and we write X?k(t). Since we are only interested in

moments up to first order, we only multiply by a single variable x;, but no mixed moments.

The governing equation of each moment X]Z & (t) is found by multiplying the PDE governing py(x, t) by x; and
integrating over the state space. We close the moment hierarchy at first order by extracting all state-dependent
rate functions from under the integral and evaluating them at the associated (approximate) mean, that is, for an
arbitrary function f,

[, o @ tmla ) de ~ FXul0).0 X400, (16a)

+

where

X1, (¢t Xt
X, (1) = (XOZ((t)) X‘é}’:&i) . (16b)

This approximation is justified when the distribution py(x,t) is well approximated by its mean [21] provided the
function f is sufficiently slowly varying with respect to the state. Naturally, this condition is sufficient but not
necessary: there could be scenarios where the distributions possess significant heterogeneity and, nevertheless,
this approximation faithfully captures the system behaviour and control. Returning to the earlier comment
regarding techniques that represent the solution in a basis, we identify the closure (16) as being equivalent to the
representation py(x,t) = X°; (t)d(x — X (t)) for the d-dimensional Dirac mass 4.

We now use the moment closure (16) on each aforementioned PDE component. This generates the associated
ODE forms, which may analogously be used to compose homogeneous ODE approximations of the underlying
heterogeneous PDE model. Details of the calculations appear in Appendix B.

2.3.1 Population growth

The growth law in the concentration paradigm (2) contributes to the moments via

%X}}k(t) ~ gr(Xi(t), t)X;ﬁyk(t) + (Non-growth sources). (17)
In the copy-number paradigm (3), we find (see Appendix B) that

%Xﬁk(t) = ge(Xi(t),t) X%, (t) + (Non-growth sources), (18)

%X;7k(t) = (Non-growth sources). (19)

In other words, the copy-number growth increases the population mass, the zeroth moment, by the average growth
rate but does not affect the first moment.

2.3.2 Bioreactor removal

The batch mode of operation has no contribution to the dynamics. The turbidostat contribution (5) is approxi-

mated by

d . .
&X;-)k(t) = —A(t)X] 1 (t) + (Non-bioreactor sources), (20a)



where the turbidostat dilution rate A(t) given in (7) may be expressed self-consistently as the sum of the growth
contributions of zeroth order. In both the concentration (17) and copy-number (18) paradigms the zeroth-order
contributions are g (X(t), t)X?k(t), therefore, in both cases,

K
At) =D gu(X(t), )X %(0). (20b)
k=1

It follows that, in turbidostat mode, the total population mass Z’,le X ,?k (t) remains constant in the moment
closure approximation.
2.3.3 Discrete dynamics

The discrete dynamics (8) lend the contributions

d

K K
axf,k(t) =—X,(t) ;Cké(xk(t)at) + ; cor(Xo(t), )X (1) (21)

+ (Non-discrete sources).

Here too the conservation property of the discrete dynamics is preserved: summing (21) over k we find that
Zk’czl X; & (t) is changed only by non-discrete sources.

2.3.4 Continuum dynamics

It is shown in Appendix B, by neglecting the second-order terms, that the Fokker—Planck contributions (9) give
rise to

d
ank(t) = (other sources), (22)
d
&X}k(t) ~ —ep ;7k( Xk (1), t)X?k(t) + (other sources), (23)

where ey, ; is the jth component of the vector e;. The moment structure (22) and (23) preserves the conservation
property that the subpopulation mass of index k, X _?k (t), is unchanged by the Fokker—Planck contributions.
For the bursty production (11), we find that

d

EX'% (t) = (other sources), (24)
%X}’k(t) ~ |F:kj|| (X (2), t)Qk,l(Xk(t))X_?k(t) + (other sources), (25)

where we have defined
Qra(z) := /OOO yQk(z,y) dy, (26)

also guaranteeing the PDE feature that X _(?k(t) is unchanged by these continuum sources.
For example, the typical jump kernel is an exponential of the form

Qulay) = 0 (27)
B\, Y) = ) 27
()
for a (possibly state-dependent) mean burst size g. This satisfies (12), and gives Qg 1(x) = qx ().
2.3.5 Initial conditions
The moments inherit their initial conditions from the moments of the initial density (1b), that is,
1(0) = / aipor(a) d. (28)
R

+

This concludes the presentation of the homogeneous ODE analogues of the underlying heterogeneous PDE
components. These may be similarly pieced together to model a wide range of bioproduction systems, as will be
demonstrated in the examples of the subsequent sections. We finish with a brief overview of the numerical and
analytical strategies we apply in optimally controlling these composite ODE models.
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2.3.6 Optimal control of the ODE

Given a reduced-order ODE system, we apply Pontryagin’s maximum principle to study the optimal control
analytically. For the numerical computation of the optimal control, we discretise the ODE and objective function
via a backward Euler scheme, and implement a multiple-shooting direct numerical approach by encoding the
nonlinear program in CasADi [4], a framework that performs automatic differentiation to equip the IPOPT
solver [49] with gradient information. To make the comparison between the PDE and ODE reasonable, we use
the same time discretisation: equispaced points with the time step small enough to guarantee that the PDE
scheme is monotone (see Appendix A.3).

Beginning with a generic PDE model (1), we have delineated various forms for the different components, each of
which may be plugged in to compose the optimal control problem (13). For each component form, we have derived
the associated first-order moment approximation, which provides a homogeneous reduced-order approximation.
In the following four sections, we consider four specific bioproduction models of different composition and study
the optimal control of the heterogeneous PDE and homogeneous ODE approximation.

3 Bioproduction by direct induction

3.1 PDE formulation

3.1.1 Concentration paradigm

The first scenario we seek to model is of an isogenic community of photoreceptive cells (see e.g. Refs. [8, 22, 30,
40, 47, 52]). Shining light on the culture induces the production of a protein of interest, whose concentration
in a cell we denote by z. We assume that the protein production is described by a birth—death process, which,
via stochastic gene expression, gives rise to cell-to-cell variability in its concentration. We also assume that the
protein of interest is disadvantageous to the cell such that a higher concentration results in a slower growth rate
g(z). Finally, we consider the cell colony to be hosted in a nutrient-rich bioreactor running in turbidostat mode.

The population density with protein of interest at level = at time ¢ is denoted by p(x,t). We consider the
governing equation

P w,1) = glalp, 1) ~ AW)pla )
_ %[(au(t) — Bx — g(z)x)p(z,t))
¥ on o l(ou(t) + B+ g(e))p(a, 1), (292)
p(z,0) = po(x), (29b)
subject to the zero normal-flux boundary conditions
(ou(t) ~ B — g()e)pla, 1) — g o ((eu(t) + B + g())pla, )] = O (29

at x =0 and as x — o0.

The first- and second-order differential terms in (29a) are the Fokker—Planck contributions capturing the
stochastic expression of the protein of interest as well as cell growth. These terms stem from a birth—death
process with a maximal birth rate of a, modulated by the (dimensionless) light signal u(¢) € [0,1], and a linear
death rate with coefficient § + g(x).

To understand the birth and death rates in the concentration paradigm, we write the number of protein
molecules (the copy number) as #protein- A birth event represents the production of the protein of interest, which
happens at a constant rate (for a given illumination) given a fixed amount of genetic material to transcribe: over
an infinitesimal time step At we write #protein —> Fprotein +0u(t)At. A death event due to protein degradation can
occur to any of the existing protein molecules, and therefore occurs at a linear rate: #protein — [1 — BA]F#protein-
Since cell growth is well described by exponential growth [41, 19, 10], we expect a birth event of cellular material
to be happening at a constant rate and to be proportional to the existing quantity of material. Denoting the
cellular material #co, we can write that the cellular materials changes via #con — [1 + g(z)At]#cen where
T = #protein/#cell 18 the concentration of proteins that determines the cellular growth rate. The change in
concentration brought about by this cellular birth event is equivalent (to leading order in At) to the change in
protein: #protein > (1 — g(@) At)#protein. This explains why the concentration dilution due to cell growth takes
the same form as the protein degradation term.

There is a structural difference between the birth and death events described above: the birth event results in
an additive change to the protein copy number, while the death event and cell growth result in a multiplicative
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change. The latter is preserved when we consider the concentration, however, the former is not. This means that,
strictly speaking, the birth event induces a change in concentration that depends on knowledge of either # . otcin
or #een, since x — x + au(t)At/#cen. To capture this properly would require us to reinstate either of these
two quantities. This modelling and computational costs are heavy, and instead, we assume that a constant rate
is an adequate approximation. The multiscale interaction between scales is manifest: the single-cell dynamics
are influenced by the population-level cell growth, while the cell growth depends on the concentration dictated
at the single-cell level. Thus, phenomenologically we have captured the underlying processes and their mutual
interaction even if the coefficient a ought to depend on the internal state more intricately.

The population growth rate g(x) reflects the fact that the protein of interest is toxic to the cell, preferentially
selecting for lower levels of = via

90 — Joo

ERET (29d)

9(7) = goo +

In other words, we assume that gy > goo > 0 and n > 0.

We make a brief technical remark regarding the linear dependence on the light intensity input w(¢). The linear
form comes with no loss of generality: were the light intensity to have a nonlinear response on the birth rate, say
W (u(t)) for some (normalised) nonlinear W : [0,1] — [0, 1] that is onto [0, 1], we could replace any light profile
u(t) in the current model by W~1(u(t)) in the nonlinear model and achieve equivalent dynamics. Here, W~}
denotes any right inverse of W. In particular, if W is invertible then this is the only such mapping. With this
in mind, it is more generic to refer to the light control u(t) in the linear model as the light influence, describing
its effect (which might depend nonlinearly on the light input) rather than the physical input, but we will not be
strict with this phrasing.

The dilution rate A(t) of the turbidostat mode, given in (7), takes the form

At) = / " g@)p(at) dz = (g, p(t)) (20)

where we have adopted the inner-product notation.
We seek to maximise the bioproduct, which is the amount of protein in the bioreactor at the terminal time
t =T combined with the amount we have extracted from the system via dilution throughout the process, namely

T
Tove = (e.p(T) + [ A) (o) at. (201)

Our strategy to solve the optimal control problem (29) is grounded in the adjoint approach [13] detailed in
Appendix A. We briefly note that some analytical progress may be made in the optimal control of the PDE. The
terminal condition of the costate (97) takes the form A(z,T) = x. The derivative of the pay-off with respect
to the control (99) (in the direction of a Dirac mass at time t) takes the L? inner-product form &,Jppg =

Q %/\(x,t) + ﬁaa—;)\(as,t),p(x,t». In the vicinity of the terminal time, we expect, by continuity, the costate
to approximate its terminal condition, whereby d,Jppg &~ a (1,p) = a > 0. We deduce that, in a vicinity of the
terminal time, the objective can be increased by a larger control. Therefore, in this neighbourhood, the terminal

pay-off dominates the control, which is thus maximal u(t) = 1.
We now proceed to consider analogous dynamics for the copy-number paradigm.

3.1.2 Copy-number paradigm

The copy-number paradigm retains a similar structure. The independent variable x no longer represents a protein
concentration, but rather the (scaled) copy number of the protein of interest. The population density p(z,t) of
copy number x at time t is governed by

Srant) = =gl ) 42 [ ol nole | ) d:
AWp(at) (30)
= 2 t(oult) - pa)pla, o] + l(ut) + Ba)p(a, 1),

Ox 2Q D2
subject to the same initial condition (29b) and boundary conditions (29c). The quantity 6(z | z) represents the
probability density that a cell of copy number z divides to produce, for a given daughter cell, a copy number z. In
this copy-number paradigm, the degradation proportional to 8 represents exclusively degradation of the protein
molecules. The turbidostat mode maintains a dilution rate A(t) of the same form (29e).

Here too we seek to maximise the bioproduct as given in (29f). The argument in section 3.1.1 that the terminal
pay-off induces a final arc of maximal optimal control is preserved in this paradigm.
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3.2 A moment closure approximation

Using the components presented in section 2.3, we seek to derive ODE models approximating the low-order
moments of the full distribution p(x,t) governed by the models (29) and (30). Since we are in dimension d = 1
with L = 1 state, we ignore the j and k subscripts, which can only take the values j = k = 1, by defining the
shorthands

X'(t) == X7, (). (31)

For the turbidostat operation, in which the total population mass is kept constant, the zeroth-order description
is obtained by summing (17), (20) and (22) to yield X°(¢t) = g(X°(t))(1 — X°(¢)) and X°(0) = 1 (as discussed
in section 2.2.2). It follows that X°(t) =1 for all .

For the concentration model (29), combining the contributions of growth, turbidostat mode, and continuum
dynamics (there are no discrete states in this example) via (17), (20) and (23), respectively, we find that

X1 (t) = au(t) = [B + g(X ()] X (1), X'(0) = /Ooo apo(w) dz =: Xg, (32)

where the dot denotes the time derivative.

For the copy-number model (30), the zeroth-order dynamics remain identical. At first order, using (20)
and (23) as above but (19) instead of (17), we find that the ODE approximation is also given by (32). That is,
the homogeneous approximation is not able to distinguish between the concentration and copy-number paradigms.

In both concentration and copy-number formulations, the objective (29f) takes the moment form X(T) +

fOT A(t) X' (t) dt, where the dilution rate (29¢) is approximated via (20b), which takes the form A(t) = g(X(t)).
Ultimately, the ODE version of the problem is to maximise

T
Jobs = X' (T) + /0 g(X1(8) X (8) dt, (33a)

subject to the dynamics
XH(t) = au(t) = [B+ (X ()X (1), X1(0) = X;. (33b)

3.2.1 Optimal control of the ODE model

We next apply Pontryagin’s principle [36] to the optimal control problem (33). Since the initial state is fixed and
the final state is unconstrained, we may discard so-called abnormal extremals [48, Prop. 6.4.4]. We introduce the
Hamiltonian

H = At) {au(t) = [B+ g(X ' (0))X ()} — g(X ()X (1), (34)
where A(t) is the costate, governed by the costate equation and terminal condition

A) = AB[B+ g(X (1) + g (X ()X ()] + ¢ (X ()X (1) + 9(X (1)), (35a)
AT) = —1, (35b)

where the prime denotes differentiation with respect to the argument.

Pontryagin’s maximum principle dictates that the optimal control minimises the Hamiltonian from among
the admissible controls. Since the Hamiltonian is linear with respect to the control, it may be expressed as
H = Hy + (0H/0u)u(t), where OH /Ou is called the switching function and is given by

oOH
S = (D). (36)

It follows from Pontryagin’s maximum principle that the optimal control is of bang—bang form when the switching
function is not zero, that is, it takes either its minimum or maximum bound:

{1, A(t) <0,

“U=Y0 A >o.

(37)

On intervals where the switching function vanishes identically, A(t) = 0, called singular arcs, the maximum
principle no longer provides the direct form of the optimal control. Instead, we may use the state and costate
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equations to derive the optimal control, in combination with the fact that A(¢) and its derivative vanish identically.
From the costate equation, we know that, on a singular arc,

g(X'(#1) + X' (1)g' (X'(1)) =0, (38)

for g(x; 9o, goo, K, n) defined in (29d). In Appendix C we study the equation (38) and summarise the results here.
There can only be singular arcs if n > 1 and either (i) goo = 0, or (ii) goo > 0 and 4goo/(go — goo) < (n —1)*/n.
If this condition is satisfied, we have explicit expressions for the unique state X! (¢) satisfying the equation (38).

The condition (38) intuitively characterises the singular arc: it is nothing more than X () obtaining a value
such that the running pay-off g(X!(¢))X'(¢) is extremal, that is, X'(t) = z where d[g(z)z]/dz = 0. If such a
state may be reached then it is ideal to maintain it until some vicinity of the terminal time, where the terminal
pay-off dominates the optimal control, as we will discuss.

Furthermore, for any constant X!(¢) we can deduce the control by solving (33b) to give

6+ (X ()IX (1)

u(t) = (39)
Thus we have derived a closed-form expression for the control on singular arcs. In general, such calculations only
guarantee the control as a function of the state and costate, however, in our case, the control depends only on
the state, which is particularly useful for the practitioner.

Before we present numerical results, we conclude with an observation analogous to that made for the PDE
model: the optimal control will be at its maximum value in some vicinity of the terminal time ¢t = T'. This follows
immediately from the terminal condition (35b) and the bang-bang form of the optimal control (37).

3.3 Numerical results: comparing the PDE and ODE models

To gauge the performance of the ODE approximation (33), we first compute the optimal control for the ODE model
uopk(t) and the PDE model uppg(t). Then, considering the PDE model to be the ground truth, we compute the
objective function for the PDE model using each control, Jppr(uopr(t)) and Jppg(uppr(t)). Finally, we assess
the relative performance by considering their ratio

Jppe(uopE(t))

Jope = Jppe(uppe(t))

(40)

We add a superscript ‘conc’ or ‘copy’ corresponding to the underlying PDE model paradigm.
In fig. 3 we display results for both the concentration and copy-number models, (29) and (30), respectively,
alongside the ODE approximation (33) using the parameters

g=1, 9g=0, n=5 «a=05 =07 Q=1000,

i o 41
_ely= ARl =4O 5 )= W

O | y)

where § denotes a Dirac delta function, giving the ODE an initial condition X} = 0. In the copy-number model,
this parametrisation describes cell division from a mother cell into two daughter cells of relative sizes ¢ and 1 — ¢,
that is, neglecting stochasticity in daughter sizes (see Appendix B). The choice of ¢ = 0.5 is symmetric division,
however, the results presented here are preserved surprisingly closely for asymmetric division (see Appendix D).
Moreover, we used 101 discrete nodes in the discretisation of the state space, with a time-step of At ~ 3.78 x 1073,
to guarantee numerical stability of the diffusion scheme (via a monotone scheme, as detailed in Appendix A.3).

We see from fig. 3 that the ODE provides a good control approximation. As to be expected, some of the
transient timing present in the PDE control, especially transitioning between singular and nonsingular arcs, are
not perfectly captured by the ODE optimal control. Nevertheless, the relative objective differs by less than 1%.
Both concentration and copy-number PDE models admit qualitatively similar optimal controls.

With a concrete example of a concentration model (29) and its copy-number analogue (30), we may reflect
on the similarities and distinctions between these two paradigms. Firstly, even though the state-dependent
growth in these examples takes the same functional form, it represents something biologically distinct. Is the
growth inhibited by a large fraction of proteins of interest, or a large absolute number of them? In practice, the
answer may depend on the underlying biological mechanism of growth inhibition. One could, of course, retain
information on both the cell size and copy numbers, thereby capturing both concentrations and copy-numbers in
a single formulation. However, this comes at the significant cost of increased model dimensionality. We restrict
our focus, therefore, to the concentration and copy-number reduced-order models.

Secondly, the concentration model captures cell growth, via an effective dilution reaction, whereas the copy-
number model describes cell division events. The latter can be more descriptive, for example, it can account for
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Figure 3: Optimal controls of the PDE problems (29) and (30) and the ODE problem (33) using parameters
in (41). Black dotted lines show the singular arc (39).

asymmetric division, but it also requires non-local dynamics and additional parameters describing the cell division
statistics. In the general case, the copy-number framework is capable of capturing stochastic division ratios. A
binomial partition is one example of a common stochastic discrete division kernel [35], summing the number of
molecules that ended up in one of the two daughter cells. In the continuum limit, this takes a Gaussian form, as
the sample mean of independent random variables tends to the normal distribution in the limit of large system
size (Central Limit Theorem).

Finally, the two models produce the same approximate zeroth- and first-order dynamics. One must proceed
to higher order to find a difference in the moment approximations [29]. It follows that, as long as the first two
moments provide a sufficiently good surrogate model, the discrepancy between these two model formulations may
be neglected.

In the following section, we turn our attention to a more involved model with more prominent transience, and
again study how the moment closure approximation performs.

4 Inducing a transcription factor that modulates production

4.1 PDE copy-number formulation

In this section, we propose a biologically richer variant of the model studied in section 3. Physically, the induction
mechanism requires a photoreceptive transcription factor (TF), such as EL222 [32, 40]. Upon shining the light,
the TF is activated, which then modulates the production of the protein of interest x. In contrast to the previous
model, we now recognise that the level of activated TF varies between cells and fluctuates in time [2], motivating
us to track the level of the activated TF, which we denote by a new independent variable y. We assume that the
inactivated TF is expressed constitutively and present in non-limiting abundance, while the activation is governed
by a birth—death process. In this model, the growth is inhibited by the presence of the TF, occurring at a rate
9(y), where the form of g from (29d) is retained but it is now evaluated at y. The production of the protein of
interest is considered to be positively modulated by the TF at a rate a(y), for strictly increasing « of the Hill
form

Qp — Qo

T+ /)7 "

ay) = oo +

for constants m > 0 and oy, > ag > 0.
The population density of cells with (scaled) protein and TF copy-numbers z and y, respectively, at time ¢ is
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denoted p(z,y,t), and is governed by

O (z,y,t) = —g(y)p(x, y,t) +2 /OO/OO 9(@)p(2,9,6)0(z,y | T,9) dydz

ot .
- A(t)p($7 Y, t)
B 1 02
— play) = B2)p(z,y,1)] + 55 55 [(a(y) + Ba)p(, y, 1))
2
~ ol = bwp(e 0] + 56 5L (@) + (e, 1), (130)
subject to the zero normal-flux boundary conditions
(a(y) ~ B2)pl,4,0) ~ 55 5 [(aly) + Ba)p(z, 1) =0, (13¢)
at x =0 and as x — oo, and
(@u(®) = by)pla,.0) ~ 55 (au(t) + by)pla, )] =0, (139)

at y =0 and as y — oo.
Here, 0(x,y | &,7) denotes the probability density that a dividing mother cell in the state (&, §) produces, for
a given daughter cell, a cell in the state (x,y).
In turbidostat operation the dilution rate (7) becomes
0

A(t) = h /0 h 9(y)p(w,y,t) dz dy. (43e)

We seek to maximise the protein production, given by

oo OO T o0 poO
seoe= [ [T apepydzdy+ [ aw) [ aptep deayar (431)
0 0 0 0 0

It is interesting to consider the argument from section 3.1.1 regarding the PDE control near the terminal
time. In this case, the terminal costate condition is again A(z,y,T) = x, therefore, M " \(x,y,t) ~ 0 which gives
0, L = 0 in the vicinity of ¢ = T, and the sign is undetermined. Further analysis is required to confirm whether
the control is necessarily maximal near the terminal time.

Before turning to the optimal control of problem (43), we derive a moment-closure approximation.

4.2 A moment closure approximation

The PDE formulation (43) is of dimension d = 2 with a single state K = 1. To simplify the notation, we define
the shorthands

X(t) = Xi4(t), Y(t) = X;4(t), (44)

for which we have the ODE problem of maximising

Tons = X(T) + [ gy () ()at (450)
subject to the dynamics
X(t) = a(Y () = [B+g(Y ()X (1), X(0) = Xo, (45b)
V(1) = au(t) - [b+ g(Y ()Y (1), Y(0) = Yo, (45¢)
for initial conditions
Xo = /000/000 xpo(z,y) dz dy, Yo := /OOO/OOO ypo(z,y) dz dy. (46)
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4.2.1 Optimal control of the ODE model

In this section, we briefly study the optimal control of the ODE problem (45). Again with the aim of leveraging
Pontryagin’s maximum principle, we introduce the Hamiltonian

H = X(t) {a(Y(t) = [B+9(Y ()] X (1)}

+da(8) fau(t) — b+ (¥ ()] (1)} — oY () X (1) o
The costate equations and terminal conditions are given by
A1) = MO+ g(Y ()] + g(Y (1)), (48a)
M(T) = -1, (48b)
Aa(t) = M=’ (Y (1)) + ¢'(Y (1) X (1)]
+ X2+ gV (1) + g (Y)Y (1) + 9 (V(E)X(?), (48c¢)
Ao (T) = 0. (48d)
The switching function is OH/Ju = a)z(t). Therefore, the optimal control is of bang—bang form:
)1 Xa(t) <0,
u(t) = {o, Aa(t) > 0. (49)
Singular arcs are characterised by Ag(t) = A2(t) = 0 whence
_ g (y()X(t)
MO =S ) - e T OXO! 0
Differentiating again and solving for u(t) gives the optimal control on singular arcs, namely,
_ R(X(@),Y(1))
“® = boxa. vy (1a)
with R and D taking the forms
R(a,y) =2y b+ gy)] " (¥)g' (v) — o ()g" ()] + Brg'(y) [xg'(y) — 2/ (y)]
+d(y) [ey)g' () — 9(y)a/ (y)], (51b)
D(z,y) = azx[a"(y)g'(y) — o' (y)9" (y)]. (51c)

Conveniently, the form (51) is again a function of the state only (and not the costate).
The terminal condition A2(7T") = 0 in (48) does not directly grant that the optimal control will be maximal in
a vicinity of the terminal time. Nevertheless, we see from (48) that

Ao (T) = o/ (Y(T)). (52)

Therefore, Ao(T) = o/(Y(T)) > 0 for all Y(T) > 0 and thus, in a vicinity of the terminal time, Ay(t) < 0 from
which it follows, by (49), that the optimal control is maximal.

4.3 Numerical results

As in the one-dimensional case, we consider deterministic fragmentation ratio ¢ € [0, 1], that is, when there is no
stochasticity in the daughter copy-number fraction. In this case, 6 takes the form
bly/z— o) +dly/z—1+0)

iy | 2) = . , (53)

satisfying conditions (122) and (124) (see Appendix B).

4.3.1 Parametrised oscillatory controls

Before turning our attention to the control of problems (43) and (45), it is instructive to begin with preliminary
remarks. Physically, our goal is to maximise protein production, which involves producing both more protein
factories (that is, cells, via growth) and producing more protein in each factory. Application of the control u(t)
induces the production/activation of the TF, which, in turn, has two effects that influence our objective in opposite
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ways: increased protein production and decreased growth. Therefore, to maximise overall protein production, it
might be best to find some middle ground where these competing interests are optimally balanced, reminiscent of
the controls in section 3. However, if the range of TF levels y for which g(y) is non-negligible does not overlap the
range for which «a(y) is non-negligible, then all such compromises produce poor protein production. In this case,
it may be optimal to perform an oscillatory induction: induce so as to raise TF levels and protein production,
then stop induction so that growth may be resumed (without too large an effect on protein levels), and repeat.
This reasoning finds grounds in several experimental studies [20, 52].
Unless stated otherwise, for all simulations in this section we use the parameters

go=1 geo=0K=03 n=10,
a0 =0, e =08, L=04, m=20,
a=3, b=5  B=1  Q=1000,

pol(x,y) = 6(x)d(y),

with § denoting a Dirac delta function, producing the initial conditions Xy = Yy = 0.

We may explore the foregoing intuition on a parametrised family of controls v(t). For reasons that will
become clear, we set the control to its maximum value at the beginning and end of the interval v(t) = 1 for
t € [0,to) U (T —to, T]. We split the remaining interval [to, T — to] into N identical pieces, with the control taking
its maximum v = 1 during the middle ¢ € [0,1] fraction of the interval enclosed symmetrically by v = 0. This
allows us to consider N pulses comprising a fraction ¢ of the interval (excluding the first and last pulses). This
may be expressed via the formula

1, to ¢ [to,T—to],
U(t;¢a Na tO) = t—t 1 (55&)
\%4 (|:T—220 mod N:| N) to € [tQ,T - to],
where,
1-¢ 1+¢
B Oa Z ¢ |: 2 :| ’
V(z) = (55b)

and @ mod b:=a—0b|a/b] € [0,b) gives the remainder after division of @ > 0 by b > 0. Example members of this
family of controls are depicted in fig. 4.

We emphasise that we are not arguing that the family of controls v(¢; ¢, N, tg) is necessarily optimal, instead,
it is a useful parametrised family to explore the model behaviour. Principally, the projection of the control onto
this two-dimensional parameter space (we will keep tg fixed) will grant a deeper understanding of the objective
function.

In fig. 5 we show simulation results for the dynamics and evaluate the objectives in problems (43) and (45) on
the (N, ¢) parameter space in both the PDE and ODE formulations. It is interesting to note that the ODE plots
captures some, but not all, of the qualitative features of their PDE counterparts. For example, the peak J values
are skewed to the right (beyond ¢ = 0.5) in both the PDE and ODE formulations. On the other hand, the PDE
model exhibits the global property that J|g~0 < J|g~1, which the ODE model does not capture. Most strikingly,
both PDE and ODE models exhibit non-monotonicity with respect to both the fraction of full intensity ¢ and
the number of pulses N. This demonstrates that there is a nontrivial balance of timescales.

4.3.2 Optimal controls

With this intuition of oscillatory controls in mind, we proceed to compute optimal controls. Since the parametrised
controls v(¢; ¢, N, 1.5) achieved similar objectives for similar values of ¢ but different values of N, despite these
controls being markedly different from one another, we foresee that our optimisation routine may converge to
local minima. To this end, we choose a family of parametrised initial control guesses ug(¢; N), that, on the one
hand, provide a hint of oscillation, but on the other hand, do not prescribe excessive structure to the control from
the outset (having a maximal range of only [1/4,3/4]):

1 1 t 1
uo(t;0) = 3 and uo(t; N) = i (27TNT> + > for N> 1. (56)

As expected, different initial guesses lead to convergence towards different local optima (fig. 6). Moreover,
many iterations were required to make significant changes in the control, suggesting that the objective landscape
is particularly flat. This combination of challenging optimisation features motivates an additional step to refine
the optimal controls. We see from fig. 6 that, for this choice of parameters, the optimal controls converge
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Figure 4: Parametrised controls v(t; ¢, N, to) given in (55) for various values of N and ¢ with to = 1.5.
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(a) PDE model (43). (b) ODE model (45).

Figure 5: The protein production objective function J for both (a) PDE and (b) ODE formulations, using the
parametrised family of controls v(¢; ¢, N, to) in (55) where o = 1.5 and the remaining parameters are given in (54).

towards purely bang—bang forms, comprising a finite number of switches between the minimal and maximal
control bounds. Thus, we can parametrise such controls by their switching structure, the times at which the
control switches from one bound to the other. This formulation leads to the reduced finite-dimensional setting
of maximising the objective for a fixed number of switches. We choose the naive approach of minimising each
switching location one at a time, and repeating this until no improvement can be made on any location (more
sophisticated methods are available, see [37], for example). For a fixed time discretisation of the PDE, this
simple approach is convenient (although not particularly efficient) because we may choose the switching structure
as integer indices. This additional parametrised optimisation step achieves two outcomes. First, it unifies the
switching structures: controls with the same number of switches in fig. 7 can be slightly different, however, after the
parametrised step they converge while improving the objective value. Second, by keeping the number of switches
constant throughout the optimisation, this step allows us to study the space of locally optimal controls with a
given number of switches, something not guaranteed by the gradient-based optimisation, where the switching
structure is not fixed.

With the optimal controls for the PDE models (43) in hand, we proceed to optimise the ODE model (45). In
fig. 8 we show the optimal controls for different initial control guesses. Here too we observe local optima to which
the optimisation converges, although not for the simple initial conditions in fig. 8.

One prominent structural discrepancy between the ODE optimal controls and the PDE optimal controls is
the deviation of the control from the bang—bang structure. As discussed in the analysis of section 4.2.1, these
deviations must be singular arcs. Taking the solution z(t) and y(t) corresponding to the controls obtained in
fig. 8, we calculate the singular control as by (51). We find that the singular arcs agree very well with the singular
control calculation for the larger values of the control (fig. 8g black dotted curves). However, the smaller control
values that deviate from u(¢) = 0 do not match the singular control in (51). These regions are highly insensitive
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Figure 6: Optimal controls (orange curves) for the PDE model (43), using initial control guesses ug(t; N') defined
n (56) for different values of N (grey curves). The optimisation was terminated after 1500 objective evaluations.
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Figure 7: Optimal controls (orange curves) for the PDE model (43), using the results displayed in fig. 6 to
parametrise an initial switching structure (grey curves) which is optimised iteratively for each switch in turn.
The optimisation was terminated once no switch could be moved to improve the objective.
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Figure 8: (a—f) Optimal controls (orange curves) for the ODE model (45), using initial control guesses ug(t; N)
defined in (56) for different values of N (grey curves). The optimisation was terminated upon reaching a relative
convergence tolerance of 10711, (g) Optimal control u(t) from (a—f) alongside state variables X (t) and Y () (solid
curves) overlayed with the singular control (black dotted curves) derived analytically in (51).

to small changes in the state and control (setting the control to u(t) = 0 instead of the singular arc changes the
ODE objective function by a factor of O(107°) and the PDE objective function by a factor of O(1073)), and
we thus we do not consider such anomalies to be the source of important error. Nevertheless, for the sake of
completeness, we study the source of the error in Appendix E and show that it is an artefact of the discretisation.

4.3.3 Comparing the optimal controls

To test the performance of the ODE approximation, we again consider the PDE as the ground truth, and use
the ODE controls in the PDE dynamics. There are multiple locally optimal PDE and ODE controls, which we
distinguish by their M valleys, counting one valley as consecutive transitions from u(t) = 1 to u(t) = 0 and back
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Figure 9: (a) Objective value of the PDE optimal controls Jppg y with M valleys using PDE model (43).
(b) Relative performance of the ODE model (45) compared to the PDE model, as defined in (58), for different
locally optimal ODE controls with M valleys. Other parameters are given in (54).

to u(t) = 1. Denoting such a control by uppg,am(t) or uopg,a(t), we calculate the objective with respect to the
PDE dynamics, which we denote Jppg(uppE,m(t)) or Jppr(uope,am(t)), respectively. We employ the shorthand

Jepe,m = Jepe(urpi, M (1)), (57)

to denote the objective value of the locally optimal PDE control with M valleys. The measure of ODE performance
is then taken as the ratio of this objective function to the best PDE objective among all (locally) optimal PDE
controls, which may be written as

Jppe(uope,Mm (1))

58
maxys JppE, M (58)

JoDE,M =

First, we study the PDE controls Jppg,a. In fig. 9a, we show the objective function values corresponding
to the PDE optimal controls for different numbers of valleys M. We observe local maxima (with respect to M)
for M = 5 valleys. The non-monotonicity with respect to M mirrors that seen for the parametrised controls in
fig. Ha.

We may now calculate the relative ODE performance for different numbers of valleys M, as illustrated in
fig. 9b. We observe what appears to lead to a non-monotonicity with respect to M (we could not find initial
conditions that converged to controls with larger values of M so were unable to extend the plot to the region
where we expect the non-monotonicity to manifest). However, at higher resolution the performance for this range
of M values is non-monotonic (see Appendix F). This mirrors the non-monotonicity in fig. 5b.

Ultimately, we have demonstrated that the challenging optimal landscape may be tamed both in the PDE
and ODE settings. The best ODE performance is a mere 2% shy of the optimal PDE result, suggesting that the
ODE is an accurate surrogate model for the PDE control problem, even in the context of transient oscillatory
behaviour.

4.4 Optimising the period

The optimal controls discussed until now have been computed with respect to objective functions that encapsulate
total production by summing the running protein extracted from the system via turbidostat dilution with the
protein remaining in the bioreactor at the final time ¢t = T'. For long-run production environments, the terminal
cost is expected to be significant only towards the end of the time horizon. Motivated by long-term dynamics,
where we are primarily concerned with the running objective, along with our observation of oscillatory optimal
controls, we use the surrogate ODE model (45) to study the periodic free-endpoint problem of determining the
optimal control and the optimal oscillation period 7* that maximises the average running protein production:

max - /0 " o) (t) dt, (59)

7,0<u(t)<1 T

subject to the dynamics

#(t) = aly(t)) — (B + g(y(®)))z(t), z(0) =

x(7), (60a)
y(t) = au(t) — (b+g(y(t)))y(t), y(0) = y(

7). (60b)
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Figure 10: (a) Periods s of the optimal controls uopg,ar of the full ODE problem (45) excluding initial and
terminal intervals (stars). The dashed line shows the optimal period 7* as calculated for the periodic problem (59)
and (60). (b,c) Optimal controls uopg,ar of the full problem (45) (coloured curves), overlaid by M — 1 copies of
the periodic optimal controls (59) and (60) (dashed black curves). Periods of each control are highlighted.

The associated optimal control of the periodic problem (59) and (60) is of a similar form to the problem posed
on a fixed time horizon. The optimal oscillation period is 7 &~ 1.523. In fig. 10a we show these values against
the locally optimal periods 7j;, denoting the period of the optimal controls of the full problem for controls with
M valleys. The periods are calculated by ignoring the initial and terminal transients, where initial and terminal
conditions and objectives have a dominant influence, and finding the average period. Naturally, the periods
decrease for increasing M, and we find fairly close agreement between 7* and 75, the best performing ODE
controls for each model.

To see the agreement more clearly, we plot the optimal control uopg,s of the full problem (45) and (45a)
(coloured curves), and on each overlay M — 1 copies of the periodic optimal controls (59) and (60) (dashed black
curves). We see that the optimal period is very close to, but slightly shorter than, the period of the aperiodic
optimal control.

5 Inducing differentiation in bioproducing consortia

5.1 PDE concentration formulation

In this section we study an example of a microbial consortium (inspired by experiments such as in Ref. [1]),
thereby relaxing the assumption that the cell colony is isogenic throughout the bioproduction. We consider a
construct in which a photoreceptive TF is constitutively produced. Upon light induction, the TF is recruited
in the production of recombinase which leads to recombination [1]. Only in the differentiated cell construct is
the protein of interest produced. Ultimately, the light induction leads to a community of two genetically distinct
subpopulations. We assume that the undifferentiated cells grow at some rate A, while the differentiated cells have
an inhibited growth rate 0 < a < A, as a result of the protein production. We thus call the undifferentiated cells
the “growers” and the differentiated cells the “producers”. We further assume that the TF recruitment and cell
recombination is faster than the other transient timescales and may be neglected.
Ultimately, we arrive at the population dynamics model

%(%f) = Ag(x,t) — A(t)g(x,t) — u(t)h(z)g(z,t)
- %[(a — Bx — Ax)g(z,t)] + %%[(a + Bz + Ax)g(x,t)], (61a)
p(t) = ap(t) — A(t)p(t) + u(t) /0 h(z)g(z,t) dz, (61b)

where the TF concentration is distributed over the x domain, A(t) is the total population growth rate, h(x) is the
differentiation rate upon (maximal) light induction for TF z, where the light intensity is u(t), @ and § are the
birth and death rates of the TF concentration, respectively, and g(z,t) and p(t) represent the population density
and population mass of the growers and producers, respectively. The dot represent differentiation with respect
to time.
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We assume that 0 < u(t) < 11is a dimensionless (normalised) light intensity, having absorbed the (dimensional)
maximum light intensity into the modulation function h(z) to give a rate. We employ modulation described by
a Hill functional form

xn

h(z) = fm7

(61c)
for a maximal differentiation rate f, a characteristic concentration K and a Hill coefficient n.

The Fokker—Planck components describing the TF expression are supplemented with the zero-flux boundary
conditions

(a— B — Ax)g(z,t) — %%[(a + B+ Aw)g(z, )] = 0, (61d)

at x =0 and as z — 0.
The turbidostat mode gives a dilution rate of

[ee]
A(t) = ap(t) + A/ g(x,t)dx. (61¢)
0
We also impose initial conditions

g(x’ 0) = go(ﬂf), p(O) =0, (61f)

where go(z) is the steady-state solution of (61a) to (61e) with no light input, u(¢) = 0. This choice reproduces
typical lab conditions where the optogenetic strains are cultivated in the dark for several cell generations.

Finally, we seek to maximise total production of the protein of interest, which we assume is proportional to
the mass of producers:

T
Jepe = p(T) —1—/0 A(t)p(t) dt. (61g)

We have thus arrived at the complete formulation of the optimal control problem: maxg<)<1 JepE subject
to the population dynamics (61a) to (61f). The maximal optimal control in the vicinity of the terminal time,
discussed in section 3.1.1, is not straightforwardly obtainable in this problem. Equipped with the optimal control
problem we proceed to pose a homogeneous model, dispensing with the TF heterogeneity arising from cell-to-
cell variability. In this way, we can probe the importance of including cell-to-cell variability for the purposes of
modeling and optimal control.

5.2 Moment closure approximations
5.2.1 Zeroth-order closure

The PDE model (61) encapsulates heterogeneous expression of the transcription factor x that modulates the
light-induced differentiation, which is lost in the zeroth-order approximation when integrating over the state z. It
was for this reason that the moment closures performed in sections 3 and 4 include first-order dynamics. However,
in the case of model (61) there is additional heterogeneity in the population structure as some cells are growers
g and others producers p. In this case, the zeroth-order moment closure yields nontrivial dynamics since this
second source of heterogeneity is preserved when integrating over the state space.

This example is of dimension d = 1 with K = 2 states. To simplify the notation, we define

G(t) == X0, (t). (62)
The zeroth-order approximation is
. XL ()
G(t) = AG(t) — A()G(t) — u(t)h G(t) ) G(t), G(0) =1, (63a)

. X4 ()
p(t) = ap(t) — A()p(t) + u(t)h < ’ ) G(1), p(0) =0. (63b)

The system (63) closes only at first order. However, since it is remarkably similar to homogeneous models typically
used for such consortia (see, for example, Refs. [1, 2, 50]), it is worth seeking a zeroth-order closure.



To this end, we decompose the grower population g(z,t) into its total mass G(t), and its heterogeneous
distribution @(x,t) := g(x,t)/G(t) which satisfies [~ @ (x,t)dz = 1:

g(z,t) = G(t)w(z,1t) where /000 w(z,t)dr = 1. (64)

Substituting (64) into (61), we obtain

G(t) = AG(t) — A(1)G(t) — Fu(t)G(t), G(0) =1, (65a)
p(t) = ap(t) — A(t)p(t) + Fu(t)G(1), p(0) =0, (65Db)

where the differentiation coefficient F' = fooo h(z)w(x,t) dz is a function of time. The turbidostat mode gives the
dilution rate

A(t) = AG(t) + ap(t). (65¢)

The objective function (61g) retains the same form, namely,

T
Jobs = p(T) + / A(t)p(t) . (65d)

We consider the zeroth-order moment closure where we approximate the time-dependent quantity F' by some
constant value. This is tantamount to assuming that the distribution w(x,t) is time invariant, which we expect to
be a good approximation under steady conditions. Since typical bioproduction applications involve timescales of
several cell generations, longer than the typical timescale of cellular processes, the grower distribution may be well
approximated by a quasi-stationary distribution w(z,t) = w(x). Of course, high-frequency control inputs may
cause the distribution to deviate from quasi-stationarity. Here, as introduced in section 2.1, the state-dependent
selection, in this case the differentiation represented by h(x), vanishes in the homogeneous model (65).

It is important to note that the ODE model (65) may be arrived at, a-priori, based on the physical description
of the system provided at the beginning of section 5.1 if cell-to-cell variability is ignored and only the total mass
of each subpopulation is modeled. It seems that this reasoning is the modus operandus within the field (e.g.,
Refs. [1, 2, 16, 17, 50]). What the above reduction shows is that, under an assumption of quasi-stationarity, it
is an eminently reasonable approximation of the PDE model, which explains some of the good agreement and
performance demonstrated in section 5.3. However, the derivation highlights why we do not expect the initial
or terminal transient intervals — during which the quasi-stationarity assumption is manifestly violated — to be
well approximated. Moreover, a new problem arises: how should we determine the parameter F'? One common
approach is to perform characterisation experiments with some given light induction profile(s) u(t), and fit the
parameter F' so that experimental results match as close as possible with theory.

We may leverage the density conservation (G(t)+p(t) = 1 for all time t) to eliminate p(¢) and thus reduce (65)
to the one-dimensional problem

G(t) = (A—a—Fu(t)G(t) — (A—a)G(t)?, G(0) =1, (66a)

where we aim to maximise the objective function
T
Jope =1-G(T) + / a+ (A —2a)G(t) — (A —a)G(t)*dt. (66b)
0

We call the ODE model (66) “homogeneous” with reference to the fact that the heterogeneity in TF level
is not captured. However, the ODE model is not homogeneous in the broadest sense of the word: it preserves
two subpopulations, thereby reflecting the genetic source of heterogeneity in the population. It is specifically the
importance of the heterogeneity born of cell-to-cell variability within each subpopulation that we explore. This
is the feature that distinguishes the PDE and ODE models.

5.2.2 First-order closure

A first-order moment closure approximation of model (61) allows us to capture additional features of the model
and its z-distribution. Defining the shorthand

X(t) =X (1), (67)
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we arrive at the ODE approximation

G(t) = AG(t) — A(t)G(t) — u(t)h(X((:))) G(t), (68a)
G(0) =1, (68b)
36) = anlt) = A@p(0) + w0 ) Gl (65¢)
p(0) =0, (684)
X(8) = —A(DX () — u(t)h(X((g) X(8) + aG(t) — BX(L), (68¢)
X(0) = /(5 + A), (651)

where A(t) is again given by (65¢). The initial conditions are consistent with the PDE model (61f) (since we have
G(t) +p(t) = 1 and p(0) = 0). The objective retains the form (65d).

The model (68) seems more involved than the zeroth-order system (65), however, we may ignore the p-dynamics
via the conservation property G(t)+ p(t) = 1. Similarly, we note that the ratio X (¢t)/G(t) remains constant, since

it satisfies
i (50) =6+ (555 ag) &0 = 71 (69)

at \ G B+A G G(0) B+A

It follows that X (¢t)/G(t) = a/(8 + A) for all ¢ > 0. Therefore, the first-order dynamics (68) reduce to the
one-dimensional

G(t) = AG(t) — A(W)G(t) — u(t)h( 3 j A) G(t), G(0) = 1. (70)

along with the objective (66b). In other words, we obtain the zeroth-order system (65) where the differentiation
parameter is given by

F:h<ﬁiA). (71)

This allows us to characterise the ODE model by appealing to the full heterogeneous model, without additional
experiments (although assumes that we possess knowledge of these PDE parameters). Again at first order, the
state-dependent selection is aggregated via a constant.

5.2.3 Optimal control of the ODE model

A complete account of the dynamics and optimal control of (66) is provided in Ref. [28]. In contrast to the PDE
case, the ODE case admits a closed-form solution by means of Pontryagin’s maximum principle. Here, we suffice
with a summary of the main results: If A < 2a or A > 2F, the optimal control is simply u(t) = 1 identically. If
2a < A < 2F, then there exists a critical time horizon T¢.it = ts + T such that for T' < T, the optimal control
is u(t) = 1. However, if 2a < A < 2F and T > Tgit, then the optimal control is u(t) = 1 on ¢t € [0,t5), followed
by an interval on which u(t) = A/(2F) for ¢t € [ts,T — T, and then u(t) = 1 for the remaining t € (T — T, T].
Explicit expressions are available for the durations ¢; and T5.

Physically, when the growth rates of the two populations are not sufficiently separated, A < 2a, the optimal
control is to simply differentiate at the maximum rate. When the growth rates are sufficiently separated, A > 2a,
but the differentiation rate is not sufficiently faster than the growth rate, A > 2F, the optimal control is again
to differentiate maximally. When the growth rates are sufficiently separated and the differentiation is sufficiently
fast, A > 2a and A < 2F, the optimal control may include an arc on which the control is not bang-bang if
the time horizon is long enough. This critical time is required to allow the state to evolve to a balance between
production and growth that maximises the running protein production, while allowing a final period sufficient to
obtain an optimal contribution from the protein present at the terminal time.

In all cases, it transpires that the optimal control is maximal near the terminal time.

5.3 Numerical results: comparing the PDE and ODE models

Equipped with the heterogeneous PDE problem formulation (61) and the homogeneous ODE problem formula-
tion (66), we now compare the solutions.

We first note that the ODE problem is significantly more tractable: we have deduced an explicit solution of the
optimal control. Notwithstanding, explicit solutions or fast calculations may not be of great utility if the results
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are inaccurate, and thus we must compare the optimal controls and their performance on the underlying ground-
truth model. We are assuming that the PDE dynamics are the true system and measurements are noiseless,
continuous in time and fully observable (although we will discuss partial observability momentarily). We choose
parameter values of the ground-truth PDE model and assume exact knowledge of these in the ODE model.

We then take optimal controls of the ODE model, uopg, and use them in the ground-truth PDE model,
denoting the associated objective pay-off by Jppg(uopr). In practice, it is more common to employ a closed-loop
control to allow corrections due to noisy observations and dynamics as well as model mismatch. While we suppress
noise in this work, model mismatch (between the ground-truth heterogeneous PDE model and its homogeneous
approximations) will be a source of deviation. Therefore, we also implement a commonly used control algorithm
that closes the loop in an attempt to address this source of error. The procedure is called receding-horizon
control, or model-predictive control (MPC), as we will refer to it here, and involves periodically observing state
information and recalculating the open-loop solution given the revised state, as follows. We solve the open-loop
ODE problem and apply this control in the ground-truth PDE simulation over some time interval ¢ € [0,1].
After this first time horizon, we observe the state of the PDE system from which we derive the state of the ODE
system G(t;). We then use this value as an initial state and solve the ODE optimal control over the remaining
time horizon [t1,T] given this revised initial state. We repeat this process at several intervals t; < to < ... <T.
We choose the state updates to occur hourly to mimic common laboratory capabilities. For this reason we solve
the optimal control problem for an arbitrary initial condition in Ref. [28]. We denote the associated objective
pay-off by Jppg(umpc)-

To compare with the objective pay-off of the heterogeneous model with its optimal control uppg, we consider
the ratios

_ Jrpe(voDE) _ Jrpe(umpc) (72)

" Jppr(uppr)’

) Jmpc
JppE(UPDE)
representing the relative performance of the ODE controls, evaluated in the PDE model, compared with the PDE
controls uppg evaluated in the PDE model.

For all numerical experiments, unless otherwise stated, we used the default values

A=a=1, a=p8=0, n = 10, K = 0.5, f=4, T = 10, Q = 1000. (73)

There are two implementations for the MPC loop, depending on the observability of the state. If only the
grower mass G(t) is observable, then we may use the one-dimensional system (70) which has enveloped the higher
order variable X (¢). If full distributional information is observable in real time, then we can also update the state
X (t) and solve the optimal control for system (68).

In fig. 11 we show the optimal controls corresponding to the full PDE model, the open-loop ODE model,
and the MPC control (assuming full observability thus updating both G(¢) and X (t)). We observe a similar
general structure for all values of K and both the PDE and ODE controls: initial and terminal intervals on
which the control is maximum w(t) = 1 with perhaps an intermediate interval during which the control is not at
its maximum, conforming with the open-loop ODE solution. The closed-loop MPC control imposes some minor
corrections but remains broadly alike. The MPC control when updating only G(t) looks similar and achieves
almost identical performance (see Appendix G).

For K = 0.3 the fit is excellent and the ODE controls are barely distinguishable from the PDE control, cap-
turing both the initial and terminal transient intervals as well as the intermediate singular arc, with performance
metrics of near unity. As K increases, the fits become increasingly poor. For K = 0.4 and K = 0.5, the open-loop
control deviates from the PDE control in underestimating the initial and terminal transient durations as well
as the control value along the singular arc. The cost in performance compared to the full PDE optimisation,
1 — JopE, is less than 4%. The MPC control is able to alleviate much of this mismatch and improves the per-
formance (Jvpc > Jopr), incurring performance costs of less than 0.5%. We conclude that the homogeneous
ODE approximation (65) provides a good surrogate model to replace the optimal control of the heterogeneous
PDE problem (61) for this choice of parameters.

In light of the excellent agreement obtained by the ODE model it is tempting to draw broad conclusions;
perhaps the neglected heterogeneity is of little importance in a wide range of such PDE models. However, this
inference turns out to be premature, and the homogeneous approach is less robust than these initial results
suggest, as we proceed to demonstrate.

6 Differentiation in consortia with modulated production

6.1 PDE concentration formulation

In this section we extend model (61) from section 5 by introducing a new source of heterogeneity. Beginning with
the physical description introduced in section 5.1, we revise the source of the growth inhibition in the producer
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Figure 11: Optimal controls from the PDE model (61), the ODE model (68), and the same ODE model in
closed-loop MPC (updating both G(¢) and X(t)), for various values of the Hill parameter K. Other parameters
are given in (73).

cells. We previously modeled the burden of protein production via a uniformly diminished growth rate, repre-
senting the fact that the burden is largely independent of protein concentration. We now consider a case in which
the growth is inhibited not by protein production burden but instead by the presence of the protein produced,
which is toxic to the cell. In fact, in such cases, microbial consortia are considered particularly useful, since a
healthy and growing subpopulation can be maintained alongside the subpopulation that is effectively poisoning
itself to produce the protein of interest, thereby retaining both a growing population and protein production [38].
In this case, the ground-truth model is revised to include heterogeneity in the protein concentrations, on which
the diminished growth rate depends. To this end, we must incorporate in the model the mechanism of protein
production, which we assume is governed by an underlying birth—death process.

The protein level is distributed in an additional independent variable y, and the growth rate a(y) is modulated
by the presence of the protein: a(0) = A, while a(00) = as € [0, A). We consider the monotonically decreasing
Hill form

A—as

T+ /L™ ™

a(y) = aoo +

where the growth rate a(y) € [aso, A] interpolates nonlinearly between the minimum and maximum growth rates,
as and A, respectively, with the characteristic protein concentration associated with diminished growth is L.
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The model then takes the form

% (0.) = Ag(r.1) ~ AD)g(.1) — u(Dh(x)g(. 1)

— %[(a — Bz — Az)g(z,t)] + %%[(a + Bx + Ax)g(z, )], (75a)
P yot) = alyn(y. 1) ~ ADp(y.)

- a%[(u — vy —a(y)y)p(y, )] + %afyz[(u + vy + a(y)y)p(y, t)]. (75b)

In addition to the TF boundary conditions (61d), we impose the normal flux boundary conditions associated with
the protein production, namely,

1
(b — vy —a(y)y)p(y,t) — @a%[(“ + vy +a(y)y)p(y, t)]
o0
_ {u(t) J5 h(@)g(e,t) e,y =0, (750
0, Yy — 00.
In turbidostat mode, the dilution rate is given by
o0 e}
A = [ Agdot [ a0 d. (754)
0 0
We impose initial conditions
9(,0) = go(x), p(0) =0, (75¢)
where go(x) is again the steady-state solution of (75a) to (75d) with no light input, u(t) = 0.
We seek to maximise total production of the protein of interest, which is given by
00 T 00
JppE = / yp(y, T)dy + / A(t)/ yp(y, t) dy dt. (751)
0 0 0

In this case too, the optimal control near the terminal time cannot be straightforwardly determined as in
section 3.1.1.

6.2 Moment closure approximations

Armed with the extended PDE model (75) encapsulating the heterogeneity of both TF and protein levels, we now
turn our attention to a homogeneous approximation. Adopting the same approach as in section 5.2.1, we derive
the zeroth-order approximation by integrating over the state space and assuming quasi-stationary distributions.
The resulting ODE remains identical in form to system (65), with the constant parameter a approximating the
time-dependent average diminished growth rate given by

_ Jo awlp(y.t)dy
Iy ply,t)dy

This parameter a would, in principle, have to be fitted based on characterisation experiments. Since it is an

average a(y) defined in (74), we know that it must lie in the range of the function: [as, A]. In this case, the

first-order closure will not provide a closed-form expression for this average, but will shed more light on its nature.
We now turn to the first-order moment closure approximation of the extended model (75). Defining

(76)

G(t) = X% (1), X(t) = X1, (1), P(t) = X%(t), Y(t) = X;5(t), (77)
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we obtain the first-order system

G(t) = AG(t) — A(t)G(t) — u(t)h(éi;((;)) G(t), (78a)
G(0) =1, (78b)
(YO won(X® .

P(t) (P(t)) P(t) — A(t)P(t) + (t)h(G(t)) G(¢), (78c)
P(0) =0, (78d)

X0\ x4 ) -
X(@t)=-A)X(t) — u(t)h(G(t)> X(t)+aG(t) — BX(t), (78e)
X(0) = a/(B+ A), (78t)
Y(t) = —AB)Y () + pP(t) —vY (1), (78g)
Y (0) =0, (78h)
where the turbidostat dilution rate is given by

A(t) = AG(t) + d(?g;) P(t). (78i)

The initial conditions are consistent with the PDE model and the above approximations. The objective is given
by

T
Jopr = Y (T) + /0 A()Y (¢) dt. (79)

Strictly speaking, the model (78) is ill posed because the terms Y (¢)/P(t) are undefined at ¢ = 0 with the
initial condition P(0) = 0. This is easily remedied by considering the small-time asymptotics of the evolution
near the first light impulse, which we assume, without loss of generality, is at the initial time ¢ = 0. Taking the
scaled time ¢ = ef for an infinitesimally small 0 < e < 1 and £ = O(1), we scale the states via P(t) = eP(f) and
Y(t) = 62Y(f). Dropping the hats for notational convenience, we see that, to leading order with respect to e,
G(t) ~ 1, and the dynamics of Y'(¢) and P(¢) reduce to

P(t) ~ u(t)h( 3 - A) , Y (t) ~ pP(t). (80)

Therefore, the ratio Y (¢t)/P(t) = O(e) for any u(t) = O(1), in other words, it remains vanishingly small near the
initial time and thus we may consider a(Y (0)/P(0)) to take the value a(0) for ¢t = 0.

In the first-order moment closure (78), the grower population dynamics remain identical to those of (68) in
section 5.2.2, and, therefore, the mean TF concentration X (t)/G(t) remains constant, as per (69). In contrast, the
mean protein concentration Y (¢)/P(t), and thus the diminished growth rate, a(Y (¢)/P(¢)), remain time-varying.
Nevertheless, we note that the ratio Y (¢)/P(t) satisfies

3 () =- {(E(i)) (G ) 1o 7
Y(t

SM—(V‘Faoo)m» (81)

with an initial value of zero, based on the preceding discussion of the small-time asymptotics. It follows that
Y()/P(t) < pu/(v + ax), and thus the approximate diminished growth rate is bounded by a(Y (¢t)/P(t)) >
a(p/[v+aso]). When u/(v+ aso) is significantly smaller than the characteristic value L, this bound suggests that
the zeroth-order parameter a may be approximated by a ~ A.

The optimal control is again maximal in a vicinity of the terminal time as we demonstrate in Appendix H.

6.3 Numerical results: comparing the PDE and ODE models

In addition to the defaults in (73), numerical solutions in this section also employ the default values
oo = 0, m = 10, w=20.5, v=20.7. (82)

Our central measure of performance is the ratio of the PDE objective function when applying the ODE or
MPC control compared to the PDE control, denoted Jopg and Jumpc, respectively, and defined in (72).
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Figure 12: Optimal controls from the PDE model (75), the zeroth-order ODE model (65), and the same ODE
model in closed-loop MPC, for various values of the Hill parameter K. For the ODE model, the parameter F
is given by (71) while the parameter a is given by fitting. Other parameters are given in (73) and (82). The
PDE control in (a) is obtained with an additional regularisation term e fOT (du/dt)? dt in the cost function with
e = 10~ to avoid high-frequency oscillations. This regularisation comes at a negligible cost: the objective pay-off,
calculated without any regularisation, is reduced by a factor of only O(1079).

In section 6.2 we derived both zeroth- and first-order moment closure approximations. While the first-order
approximation (78) produces an ODE system characterised by the underlying PDE model parameter, the zeroth-
order approximation (producing the ODE system (65)) yields the composite parameter a which estimates the
quantity in (76). For the numerical simulations performed in this section, we fit the parameter a by performing
an in silico characterisation experiment: we choose the control profile u(¢) = 1 and run the full PDE model,
which gives the state G(t) over a time interval, which we fit to the model by minimising the square residual. This
mimics common practice, where models are matched to data to identify parameters.

In fig. 12 we show the optimal controls corresponding to the full PDE model (75), the open-loop zeroth-order
ODE model (65), and the corresponding MPC control as we vary the Hill parameter L. In contrast to the controls
of section 5, the PDE optimal control (blue curves) has a richer structure: there are singular arcs and (damped)
switching (fig. 12a), transient oscillatory controls (figs. 12b and 12¢), and, for large enough K, a transition to the
full-light control (fig. 12d).

The ODE model is dependent on L only via the fitting procedure. That the open-loop ODE controls (orange
curves) in fig. 12 are indistinguishable for all L is a result of the fact that the fitting gives a =~ 0 for all values
of L. Nevertheless, the ODE performance is always above 85% of the full PDE optimal control. Considering the
closed-loop MPC control, it is surprising to observe that, other than for L = 0.1, the performance is significantly
degraded, reaching a low of 73% of the full PDE optimal control. When the surrogate model does not faithfully
capture the system dynamics, closing the loop via MPC can amplify the mismatch. Another prominent discrep-
ancy is the duration of the initial and terminal intervals of full light intensity, which the ODE models consistently

30



1.0 1.0 . N —
0.8 1 0.8 1
0.6 1 0.6 1
u u

0.4 1 ) 0.4 1
0.2 1 0.2
O.O -l T T T T T OO —I T T T T T

0 2 4 6 8 10 0 2 4 6 8 10

t
_ . (Jopr\ _ (0.950 . _ (Jope\ _ (0.897
(8) L =01 (jMPC) B (0'995). (b) L =0.25: (JMPO> o <0.972)'
1.0 ] 1.0
0.8 A 0.8 1
0.6 0.6 1
u U
0.4 1 0.4 1
0.2 / 0.2
/

0'0 -l T T T T T 0.0 -I T T T T T

0 2 4 6 8 10 0 2 4 6 8 10

t t
_o3. (Joor) _ (0870 _ o ar. [Jopr\ _ (0.827
(¢) L=03 ( jMPC) - (0.919). (@) L = 0.35: ( jMPC> - (0.918).

Figure 13: Optimal controls from the PDE model (75), the first-order ODE model (78), and the same ODE model
in closed-loop MPC, for various values of the Hill parameter K. Other parameters are given in (73) and (82).
The controls in (a) is obtained with an additional regularisation term as detailed in fig. 12.

underestimate.

It might be tempting to think that the parameter value for F' derived by first-order consideration lends a hand
to the poor performance. In Appendix I, we reproduce the ODE results by fitting F' (rather than prescribing F'
via (71)). While this improves both the open- and closed-loop performance, particularly for small values of L (in
particular, the singular arc is well approximated), the most severely degraded performance remains essentially
unimproved. In practice, since fitting involves matching noisy and sparse experimental data, it is not clear how
much of the improved performance (observed here under noiseless in silico conditions with dense measurements)
could be attained.

We deduce that the suboptimal performance is a result of the zeroth-order model not sufficiently capturing
the underlying dynamics, and we turn our attention to the first-order moment closure approximation.

The open-loop ODE controls in fig. 13 succeed in qualitatively reproducing more of the PDE optimal control
structure. The initial and terminal transients of full light are longer than their zeroth-order counterparts, although
still underestimating the PDE transients. The singular ODE control in fig. 13a captures not only the nonsingular
and singular arcs, but also the switching transitions between the two. The MPC corrections to the singular arc
in fig. 13a do a strikingly good job of approximating the PDE control, performing only 0.5% worse than the full
PDE control. For higher values of L the singular arc is replaced by pulse forms reminiscent of the PDE control
(figs. 13b to 13d). These pulse forms do not match the PDE pulses closely enough to give the open-loop control
noticeably improved performance over the zeroth-order controls (in fact, the performance is often noticeably
reduced). However, the MPC performance uniformly improves upon its open-loop counterpart, performing at
above 91% of the PDE control in all cases studied. The case of L = 0.4 (not shown in fig. 13), where the
zeroth-order performance is 73% (fig. 12d), increases to 100% as the optimal control matches the full-light profile.

We conclude that the zeroth-order moment closure approximation admits some shortcomings, in particular, the
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requirement of parameter fitting and the poor closed-loop performance. These are significantly improved by the
first-order approximation, which do not introduce new parameters and greatly improve close-loop performance.
Nevertheless, this example demonstrates cases where the first-order approximation, despite reasonable closed-
loop performance, admits an optimal control that is qualitatively mismatched to the full PDE optimal control:
higher-order dynamics have important influence on the dynamics and control [29].

In this study, we have intentionally chosen a simple ground-truth model of microbial consortia: there are just
two subpopulations, and, at first, just a single additional heterogeneous level stemming from cell-to-cell variability.
The extended model had two heterogeneous levels, but these sources of variability did not interact. One purpose
of this simplicity is to retain tractability, which allows us to glean deep insight as to how the physical parameters
alter the dynamics and the optimal control. A second motivation for studying these simple models is to reveal
the minimal set of ingredients required for the influence of the heterogeneity to prove critical. Surprisingly, even
a small excursion from the simplest heterogeneous setting begins to challenge the reduced-order surrogates.

7 Conclusions

We study a class of population-level models that capture heterogeneous gene expression born of underlying
stochastic chemical kinetics at the single-cell level. By considering generic influences in bioproduction processes
independently, each with several modeling realisations, we allow a modular composition that spans a particularly
wide class of bioproduction systems. This makes our approach applicable to different bioproduction infrastructure
(e.g. batch vs. turbidostat) as well as different modeling paradigms (e.g. concentration vs. copy number).
Naturally, the heterogeneous models are cumbersome both analytically and numerically. We thus introduce low-
order moment-closure techniques that significantly reduce the model complexity while retaining the same modular
construction. We demonstrate that these reduced-order models are often excellent surrogate models, and their
optimal control provides good control performance on the heterogeneous system. Moreover, their analysis is
significantly more tractable, and can provide deep physical insight into the dynamics and controls. The numerical
optimisation of the ODE models typically took on the order of seconds, a considerable improvement over the
PDE optimisation that took typically on the order of several minutes. Nevertheless, we also demonstrate that, in
certain circumstances, the homogeneous ODE approximations can fall dramatically short, providing suboptimal
controls when the underlying approximation assumptions are violated. This demonstrates the potential of the
heterogeneity to significantly impact the optimal control.

Given that both approaches have their advantages and disadvantages, our primary focus is to study both
simultaneously. This is particularly fruitful as the two approaches complement each other: the ODE models can
provide informed initial guesses for the optimal control, saving valuable computational effort and sometimes being
the difference between convergence and divergence, while the PDE models can inform parameter choice for their
ODE counterparts. This mutually beneficial interplay suggests that simultaneously developing both approaches
makes for a powerful toolkit for optimal control of bioproduction.

The models here were chosen to exhibit a variety of useful paradigms in bioproduction modeling and are
intended to be representative but not exhaustive. It could prove important to study models where both the
copy-number and concentration (by tracking cell size) are accounted for [45]. The model lends itself to many
immediate biologically relevant extensions, such as copy-number models with division of discrete species.

More sophisticated heterogeneity-aware order-reduction techniques need to be developed for cases where the
reduced-order methods presented here prove insufficient. We expect this to be particularly important for more
complicated heterogeneity structure, such as systems with multimodal distribution. In these cases, moment
closures of orders higher than the first are capable of capturing the additional distribution structure, however,
these come with several associated analytical and numerical challenges.
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Appendix
A Optimal control of the PDE

In this appendix, we set forth the adjoint approach for optimal control of PDEs in a general abstract setting
(Appendix A.1). We then demonstrate how it applies to the modular class of models introduced in section 2.2
(Appendix A.2). This is followed by the discretisation of the model components (Appendix A.3) and the calcu-
lation of the discrete gradient for numerical optimisation (Appendix A.4).

A.1 The abstract setting

First, we generalise the optimal control problem (13) in an abstract Banach setting, writing

JInax .J (u,p), (83)
such that
A(u,p) =0, (84)

where J: U xV = Rand A:V x U — W are both C* for Banach spaces U, V, and W, with « € Ky C U and
p € Ky C V. This notation preserves the control as u, the state as p, and the objective as J, with the operator A
representing the state constraints, that is, the state equation as well as relevant boundary and initial conditions.

Let (ug,po) be a zero of A, that is, A(ug,pg) = 0. Further, assume that the derivative with respect to the state
p, which we denote D, A(ug,po), a continuous linear map from V' — W, is invertible. It follows, by the implicit
function theorem, that there exist open neighborhoods U of 1y and P of py, and a C' function ¢ : U — P, such
that, any (u,p) € U — P is a zero of A iff p = ¢(u).

Differentiating the state constraint for any v € U, we see, by the chain rule, that

D, A(u, d(uw))Dyd(u) + Dy A(u, d(u)) = 0. (85)

Since the set of invertible mappings is open, for v sufficiently close to ug, DpA(u, ¢(w)) is close to Dy A(uog, d(uo))
and thus invertible. It then follows that

Dy(u) = — [DpA(u, ()]~ Dy Alu, ¢(u)). (86)
We introduce the reduced pay-off
J(u) = J(u, ¢(u)). (87)

The derivative of the reduced pay-off is the primary object of interest, giving the first-order optimality conditions.
By application of the chain rule, we determine that the derivative in the direction v € U satisfies

Dy (u)v = (Do (u, 6(u)),v) + (Dyd (u, (), Dug(u)o) = ( Dy (w1, 6(w) + {Dud(w)} " Dyl (w, (), )
(88)

With the aim of replacing the term involving the difficult-to-compute derivative D, ¢(u), we use (86) to obtain

[Du6(u)} T Dyl (1, 6(w) = — { (D, A, 6(w)] ™ DA, 6(u))} Dy, 6w) = (DA, 6(w)] A, (89)
for the costate X that solves the costate equation, namely,
— Dy A, 6(w))] T X = Dyd (u, 9(u)). (90)
Combining (88) and (89), it follows that the derivative of the reduced pay-off takes the form
Dy (u) = D (u, $(w) + [DuA(u, é(u))] " A (91)

The optimal control has a vanishing pay-off derivative. Therefore, the first-order optimality conditions comprise
the state equation (84), the costate equation (90), and a vanishing pay-off derivative D,,.J(u) = 0 given in (91).

The aim of this section was to describe the adjoint approach in a totally generic setting, to demonstrate that
the technique is not limited to the concrete model class we study for bioproduction applications. Nevertheless,
it is instructive to outline the formulation for the class of models described in section 2.2, as we do in the next
section.
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A.2 The modular model class

Here, we rewrite the optimal control problem (13) to make explicit the terms nonlinear in state, which stem only

from the turbidostat dilution rate (7). As pointed out in section 2.3.2, in both the concentration and copy-number

paradigms, the rate of change of f]Rd pr(x,t) de driven by population growth is of the form fRd gk (x, )pg(x, t) de
4 ¥

(see Appendix B.1 for the calculation in the copy-number case). Therefore, in both cases, the turbidostat dilution
rate (7) is given by

A = [ | gla.t.u(t) " pla.0) da. (9
]Rd
4
where we have introduced the vector of growth rates g = (g1,...,94) " with explicit dependence on the control. We
may thus write the operator in (13a) as a linear operator combined with the nonlinear turbidostat contribution,

M(p(-,t),t,u(t))p(z,t) = Mo(t,u(t))p(x,t) — </R gz, t,u(t)) p(z,t) dw) p(zx,t). (93a)

d
+

For the objective (13b), we assume that the terminal pay-off integrand v is a linear function of the state, and the
running pay-off integrand ¢ combines a part not dependent on the state, a part linear in the state, and a product
of the turbidostat dilution rate by a linear function of the state. This takes the form

JpDE = /Ri 1/J(w)Tp(:B,T) dz +/0 @u(t,u(t))dt—l—/o /Ri <p0(:c,t,u(t))—rp(w,t)) dx dt

gt

In batch mode, there are no nonlinear contributions, and these may be discarded in the above formulation.
Given this concrete setting, it is intuitive to derive the adjoint approach in a Lagrangian framework, as follows.
First, we introduce the Lagrangian

(93b)

d d
+ +

gz, t,u(t))  px,t) dw) /]R oal(x, t,u(t) "p(e,t) de dt.

T
op
£=ooe— [ (X0, 220~ Mplet).0.0(0)p(0)) dt — (A0 (0) ~ ). (94)
0
where A(z,t) denotes the costate and adopting the L? inner-product notation (suppressing state dependence)
R+

After integrating by parts in time we rewrite the Lagrangian as

T
£ = Jene = AD)p(D) + A0 poy + [ (G0 + MO0 u0) AOp0) . (96

We now seek the costate A(x,t) guaranteeing a vanishing first variation of the Lagrangian with respect to the
state p(a,t). This will allow us to calculate the derivative of the pay-off without having to compute how the
derivative of the state p(x,t) with respect to the control u(t). Ultimately, this provides the costate equation,
which takes the form

ON 1) = =M, 1), (1) A1) + g, 1) (A, p(0) — ool 1, u(r)
— palx,t, u(t))/ g(x,t, u(t))Tp(:c, t)dx — g(x, t, u(t))/ pa(x,t, u(t))Tp(a:, t)de, (97a)
R R
A@,T) = $(x). (97h)

Substituting the form (93a) of the operator M into dynamics (97a), we obtain the factorised form

88—?(33715) = —My(t,u(t)) " Ma,t) + [A(a,t) — cpA(:B,Lu(t))]/ gz, t,u(t)) p(x,t)dx
R
y (98)
+ gz, t) (A(t),p(t)) — polx, t,u(t)) — g(z, t,u(t)) /]R”’ oal(x, t,ut)  p(x,t) de.
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The costate ensures a vanishing Lagrangian derivative with respect to the state, therefore, after application
of the chain rule, we deduce that the derivative of the objective with respect to the control takes the form

T
duJppE (u(t), p(x, t;u(t))) = duJrpE(u(t), P(2, 1)) +/0 (A(®), 0 M (p(-, 1), u(t))p(t)) dt. (99)

The form (99) is clearly an instance of its abstract analogue (91). The first-order optimality condition is a
vanishing first variation with respect to the control wu(t).

This encapsulates the adjoint approach: the state equation (13a), costate equation (97), and the vanishing
objective derivative (99) characterise optimal controls. A discrete analogue of the adjoint derivation allows the
problem to be solved numerically, as we now detail.

A.3 PDE discretisation

In this section, we detail the finite-difference discretisation of each component of the operator in problem (13)
used in the examples. We truncate and discretise the state space Ri to give the uniform grid {0, NyAx} x

- x {0, NgAz}, where Az is the state resolution. We index the numerical scheme by integer vectors, where
xy = JAx = (1Ax,. .., JgAz), and write the discrete probability mass as p’} = p(xg,t"), for a sequence of
time steps {t!,...,tN*1}. We similarly use the J subscript and n superscript to denote evaluation of any function
at the point (xs,t™). Since the PDE components in section 2 are written in terms of their scalar components
pr(x,t), for any k = 1,...,KC, here too we write the scheme for the scalar component (py)7 while dropping the
subscript k, where possible, to simplify the notation. Similarly, we drop the subscript k from the associated rate
functions. We write the scheme in explicit form, which is what we used for the numerical results in this work,
calling the nth time step At" := "1 — 7,

A.3.1 Population growth
The growth law in the concentration paradigm (2) takes the form
pyt =y

A = 97707 + (Non-growth sources). (100)

For the copy-number paradigm (3), consider any discrete state within the grid ; dividing into two cells with
states of fractions ¢ € (0,1) and 1 — ¢ of the original (see Appendix B for a further discussion of this particular
division kernel). The daughter cell of fraction ¢ will have the state ca, which lies in the lattice rectangle with
opposite corners at x|,y and x|.z|4+1, where [cJ| denotes the vector ([cJi],...,[cJq]) and 1 denotes a d-
dimensional vector of ones. We split the density between the 2% nodes at the corners of the rectangle via bilinear
interpolation. For the sake of concreteness, we present the discretisation in dimension d = 2, noting that the
approach generalises to arbitrary dimension. Writing I = (I, J), this takes the form

Aprg=—Fr + (other sources), (101a)
Apier)jer) = (L= er)(1 = es) Py + (other sources), (101b)
Aperj+1,et] = Yer(1 = veg) Pr g + (other sources), (101c)
Aper),ed)+1 = (L= er)es Pr.s + (other sources), (101d)
Aplerjst, et |+1 = Yertes Py + (other sources), (101e)

where the parenthetical (other sources) includes any change in population density not resulting from the division
of cells of state &y into a daughter of fraction ¢, and adopting the shorthands
Pyt = py

— Py = gipl. Yo=z- 2. (1016)

Apg

The forms (101b) to (101le) are duplicated for 1 — ¢. Summing these contributions, and neglecting the other
sources, we recover the (discretised) contributions to the rates of change of the zeroth and first moments (the

38



population density and total copy numbers):

S Aprs=>Y_Pry=Y gWs)p@nyst), (102)
I 1 1

> wAprs = —AJJZIPI J+ATY Y { Lel ] (L = ter)(L = tey) + (Lel] + )ther (1 = tey)

1,

I1,J c,1—c

+ Lol ) (1 = Yer)es + (leI] + Vebertbes }Prs
—Ary { T+ [eI] +ber + [(1— )] + ¢(1,C),}pI7J

1,J
=0, (103)

and similarly >, ;y;Apr,; = 0. These are the discrete analogues of the continuous (18) and (19).
The above discretisations preserve the PDE and ODE overall growth rate structure:

pJ -
Z A t" Z 977077 + (Non-growth sources). (104)

A.3.2 Bioreactor removal

The turbidostat contribution (5) is discretised as in (100), with the dilution rate (7) approximated by the discrete
form

Ma

> (gx (105)
J

Subscripts k have been momentarily reintroduced in order to sum over all components. Combining (104) and (105),

k=1

we find that this discretisation preserves the turbidostat feature of constant population mass: Z],le > oR)G
remains constant for all time points n.

A.3.3 Discrete dynamics

The discrete dynamics (8) are discretised identically to the growth terms in (100), whereby the conservation
property of the discrete dynamics is preserved: summing over k we find that all discrete terms cancel.

A.3.4 Continuum dynamics

The Fokker—Planck contributions (9) are, in divergence form (see Appendix B.2 for a continuum analogue),
discretised as:

n+1 n o —pn
Py NG L J+ch 7 4+ (other sources), (106a)

where the numerical flux is defined as

i Tgpg — Tgfepgfe
20 Az '

O = eboe — (106b)

Expanding the divergence form, we readily see that the scheme is consistent with the continuum form, with central
differences in the second-order term and an upwinded stencil (the rates are non-negative) in the first-order term:
p7}+1 P} Tgp?; B Tg—epg—e 1 T?—Q—epr.}—&-e - 27"3})7} + Tg—epg—e

_ L her s s 1
D Ax + 50 (Bn)? + (other sources), (107)

which preserves the conservation property that X, (¢) is not changed by the Fokker—Planck contributions.

The zero-flux boundary conditions (10) are enforced by setting to zero all fluxes (106b) whose support is
beyond the lattice.

By summing over all state indices J, it is evident from the divergence form of the discretisation (106) and
the aforementioned boundary conditions that the continuum terms on the right-hand side vanish. Therefore, the
discretisation preserves the feature that ) ; p’} is not altered by the continuum Fokker-Planck dynamics.
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For desirable properties including numerical stability [46], we seek to ensure that the scheme (107) is monotone.
A scheme is monotone if, when writing pgﬂ as a linear combination of the state variables ) ; ayp'}, the coefficients
ay > 0 are non-negative. Rearranging (107) we see that

1 rh At"r' AT At
n+1l __ o n J n J+e n J—e n
Py = [1 At (Az + Q(Ax)2>} Py + |:QQ(A$)2:| DJtet+ [Am + QQ(Ax)Q} P7_o + (other sources).
(108)

The coefficients of the off-diagonal terms in (108) are strictly positive, and the coefficient of all diagonal term will
be non-negative if and only if
-1
1 'y
At" <min | — + L= | . 109
- J (A:c + Q(Ax)2) (109)
In practice, when we combine the various contributions, including multiple continuum reactions of Fokker—
Planck form as well as terms stemming from other dynamics, we must ensure the scheme is monotone. We write
the combined discrete system in vector form as

7

p"tt—p
Atr

for all n =1,..., N, where we have placed all entries of (px)7 (for all k =1,...,K and all J on the lattice) into
a vector. We emphasise that the operator M™ depends, in general, on the state p™ and a discrete control u”.
To ensure that the diagonal terms have non-negative coefficients, we require
1

At < 111
~ —mindiag(M™)’ (111)

=M"p", p° = po, (110)

where diag represents the vector of diagonal entries in the matrix operator M™, and assuming that the minimal
diagonal entry is negative (otherwise the scheme is monotone regardless of the time step At™).

A.4 Optimal control of the discretised PDE

The aim of this section is to show how we calculate the derivative of the objective function with respect to the
control using the adjoint method. We introduce the discrete Lagrangian

N
L=]J— Z(}\n+1)T [pn+1 _ (I + AtnMn)pn] _ ()\O)T [pO _po} , (112)

n=0

from which we extract the costate equation and terminal conditions by ensuring that 0£/0p} = 0 for all n =
0,...,N + 1 and vector elements ¢, which takes the vector form

o0J ! n n n\ T n+1 n(.n Ta(Mn)T n+1 N+1 aJ !

The discrete costate equation (113) is identifiable as consistent with its continuum analogue (97).

The discrete adjoint approach proceeds as follows. For a given discrete control u = (u°,...,u"), we solve
the PDE model (110) forwards to give p™ for all n = 0,..., N + 1. Then we solve the costate equation (113)
backwards to give the costate A" for all n = 0,..., N + 1. Finally, the gradient of the objective with respect to

the control is given by

0L  0J s inii
Val = 52 = o~ + At > ot

n 114
5a P (114)

The discrete gradient (114) is analogous to its continuum counterpart (99), with 0J/0u = 0 in this work.

Thus the discrete adjoint formulation provides us with gradient information that may be supplied to standard
gradient-based numerical optimisation routines. In this work, we employ the L-BFGS-B optimisation algorithm, a
limited-memory, control-bounded implementation of the BFGS routine [31]. Ultimately, this provides a numerical
recipe to converge towards local control optima.

B Details of the moment closure calculations

A more extensive treatment of the moments (of arbitrary order) is provided in Ref. [29]. We reproduce here the
results pertinent to zeroth and first orders.
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B.1 Copy-number population growth

In the copy-number paradigm, we multiply (3) by x; and integrate over the state space to obtain

(i '7,€(t) = —gi(Xg(1),1) )+ Q/Rd / (&, t)pr (2, )0k (x | ) d& de + (Non-growth sources), (115)

where, changing the order of integration, we see that

/ / (&, t)pr (&, )0k (x | ) de de —/ gk(ﬁz,t)pk(:&,t)/ x;'ﬂk(m | ) de dz. (116)
R i R4 0<z<d

+

This motivates a study of the integral f0<w<i xé@k(w | ) de leveraging assumptions (4). When ¢ = 0, the integral
is unity. When ¢ = 1, we obtain the first-order relation

/ 2,00 (x | :f:)dw:/ 2,00(& — | ﬁ:)dxz/ (&) — 2;)00 (@ | &) dao
0<w<d 0<w<d 0<w<a (117)

from which it follows that
/ zjbp(x | &) de = % (118)

The forms (18) and (19) follow.

We briefly derive a simpler representation for a particular case employed in this study. In the copy-number
paradigm, we focus on cell division that preserves a fixed copy-number ratio between mother and daughter cells
for all continuum species. That is, when a mother cell in state & divides into two daughters with states & and
& — x, we consider the particular case where x = c¢& (and thus & — x = (1 — ¢)&), and the daughters inherit copy
number fractions ¢ € [0,1] and 1 — ¢ of the mother cell’s copy number for each species. This is realised with 6 of
the form

d
0w | @) = 2o [0) [[ 55 ( - ””) , (119)

where § is a Dirac delta function and 6 is a univariate probability density. The class of cell-division laws in (119)
allows us to rewrite the high-dimensional copy-number contribution (3) via the change of variables

N Z1 N Ty I
= — == — — 120
21 T ) Z] xj o R ( )
for j =2,...,d, whereupon we obtain the one-dimensional representation
/ gk (2, )p (2, 1)0; (x| ) de = / gz, Opr (22, ) 29720, (21 | 221) dz. (121)
E>x 1

Moreover, we may express conditions (4) as conditions on §. The symmetry condition is equivalent to symmetry
in é, namely,

(x| 2) = Op(& — x| &). (122)
Via the change of variables
X1 Z ;5 z1

= — == — — 123
21 3%1 ) Zj :%j :%1 ) ( )

for j =2,...,d, we obtain the density condition

d 1
1 :/ On(w | %) da :/ Ou(erdr | 1) [[6(z) dz :/ O (2 | ) de. (124)
o<z<z z—1(0<z<%) =2 0

Condition (124) demonstrates the sense in which g is a probability density. The transformed conditions (122)
and (124) hold for all d > 1.
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B.2 Continuum dynamics

The contributions stemming from the Fokker—Planck terms (9) can be derived by expressing the operator in
divergence form, namely,

%pk(m, t) = -V - ®y(z,t) + (other sources), (125)
for the flux ®y(x,t) given by
1
‘i’k(.’ll,t) = € {rk(m,t)pk(:c,t) - ﬁek -V [rk(:c,t)pk(m,t)]} . (126)

By application of the divergence theorem, and using the zero normal flux boundary condition (10), it follows that
there are no zeroth-order contributions (i = 0). This reflects the fact that the process describes a change in the
continuum species, but not the population mass. By application of Green’s identities, we find, for ¢ = 1, that

Ckj {Tk(m,t)pk(%t) - %ek -V (e, t)pe(z, t)]} de

—/ z;V - ®p(z,t)de = ij-@k(m,t)dzc:/

RY RY RY
~ e i (Xi(1), ) X0 (2, 1),

(127)

where ey ; denotes the jth element of the vector er. The approximation in (127), in addition to the closure
technique of approximating the nonlinear functions at the mean, stems from ignoring terms of order O(1/9Q).
Since these terms admit a divergence form, they may be written as boundary terms, and thus provide a way to
verify that the boundary contributions (multiplied by 1/2) are negligible (if we can solve or approximate the
full solution, or if we have good reason to expect the distribution to be supported away from the boundary). It
follows that the first-order contributions are approximated by (23).

The bursty production (11) similarly has no zeroth-order contribution. To see this, note that the zeroth-order
terms sum all possible jumps — for each x add all the valid jumps to  — which may be expressed from the dual
perspective — for each x add all the valid jumps from x. Then, utilising (12), we find that

||ekH/ / fr(x — zeg, pr(x — zeg, t)Qr(x — zey, z||ex||) dz dx
]Ri w—zekERi

~ [ flmimia) [ ledQua el dsde (128)

R
= / fr(x, t)pr(x, t) de.
R4
+
At first order, we again appeal to the dual perspective to evaluate the integral:

/d zjl e fr(x — zeg, pr(x — zep, t)Qr(x — zey, z||ex||) dz dx

d
R+ a:—zek.ER+

- /]R / (@ = 2oy o) lexl fu(e = e, (e — er. HQu(@ - zew, e dzd
4 Tr—zeg £

N (129)
:/ mjfk(m,t)pk(m,t)dm+ek,j/ fk(ac,t)pk(:n,t)/ llex|Qn(@, 2llex]) dz d
R% R{ 0
~ fr( Xk (1), ) X (1) + ﬁfk(Xk(t)at)Ql(Xk(t))X.?k(t),
where we have defined
Qra(z) ::/ yQr(, y) dy. (130)
0

The result (24) follows.

C Singular arcs in the single-species ODE model

Our goal in this appendix is to study the function ¢’(z)x+g(x), where g(z) is defined in (29d) which we reproduce
here
90 — Joo

TrE (131)

9(7) = goo +
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Figure 14: The running pay-off F(z) = g(z)z for different parametrisations of g(z). Solid curves show the
Hill form (29d) while dashed curves show the (nearly identical) hyperbolic tangent form (136) sharing the same
parameter values: go = 1, K = 0.4, n = 20. When g, = 0 we observe the global maximum. When ¢, € (0, g.),
where g, ~ 0.8186 is such that 4cn = (n — 1)2, there are two roots of f corresponding to the local maximum and
the local minimum. When g, = g. there is a unique double root of f corresponding to a stationary point. For
Joo > g the F' curve is strictly monotonic.

Recall from the discussion leading up to equation (38) that the singular arcs are characterised by states X' (t)
satisfying ¢'(X1(¢)) X1 (t) + g(X'(t)) = 0. Defining

f(z) == g'(2)z + g(2)
- _n Z\" 9o — Joo 9o — Yoo
N ( ) [1+ (z/K)"]? t o0 F 14 (z/K)" (132)

K
90 — 9o zZ\" 1
= 0o _— 1 — — _— s
oo T /K" < (%) 1 T (z/K)")
we thus set out to study the roots of f(z).
If goo = 0 then f(2) =0 < (z/K)" =1/(n — 1) in which case there is exactly one real solution, and it is

positive iff n > 1. R
If goo > 0, we may consider f(z) as a function of 1 + (2/K)" via f(z) = f(1+ (¢/K)™) where

n — 90 — o - L_]-
fy): goo+7y (1 e ) (133)

The roots of f(y) solve the quadratic equation cy? + (1 — n)y +n = 0 for ¢ := goo/(go — goo) Where ¢ > 0 as we
assume that g is strictly decreasing. It follows that f(z) =0 < f(1 + (z/K)™) = 0, which is solved by

(i)"__1+(n—1)j: (n—1)2—4cn.

134
K 2¢c (134)

It thus suffices to consider the value of (z/K)™ as appears in (134).

If 4cn > (n—1)? there are no real solutions. If 4cn = (n—1)? then the discriminant is zero and there is exactly
one real solution for (z/K)™. Thus there is exactly one non-negative solution for z iff n —1 > 2¢ = (n—1)%/2n. If
n € [0,1], then n — 1 < 0 while ¢ > 0 and there are no non-negative solutions, while if n > 1 the inequality holds
strictly and there is exactly one positive solution. If 4cn < (n —1)2, then the discriminant is strictly positive and
there are two positive roots for (z/K)™ if n > 1, and no non-negative roots if n € [0,1]. To see why both roots
are positive in the first case, note that the smaller root is positive iff

(n—1)—+/(n—1)2 —4en
2c

>1 <= (n—1)—2c>+/(n—1)2—4en

= (n—1) =22 > (n—1)2 —4en (135)

<~ 4c¢(1+¢) >0,
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Figure 15: (a) Optimal controls u(t) for the PDE copy-number problem (30) (coloured curves) for various division
ratios ¢ € {0.1,0.2,0.3,0.4,0.5} overlayed with the optimal control of the ODE model (33) (black dashed curve).
Other parameters are given in (41). (b) Population distributions p(x,t) associated with the optimal controls in
(a) for various division ratios ¢ at specific times t.

where we use the fact that (n —1) —2¢ > (n—1)(n+1)/2n > 0 when n > 1 to justify squaring both sides. Thus,
there are two positive solutions for z. To see why the second case admits no non-negative roots, note that the
roots are bounded from above by —1 + (n — 1)/2¢, so when n < 1, this bound is strictly negative.

To recap the case of go, > 0: If 4c > (n—1)?/n, there are no singular arcs. If 4c < (n—1)?/n and n > 1, there
is at least one and at most two values that X!(¢) can take that satisfy the singular-arc condition (38), otherwise
there are no singular arcs.

To gain further insight, we identify that the singular arc corresponds to maximising the running pay-off
F(z) := g(x)z in (33a), whose derivative with respect to the state x is precisely f(x). Since F(0) = 0 and
F'(0) = f(0) = ¢g(0) = go > goo > 0, it follows that F is initially increasing. Therefore, when f has no roots,
F must continue increasing. When f has a unique simple root, it must have a turning point, at which point F’
obtains its global maximum, after which it decreases. When f has a unique double root, it must have a stationary
point and continue increasing. When f has two roots, it must have two turning points, first a local maximum,
then a local minimum (at which a singular arc will not form, as this minimises the running pay-off), after which
it continues increasing. These cases are all illustrated in fig. 14.

Therefore, when f has no roots, or when it has a double root, no singular arc is formed since the running
pay-off F' is monotonically increasing, and thus maximised for ever larger X!(¢). The optimal control is thus
u(t) =1 for all time. When f has a unique simple root F is maximised at the global maximum, and we expect a
singular arc to form if this global maximum is at a reachable state and there is sufficient time. When f has two
simple roots a singular arc may form depending on whether the value of F' at the local maximum surpasses all
reachable pay-off values F(X1(t)) and the time horizon.

While the algebra relied heavily on the particular form (29d) of g(z), it is important to highlight that the
results are remain robust to changes in the sigmoidal form. For example, in fig. 14 we show the running pay-off
F(z) = g(z)x for g(x) defined by the hyperbolic tangent

tanh[n(x — K)] + 1
2 )

9(x) = go + (9oo — 90) (136)
where all parameters gg, goo, K, and n remain the same. The F' curves are almost indistinguishable preserving the
features of the Hill case, even though the algebra in the hyperbolic tangent case becomes analytically intractable
as the equations become transcendental.

Ultimately, we have uncovered conditions sufficient to suppress singular arc formation. When a singular arc
does form, we have deduced that it can occur at a unique state value X (t).
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D Division ratios

The ODE approximation is independent of 6 (and thus c), since it only accounts for the changes in copy number,
which are unaffected by division. This is not as dire as it might seem for the ODE approximation, because the
PDE optimal control proves insensitive to all values of ¢ we employed, even though the copy-number distributions
are noticeably different (see fig. 15). We observe in fig. 15b that the distributions for ¢ = 0.1 have a larger
contribution near = 0 and are most spread than the distributions for ¢ = 0.5, both on the singular arc (t = 0.9)
and on the terminal nonsingular arc (¢ = 8.5). Nevertheless, the corresponding optimal controls in fig. 15a are
remarkably similar.

E Numerical artefact

In this appendix, we study the source of the discrepancy between the analytical and numerical optimal controls of
problem (45). The analytical singular control is given by (51), however, this does not coincide with the numerical
singular control in the vicinity of u(t) = 0, as illustrated in fig. 8.

To see concretely that the analytical form does not match the numerical solution, note that intervals of small
control values u(t) correspond to intervals where Y (¢) & 0.03, which is significantly smaller than both K and L.
When y < L, the function a(y) and its derivatives have the leading-order forms

1

my™” m(m — 1)ym—2
Lm Lm '
Analogous forms are true for g(y) and its derivatives when y < K. It follows from (51) that the singular control
is of the form
R(z,y) _ _Be'(Wleg'(y) —22'wW)]  ylb+9()] By (90 = goo)n L™ nom o] | ¥(b+90)
D(z,y)  ala”(y)g'(y) — o' (y)g" (y)] a a(m —n) [(ag — ac)mK" a (1'38)

a(y) ~ ao, o (y) ~ — (a0 — o) o (y) ~ — (ap — o) (137)

For the parameters in (54) and y & 0.03 as in fig. 8, the leading-order approximation in (138) evaluates, approx-
imately, to

R
R@.y) - [—22 % 10 +2] +6 x 1072, (139)

D(z,y)
The first term inside the brackets is negative and of exceedingly large magnitude, dominating the rest of the
contributions. Importantly, this is not a valid value for the control and hence cannot coincide with the positive
singular arc of the numerical solution.

Note that this discrepancy does not always arise. For example, when we change the sign of the approxima-
tion (138) by choosing m = 9 < 10 = n the numerical solution agrees more closely with the analytical solutions
(see fig. 16).

To explore the source of the numerical deviation, we perform an analysis of the discrete adjoint problem.
Recall that the optimal control problem is to maximise (45a) subject to the dynamics (45). The objective may
be discretised by the Riemann sum

N-—-1
J=XN4+ At g(yh)xt, (140)
k=0

alongside a forward-Euler discretisation of the dynamics, of the form

){k+147)(k

o = alYR) = (B4 g(VH)XF = Mt X0 = X, (141a)
(R E Ey\yk k 0
Ry S W - b+gY")Y" = M3, Y' =Y, (141b)
for k =0,..., N —1. Although the results in the main section were obtained using a backward-Euler scheme, the

anomalous singular arcs that do not match the continuum theory are present in solutions using both the forward
and backward discretisations, and so we choose the simplest possible scheme to analyse.
We introduce the Lagrangian

N-1 N-1
L=T+ Y A (XM = XF = AMT) + D M (YR - v - ArME) + AD(X0 — Xo) + A9(YC - Yp).
k=0 k=0

(142)
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Figure 16: Optimal controls u(t) and state variables X (¢t) and Y (¢) (solid curves) for the ODE model (45) overlayed
with the singular control (black broken curves) of the (a) continuum formulation (51), and of the (b) discrete
formulation (146), for different values of m and other parameters defined in (54).

The costate equations and terminals conditions are derived by ensuring that dL/0X* = 9L/0Y* = 0 for all k,
from which we deduce that, for k =0,...,N —1

)

)‘]f-H B )‘]f k+1 k k N
N [B+9(Y")] +g(Y"), A =-1, (143a)
/\IQH_l B >‘]2€ k+1 / k / k k k k ’ k k / k k N
g =N [/ (Y?) + g (YI)XF ]+ X5 b+ g(Y*) + g (YI)Y*] + 4/ (YF)XF, A =o0. (143Db)

Note that the discrete adjoint formulation is consistent with the continuum formulation (48). The derivative of
the discrete objective J(u, ..., u") with respect to the discrete control u* is then given by the partial derivative
of the Lagrangian (considered as a function of the state, costate, and control L({X*}, {Y¥} {\F}, {\5}, {u*}))

0J oL

ok = gur — —aAtg T (144)

for k=0,...,N — 1. In the discrete setting, as in the continuum setting, singular arcs may arise where, for the
optimal solution, )\SH = 0 over some contiguous range of k. In this case, the optimal control may be determined
analogously to the continuum case. Since )\’2“'1 = 0 for some range of k, we deduce from (143b) that

% k

E+1 _ gY"X 14

/\1 - a/(yk) _ g/(yk)Xk' ( 5)
Substituting (145) into (143a) we find that

1 g/(Yk)Xk g/(kal)kal - gl(Yk)Xk:
At <g’(Yk)Xk _ a/(yk) B gl(yk—l)Xk—l _ a/(yk—l)) - g/(yk)Xk _ a/(yk)

[B+9(Y")] —g(Y").  (146)

Using (141) we now replace X* and Y* by functions of X*~1, Y*=1 and u*~!. If we consider the limit as At — 0,
we may Taylor with respect to At and retain the leading-order contribution. Ultimately, this produces a linear
equation for u*~! whose solution coincides with the continuum singular control (51). If, however, we retain a
nonzero time step At > 0, and (numerically) find the root of equation (146), we recover the (numerical) singular
arcs of the solution (see fig. 16). We thus infer that it is precisely an artefact of the discretisation that causes
spurious singular arcs.

F Increasing the resolution

In this appendix, we study the improvements when we increase the discretisation resolution of the (z,y)-state
space for the models in section 4. Recall that the models in section 3 are one-dimensional, allowing us to use
a resolution of Ngpate = 100 nodes in the state variable with acceptable performance on a standard laptop (on
the order of one second to solve the state and costate equation, with good optimisation convergence in a few
hundred BFGS iterations). The models in section 4 are two-dimensional, and we chose to use a coarse resolution
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Figure 17: Optimal controls (orange curves) for the PDE copy-number model (43), using initial control guesses
uo(t; N) defined in (56) for different values of N (grey curves). The optimisation was terminated after 1500
objective evaluations with Ngiate = 40 discrete nodes in each state dimension.
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Figure 18: Locally optimal switching structures for the PDE model (43), for resolutions Ngtate = 20 (solid curves)
and Ngtate = 40 (dotted curves). Each switch is optimised in turn, terminating once no switch could be moved
to improve the objective.

1.5 1

1.000 A
n L n . ! '
1.4 1 : *x O ok, 0.975 - 5
N 2
1 u = _
23 N 2 0.950 -
Ay
= =
Lo 0.925 A
' *  Ngtate = 20 . *  Ngtate = 20
H B Ngate = 40 0.900 B Ngate = 40
11 L T T T T T T T ! T T T T
1 2 3 4 5 6 7 2 3 4 5 6
M M

Figure 19: (a) Objective value for the PDE optimal controls Jppg,p with M valleys using Ngiate nodes in the
state discretisation of model (43). (b) Relative performance of the ODE model (45) compared to the PDE model,
as defined in (58), for different locally optimal ODE controls with M valleys, using Ngtate nodes in the state
discretisation. Other parameters are given in (54).

of Ngtate = 20 nodes in each state variable (for a total state space of 400 nodes) which gave similar computational
times for solving the state and costate equations (on the order of one second), however, the objective landscape is
more intricate and thus more BFGS iterations were required, as well as many more initial conditions since there
were multiple local optima. To examine whether this is too coarse, we subsequently performed the optimisation
using Ngtate = 40 nodes in each state variable, which resulted in computational times of approximately 30 seconds
per iteration (that is, to solve the state and costate equations and compute the derivative). Note that, for a finer
state discretisation, the time step must be smaller in order to retain a monotone scheme, which also contributes
to the increased execution time. To retain a fair comparison between the PDE and the ODE results, here too we
discretised the time in the ODE optimisation problem to match the PDE time discretisation.

The resulting optimal PDE controls were qualitatively similar (fig. 17), and the parametrised optimisation
step produced almost identical switching structures (fig. 18). While the objective function values for PDE optimal
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controls were up to 7% larger (fig. 19a), the ODE optimal controls were similarly larger, resulting in an almost
unchanged relative ODE performance (fig. 19b). We thus deduce the accuracy of the results even for the coarse
resolution.

G MPC with partial observability

In the main text, we present results for MPC controls for first-order moment closure approximations of sys-
tems (68) and (78) that assumed complete state observability. For the sake of completeness, we present here the
numerical simulations where only the zeroth-order information is observable (the total grower mass, G(t), from
which the total producer mass is given by 1 — G(t)) but the first-order information is not (X (¢) for system (68)
and X(t) and Y(¢) for system (78)). In real-world scenarios, the input is expected to be noisy, in which case
an appropriate fusion between the noisy data and model predictions must be decided upon by some filtering
algorithm. Similarly, missing state variables are typically estimated by constructing observers [25]. Here, we
consider the simpler case of noiseless data and no observer construction, in order to directly study the influence
of partially missing state information without mitigating efforts. Having showed analytically in section 5.2.2 that
X (t)/G(t) is constant, we have two options for updating the unobservable state X (t) given new G(t) data in the
control loop: (i) use the constant ratio to update the value of X (t), or (ii) update only the observable states,
retaining the previous value of X (¢). The Y (¢) value is retained in both cases (we do not treat the case where
some of the first-order information is observable, although this can be done similarly). We present numerical
results for both algorithms here.

For system (68) with optimal controls appearing in fig. 11 for full observability, we add the case where X (¢) is
unobservable. X (t) can be updated to satisfy X (t)/G(t) = «/(8 + A) (fig. 20) or not updated in the MPC loop
(fig. 21). Only the MPC control differs between these figures. Overall, the performance with partial observability
is slightly reduced. The discrepancy is not more than 2% and the performance in the partially observable case
remains high.

For system (78) with optimal controls for the first-order moment closure appearing in fig. 13 for full ob-
servability, we add the case where both X(¢) and Y'(t) are unobservable. X(t) can be updated to satisfy
X(t)/G(t) = o/(B+ A) (fig. 22) or not updated in the MPC loop (fig. 23). Only the MPC varies between
these three figures. Here too, overall, the performance with partial observability is slightly reduced. The discrep-
ancy is not more than 2% and the performance in the partially observable case remains above 90%.

H Optimal control near the terminal time

We study the optimal control of the ODE problem (78) and (79) after removing the P(¢) and X (¢) dynamics as
described in section 5.2.2, to give the ODE system

G(t) = AG(t) — A(1)G(t) — u(t)h<ﬁi‘A) G(t), G(0) = 1, (147a)
Y (t) = =AY (t) + p[l — G(t)] — vY (1), Y (0) =0, (147b)

where the turbidostat dilution rate is given by

A(t) = AG(t) + “(%) -G (147¢)

We introduce the Hamiltonian

H = 0(0) [ 46(0) - A0)6(0) ~ w521 ) 6(0)] + 2200 {-AOY(0) + 1 - GO - ¥ () ~ AV 1),
(148)
and the costate equations
A(t) = =\ () [A _A() - ggEtt;G(t) - (t)h<ﬂ - A)] — () [—gggm) |+ gggm), (1492)
M(T) =0, (149b)
Sa(t) = =\ (1) [ma(t)} —(t) {—A(t) - gégm) - y] +AM) + %Y(“’ (149¢)
Aa(T) = —1. (1494)
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Figure 20: Optimal controls from the PDE model (61), the ODE model (65), and the same ODE model in closed-
loop MPC (for partial observability, where the state G(t) is observable and the state X (¢) is updated to satisfy
X(t)/G(t) = a/(B+ A)), illustrated as blue, orange, and dashed green curves, respectively, for various values of
the Hill parameter K. Other parameters are given in (73).
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(a) K =0.3: (Jopr, Jmpc) = (0.999,1.000). (b) K =0.4: (Jopg, Jupc) = (0.976,0.997).
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(¢) K =0.5: (Jopr, Jupc) = (0.964,0.995). (d) K = 0.6: (Jopr, Jupc) = (0.999,0.980).

Figure 21: Optimal controls from the PDE model (61), the ODE model (65), and the same ODE model in
closed-loop MPC (for partial observability, where the state G(t) is observable and the state X (¢) is not updated
on new data input), illustrated as blue, orange, and dashed green curves, respectively, for various values of the
Hill parameter K. Other parameters are given in (73).
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(d) L =0.35: (Jopm, Jurc) = (0.827,0.902).

Figure 22: Optimal controls from the PDE model (75), the first-order ODE model (78) where states P(t) and
X (t) have been excluded analytically as described in section 5.2.2, and the same ODE model in closed-loop MPC
(updating the states G(t) and preserving the state Y (¢)), illustrated as blue, orange, and dashed green curves for
various values of the Hill parameter K. Other parameters are given in (73) and (82). The PDE control in (a) is

obtained with an additional regularisation term as detailed in fig. 12.
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Figure 23: Optimal controls from the PDE model (75), the first-order ODE model (78), and the same ODE model
in closed-loop MPC (updating the states G(t), updating X (¢) to satisfy X (¢)/G(t) = a/(8 + A) and preserving
the state Y (t)), illustrated as blue, orange, and dashed green curves for various values of the Hill parameter K.
Other parameters are given in (73) and (82). The PDE control in (a) is obtained with an additional regularisation

term as detailed in fig. 12.
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Figure 24: Optimal controls from the PDE model (61), the zeroth-order ODE model (65) where the parameter
F is fitted, and the same ODE model in closed-loop MPC, illustrated as blue, orange, and dashed green curves,
respectively, for various values of the Hill parameter K. Other parameters are given in (73). Inset plots show the
simulated G(t) dynamics (purple curves), overlayed by the fitted match (black dotted curves).

The switching function is given by

%—Z = —Al(t)h<ﬂ J‘: A) G(t). (150)

Since A(t) is an interpolation between A and some evaluation of @, which is itself an interpolation between aoo
and A (see (74)), it holds that A(f) € [aco, 4], and it follows that G(¢) decreases at most exponentially, and thus
remains positive for all time. Therefore, the switching function vanishes if and only if A (¢) = 0, from which it
follows that, on non-singular arcs (where A1 () # 0), the optimal control takes the bang—bang form

)1 () >0,
ult) = {0, A(t) < 0. (151)

At the terminal time A1 (7') = 0, and so the bang-bang form (151) is not informative. Instead, we look at the
derivative of the costate at the terminal time,

A(T) = —p <0, (152)

which is strictly negative since we assume a nontrivial protein production rate p > 0. It follows, by the terminal
condition A1 (7T") = 0 and continuity, that A;(¢) > 0 in some vicinity of the terminal time (T'—¢,T") for some € > 0.
Therefore, in this neighbourhood, the optimal control is bang—bang and, from (151), we see that it is maximal.
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Figure 25: Optimal controls from the PDE model (75), the zeroth-order ODE model (65), and the same ODE
model in closed-loop MPC, illustrated as blue, orange, and dashed green curves for various values of the Hill
parameter K. For the ODE model, both parameters a and F' are is given by fitting. Other parameters are given
in (73) and (82). The PDE control in (a) is obtained with an additional regularisation term as detailed in fig. 12.

I Zeroth-order approximation and fitting parameters

In the main text, we used the first-order form (71) to provide the value for the parameter F' in the zeroth-order
system (65). One might propose not to use the associated first-order approximations but instead to fit the
parameter F' (as we do later for the parameter a). We argue here that this does not qualitatively change the
results.

For the simpler equation (61) of section 5 the results in fig. 11 are compared with the results in fig. 24 where
the parameter F' has been obtained by fitting: a characterisation “experiment” is run using u(¢) = 1 and matching
the dynamics of G(t). We see that the results are very similar. The main difference is that, whereas the open-loop
ODE control previously underestimated the PDE optimal control when using the first-order F' value, in this case
it is overestimated. This discrepancy is almost entirely corrected by the closed-loop MPC. The insets illustrate
the “experimental data” G(t) as purple curves, overlayed by the fitted match as black dotted curves.

For equation (75) in section 6 the results in fig. 12 (using first-order information for F') are to be compared with
the results in fig. 25 (fitted F'). The results obtained by fitting the parameter F' show a noticeable quantitative
improvement, in particular, the singular arc is much better approximated (figs. 12a and 25a). Nevertheless, the
controls appear qualitatively very similar. Moreover, as L increases, the improvements diminish: by L = 0.5 the
open-loop improvement is less than 2% and the MPC improvement is less than 1%. This is because fitting the
parameter F' allows for a slightly more favourable parametrisation, however, no structural improvement to the
approximation has been made. For this reason, the poorest performances, which occur at the higher values of L,
remain largely unimproved.

This procedure is idealised in several ways. Firstly, there is no noise. Secondly, we take data points at
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the PDE discretisation, which is on the order of one measurement every twenty seconds. For sampling and flow
cyctometry measurements this cannot be achieved. In realistic settings where only noisy and sparse measurements
are available, it is likely that the utility of fitting will be significantly impacted. For this reason, we treat this case
only as a footnote, despite the somewhat improved performance. Moreover, the main performance degradation in
fig. 25d remains effectively the same, highlighting the fact that the primary source of error remains unaddressed
by even this idealised improvement, and more fundamental changes are needed, such as those brought about by
the first-order approximation.

53



	Introduction
	Heterogeneous bioproduction models and their optimal control and approximation
	The influence of heterogeneity in bioproduction
	Modular model class
	Population growth
	Bioreactor removal
	Discrete dynamics
	Continuum dynamics
	Optimal control of the PDE

	Moment approximations of model components
	Population growth
	Bioreactor removal
	Discrete dynamics
	Continuum dynamics
	Initial conditions
	Optimal control of the ODE


	Bioproduction by direct induction
	PDE formulation
	Concentration paradigm
	Copy-number paradigm

	A moment closure approximation
	Optimal control of the ODE model

	Numerical results: comparing the PDE and ODE models

	Inducing a transcription factor that modulates production
	PDE copy-number formulation
	A moment closure approximation
	Optimal control of the ODE model

	Numerical results
	Parametrised oscillatory controls
	Optimal controls
	Comparing the optimal controls

	Optimising the period

	Inducing differentiation in bioproducing consortia
	PDE concentration formulation
	Moment closure approximations
	Zeroth-order closure
	First-order closure
	Optimal control of the ODE model

	Numerical results: comparing the PDE and ODE models

	Differentiation in consortia with modulated production
	PDE concentration formulation
	Moment closure approximations
	Numerical results: comparing the PDE and ODE models

	Conclusions
	References
	Appendix
	Optimal control of the PDE
	The abstract setting
	The modular model class
	PDE discretisation
	Population growth
	Bioreactor removal
	Discrete dynamics
	Continuum dynamics

	Optimal control of the discretised PDE

	Details of the moment closure calculations
	Copy-number population growth
	Continuum dynamics

	Singular arcs in the single-species ODE model
	Division ratios
	Numerical artefact
	Increasing the resolution
	MPC with partial observability
	Optimal control near the terminal time
	Zeroth-order approximation and fitting parameters

