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A dynamic population system is often modelled by a deterministic difference equation model to obtain
average estimates. However, there is a risk of the results being distorted because unexplained (random)
variations are left out and because entities in the population are described by continuous quantities of an
infinitely divisible population so that irregularly occurring events are described by smooth flows.

These distortions have many aspects that cannot be understood by only regarding a deterministic
approach. However, the reasons why a deterministic model may behave differently and produce biased
results become visible when the deterministic model is compared with a stochastic model of the same
structure.

This paper focuses first on demographic stochasticity, i.e. stochasticity that refers to random variations in
the occurrence of events affecting the state of an individual, and investigates the consequences of omit-
ting this by deterministic modelling. These investigations reveal that bias may be strongly influenced by
the type of question to be answered and by the stopping criterion ending the analysis or simulation run.
Two cases are identified where deterministic models produce unbiased state variables: (1) Dynamic sys-
tems with stable local linear dynamics produce unbiased state variables asymptotically, in the limit of
large flows; and (2) linear dynamic systems produce unbiased state variables as long as all state variables
remain non-negative in both the deterministic and the stochastic models. Both cases also require the
question under study to be compatible with a solution over a fixed time interval.

Stochastic variability of initial values between simulation runs because of uncertainty or lack of infor-
mation about the initial situation is denoted initial value stochasticity. Elimination of initial value stochas-
ticity causes bias unless the model is linear. It may also considerably enlarge bias from other sources.

Unknown or unexplained variations from the environment (i.e. from outside the borders of the studied
system) enter the model in the form of stochastic parameters. The omission of this environmental stochas-
ticity almost always creates biased state variables.

Finally, even when a deterministic model produces unbiased state variables, the results will be biased if
the output functions are not linear functions of the state variables.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction integer number of discrete entities such as plants, animals, patients,

vehicles, molecules, atoms, data packets, etc. Such models are

This paper examines the mathematical conditions for a deter-
ministic difference equation model to produce unbiased results
when used for population studies.

A population consists of entities that may have attributes of dif-
ferent kinds. These entities may perform different actions and they
may interact with other entities and with the environment. A pop-
ulation model should therefore capture the nature of the population
system under study as it evolves dynamically over continuous time,
focusing on the aspects specified by the purpose of the study. Pop-
ulation models constitute a class of models with a non-negative
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fundamental in ecology, epidemiology, demography and queuing
systems. They are also used in physics, chemistry, molecular biol-
ogy, traffic planning, production planning and many other fields.

1.1. Stochastic population models - representation and time handling

In this paper the behaviour of stochastic population models is
used as a reference in comparisons with that of deterministic
models.

All irregularities from the behaviour of a real population, its
environment and the system conditions at a given (initial) point
in time are rarely known and cannot be modelled in detail. Instead,
irregularities are often specified in probabilistic terms, leading to
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stochastic population models. A non-trivial question is then how
such a probabilistic description of a dynamic population can, and
should, be converted into an executable simulation model.

Three types of stochasticity may be implemented in a popula-
tion model, namely demographic stochasticity, environmental sto-
chasticity and initial value stochasticity. Demographic stochasticity
[1,2] is the randomness about ‘when the next event such as birth,
death, migration or other change of state (or attribute) of an entity
will occur’. Stochastic variability of initial values between simula-
tion runs because of uncertainty or lack of information about the
initial situation is denoted initial value stochasticity. This is concep-
tually related to demographic stocasticity, but will only intervene
at the initial point of the study, while environmental stochasticity
[1,2] comes from external, partly unknown factors such as temper-
ature, precipitation, supply of food, etc. that can vary within the
simulation run.

In a recent investigation of the foundations of stochastic popu-
lation modelling and simulation [3], it was found that demographic
stochasticity can be correctly handled by either of three different
types of representation:

o First, the population model can use an entity-based representa-
tion where each entity is individually described with its attri-
butes and conditional behaviour and can be individually
monitored. This micro representation is used in e.g. Discrete
Event Simulation and Individually Based Simulation.

The second option is to use a compartment-based representation
where all entities in the same situation (i.e. having the same set
of attribute values) are located in the same compartment. Only
the number of entities in each compartment is then recorded.
This macro representation is used in e.g. compartment models,
which can be numerically handled using tools from Continuous
System Simulation.

Third, a state-based representation exists, where every situation
that the entire model can be in has to be represented as a
unique separate state. This representation is used for e.g.
Markov models and often leads to a model of gigantic size.

The time handling, i.e. the updating of the (demographic) sto-
chastic model over time, is based on irregularly occurring events
that will change the attribute values. The time handling can be per-
formed in three different ways, irrespective of the representation
used. The first way is to increment time in such small time-steps
that zero or at most one event may occur during a time-step (using
Bernoulli statistics). The second way is to use larger time-steps
allowing several events per time-step (using Poisson statistics),
and the third is to ‘jump’ to the point in time for the next event
(using exponential statistics).

It has been shown [3] that irrespective of the representation
(entity, compartment or state) and the time handling method
selected, stochastic population models will produce mutually
consistent (contradiction-free) results, provided that some simple
rules are observed during the model building process.

1.2. Deterministic models of a population

Historically, there is a long tradition of using deterministic dif-
ferential or difference equation models for analysis or simulation
of populations.

Using a deterministic model simplifies model building. There is
an overwhelming number of studies where populations are mod-
elled in this way, using continuous state variables and ignoring
the effects of stochasticity. Even in textbooks on e.g. epidemiology,
biology and ecology [4-6] and in more general textbooks about dy-
namic systems [7,8], the presentations are often entirely based on
deterministic models, or at least lack demographic stocasticity. It is

then taken for granted that this is adequate and no concern is ex-
pressed about the validity.

On the other hand, there are early examples of understanding
that stochastic and deterministic models of the same population
system may produce profoundly different results. For example, in
1926 A.G. McKendrick [9] published a stochastic treatment of an
epidemic process and in 1960 M.S. Bartlett [10] published his book
‘Stochastic Population Models in Ecology and Epidemiology’ in which
the necessity of stochastic population models was emphasised and
different ways to construct them were discussed. Many, more re-
cent, textbooks present both deterministic and stochastic model-
ling and stress the relative advantages of both types [11-15].
However, a general discussion of the circumstances where deter-
ministic models are appropriate is lacking: “Full conditions for
agreements between deterministic and expected stochastic solu-
tions are at present unknown.” [13]. Some studies have compared
the results of different approaches to specific problems [16-22],
but in general this is not done.

1.3. Objective and overview of the paper

“Understanding the dynamics of stochastic populations, and
how they deviate from the deterministic ideal, is being viewed
with increasing importance by ecologists and epidemiologists”
[22].

It is not unusual that modellers assume that models with large
numbers (or large flow rates) or that linear models will be suffi-
cient to secure unbiased average results when stochastics are not
included. Still worse, working within the deterministic tradition,
this issue may not be raised at all.

Since entity-based, compartment-based and state-based mod-
els are three ways to produce a consistent realisation of a concep-
tual population model with demographic stochasticity [3,23], they
provide a gold standard when compared with a simplified deter-
ministic difference equation model.

The objective of this paper is to investigate when a determinis-
tic model can reproduce the average quantities! of a corresponding
stochastic population model and to demonstrate and explain what
might otherwise happen. For this purpose, we require the quantities
to be unbiased, in the sense that:

deterministic quantity = E[stochastic quantity],

where E[-] denotes an ensemble average for a corresponding sto-
chastic model. In the following, this property is evaluated analyti-
cally when possible. Otherwise, a check is made of whether a
quantity from the deterministic model falls within the 95% confi-
dence interval of that from the stochastic model, based on 10,000
simulation runs.

A fundamental restriction implied by the use of a deterministic
model is that all information about variations, confidence intervals,
risks, extremes, correlations, etc. is lost and only deterministic re-
sults such as point estimates can be obtained instead of probability
distribution functions.

Nevertheless, a deterministic model of a population may be
useful in several circumstances if it can produce outcomes that
are close to the average of the outcomes that would be produced
by a corresponding stochastic model:

e One case is when average results are the main outcome of inter-
est in a study. The deterministic model could then produce
these average results in just one simulation run, instead of aver-
aging over many simulation runs of a stochastic model.

! We need to distinguish between bias in the state variables and in the results
(outcomes of the study). ‘Quantity’ is used to include both ‘state variable’ and ‘result’.
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o Furthermore, parameter estimation, optimisation and sensitiv-
ity analysis are difficult and problematic to perform with sto-
chastic models. If it is known that a deterministic
approximation will reproduce average results correctly, then
model parameters of the deterministic model can be adjusted/
optimised with respect to a data set. They can then also be used
in a corresponding stochastic model, which reveals additional
features such as the variability around the average outcomes.

Investigation of the quality of deterministic model behaviour is
complicated in several ways. First, omission of different types of
stochastics may create bias in the state variables representing
the subpopulations. Even when the state variables are unbiased,
a result, reflecting the objective of the study, can be a non-linear
function of the state variables and thus creates biased results.

Furthermore, the objective of the study also affects the stopping
criterion of the solution. The problem then is that the ensemble of
stochastic solutions may end at different points in time, causing
state variable values of a deterministic model to deviate from the
averages of the state variables of the stochastic solutions.

To clarify the situation, this investigation is conducted in steps.
First, we investigate when state variables of deterministic com-
partment models equal the average of the state variables of corre-
sponding compartment models with demographic stochasticity.
Next, we investigate what happens when initial value stochasticity
is omitted, and thereafter the consequences of omitting environ-
mental stochasticity. Finally, we investigate the conditions for
unbiased state variables to generate unbiased results, expressed
in terms of an output function.

This paper mainly focuses on qualitative aspects of using a
deterministic model — when will this create bias and of what rea-
sons? However, in the examples the presentation is complemented
with a more pragmatic view — when can a deterministic model be
used to reproduce average results with a tolerable bias?

The paper is structured as follows. Section 2 presents the meth-
od for investigating possible bias for deterministic models. In Sec-
tion 3 we discuss various implications of removing the stochastics
of a population model. In Section 4 the consequences of omitting
demographic stochasticity are demonstrated by three simple
examples. The two following sections deal with special cases
where unbiased state variables might be obtained when demo-
graphic stochasticity is dropped. Section 5 considers the case
where the flows between compartments stay very large and the
model has asymptotically stable linearised dynamics, while Sec-
tion 6 deals with positive linear systems and demonstrates the
necessity of a limitation to a fixed stopping time criterion to obtain
unbiased results. Section 7 treats the consequences of omitting ini-
tial value stochasticity, and Section 8 the consequences of omitting
environmental stochasticity. Section 9 discusses unbiased results
expressed by an output function of the state variables. In Section 10
we take a pragmatic approach, focusing on the specific model and
discuss how to test the consequences of dropping the stochastics of
the specific model. Finally, Section 11 provides a discussion and
conclusions.

2. Methods
2.1. Introduction

There is a great advantage in dividing the modelling process
into a conceptualisation phase and a realisation phase. The conceptu-
alisation phase deals with whether the conceptual model, with all
its simplifications, boundaries, assumptions, etc., is a good enough
description of the studied system to serve the given purpose of the
study. The realisation phase, on the other hand, only deals with
constructing an executable dynamic model that should be consis-

tent (contradiction-free) with the conceptual model. The conceptu-
alisation phase is outside the scope of this paper. We start from an
ideal case where a conceptual stochastic population model is com-
pletely specified. Fig. 1 presents a general overview of the studied
problem structure.

The method used in this investigation is to start with a well-
defined stochastic population model and compare its average
behaviour with the behaviour of a deterministic model of identical
structure. Note here that demographic stochasticity is intrinsic in
entity-based, compartment-based and state-based models, while
initial value stochasticity and environmental stochasticity have
to be added by specification.

Investigation of when a deterministic model of a population
will produce unbiased results is strongly simplified by the fact that
any of the three stochastic representations using any of the three
ways of time handling will produce mutually consistent results.
The deterministic compartment model is here usually compared
with a stochastic compartment model where time is handled by
Poisson statistics, a so-called Poisson Simulation model [24]. This
method is also called the ‘tau-leap method’ (the tau is the
time-step At leaping over many events) [25]. The two models to
be compared are then both represented by systems of difference
equations, so the structural and mathematical similarities become
obvious.

2.2. The models to be compared
A general stochastic population model, realised in Poisson Sim-
ulation form, is given by:

Xsi(t + At) = xg(t) + Ini(t) — Out;(t) and x;; > 0; i=1...n (1A)
Xsi(t + At) = algebraic_fcn;(xs(t + At),t+ At); i=n+1...r (1B)

Ini(t + At) = Po[At - Gi(xs(t + At), t + At)]; i=1...n (1C-1
Out;(t + At) = Po[At - Hy(Xs(t + At),t + A)); i=1...n  (1C-2)
V() =Cr(xs(t),t),k=1...m (1D)
X5;(0)=x0s;; i=1...n.Initial values, possibly from
statistical distributions. (1E)
psj(t); j=1...q.
Assignment of parameters, possibly fromstatistical distributions.
(1F)
Stopping criterion (1G)
Integration rule, size of At. (1H)
Here, X5 = (Xs1,%52,.--,Xs;)’ = (X, Xsn11,...%;,) denotes an ex-

tended state vector. It is composed of the vector of integer-valued
state variables (compartments) X; = (Xs1,Xs2,.-.,Xsn), and possibly
also of auxiliary real-valued variables X;.1,Xsn+2,...,Xsy defined
by the algebraic equations (1B).

The difference equations (1A) are the kernel of the model, gen-
erating the dynamics of the state variables. They are expressed
here in Euler form. Inflows to and outflows from each compart-
ment are explicitly separated, which is necessary in the stochastic
case. Note that x;; > 0 is required for all the n state variables. This
sometimes requires the inclusion of a conditional clause into an
appropriate equation.

In (1B), the r — n algebraic equations specify auxiliary variables
by algebraic functions of xs. In modelling, it is often practical, but
not necessary, to perform various kinds of algebraic (non-dynamic)
calculations by separate equations. Here, library functions from e.g.
a Continuous System Simulation Language such as mathematical
functions, logical functions, conditional statements, table look-up
functions and time-related functions can be included.
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Fig. 1. Overview of the problem structure being studied. A conceptual model is defined from a population system at study. (This step is outside the scope of this paper.) The
well-defined conceptual model is then translated into an executable stochastic model and an executable deterministic model with the same structures. Finally, the average
results of the stochastic model are compared with those of the deterministic model.

In the flow equations? (1C), all flows into and out of each com-
partment are defined. It is here the demographic stochasticity is
operating. For each time-step and each equation in (1C), the argu-
ments of Po[At - Gi(xs(t + At), t + At)] or Po[At - H{xs(t + At), t + At)]
are evaluated, and Po[argument] is assigned a value by a Poisson-dis-
tributed random number generator [24]. Several inflows to a com-
partment i may be included in the function G; and several outflows
may be included in H;. The state variables will remain integer-valued
since they are initialised as (non-negative) integers and the Pol.]
terms in (1C) generate integer outcomes.’

The conceptual model should include the explicit formulation of
the objective of the study. Eq. (1D) defines the output variable(s)
that directly relate to the objective(s). An output is an algebraic
function of one or several variables. The values of an output vari-
able may be of interest during the whole trajectory or only at
one particular instant, for example at stopping time. Note that
the output variables y;, may be functions also of auxiliary
variables specified by the algebraic equations (1B).

The initialisation of the state variables is defined by (1E). In
some studies, stochastic initial values may be used. This can e.g.
be necessary when modelling an experiment where a number of
individuals of a population are sampled to a study group. Initial
values are then drawn at each simulation run from statistical dis-
tributions representing known conditions of the entire population.

Furthermore, parameters, e.g. temperature, precipitation or
food supply, may be partly unknown or they may vary over time
in not precisely known patterns. If the statistical effects of such
irregularities on the model outcomes are of interest, then this
can be incorporated into the model by letting the parameter
assignments at (1F) be stochastic, with prescribed distributions
and statistics of their time variability. This introduces environmen-
tal randomness into the simulation model by affecting the parame-
ters of the functions G; and H; in (1C).

The stopping criterion (1G) needs to be defined, specifying
when the solution/simulation (starting at time zero) is to be com-
pleted. The stopping criterion can be of two kinds:

1. A fixed stopping time criterion, or

2. Integration until some criterion, other than ‘a fixed stopping
time’, is fulfilled. For this second type, stochasticity usually
means that the executions will end at different points in time
in different simulation runs.

2 We use the technical term ‘flow equations’ to denote Eq. (1C) although
Atxflow_rate is a somewhat unconventional construction since it depends on the
user-defined quantity At.

3 We could also include combined stochastic/deterministic models by letting some
of the equations in (1C) be deterministic. However, this would here only complicate
the description without adding further insight.

Finally, in (1H), the integration rule and step-size At are speci-
fied. In this presentation, the Euler integration algorithm with a
fixed step-size is used for simplicity. This means that the
calculations are performed step-wise by holding the input intensi-
ties Gi(xs(t),t) and the output intensities Hy(xs(t),t) fixed during the
time-step (t,t + At). To avoid unnecessary complexity, throughout
this paper it is assumed that the time-step is sufficiently small to
cause negligible distortion of the time evolution of a model.

After the model equations are defined they are sorted, starting
with all difference equations (1A), all algebraic equations (1B),
and all flow equations (1C). At execution, the initial values (1E)
and constant parameters (1F) are defined once and for all. Thereaf-
ter, in a loop over time, the Egs. (1A), (1B) and (1C) (and (1F) in the
case of time-varying parameters) are solved, followed by a redefi-
nition of current time according to t:=t + At. This step-wise calcu-
lation over time continues until the stopping criterion is satisfied.
For a stochastic model a large number of simulation runs are nec-
essary to build the probability distribution/density functions (pdfs)
of the state variables or output variables.

Now, we define a corresponding deterministic model in which
all stochasticity is removed:

Definition 1. A ‘corresponding deterministic model' represents a
model structure (1) where in (1C), Po[At- G{x(t),t)] and
Po[ At - H{x(t),t)] are replaced by the arguments At - Gy(x(t),t) and
At - Hx(t),t) and where possible initial value stochasticity in (1E)
and environmental stochasticity in (1F) are replaced by fixed
deterministic values.

When we have only demographic stochasticity in (1), the corre-
sponding deterministic model is said to be embedded in the sto-
chastic model.

The deterministic model corresponding to (1) is given by:

Xd','(t + At) = Xd.,'(t) + In,-(t) — Out,‘(t) and Xdi = 0; i=1...n (ZA)
Xqi(t + At) = algebraic_fcn;(x4(t + At),t + At); i=n+1...r (2B)

Ini(t + At) = At - Gi(xp(t + At),t+At); i=1...n (2C-1)
Out;(t + At) = At - Hi(xp(t + At),t + At); i=1...n (2C-2)
Yault) = Celao(0),8); k=1...m (2D)
Xqi(0) =x045; i=1...n (2E)
Paj(t); j=1...q (2F)
Stopping criterion (2G)
Integration rule, size of At. (2H)

Here, Xp = (Xq1,X42,...X4;) = (x;xd‘m,...xd_r)T denotes the ex-
tended state vector of the deterministic model. The vector of state
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variables is real-valued here and is denoted by x4=(X41, X42,-
X)) If x4,(0) and psj(t) in (1) are stochastic, then x4;(0) and
pqj in (2) represent some kind of ‘average’ of x,,(0) and p,;(t). The
execution takes place in the same way as for the stochastic model
described above.* With no stochasticity, every simulation run will
give the same result, so only one simulation run is needed.

Comparing (1) and (2), the fundamental concepts of indivisible
entities and irregularly occurring instantaneous events in a sto-
chastic population model are replaced by infinitely divisible
amounts that change continuously over time in a deterministic
model.

2.3. Simplifications

In the following we often use simplified forms of the models (1)
and (2), in which the algebraic equations are eliminated. These
forms are obtained by first including the algebraic equations (B)
into the flow equations (C), and into the output equations (D).
The flow equations (C) are then substituted into the difference
equations (A). As a result of the substitutions, the functions Gy(.)
and Hy(.) in the flow equations (C) and Ci(.) in the output equations
(D) are replaced by functions g.), hi(.) and c,(.) of the state vari-
ables only, since the auxiliary variables x,.1,X,...,X; have been
eliminated.

In the stochastic case, model (1) then takes the simplified form:

Xsi(t + At) = Xs;(t) + Po[At - g;(Xs(t), t)] — Po[At - hi(X4(t), t)]
and x; > 0; i=1...n, 3)
Vo) = c(Xs(8),t); k=1...m.

Initial conditions, parameter values, the stopping criterion, the inte-
gration rule and the step-size are still part of the specification, but
not explicitly repeated here.

The corresponding deterministic model (2) then takes the form

Xai(t + At) = Xg;(t) + At - g(Rq(t), t) — At - hi(%4(t), t)
and x4; > 0; i=1...n, (4)
Var(t) = ck(xq(t),t); k=1...m.

However, simplification by substituting flow equations into differ-
ence equations can’t always be done without consequences. For
example, a conservative system where a flow, F, transports entities
from compartment x; to compartment x, with a flow rate propor-
tional to x; is correctly described by:

X1(E+ At) =x1(t) — F
X2(f+At) :Xz(f) +F
F = Po[At - ¢ - x1]

Substituting the flow equation into the difference equations gives:

X1(t 4+ At) = x4 (t) — Po[At - ¢ - X1]
Xa(t + At) = X5(t) 4+ Po[At - € - X4]

This creates a problem, because now there are now two indepen-
dent calls, with different return values, to the Po-generator (instead
of one common call for the value of F) at each time-step. Then the
total number of entities, x; + x;, is no longer preserved.

However, for our purposes, inserting the flow equation into the
difference equation causes no problem when analysing the average
properties of the scalar state variable equations of (3) separately.

4 In deterministic modelling, the total inflow rate G; and the total outflow rate H;
per time-step to and from a compartment x; are usually combined into a net term
(G; — H;). However, here they are kept separate to maintain the similarity to the
stochastic case.

The main question for demographic stochasticity can now be
rephrased as: When can dropping the Po[] operators of (3) be jus-
tified in the sense that yq(t) = E[ysi(t)], k=1...m?

When comparing models (3) and (4), note that E[Po[At - g;]] = -
At - g;and E[Po[ At - hi]] = At - h; (when the arguments are non-neg-
ative), so there is some hope that under certain conditions, the
state variables of the stochastic model ‘on average’ could behave
like those of the deterministic model. Additional conditions on
the output equations ci(.) will also be required to ensure unbiased
deterministic results.

3. Fundamental differences

This section presents a qualitative comparison of stochastic and
deterministic models of a population in order to provide an under-
standing of why a deterministic model may produce biased results.

There are a number of (omitted) factors that might make the
state variables and the results from a deterministic model of a pop-
ulation biased. Nine factors of particular importance are intro-
duced below and discussed and exemplified in subsequent
sections.

(a) Non-linearity: The models (3) and (4) may have flow rates
g{x,t) or hy{x,t); i=1...n, that are non-linear functions of
the state variables. The state variables will then be more or
less biased. For simplicity, consider the case where n=1.
Assume that a deterministic solution/trajectory for x at time
t is x(t) and that the stochastic solutions from two simula-
tion runs pass through x + 6x and x — dx at time t. At t+ At
the deterministic model is updated by At - fx,t); (f=g or h),
while the stochastic model is updated by Po[At - f(x + dx,t)]
and Po[At- flx — ox,t)]. The average of Po[At-f(x + ox,t)]
and Po[At- fix — éx,t)] will then differ from that of
Po[ At - fix,t)] if f{-) is a non-linear function of x.

(b) Protection against a negative state variable: A population or
subpopulation can never have a negative number of entities.
This property is preserved in the models in the state equa-
tions of (3) and (4) by the statements x; > 0, i=1...n. This
sometimes requires the inclusion of a conditional clause in
a proper equation. For example, if x;(t+ At)=x-
t) — At - a- xj(t), where a-xj(t) is e.g. the number of trees
felled, animals shot, enemies killed per time unit by x; lum-
berjacks, hunters, soldiers, respectively, and where i # j, then
a conditional statement is required to prevent x; from becom-
ing negative. One practical way is to limit the reduction of x;
to no more than x; itself, for example with a construction such
as: xi(t + At) =x(t) — MIN[At - a - xi(t), X{(t)]. The same clause
can be used for the stochastic case. Note, however, that when
such a limiting clause becomes active, an otherwise linear
model will proceed non-linearly, so the state variables of
the deterministic model become biased. (This would be the
case in Example 2, in the next section, if the simulation were
to continue beyond the defeat of Force 2.)

(c) Neglecting stochastic jumps: For a deterministic model, the
phase space can be divided into separate regions wherein a
trajectory is restricted by the choice of initial values. For a
stochastic model, ‘stochastic jumps’ can cause transitions
between such regions. For example, Poisson-distributed
flows can take a population x; to zero (extinction) in a finite
time in a stochastic population model, even when this is
impossible for the embedded deterministic model starting
with x; > 0. (Example 3, below.)

(d) Neglecting oscillations generated by demographic stochasticity:
A deterministic model may reach a steady state while the
corresponding stochastic model is repeatedly excited by
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demographic variations. Even for a deterministic model
starting from an equilibrium so that all x; remain constant,
the corresponding stochastic model, also starting from the
same equilibrium, may generate oscillations. Absence of
such oscillations may create bias for the deterministic model
results. (Example 5 in Section 5.)

(e) Neglecting that the stopping criterion should intervene at differ-
ent points in time: The question to be answered by analysis or
model experiments is coupled to the stopping criterion. A
fixed stopping time criterion (If time > T then Stop) is a nec-
essary condition for unbiased results. For other stopping cri-
teria, a stochastic model will end at different points in time,
which cannot be reflected by a corresponding deterministic
model. (Example 2, in the next section.)

(f) Averaging of stochastic initial values: Stochastic initial values
will create biased state variable values unless the model
equations are linear.

(g) Use of an average estimate as a fixed parameter value: A
treacherous but unnecessary error is to use an arithmetic
average of a parameter that does not simply enter additively
in an equation. (Example 8 in Section 8 illustrates this
aspect.)

(h) Neglecting environmental stochasticity: With few exceptions,
omitting environmental stochasticity will create bias in state
variables.

(i) Non-linear output function: A question to be answered by
analysis or model experiments is stated by an algebraic out-
put function yj = ci(xy,...,Xnt). Even when the state vari-
ables xq,...,X, are unbiased, a non-linear output function
will introduce bias into the results. This occurs for example
when the quantity of interest is a ratio (x;/x;), a fraction (x;/
(x1 +x2)) or a non-linear cost function of x. Also for a ques-
tion such as: ‘How often will x; exceed a value slightly above
the stationary level?’, the deterministic and stochastic mod-
els may produce very different answers.

4. Illustrative examples of omitting demographic stochasticity

Replacing a demographically stochastic population model with
a deterministic model can cause hugely biased results.

Example 1 (A queuing system). Consider an M/M/1 queuing system
[26], where random arrivals to a single service station have an
intensity of 2= 1/10 entities per minute. Let the station serve the
entities with an exponentially distributed service time with an
average capacity of p = 1/9 entities per minute. This model can be
written in the form of Eq. (3) with the help of a conditional
MIN[a,b] clause that selects the smallest of the two arguments
[27]:

X(t + At) = x(t) + Po[At - /] — MIN[Po[At - 1], X(t)]

where x(t) denotes the actual number of queuing and served enti-
ties. The exponentially distributed time between arrivals is on aver-
age 10 min (1/4), and the average of the exponentially distributed
service time is 9 min (1/u). Theory or simulations will then produce
the average number of queuing entities waiting for service as 8.1
persons, with an average waiting time of 1 h and 21 min.

Removing the stochastics, and instead using a constant arrival
rate of 2=1/10 per minute and a constant service rate of u=1/9
per minute will give no waiting entities at all and a zero waiting
time. Thus neglecting stochastics to describe irregular events can
cause extremely misleading results.

More generally, queues and waiting for service will arise
irregularly for all p = A/u <1, although less frequently for smaller
values of p. For the corresponding deterministic model no queues
or waiting are ever created for p<1. O

The following example illustrates that linearity alone does not
ensure unbiased results for any question at hand.

Example 2 (Lanchester’s model of warfare). Lanchester’s model of
warfare [8,28], first published in 1916, is a simple model of a battle
between two fighting forces. Force 1 is characterised by its number
of entities (soldiers, aircraft, vessels, etc.), x;, and hitting power, q,
and Force 2 by its number, x,, and hitting power, b. The hitting
power is the (average) number of eliminated entities per time unit
that each member can inflict on the enemy. The combat proceeds
until the last entity of the losing force is eliminated.

In deterministic terms, the change in Force 1 depends on the
number of entities in Force 2 and their hitting power, so it can be
described by the differential equation: dx;/dt=—b -x,, and the
change in Force 2 has the similar equation dx,/dt = —a - x;. This is a
linear dynamic system, since it can be written as dx/dt = Ax, where:

X= <X1) and A = ( 0 _b).
X2 -a O

Here we are interested in the questions: Which side will win? What
number of entities will remain after the battle? How long will the
fight take? For simplicity, also assume that the hitting power of
both forces is the same, i.e. a=b=0.1.

Dividing the first equation by the second then gives dx;/
dxy =Xo[xq or [x1dxq = [X2dx,. When integrated over the time of
the fight 0 to 7 this gives:

Xi(1) = x4(0) = x5(1) — x3(0)

if the forces are initially x;(0) and x,(0). Thus when the weaker force
(say Force 2) is eliminated at time 7 (i.e. x3(1) = 0), the relationship
x3(T) = x3(0) — x3(0) holds. For example, with x;(0) = 5 and x,(0) =3
we obtain x2(1) = 52 — 3% = 16, so the model predicts precisely x;
(7) = 4 remaining entities after the combat. Simulation of the deter-
ministic model gives T ~ 6.94 time units for a=b =0.1.

Beautiful, but are these results correct? Does Force 1 always
win? Will the average number of remaining entities in Force 1 be
x1(t)=4? Will the battle on average take 6.94 time units? To
answer these questions the assumptions of Lanchester’s model are
kept, but the number of entities eliminated for each time-step is
now integer and stochastic. The stochastic model can be analyt-
ically solved (excluding time) using a probability tree. This is
illustrated by Fig. 2 for the case x;(0) =5, x5(0) = 3.5

Summing up, we find that the probability of Force 1 winning is
0.887 and that of Force 2 winning is 0.113. Furthermore, the
expected number of remaining entities after the combat for Force 1
is 3545 (Zk-pya(k)=5-03720+4-0.2690+---+1-0.0295),
while for Force 2 it is 0.232.

For the stochastic model, the time of the fight will vary between
simulation runs, with the average length estimated at 7.37 time
units (7.27-7.47 for a 95% confidence level obtained from 10,000
simulation runs).

In conclusion: The elegant results from the deterministic model
were all wrong. The stochastic results revealed the following major
discrepancies with the deterministic model: (1) x; wins about 89%
of the fights, not all of them. (2) The expected number of x;entities
after the fight is 3.545 entities, which deviates significantly from
the deterministic model result of 4 entities. (3) The expected

5 The probabilities are calculated by considering the sequence of successive
elimination events. Conditional to being at state (5,3) the next event will take the
model to state (5,2) or to state (4,3). The probability of reaching a border state such as
(4,3) is P(4,3)=P(4,3|5,3)=P(5,3)-3/(5+3)=1-3/8=0.375, etc. Non-border states
(ij) can be reached from both (i + 1,j) and (ij + 1), so such a state is calculated as the
sum of two conditional probabilities, i.e. P(i,j) = P(i,j|i + 1) + P(i,j| ij + 1) = P(i + 1) - j/
(i+1+j)+P(ij+1)-if(i+j+1).
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Fig. 2. Probability tree presented as a spreadsheet model starting at x; =5 and x, = 3. The cells show the probability of visiting state (x;,x3).

number of x, is 0.232 entities, not zero. (4) The length of the battle
time is significantly longer (about 7.37 rather than 6.94 time
units).

In Fig. 3a, stochastic trajectories from three simulation runs
starting at x;(0) =10 and x»(0) =8 are shown in the x; — x, phase
plane. As seen the trajectories may cross the demarcation line
between the areas of the phase plane where x; and x, have the
advantages. This makes it possible for x, to win. In Fig. 3b the
deterministic trajectories can never cross each other.

When scaling up the initial number of entities on both sides in
the same proportions, i.e. from (5,3) to (10,6) and to (20,12), the
relative errors [(Deterministic_result — Stochastic_estimate)/sto-
chastic_estimate] decrease from 14% to 8% and to 4% for x4(7),
and decrease from 13% to 4% and to 1% for the probability that x1
will win the battle. However, the battle time, 7, remains about 7%
too short even after scaling up the number of entities
proportionally. O

A simple example of how elimination of stochasticity can block
phenomena such as extinction and persistent excitations/oscilla-
tions is as follows.

Example 3 (A prey-predator model with prey competition). A
deterministic Lotka-Volterra model [29], where competition
between prey is added [8], is represented by:

dxi;/dt =a-x; —b-x;x, —k-x2
dx,/dt =c-x1%; —d - X

where x; is the number of prey and x, the number of predators. The
prey will breed as f; = a - x;, be reduced by predators as f,=b - x1x;
and also by intra-species competition as f; = k - x3, where f; is an in-
flow to and f, and f3 are outflows from x;. The predators will breed
as f, = c - X1x, because of food and will be reduced as fs =d - x, be-
cause of natural deaths, where f; is an inflow to and fs is an outflow
from x,.

(a) 10- e

This system of equations has three stable equilibrium solutions,
which are analytically obtained by setting the derivatives equal to
zero and solving the resulting algebraic equations. These are
(x1 =0,x,=0), (x; =alk, x,=0) and (x; =d/c,x, = alb — kd|bc), cor-
responding to no prey or predators, only prey, and both prey and
predators, respectively.

When simulating this model, the outcome will depend on the
initial values of x;(0) and x,(0). If they are both set to zero they will
remain so. If only x,(0) is set to zero a logistic solution is obtained,
while if both x;(0) and x,(0) are non-zero, we obtain a solution
where both species will coexist. In a phase plane the stability
regions are strictly separated and a species can recover even from,
say, 10710 entities!

For a corresponding stochastic model with discrete entities
[24,30], where At - f; is replaced by Po[At - f]; i=1...5, the system
will never relax but will be persistently excited. Furthermore, the
stochastic model can go from a region where x; # 0 and x, # 0 to a
region where x; # 0 and x, =0 or to a region where x; =0 and
X, # 0, leading to x; = 0 and x, = 0, but not in opposite directions,
meaning that one or both species may become extinct. See Fig. 4.

For the deterministic model starting within x; # 0, x, # 0, the
solution is trapped in the region where both x; and x, are strictly
positive. The trajectories of the deterministic model will then
converge towards x; =d/c, x, = a/b — kd/bc. The stochastic model,
which has a non-zero probability of reaching x,=0 or x;=0
(leading to x, =0), will do so sooner or later if the simulation is
long enough, or will do so in a fraction of N simulations if N is large
enough. The absorbing states (x; # 0, x, = 0) and (x; = 0, x = 0) will
then affect the expected values of the stochastic model results.

To make the discussion more general, the phase plane of x; and
X, is rescaled to x;/(d/c) and x,/(a/b — kd/bc) in Fig. 5, so that the
deterministic equilibrium point gets the coordinates (1, 1).

To examine what will happen when the stochastic and deter-
ministic models are scaled up, we double and quadruple the
deterministic equilibrium point from (60, 28) to (120, 56) and to

(b) 12/

X2 54

Fig. 3. (a) Three stochastic simulation runs starting at (10,8). The dotted diagonal demarcates the areas where x; and x, have the advantages. (b) Deterministic trajectories in
form of hyperbolas. The straight line of equilibrium between the forces has the equation x, = \/a/b - x; (here a=Db).
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Fig. 4. Results from the prey-predator models of Example 3 with a = 0.2, b =0.005, c = 0.005, d = 0.3, k = 0.001 and x1(0) = 90, x2(0) = 28. (a) Deterministic simulation. (b) A
Poisson Simulation run. The stochastic oscillations are persistent, but at about 400 time units the predators x, become extinct, making the prey x; behave in a logistic manner.

(240, 112). With five parameters, this can be accomplished in
different ways. We did so by doubling and quadrupling the values
of a and d. The effects of the up-scaling are shown in Table 1.

As seen from Table 1, the deterministic equilibrium values were
somewhat lower for x; and higher for x, than the stochastic
averages (until extinction or 1000 time units). In relative terms this
deviation of course decreases with scale.

The risk of extinction in the stochastic model decreases heavily
for the larger scale. The deterministic model cannot pick up this
risk, but for a sufficiently large scale this effect can be neglected
and the deterministic model can be used.

The average distance from the equilibrium point for
the stochastic model is calculated by: Dist(t) =
V(%1 (6) = /¢ + (xa(t) —a/b—kd/bc)*  and  Av.dist = [
dist(t)dt/sim_time.

As seen the average distance will increase in absolute numbers
when the model is scaled up, but it will decrease in relative terms.
This gives another view of the deterministic model, which cannot
reflect the variations, but at least gives a reasonable average for the
variations when the scale ‘grants’ no extinction.

—
-]

)

x2/(a’b-kd/bc)

x1/(d/c)

In the stochastic model variations are continuously generated
by demographic stochasticity but these variations are damped by
the competition coefficient k. In the deterministic model only the
damping remains and takes the model to an equilibrium. The
magnitude of k is crucial for possible extinction, and thus affects
when a deterministic model might be useful.

5. Large flows where the local linearised dynamics is
asymptotically stable

Now to one of our main questions: Can a population model with
demographic stochasticity be simplified into a system of deterministic
difference equations without producing biased state variables? The
answer is affirmative for two different cases, discussed in this
and the following section.

The first case where deterministic modelling generates unbi-
ased state variables is when the flows stay so large that they can
always be considered continuous, and where the dynamics around
its trajectory is also locally asymptotically stable. A large flow of
entities expressed by Po[m] will then have small and symmetrical
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Fig. 5. Phase planes for the scaled variables x;/(d/c) and x,/(a/b — kd[bc) with a=0.2, b = 0.005, c = 0.005, d = 0.3, k = 0.001. (a) A stochastic trajectory from a simulation run
starting at the deterministic equilibrium x;(0) = d/c and x, = a/b — kd/bc hits the absorbing x;-axes. (b) A deterministic trajectory seeks its equilibrium point: x; = d/c and
X = alb — kd/bc from all points within the first quadrant of the phase plane. Starting on the x;-axis it will continue logistically to x;/dc = ac/kd = 3.33, and starting on the x,-

axis it will proceed to the origin.
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Table 1

Results from 1000 simulation runs over 1000 time units of the stochastic model with parameters a and d doubled and quadrupled.

(d/c,a/b —kd/bc) Stochastic Average distance from P (extinction before 1000 time  Average simulation time (until extinction or 1000
average (d/c,a/b —kd/bc) units) time units)

(60.28) (61.5, 26.4) 24.6 88.6% 439.8

(120,56) (122.8, 54.7) 35.7 9.8% 949.0

(240,112) (242.5,110.8) 49.6 0.1% 999.8

variations around the mean value m. This is directly seen in that
Po[m] approaches N[m, /m] (in N[y, o] notation) when m increases.
The relative variations /m/m will then approach zero and the nor-
mal distribution approaches a point distribution.

More specifically, for one class of models it can be shown that
there exist non-linear deterministic models for which x4 ~ E[x,(t)]
for large flows. These models have asymptotically stable, local lin-
earised dynamics that govern perturbations around the trajectory
produced by the deterministic model. For large flows and fixed
stopping time criteria, the difference between trajectories of the
stochastic and the deterministic models can then be approximated
as being generated by a set of relatively small zero mean Gaussian
disturbances, acting on a stable, linearised perturbation model. The
resulting perturbations then have approximately zero means. See
Appendix A.

In the literature, a (sufficiently) large population or large sub-
populations are sometimes taken as a justification for using a
deterministic model [6,11]. The concept ‘large population’ is
avoided in this paper in favour of ‘large flows’, for two reasons. First,
the size of a flow, Po|m], decides whether the variations around m
can be regarded as relatively small. Second, although ‘a sufficiently
large population’ may also scale the flows to be large, a focus on
population size is misleading. A population can be very large, but
a flow to, from or between compartments may still be small be-
cause of a small transition probability or a small subpopulation.
What might happen when one compartment holds a small subpop-
ulation, although the total population is large, is demonstrated by
the following example.

Example 4 (An epidemic SIR model). Models of infectious diseases
are often based on a sequence of the three consecutive stages:
Susceptible, Infectious and Recovered. Such a model is therefore
denoted an SIR model. The first SIR model was published by
Kermack and McKendrick in 1927 [31].

The model has the following setting: The population, consisting
of N individuals, is exposed to an infectious disease. Every
individual of the population meets every other under equal
conditions in each time unit. When a susceptible individual meets
an infectious, the risk per time unit that the former becomes
infected is b and the expected sojourn time in the infectious stage
has an exponential distribution with the average of T time units.
Using the Euler algorithm, the stochastic model takes the form:

S(t+ At) = S(t) — At - f1(¢t)
I(t + At) = I(t) + At - f1(t) — At - f2(t)
R(t + At) = R(t) + At - f2(t)
At - f1(t) = Po[At - b - S(t) - I(t)]
At - f2(t) = Po[At - I(t)/T].
The embedded, deterministic model is easily obtained by eliminat-
ing the Po[] operators of the last two equations.

The initial population N=S+1+R here consists of 1000 sus-
ceptible individuals, a single infectious individual and no recovered
individuals. The infection rate parameter is set to b =0.0003 per

individual and time unit and the sojourn time in the infectious
compartment is T =4 time units.

Simulations of the stochastic SIR model to study the number of
susceptible individuals being infected, S(0)—S(oc), give an ensem-
ble of results with the average value of 53.1 [95% C.I. 50.8-55.5]
individuals falling ill. However, the corresponding deterministic
model produces 318.5 individuals. Thus the large relative error
[(Deterministic result-Stochastic estimate)/Stochastic estimate] is
500 percent.

The reason why the deterministic model distorts the results is
because the initial infectious subpopulation I(0) is small, although
the total population N is large. There is then a large chance that the
single infectious individual will recover before infecting another
susceptible, so that no epidemic will occur. The probability of such
an ‘extinction of an outbreak’ is P[extinction] ~ REI(O)‘ (and gives
Ploutbreak] ~ 1 —Rg”o)); where Ro=b-5(0)- T is ‘the basic repro-
duction number’. For Ry =1.2 we get Ploutbreak] ~ 0.1667. Con-
sidering this we can adjust the deterministic results by
P|outbreak] - Deterministic_result ~ 0.1667 - 318.5 = 53.08. This for-
mula gives a good adjustment for large N and small I(0) and when
Ro> 1.

The parameter values and the initial conditions chosen in this
example created a very large relative error. Now we will investi-
gate what happens for other parameter values of Ry=b-S(0)-T
and initial values I(0) of the initial number of infectious.

To explain what happens for different I(0) and Ry, we regard the
state space of S versus I in Fig. 6. (The number of recovered, R, is not
of interest here since it does not intervene in the equations of S and
L. R can afterwards be calculated algebraically by R=N—-S 1)

To study the scale effect of different sizes of the population, N,
we can rewrite b= B/N (e.g. =3 and N ~S). Then when starting
with I(0)/N the fraction of the population acquiring the disease is
the same for e.g. N ~ S = 1000, 10000, 100000 and 1000000 as well
as the trajectories in the phase space of S/N versus I/N.

The relative errors of the number of infected individuals
(S(0) — S(End) = R — I(0)) caused by using a deterministic model
are shown in Table 2 for Ry=1, 1.2, 2, 5 and 10 (obtained by
varying b) and for I(0)=1, 2, 5 and 10.

As seen from Table 2, the error from using a deterministic
model is significant if one of Ry and I(0) is not large. Remember that
an epidemic in a population usually starts with one or a few
infectious individuals. O

The stochastic model (3) presented in Section 2 updates x(t)
over the time interval (t,t+ At) by the terms Po[At - gi{xs(t),t)]
and Po[At - hy(xs(t),t)], where At for dynamic reasons has to be suf-
ficiently smaller than the smallest time constant of the model.
However, At can be arbitrarily small to increase precision and
E[Po[At - f]] = E[Po[3At - f] + Po[3At - f]] so At- fis not a good mea-
sure of the size of m when evaluating how Po[m] approaches
N[m, \/m]. The size of f{x,(t)t) is also not a suitable option because
its dimension is the number of entities per time unit, and we can
use any period (century, month, second) as time unit.

Therefore, the size of m should be the number transferred dur-
ing a time interval (t,t + A1), where At is the time during which
flx(t),t) can be regarded as sufficiently constant. It is not a trivial
task to estimate when the stochastic flows are large enough to
be approximated by deterministic flows without producing too
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much bias in the state variables. This complexity is best avoided by
testing whether the stochastic model and its embedded determin-
istic model will produce sufficiently similar results for the particu-
lar question at study. See Section 10.

For locally unstable non-linear deterministic models, it is possi-
ble to construct simple stochastic models of arbitrarily large popula-
tions and flows where the embedded deterministic model produces
large biases in the state variables, as shown by the next example.

Example 5 (Lotka-Volterra model). The stochastic model of Exam-
ple 3, but without the competition term, is given by:

X1 (t + At) = X1 (£) + Po[At - a - x1(t)] — Po[At - b - X1 (£)x(£)]
X2(t + At) = X5 (t) 4+ Po[At - ¢ - X1 (£)X2(t)] — Po[ALt - d - X5 (t)]

and its embedded deterministic model is:

X1 (E+ At) = X1 () + At - a-x1(£) — At - b - X1 (£)x(¢)
Xo(t + At) = X5 () + At - ¢ - x1()X2(t) — At - d - X(t)

Both models orbit in x; — x, space around the equilibrium point
X1eq = d[C, X2¢q = a/b. For the deterministic model, the local linearised
dynamics governing perturbations will not be asymptotically stable
over the whole orbit cycle.

Now, we can choose the parameters a, b, c and d so that x;,4 and
X2eq take any large values. Then by choosing x;(0) and x(0), the
trajectory is an orbit that has e.g. X1min = X1¢q/2 and Xamin = X2eq/2 SO
that both x;(t) and x,(t) and all flows remain very large for all t.
However, this will not grant unbiased state variables. The stochas-
tic model will sometimes jump outwards and sometimes inwards
in a random-walk like fashion, but larger orbits require somewhat
longer orbit times than smaller orbits. Therefore, the phase of the
stochastic orbits will drift somewhat relative to that of the
deterministic orbit. This drift will accumulate over time.

Now, consider the state variable x;(T) after a long time T. Then
E[x15(T)] will be close to X4, while the deterministic state variable
X14(T) can take any value between 0.5X1¢q and (about) 1.5X1¢4. In
particular, if x14(T) is a peak value, the bias can be as large as 1/
2x1eq~ O

6. Positive linear systems studied over a fixed time interval

We now investigate whether any class of embedded determin-
istic models will produce unbiased state variables (relative to a
demographically stochastic population model) when the flows
are not large. For a subclass of linear systems the answer is yes,
provided that the question under study can be answered by simu-
lation over a fixed time interval.

6.1. Heuristic discussion of conditions for unbiased state variables

Consider one equation of the demographically stochastic model
given by the system of Eq. (3) where the index i is dropped:

Xs(t + At) = X;(t) + Po[AL - g(%,(£), £)] — Po[AL - h(x4(t), 1)].

Consider the corresponding equation of the embedded determinis-
tic model (4):

Xa(t + At) = x4(t) + At - g(X4(E), t) — At - h(x4(t), t).

Now assume that the deterministic model has produced unbiased

state variables up to time t. Then to remain unbiased, it is required
that:

E[xs(f + Ab)] = xq(t + At), E[xs(t + 2A1)] = x4(t + 2A0), . .

Since x is only updated by inflows (i.e. by Po[At - g(x,(t),t)] and
At - g(x4(t),t)) and/or by outflows (i.e. by Po[At- h(x4t),t)] and
At - h(x4(t),t)), unbiasedness requires that:

E[Po[At - g(x(t), t)]] — E[Po[At - h(x(t),t)]]
= At - g(x(t),t) — At - h(x(t), t) is true for all t.
A sufficient condition for this to hold is that:
E[Po[At - g(x(t),t)]] = At - g(x(t),t) and E[Po[At - h(x(t),t)]]
= At - h(x(t),t), for all t.

6.1.1. Reason for requiring linearity

When Po| At - flx,(t),t)] (where f denotes g or h) is executed, the
argument is sent to a random number generator returning a Pois-
son-distributed outcome that (provided the argument is nonnega-
tive) on average equals the argument; i.e. E[Po[At - flx,t),t)]] =
At - flxy(£),t). This means that if x,(t) = x4(t) then E[x4(t + At)] = x4(-
t + At). However, the result of the Poisson sampling from many
simulation runs is an ensemble of dispersed outcomes of x,(t + At).
This ensemble dispersion will create bias for the next time-step
t + 2At unless the argument is a linear function of the state vari-
ables. Thus, linearity is a necessary condition to keep exact unbi-
asedness of the state variables from time t + 2At onwards.

6.1.2. Reason for requiring positivity®

A real population or subpopulation can, of course, not be smal-
ler than zero. However, for a model (not guarded by x; > 0) the size
of a sub-population x; may become negative. (This can happen in
the linear Lanchester’s model of warfare, see Example 2 in Section 4).
One then has the choice of either including a guarding mechanism
that after extinction prevents further reduction of the subpopula-
tion or of ending the analysis/simulation run when extinction hap-
pens. If one wants to continue the solution/execution of the model
beyond the time of extinction of the subpopulation, the guarding
mechanism will introduce a non-linearity. On the other hand, if
the analysis/simulation run is ended when the extinction occurs,
one cannot use a fixed stopping time criterion. In both cases, the
unbiasedness is lost. Thus, positivity is a necessary condition for
unbiasedness of the state variables.

6.1.3. Reason for requiring a fixed stopping time criterion
That linearity and positivity together are not sufficient to secure
unbiased results is shown by the following example.

Example 6 (Time independent failure rate). Consider a simple first
order, positive, linear model describing the failure of N entities, e.g.
lamps in a room. Let x(t) represent the number of functioning (or
surviving) entities at time t, with the failure rate constant a per
time wunit. The stochastic population model: x(t+ At)=
x(t) — Po[At-a-x(t)] and the embedded deterministic model:
x(t+ At)=x(t) — At-a-x(t) of x(0)=N functioning entities are
studied. For all fixed time intervals, O to T, the expected number
of functioning entities E[x(T)] in a stochastic model will then be
equal to the state variable value of the deterministic model.

However, the answer to questions such as ‘When does there
remain M functioning entities?’ (M < N) will produce different
answers for the stochastic and the deterministic models. For a = 0.1
time units™! and N = 10, the deterministic model will have M =1
remaining functioning entities at 23.0 time units, while the
stochastic model gives an estimated 19.3 time units until M =1
(95% CI. 19.1 to 19.4). The deterministic result is thus here 19
percent too large. The time until all entities fail is 29.3 time units
(95% C.1. 29.0 to 29.5) according to the stochastic model, rather than
infinity (obtained from the deterministic model).

5 The concept ‘positive system’ includes both the case x; > 0 and the case x; > 0. In
this paper we are mainly interested in the non-negative case x; > 0.
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Fig. 6. A phase plane over S and I of the SIR model. (a) Six replications of the stochastic model (whereof three with extinction). (b) Trajectories for the deterministic model
with S(0) = 1000 and I(0) = 1, 50 and 100 infectious individuals with Ro = 1.2 and also for I(0) =1 with Ro=1.2, 2 and 5 are shown.

Table 2

Relative errors caused by the use of a deterministic model for some Ry and I(0). The
table area where the relative errors from using a deterministic model is below 5
percent is given in bold.

1(0)

1 2 5 10
Ro
1 242 1.44 0.66 0.32
1.2 5.00 2.26 0.72 0.28
2 0.95 0.33 0.03 0.003
5 0.24 0.04 0.001 0.000
10 0.11 0.014 0.000 0.000

We see that the size of the error from the deterministic model is
related to the final number of functioning entities when using a
time-indefinite stopping criterion. The error is only large when this
final number is small or zero. O

6.2. Positive linear deterministic and stochastic models studied over a
fixed time interval

So far, we have found that non-linearity, populations that must
be protected from being negative, or criteria other than those
based on a fixed study time will produce biased state variables in
a deterministic model, in cases where flows cannot be ensured to
be large at all times. In this subsection we therefore restrict the
study to the class of so-called positive (non-negative) linear sys-
tems studied under a fixed stopping time criterion. The following
theorem relates the solutions of a stochastic model and its embed-
ded deterministic model.

Theorem 1. For a stochastic system of the linear form

Xs',‘(f + At) = Xﬂ(f) + ZjPO[At - Qjj - XSJ(I')] =+ PO[At . bl(t)]
— %PO[At - ¢; - x5(t)] — Po[At - di(t)); i=1...n (5)

where all ay, b, ¢ and d; > 0, the expected value of the solution over
time equals the solution of the embedded deterministic system

Xd‘,'(f + At) = Xd‘,'(t) + Z_,At - Qjj - dej(t) + At - b,(f)
*EjAt-Cind_j(t)*At-di(t); i=1...n (6)

as long as all state variables x;; and x,4; remain non-negative.

For a proof, see Appendix B.

The task now is to characterise when the system has the prop-
erty that its state variables, x;, will remain non-negative. This issue
is first examined for the deterministic model, for which there exist
necessary and sufficient conditions. For the stochastic model, suf-
ficient conditions exist but are stricter than those for the corre-
sponding deterministic model.

6.2.1. Positivity for deterministic linear models

A model (4) that is linear implies that: g=Ax+band h=Cx +d,
where g = (g1(x(t),t), ., gn(X(t),t))" and h = (hy(X(£),£),. .., ha(X(E),E))".
Then the deterministic model in vector form (without the guard
to keep x; > 0) is:

Xg(t+ AL) = x4(t) + At - [(A — CO)x4(t) + (b — d)]
= Xa(t) + AL [Qxy(t) + 7. (7)

Linear systems dx/dt = Qx + r that remain non-negative, i.e. where
all x; > 0 for all time, are denoted positive (non-negative) linear
systems.

For positive linear systems there exists a number of powerful
theorems for analysis. For example, dominant eigenvalues simplify
the analysis of long-term behaviour. Furthermore, there is a direct
correspondence between the existence of a positive equilibrium
point and stability. For a stable system at rest at its equilibrium
point, there are powerful statements about what happens when
some parameter of the system is slightly modified, see [8].

A homogeneous nth order linear differential equation has the
form: dx(t)/dt = Qx(t); where Q is a real n x n system matrix with
the elements g;. If g; > O for all i # j, in other words if all non-
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diagonal elements are non-negative, then Q is called a Metzler
matrix. This is a necessary and sufficient condition for the homoge-
neous linear system to be non-negative.

Example 6 continued: A deterministic model of entities with
time independent failure rate is: dx/dt = —ax. Since only the diago-
nal element ‘ — @’ is negative, Q = [—a] is a Metzler matrix and the
model is a positive (non-negative) linear system, so x will always
remain non-negative. [

Example 2 continued: Lanchester’s model of warfare is a linear
system but the matrix Q is not a Metzler matrix since the elements
q12 = —b and g»; = —a are negative, so this system is not a non-neg-
ative one. O

A non-homogeneous linear differential equation has an addi-
tional external driving force vector r of n components r;
i=1,2,...,n. The system then has the form: dx(t)/dt = Qx(t) + r. This
system is positive if and only if Q is a Metzler matrix and the vector
r is non-negative (all r; > 0).

6.2.2. Positivity for stochastic linear models
For a stochastic linear model

Xs(t + At) = X;(t) + Po[At - Axs(t)] + Po[At - b] — Po[At - Cx,(t)]
— Po[At - d], (8)

chance may still produce a larger number of departures than of
arrivals causing a component of x; to be negative, even when the
corresponding deterministic model remains positive.

To ensure that all sub-populations in (8) remain non-negative,
inflows by A and b will cause no problem, but the C-matrix must
be limited to diagonal elements and the vector d must be removed.

The sub-class of linear stochastic models (8) that will grant pos-
itivity (non-negativity) in a general case is very restricted. How-
ever, a specific model where the C-matrix has non-zero elements
off the diagonal, or where the d-vector has non-zero elements,
may in practice stay positive during a specified time interval of
study. However, this must then be tested for that specific model
under given initial and parameter values and the actual stopping
criterion, as outlined in Section 10.

7. Bias from neglecting initial value stochasticity

So far, only the consequences of removing demographic sto-
chasticity have been examined. Stochastics can also enter into ini-
tial values (1E). Consideration of initial value stochasticity may be
important in a number of situations. For example:

e The initial situation is unclear because of lacking information,
bad measurements, etc.

e In a randomised cohort trial, one cohort of n cases to be exposed
and another of m reference cases to remain unexposed are ran-
domly sampled from a population to see whether they will
develop a certain disease during a follow-up period. However,
a certain fraction p of the population already has the disease,
although not diagnosed. If p is not negligibly small, the exposed
and unexposed cohorts must be initialised by Bi[n,p] and
Bilm,p] distributions, respectively. Otherwise, the variations
and thus the confidence intervals around the results will
become too small.

e There are also cases where the distributions of initial values are
theoretically known. A linear population system (without phys-
ical feedback) starting in a stationary state is being studied. The
state variables are then Poisson-distributed around an average
value [26,27,32,33]. To not disturb the stationary situation,
the initial values must also be drawn from these distributions.

In this section the issue is what might happen when stochastic
initial values are replaced by deterministic averages in terms of
bias in state variables.

Theorem 1 states that for positive linear models, the determin-
istic model will follow the average of the demographic stochastic
model, even though the solution of the latter model for each step
is split up in a dispersed distribution. In the proof of this theorem
(Appendix B), this split-up after one time-step can be taken as a
distribution of initial values, although here it is based on the Pois-
son distribution. However, ‘Step II' of this proof does not depend on
a particular distribution. It requires only that the split-up distribu-
tion has the same average as the deterministic model, and that this
distribution is normalised to unity. Thus, stochasticity in initial val-
ues will not create biased state variables in a linear model as long
as the state variables remain nonnegative.’

However, for a non-linear model, the situation is different.

Example 7 (SIR epidemics with random initial values). Assume that
a group of n=3 persons are returning after visiting an infected
area. For simplicity, we assume equal probabilities of 0, 1, 2 and 3
persons returning infected.

With four models we investigate a possible epidemic among the
population of 1000 individuals: (1) A stochastic model where
demographic and initial value stochasticity are included. (2) A
model with only demographic stochasticity. (3) A model with only
initial value stochasticity. (4) A deterministic model.

Assumptions from Example 4 are used: b = 0.0003 per individ-
ual and time unit, T=4 time units. Further, in the cases of
deterministic initial values, the average initial number of infectious
persons, Av_I0 = 1.5, is used. To keep the total population constant
at 1000 persons, the number of susceptibles, S, is initiated to:
S0 =1000 — Av_IO.

As can be seen from Table 3, removing initial value stochasticity
increases the expected number of persons (including the originally
infected) getting the disease from 71.5 to 98. Using the ‘fully
stochastic model ’(1) as reference this gives a relative error of 37%.
Keeping the initial values stochastic but instead removing the
demographic stochasticity changes the number of infected persons
to 239.5 (a relative error of 235%), and removing both demographic
and initial value stochasticity changes it to 317 (a relative error of
343%). The deterministic model may thus obtain a considerable
bias, and neglecting initial value stochasticity contributes to this
bias. O

8. Bias from neglecting environmental stochasticity

The concept ‘environmental stochasticity’ [1,2] is somewhat va-
gue. Here it is used as synonymous with parametric stochasticity.
Environmental stochasticities are introduced in the parameter
equations (1F) by making parameters stochastic.

Unlike the intrinsic demographic stochasticity, which is com-
pletely specified by the model structure and the actual number
of entities, environmental stochasticity is used to describe lack of
knowledge about various types of influences and irregularities
from the environment. Such irregularities may be variations in
temperature, wind, precipitation, food supply, pollution, noise, or
disturbances of any kind. To include such external irregularities
in a model, the value of a parameter is sampled from an appropri-
ate statistical distribution to describe the variations in e.g. fertility,
mortality, risk, reaction speed, etc. This statistical distribution may
have several parameters. When and how often a new sample from

7 Of course, the initial distribution must cover only positive values. For example a
Normal[u,0] distribution always has a (perhaps theoretical) risk of returning negative
values!
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the distribution should be drawn may also be described by some
statistical function. There may also be correlation between consec-
utive sample values.

Here we are interested in whether elimination of environmental
stochastics might introduce bias in state variables. Using (3), elim-
ination of environmental stochastics would produce a vanishing
approximation error in the state variables if

Xsi(t + At) = X;(t) + Po[At - g;(xs(t), ps(t), 1)]
— Po[At - hi(x,(t),ps(t),t)] and x; > 0; i=1...n,
~ Xsi(t) + Po[At - E[g;(X,(t), ps(t), )]
— Po[At - E[hi(xs(t),ps(t),t)]] and x; > 0; i=1...n, 9)

where E[.] represents averaging with respect to the parameter vec-
tor p(t) with the components psj, j=1...q. (Removal of also the
demographic stochasticity would then result in the deterministic
model (4).)

Approximation of solutions of difference, or differential equa-
tions, by averaging over some of the variables, in particular averag-
ing over high-frequency periodic functions, has a long tradition.
Averaging over stochastic parameters has been used e.g. in the
analysis of recursive parameter estimation algorithms [34-36].
While not directly applicable to the present problem, these meth-
ods and results indicate that one can only hope to attain the
approximations (9) asymptotically, in the limit of fast time vari-
ability of the parameters p;(t) relative to the variability of all state
variables. Furthermore, it would in general lead to erroneous re-
sults to average the parameters directly, by using pqy; = E[ps;(£)].
These points are illustrated below.

8.1. Averaging over fast time-varying parameters

Example 8 (An exponential growth model with fast time-varying
environmental stochasticity). Let a population x(t) grow according
to the first order equation:

X(t + At) = () + Po[At - x(t)/7(t)], x(0) =1, (10)

where the time constant (t) is a randomly varying parameter. This
linear model is studied during the fixed time interval 0...T, where

Table 3
The number of susceptible individuals falling ill, S(0)-S(c0), with 95% C.I. based on
10,000 simulation runs.

Number of infected

71.5 (68.8-74.2)

Model type

(1) Demographic and initial value stochasticity
(2) Only demographic stochasticity 98.0 (95.0-100.9)
(3) Only initial value stochasticity 239.5 (236.7-242.2)
(4) Deterministic 317.0

Table 4
The value of x(T) with 95% C.I. based on 10,000 simulation runs.

T =10 time units. Assuming 7(t) to have a uniform distribution be-
tween 1 and 3 time units, U[1,3] so that the pdf f{7) has the value 1/
2 for 1 <t < 3 and zero otherwise. It is assumed here that (t) var-
ies over time very much faster than the time constant of the process
(1 to 3 time units); say a new sample after each interval of 6 = 0.02
time units.

Three models are compared. Model 1 has both demographic
and environmental stochasticity, Model 2 only demographic
stochasticity and model 3 is deterministic. Averaging of Model 1
by (9) gives the model with demographic stochasticity only:

X(t + At) = X(t) + Po[At - x(t)E[1/7(1)]] = x(t) + Po[At - x(t)[1/1],,].

where

31 In3) 1
[1/%=/1 <@>f(f)dT=TN1.8205’

corresponding to an effective average: 7,,=1.8205.

As a comparison, a direct arithmetic average over the U[1,3]
distribution of t(t) would give the fixed parameter value t,, = 2.
The expected values of x(T) based on 10,000 simulation runs are
shown in Table 4.

With appropriately performed averaging of the very fast time-
varying parameter 7, very good agreement is obtained. Using the
arithmetic average 7,, = 2 gives very biased state variables (about
39 percent too small). O

8.2. Slow parameter variations

We proceed with more realistic cases where the parameter 7(t)
changes slowly or remains constant within a simulation run

Example 8 continued: The population x(t) grows according to
(10) where 7(t) is sampled from a U[1,3] distribution. We investi-
gate the omission of environmental stochasticity when the values
of 7(t) are to be resampled with different sampling intervals, 5: The
cases J < the (varying) time constant, § ~ the time constant, and
é > the time constant (the last case implying a new, fixed value of
7 only for each simulation run) are considered. The average value
of 74, is set to 2/In(3) ~ 1.8205 when environmental stochasticity
is omitted. The expected values of x(T) of the three models with
different sampling intervals § are summarised in Table 5.

The expected value of x(T) of the model with both environmen-
tal and demographic stochasticity varies strongly with the resam-
pling interval 6. This is also the case for a model with only
environmental stochasticity (not shown) giving values close to
those of Model 1 in Table 5. However the deterministic model
and the model with only demographic stochasticity produce very
biased estimates of x(T) when the sampling time is not very short.
The relative error for the deterministic model is negligible for

Fixed t for Models 2 and 3

Model 1 (xs): environmental and demographic stochasticity Model 2 (x): only demographic stochasticity Model 3 (x4): deterministic

Tap= 1.8205 235.7(231.1-240.2) 236.0 (231.4-240.6) 235.8
Taa =2 same as above 143.7 (140.9-146.5) 144.8
Table 5

The expected value of x(T) with 95% C.I. based on 10,000 simulation runs.

Sampling interval

Model 1: environmental and demographic stochasticity

Model 2: only demographic stochasticity Model 3: deterministic

6=0.02 time units 235.7 (231.1-240.2)
6 =1 time unit 276.9 (269.4-284.3)
6 =5 time units 575.9 (540.6-611.2)
6=10=T time units 1358.8 (1262.7-1454.9)

236.0 (231.4-240.6) 235.8

same as above same as above
same as above same as above
same as above same as above
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0 =0.02 time units but rises to —15% for 6 = 1, to —59% for 6 = 5, and
to —83% for 6 = 10 time units.

Thus, neglecting environmental stochasticity, especially stoch-
astics that produce slow time variations of parameters of the sim-
ulation models, may cause large bias. A linear model simulated
over a fixed time interval was selected to emphasise that bias
due to neglecting environmental stochasticity is not a phenome-
non restricted to non-linear dynamics. An unstable model was se-
lected in these examples to amplify the studied effects, but similar
phenomena can be observed for locally stable models. O

This is just one example of the hazard of relying on determinis-
tic models. The hidden danger is that the modeller will not see the
implicit and often erroneous simplifications of using average val-
ues, because of lacking a reference model with environmental
stochasticity.

9. Biased results caused by non-linear output functions

Now, we discuss the coupling between state variables and study
results defined in terms of the output functions. The output func-
tion may create or increase bias from unbiased or little biased state
variables. The question is here technically formulated as: When
does a deterministic model with unbiased state variables also pro-
duce unbiased results?

The algebraic and deterministic output equations in the models
(3) and (4) are:

ys,k(t) =ck(Xs(t),£), k=1...m (11)
and

Ya(t) = a(xa(e),0), k=1...m (12)
The output can e.g. be a state variable of interest, y = x,, or the bio-
mass of three species, y = wiXx; + WX, + W3x3, Where w; are average
weights for the species. It can be a ratio (y=x;/x,), a fraction
(y = x1/(x1 + x3)) or a non-linear cost function y = f(x,t). The output
y can be a counter of specific events. For example, dx/dt = ax — bx?
will approach a/b logistically. If then y is a counter for the number
of times x(t) will exceed a/b + 1, very different results may be ob-
tained by the deterministic and the corresponding stochastic model.
Assume linear output functions, y;y, of the state variables:

Vsk = Cr(&s(t), £) = Ze(Ziote()Xsi(E) + Bi(t)), i=1...n, ¢t
=0,At,2At...T (13)

for deterministic parameters oy (t) and Bi(t) € R, and similarily for
Yax- If the deterministic state variables are unbiased (xq,(t) = E[Xs(-
t)]), then this will also secure unbiased results:

Ely;(t)] = Elck(®s(t), 1)] = Ze(Zi0tie(H)E[x5, ()] + (L))
= Ze(Zioti (£)Xgi(t) + Pi(t)) = Yap(t), i=1...m, ¢
=0,At,2At...T. (14)

On the other hand, if an output function c,(x(t),t) is non-linear in x,
then the output y, will deviate from E[y;]. Say that two simulation
runs of the stochastic model give the results ¢+ A¢ and ¢ — A¢,
respectively, and that the deterministic model gives ¢. If the output
function is y=x2 then the stochastic result will be E[y,]=1/
2[(E+ AEP + (& — AE?] = &2+ AZ?, while yq=¢2 For e.g. £=4 and
A& =2 this gives y;=16 instead of E[ys] =20 (a relative error of
—20%).

Thus unbiased state variables will produce an unbiased result if
and only if the output function utilised is linear in the state
variables.

10. A pragmatic approach requires testing of the specific model

This paper highlights the phenomena that cause results from a
deterministic model of a population to be biased.

In Sections 5 and 6 two mathematical classes of embedded
deterministic models securing unbiased state variables, obtained
by removing demographic stochasticity, were identified. However,
the applicability of these results to a specific simulation study is
not completely straightforward. For example, what a ‘sufficiently
large’ flow is has to be answered in a pragmatic setting. Further-
more, the class of linear positive systems is very restricted and
models outside this class may remain non-negative given the spe-
cific initial conditions and time interval of the study. In particular,
Theorem 1 states more general conditions for how long a linear
deterministic model will remain unbiased. When also considering
environmental stochasticity to be omitted in the corresponding
deterministic model, some bias seems almost inevitable. Therefore,
a complete theoretical approach to the question of unbiasedness
remains out of reach.

From a pragmatic viewpoint, exact unbiasedness may not be re-
quired. A deterministic model with a sufficiently small bias may
still be useful. A pragmatic approach, therefore, should consider a
defined model under given conditions and issues to be answered
rather than a mathematical class of models. A practical way to test
whether a deterministic model will produce sufficiently unbiased
results is the following:

Run the stochastic model for, say, 10,000 simulation runs. Then run
the deterministic model once and compare whether the outcome is
within the confidence interval of the stochastic results. This must be
done for every specified purpose of the study.

11. Discussion and conclusions

There is an evident need for a comprehensive theory of popula-
tion modelling and simulation. The importance of such a theory
and of pragmatic guidelines is also magnified because of the very
many fields where population modelling and simulation is used.
The evolving theory described in [3] explains the relationships be-
tween stochastic entity-based (e.g. Discrete Event Simulation),
compartment-based (e.g. Poisson Simulation) and state-based
(e.g. Markov) population models and formulates the conditions
for these types of models to be mutually consistent. These types
of stochastic population models all incorporate demographic sto-
chasticity as an intrinsic property.

The current paper first expands this theory by exploring the
conditions for when demographic stochasticity can be omitted
without creating biased state variables. Then the consequences of
omitting initial value and environmental stochasticity are studied,
but in less detail. Finally it is shown that the output function, relat-
ing the state variables to study results, may also create bias.

A main conclusion is that no deterministic model of a popula-
tion will produce fully unbiased results for all possible questions
under study. Whether a deterministic model under the actual con-
ditions will produce insignificantly biased or unbiased results
should therefore usually be tested, by comparing its results with
those of a corresponding stochastic model.

The restricted classes of population models that have been
found where various types of stochasticity can be removed without
biasing the state variables or the results can be summarised as
follows:

o If the flows in a model with demographic stochastics only stay
large and if the local linearised dynamics is asymptotically sta-
ble, then unbiased state variables are approached in the limit of
large flows, over a fixed time interval.
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o For the class of linear dynamic systems, Theorem 1 states that a
deterministic model will produce unbiased state variables as
long as all state variables remain non-negative in the determin-
istic and in the demographically stochastic model. This also
requires that the question under study is compatible with a
solution over a fixed time interval. Unbiasedness here holds
for demographic stochasticity and initial value stochasticity.

e Unbiased state variables will produce unbiased results if, and
only if, the output function utilised is linear in the state
variables.

A deterministic model remains useful for special tasks, provided
that (sufficiently) unbiased results are produced. Such tasks can be
to obtain insights from mathematical analysis of average behav-
iour or to simplify parameter estimation, optimisation or sensitiv-
ity analysis.

Broadening the scope beyond this study to a pragmatic situa-
tion where the type of population model is to be selected (the
whole of Fig. 1), we advocate the use of a stochastic model. The
main reason (except for possible bias) is that a deterministic mod-
el, even when it produces unbiased results, will not say anything
about the variations. Even when an average of many simulation
runs of a stochastic model lies close to that from a deterministic
model, a single simulation run may well differ quite markedly from
it. If there is knowledge about the structure of the system under
study (and for population models there usually is),® at least demo-
graphic stochasticity should usually be included (model (1) instead
of model (2)) to give some hint of the size of the stochastic
variations.

Regarding this from another angle, it may be argued that a sin-
gle set of observations is not sufficient to build and adjust a sto-
chastic model. However, the use of a single set of observations to
determine the properties and parameters of a deterministic model
is also problematic. The observed system behaviour may represent
an extreme outcome given the circumstances. A deterministic
model has to take these (possible extreme) observations as hard
facts, while a stochastic model will at least span a distribution of
outcomes. A similar conclusion is drawn by Renshaw in [13]: “In
practice inference is often drawn from a single set of observations,
and blind obedience to deterministic results is clearly courting
trouble. A deterministic model should always be conducted in par-
allel with a simulation study of a corresponding stochastic model.”

This investigation shows the treacherous nature of determinis-
tic modelling of populations. One fundamental problem is that the
deterministic concepts force us to make a profound distortion of
reality by replacing entities by continuous quantities and irregu-
larly occurring events by smooth flows. Although this strongly sim-
plifies the modelling, it often excludes a number of real aspects and
phenomena and creates more or less biased results. In Table C.1 in
Appendix C the examples in this paper, demonstrating the various
reasons for bias, are listed.

From within the conceptual framework of deterministic model-
ling, the distortion of the entity concept and the omission of sto-
chasticity with subsequent effects on model behaviour is
invisible, so the effects of omitting stochasticity may fall outside
the scope of a deterministic modelling approach. Therefore, the
conclusion is that the modeller must be aware of the quagmire
of potential problems and that for all but the most trivial models,
the behaviour and results of a deterministic model of populations
must be tested against a corresponding stochastic model.

An important practical conclusion of this paper is that model-
lers should be very restrictive in their use of deterministic model-

8 Structural information such as: who eats whom, the successive sequence of
stages, what stages are infectious, etc. is usually known.

ling of populations. Disciplines dealing with population models
(ecology, epidemiology, etc.) should not base theories and studies
only on deterministic models.

Appendix A. Sufficient conditions for existence of deterministic
models with large flows creating asymptotically unbiased
results

Consider the stochastic population model (3) and the corre-
sponding embedded deterministic model (4) in vector form,
assuming x;(t) >0 foralli=1,...,n for a fixed simulation time inter-
val t € [0,T]. Also let At represent the largest time-step acceptable
from a dynamic perspective:®

Xa(t + AT) = x4(t) + AT - g(Xa(8), ) — AT- h(x4(0), ), (A1)
X;(t + AT) = X,(t) + Po[AT - 8(xs(t),t)] — Po[AT - h(xs(t),t)], (A.2)
where  X4(t) = (Xg1,.. ., Xqn) and  X(t)=(Xs1,....Xsn)]  while
g=(g1()....8(")), Po[AT-g]=(Po[AT-gi],...,Po[AT - g,]) and

likewise for h(-). The two models (A.1) and (A.2) are assumed to
be initialised at the same state vector x%(0), with x,(0) > 0,i=1,...,n.
The dynamics of small perturbations Ax(t) of the state variables
in the deterministic model (A.1), so that x(t) = x4(t) + Ax(t), are gi-
ven by the local linearised dynamic system:
AX(t + AT) = AX(t) + AT - A(t)AX(t) — AT - C(t)AX(t) + w(t), (A.3)
where the matrices have components [A(t)]; = 9gi(x(t),t)/0x(t) and
[C(0)];; = Ohy(x(t),t)[0x(t), all evaluated at X(t) = x4(t), where all deriv-
atives are assumed to exist for all t € [0,T]. In Eq. (A.3) we have in-
cluded an additive external perturbation vector w(t) acting at time
t. This perturbation must be small relative to x(t) for the linearisa-
tion approximation (A.3) to remain valid.

Now assume the following conditions:

1. All components of the flows At-g(-) and At-h(-) in
very large numerical values for all t € [0,T].

2. The local linearised dynamics for a perturbation Ax(t),
described by (A.3), around x4(t), described by (A.1), exists and
is asymptotically stable for all t € [0, T].

(A.1) have

Then we show that E[x,(t)] ~ x4(t), for all t € [0, T]. This is dem-
onstrated as follows. We focus on component i of the state variable
vectors in (A.1), (A.2) and (A.3), below denoted x4;, Xs; and Ax;
respectively. Under Condition 1, all flows stay large and are then
approximately normally distributed since:

Polm] — N[m,/m] asm — oc.

Therefore, in the following we assume that:

Po[AT - g;(%,(t), 1)] ~ AT - g;(Xs(t), ) + (AT - gi(Xs(t), 1)) ey (t)

=my(t) + m)%e (t) (A4)
Po[AT - hy(x4(t), 1)] ~ AT - hi(X(t), ) + (AT - hi(X(t), 1)) e (t)
= my(t) + my/*ey(t), (A5)

where e(t) and e,(t) are mutually uncorrelated zero mean Gaussian
real-valued variables with unit variance, and where m(t) and my(t)
are assumed to be large for all t € [0, T].

Both (A.1) and (A.2) are now assumed to be initialised at the
same state, so x4,(0) = x,;(0) for all i. At the first time-step (0,ATt),
(A.4) and (A.5) give:

X5i(AT) = X43(0) + Po[m; (0)] — Po[m;(0)] ~ X4,;(0) + m1(0)
— my(0) + m;(0)'%e;(0) — my(0)"%e,(0). (A.6)

9 In simulation there is no restriction on using any shorter time-step At, see also
‘Comments’ at the end of this appendix.
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Since x4i(At) = x4,(0) + m1(0) — my(0) by (A.1), equation (A.6) de-
scribes the state of the stochastic model as a perturbation of the
state of the deterministic model:

Xsi(AT) =~ X4;(AT) + Ax;(AT), (A7)

where
Ax;(AT) = my(0)'%e;(0) — my(0)"2e,(0).

Note that E[Ax;(AT)] = 0, when the average is taken w.r.t. e;(0) and
e2(0). While the perturbation Ax;(At) may be numerically large, it
represents a small relative perturbation, since mj” 2 are small relative
to m; for large m;, where j = 1 or 2. For sulfficiently small relative per-
turbations Ax; (At)/xq(At), the state variable perturbation Ax;(At)
will remain within the range of validity of the perturbation model
(A.3). Use of this model at time At gives:

8i(X:(A1), AT) = g;(X4(AT) + AX(A7), A7)
~ 8;(X4(AT),AT) + Ai(AT)AX(AT)

hi(x5(AT), AT) = hi(X4(AT) + AX(AT), AT)
hi(x4(AT), AT) + Ci(AT)AX(AT),

(A8)

where the row vectors A(At) and C(At) represent the ith rows
of A(Atr) and C((At) in (A.3), respectively, and where
AX(AT) = (Ax1(AT),. .., Axo(AT))V.

The state variable i of the stochastic model at the next time-
step, Xsi(2A7), can then again be expressed as a perturbation Ax;(2-
A7) of the same state variable of the deterministic model:

X5i(2AT) = X5;(AT) + Po[m; (AT)] — Po[my(AT)]

~ Xgi(AT) + Ax;(AT) + my (AT) — my(AT)
+my (AT) e (AT) — my(AT) e, (AT)

~ X4i(AT) + Axi(AT) + AT[g;(X4(AT), AT) + Ai(AT)AX(AT)]
— At[hi(%4(AT), AT) + Ci(AT)AR(AT)] + Wi(AT)

= Xqi(AT) + At - g;(%4(AT), AT) — AT - hi(%4(AT), AT)
+ Axi(AT) + AT - Ai(AT)AR(AT) — AT - C;(AT)AX(AT) + w;(AT)

(A9)

= X4i(2AT) + Ax;(2A7T). (A.10)

Here, (A.7) and the approximations (A.4) and (A.5) were used in the
second line. The linearisation approximations (A.8) were then used,
followed by use of (A.1) and (A.3) in the last line. The perturbation
term w;( A1) represents some of the terms of the second line in (A.9):

w;(AT) = m; (A1) %e; (AT) + my(AT)?e,(AT). (A11)

We note by (A.11) that E[wy{At)] = 0, with the average taken w.r.t.
e1(A71) and ey(AT).

As in (A.7), the term Ax;(2At) in (A.10) then has zero mean,
since it is generated by a zero-mean Gaussian input to a linear dy-
namic system (A.3). Therefore:

E[xs;(2AT)] = X4:(2A7T) + E[AX;(2AT)] = X4;(2A7), for all i

=1,2,...,n. (A12)

This reasoning can be repeated for the whole solution.

Essentially, we have a zero mean (and approximately symmet-
rically distributed) perturbation vector w(t)=(w;(t),...,wu(t))"
that affects the linear perturbation model (A.3) which describes
the deviation of the stochastic model trajectory from the determin-
istic model trajectory. If E[Ax(t)] = 0 from the previous step, then
by (A.3):

E[AX(t + AT)] = (I + ATA(t) — ATC(t))E[AX(t)] + E[w(t)] = O,

as long as the perturbation trajectories are in a region of the state
space in which the local linearisation remains valid. By induction,
E[x4(t)] ~ x4(t) then holds for all t € [0,T].

A.1. Comments

The Condition 2 for asymptotic stability of the linearised equa-
tions is required to ensure bounded results of perturbations. Locally
unstable dynamics may otherwise amplify small perturbations so
they end up outside the range of validity of the linearisation.

Asymptotic stability implies bounded-input-bounded-output
stability [37]. In a deterministic setting, this will ensure that the
perturbed state trajectory will remain within a domain of (approx-
imate) validity of the linearised model if the relative perturbations
are sufficiently small. In our present stochastic setting, asymptotic
stability cannot exclude the possibility that the accumulated effect
of perturbations will push the state outside of this validity range.
The probability for this can, however, be made arbitrarily small
by reducing the variance of the perturbations relative to the other
right-hand side terms of the difference equations.

However, the time-step must be limited so that the vectors g(-)
and h(-) are approximately constant within At. In practice, a much
smaller simulation time-step, At = At/k, might be used for numer-
ical reasons. This would reduce the flows per time-step At by a fac-
tor of k, on average. However, in the reasoning above we may collect
the accumulated flows from k such smaller time-steps to aggre-
gated flows during a larger step At = k - At since, in distribution:

Po[At - g;(%(At), At)] + Po[At - g;(X(2At), 2At)] + - - - + Po[At

- gi(x(kAL), kAL))

=k - Po[At - g;(x(kAt), kAt)] = Polk - At - g;(x(kAt), kAt)]

= Po[AT - g,(x(AT), AT,
as long as the function g - ) remains constant over the time interval
A7. Therefore, At can be interpreted here as the largest dynamically

useful time-step, but not necessarily the time-step that would actu-
ally be used in a simulation.

Appendix B. Proof of Theorem 1

The proof is performed in two steps, after which the result fol-
lows by induction.

Because all the n stochastic difference equations of system (5)
have the same form, we only study the ith equation and drop the
index i. Furthermore, in Step I of the proof we use the simplified
notation X;g; for Xj[a; - x; + b] and X;h; for Xj[¢; - x; + d]. Eq. (5) is
then expressed as:

Xs(t 4 At) = X(t) + Z;Po[At - g;(Xs, t)] — Z;Po[At - hy(xs, 1)]. (B.1)
Step L. First study how the expected value, E[x,(t + At)] by (B.1) will

differ from x,4(t + At), obtained from the embedded deterministic
equation:

Xd(t + At) = Xd(t) + ZjAt ~gj(xd, f) - ZjAt . hj(Xm t); (BZ)

when both equations are initiated at time t, where x,(t) = x4(t) > 0
(i.e. all state variables are non-negative).

Since a population model must start with non-negative num-
bers of entities for all components of x; and x4, and since a;, b, ¢;
and d > 0, the linear functions g; and h; are at that point in time
also non-negative.

Then, from (B.1),

E[xs(t + At)] = E[x;(t)] + Z;E[Po[At - g;(Xs, t)]] — Z;E[Po[At
- hy(xs, 1)]]
= Xs(t) + ZjAL - gj(Xs, t) — ZjAL - hy(Xs, £)
= X4(t) + ZiAL - gj(%4, ) — SjAL - hj(Xq, t)
= X4(t + At), (B.3)
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Table C.1
List of the examples in this paper demonstrating the various reasons for bias.

Example Comments

Deterministic problems

1. Queuing system M/M/1
2. Lanchester’s model of warfare
model
3. Prey-predator model (Lotka-Volterra model with
interspecies competition)
4. SIR model
total population
5. Lotka-Volterra model
numbers
6. Time-independent failure rate
model

7. SIR model with random initial values
8. Exponential growth with a stochastic parameter

Chapter 9. Non-linear output functions

Demographic stochasticity
Demographic stochasticity and linear Cannot reflect stochastic battle times, which in the stochastic case

Demographic stochasticity

Initial value stochasticity
Environmental stochasticity

Non-linear output function

False “synchronisation”

requires a time-indeterminate stopping criterion
Cannot follow stochastic switching to other areas of the phase space - e.g.
extinction

Demographic stochasticity and large Can give huge errors for Ry close to 1 and small I(0) because of excluding

possible early extinction of the disease in the population

Demographic stochasticity and large The “phase” in the oscillation cycle may be e.g. a peak in the deterministic

case at final simulation time

Demographic stochasticity and linear Indefinite stopping criteria may create problems even for a linear model

Averaging stochastic initial values might create errors
Errors created by removing environmental stochasticities

Also linear output functions are required to avoid bias.

where E[Po[m]] = m was used in the second equality and the initiali-
sation x(t) = x4(t) was used in the third equality.

Step II. The effect of the first time-step was that the stochastic
solution, xs(t + At), was split up into a set of possible outcomes
k=0,1,2,... with a spectrum (pdf) of probabilities
p(0), p(1), p(2),...; where Xp(k)=1. This pdf represents the set
of starting points for the next time-step of the stochastic solution.

For the second time-step it is first demonstrated that since g;
and h; are linear and non-negative, the expected result of the sto-
chastic solution E[xs(t + 2At)] will be the same if the calculation
is started from E[x,(t+ At)] or if it is started from the dispersed
spectrum (pdf) of solutions at t + At (where the probability for each
outcome is taken into account).

Thus, starting from E[xs(t + At)] and calculating one time-step
forward for linear and non-negative flows gj=2; a;-x,;j+b and
hj=%; - ¢-xs;+d gives:

Xs(t + 2At) = E[Xs(t + At)] + Z;Po[AL - a; - E[xs(t + At)]] + Po[At - b]
— ;Po[At - ¢; - E[xs(t + At)]] — Po[A t - d],

where g;, ¢;, and b and d > 0. Then we have:

E[xs(t 4+ 2At)] = E{E[xs(t + At)] 4+ X;Po[At - a; - E[xsj(t + At)]]

+ Po[At - b] — ZjPo[At - ¢j - E[xj(t + At)]]

— Po[At - d]} (B.4)
Utilising that the expected value E[x,(t + At)] equals X k - p(k) and
>p(k)=1 gives:
E[xs(t + 2At)] = E{Z¢k - p(k) + Z;Po[At - a; - ¢k - p(k)]

+ Po[At - Zp(k) - b] — Z;Po[At - ¢; - Zik - p(k)]

— Po[At - %p(k) - d]} = E{0 - p(0)

+ X;Po[At - a; - 0 - p(0)] + Po[At - p(0) - b]

— %;Po[At - ¢j - 0 - p(0)] — Po[At - p(0) - d] + 1 - p(1)
+ X;Po[At -a; - 1-p(1)] + Po[At - p(1) - b]
—ZiPo[At -c;-1-p(1)] — Po[At-p(1) -d] + 2 - p(2)
+ XPo[At - a; - 2 - p(2)] + Po[At - p(2) - b

— XjPo[At-c;-2-p(2)] — Po[At-p(2) -d] +---}.

However, E[Po[n - x]] = E[Po[x] + - - - + Po[x]] = E[Po[x]] + - - - + E[Po[x]]
=n - E[Po[x]]. Thus:

E[xs(t+2At)]
=p(0)-{0+Z;Po[At-a;- 0]+ Po[At - b] — Z;Po[At - ;- 0] — Po[At - d]}
+p(1)-{1+Z;Po[At-a;- 1]+ Po[At - b] — Z;Po[At - ;- 1] — Po[At - d]}
+p(2)-{2+Z;Po[At-a;- 2]+ Po[At - b] — X;Po[At - ¢; - 2] — Po[At - d]}
=p(0) - x;(t+2At) starting from x,(t + At) =0
+p(1)-xs(t+2At) starting from x,(t + At) =1
+p(2)-xs(t+ 2At) starting from x,(t + At) =2
(B.5)

Thus, it is shown that for the stochastic equation there is no differ-
ence with respect to the expected value, E[x,(t + 2At)], if the second
time-step starts from the expected value, E[x,(t + At)] (by Eq. (B.4)),
or if it starts from the split-up spectrum of values obtained from the
first time-step and weighted by the pdf (by Eq. (B.5)). Thus, the
splitting up will not affect the unbiasedness if g; and h; are linear
in x and non-negative.

Furthermore, if the stochastic and deterministic equations start
from the same value at t+ At then the results at t+ 2At, E[x(-
t+2At)] and x4(t + 2At), will be equal (by (B.3)).

Thus, E[xs(t + 2At)] starting from the pdf generated in the previ-
ous time-step equals E[x,(t + 2At)] starting from E[x,(t + At)] which
also equals x4(t + 2At) starting from x4(t + At).

These arguments can be continued by induction over the whole
time interval T.

Appendix C. The examples in this paper

In Table C.1 the examples in this paper, demonstrating the var-
ious reasons for bias, are listed.
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