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ABSTRACT

Delayed processes are ubiquitous throughout biology. These delays may arise through maturation processes or as the result of

complex multistep networks, and mathematical models with distributed delays are increasingly used to capture the heterogeneity
present in these delayed processes. Typically, these distributed delay differential equations are simulated by discretizing the
distributed delay and using existing tools for the resulting multidelay delay differential equations or by using an equivalent

representation under additional assumptions on the delayed process. Here, we use the existing framework of functional continuous
Runge-Kutta methods to confirm the convergence of this common approach. Our analysis formalizes the intuition that the
least accurate numerical method dominates the error. We give a number of examples to illustrate the predicted convergence,
derive a new class of equivalences between distributed delay and discrete delay differential equations, and give conditions for
the existence of breaking points in the distributed delay differential equation. Finally, our work shows how recently reported
multidelay complexity collapse arises naturally from the convergence of equations with multiple discrete delays to equations with
distributed delays, offering insight into the dynamics of the Mackey-Glass equation.

1 | Introduction

Delayed processes, such as maturation or circadian processes
[1-3] or transcriptional regulation [4-6], are commonly found
throughout biology and increasingly modeled using delay dif-
ferential equations (DDEs) [7]. While these DDEs typically use
discrete delays to capture the influence of the past state on
the current dynamics, it is increasingly understood that hetero-
geneity in the duration of these delayed processes can be an
important factor in understanding biological dynamics [8, 9].
Consequently, there has been increased interest in distributed
DDEs that, rather than considering the state at discrete times in
the past, consider a continuum of past states typically weighted
against a probability distribution through a convolution inte-
gral. Many recent examples consider distributed DDEs where

the delay is compactly supported; both Sargood et al. [5] and
Hong et al. [4] used compactly supported distributed DDEs to
understand the dynamics of a gene regulatory system. These
compactly supported distributed DDEs are generically given by

Tmin

d Tmax
—x(t) = F x(t), x(t — s)k(s)ds
d < / > .

x(s) =p(s) for s € [Ty 0]

where F is Lipschitz, k(s) is a continuous function integrates to
unity (possibly after a scaling) on the interval [7,,;,,, Tjax ], a0d 0 <
Tin < Tax < T < 0.
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To simulate the distributed DDE, modelers commonly use a
quadrature method to discretize the convolution integral in
Equation (1.1) and thus obtain a multidelay discrete DDE. Then,
modelers use existing methods for discrete DDEs to simulate
the resulting system [5, 10]. However, the quadrature method
and step size in the discretization of the convolution integral are
often chosen intuitively. For example, both [11, 12] discretized
a distributed delay term in the bifurcation analysis of a state-
dependent DDE model of transcriptional delays where the choice
of discretization parameters was described as delicate. Ultimately,
an analysis of how the error arising from the quadrature method
interacts with the existing numerical method for the DDE in these
models would need to be completed. To avoid this problem, some
authors [13-15] have used approaches similar to the linear chain
technique to show that, for specific choices of the kernel k, the
distributed DDE is equivalent to a system of discrete DDEs. We
derive a similar equivalence for kernels representing a mixture
of exponential-type distributions. However, these approaches are
unsatisfying as they rely on artificial assumptions on the kernel k.

Therefore, we develop a numerical method for the simulation of
Equation (1.1) based on existing functional continuous Runge-
Kutta (FCRK) methods. These FCRK methods were proposed
in the 1970s [16, 17], have been implemented for distributed
DDEs with possibly time-dependent, but finite, delay [18, 19],
and recently extended to gamma distributed DDEs [20]. The
convergence theory for FCRKs for equations with fixed delays
was derived in the 2000s [17, 21] along with a specific distributed
DDE formulation as an example of the convergence framework
[21]. Here, we use these ideas to show the convergence of the
common discretization method used for models with distributed
DDEs with compact support. We derive an explicit relationship
between the error introduced by approximating the convolution
integral via a quadrature method with the numerical method
for the time integration of the DDE. This relationship quantifies
the intuitive expectation that the accuracy of the simulation is
determined by the least accurate of the quadrature and Runge-
Kutta methods. As a result, we show how accurate the quadrature
method must be to preserve the overall accuracy of the numerical
simulations. While this result is intuitive, establishing the precise
relationship between the error of the quadrature method and the
error of the Runge-Kutta method will be useful for modelers
who use distributed DDEs. Specifically, the conditions on the
quadrature method will allow distributed DDEs to be accurately
simulated via existing numerical methods for discrete DDEs
without model-specific analysis. Consequently, this convergence
framework will allow modelers to a priori chose the appropriate
discretization method for a distributed DDE model without
requiring problem-specific analysis.

We illustrate these theoretical results through a number of
examples of distributed DDEs with compact support. As is
often the case, our convergence proof depends on detecting
breaking points of the distributed DDE (1.1). At these breaking
points, the solution x does not have continuous derivatives of
all orders, which may influence the error estimates of numerical
methods. In practice, it is well known that breaking points
in discrete DDEs result in a decrease of convergence order of
numerical methods [22]. We therefore give an explicit condition
on the kernel k that ensures that the breaking point at t =0

does not propagate forward in time. For example, the uniform
distribution does not satisfy this condition and is an explicit
case of a distributed DDE with breaking points. We observe
the corresponding decrease in convergence order due to these
breaking points in our numerical examples.

Our convergence result explicitly demonstrates that distributed
DDEs with compact support are numerically equivalent to mul-
tidelay discrete DDEs. Importantly, this numerical equivalence
also applies in the opposite direction. Tavakoli and Longtin [10]
observed that, for a number of prototypical DDEs, including
the Lang-Kobayashi and Mackey-Glass equations, increasing the
number of delays increases dynamical complexity until dynam-
ics suddenly simplify. The authors noted that this complexity
collapse is paradoxical, as increasing the number of delays in
a discrete DDE typically increases the complexity of the result-
ing dynamics, rather than leading to the observed complexity
collapse. Here, we resolve this apparent paradox by using the
ideas underlying the convergence of the numerical method to
demonstrate that this complexity collapse is due to convergence
of the multidelay discrete DDE converges to a distributed DDE
with compact support.

The remainder of the article is structured as follows. We first
describe FCRK methods for distributed DDEs and establish a
consistent FCRK for distributed DDEs with compact support. We
illustrate this convergence result through a number of numerical
examples that use the Matlab built-in DDE solver, ddesd [23, 24].
We then show that the multidelay complexity collapse for the
Mackey-Glass equation [10] can be understood as an example of a
distributed DDE having simpler behavior than a multidelay DDE.

2 | FCRK Methods

A class of numerical methods, based upon the familiar Runge-
Kutta methods for ordinary differential equations, has been
developed for DDEs [17]. These FCRKs define a continuous
interpolant within each Runge-Kutta step. A number of these
FCRK methods have been developed [19, 20, 25]. We give only
the notation necessary for the convergence result with detailed
descriptions of these methods available elsewhere [17, 26]. We
define an s-stage FCRK method following Definition 6.1 of [17].

Definition 2.1 (s-stage FCRK method). A s-stage FCRK
method is a triple (A(8), b(0), ¢) such that A and b are polynomial
functions into R and R*, respectively, with A(0) = 0 and b(0) =
0, and c € R* with ¢; > 0.

This s-stage FCRK method (A(6), b(6), c) can be represented by
its Butcher tableau

Ci Ai,j(e)
5,©)

where i, j =1,2,3,...,s and Ay and bj are the components of A
and b. For a given step size h, the s-stage FCRK method creates
a continuous approximation 7(t) of the solution of the IVP (1.1)
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x(t) through

t—ty

n(21)

and 6=

n(t)z{n”(:e) for t € (ty,tp1)s

for t<t,.

The stage interpolant 7" is a continuous approximation of the
solution x(t, + h0) over the nth stage and is defined by

7"(h8) = x" +h Y b(O)K,;, 6€(0,1) 1°=alty),

i=1

and x" =n""1(h), (2.2)

where

K, = F<yn,i(ci), /Tmax n(t, +ch — u)k(u)du) (2.3)

Tmin

are the stage variables, 7) represents the numerical approximation
of the solution up to the current stage, and Y™ is the continuous
approximation of x(¢) in the stage given by

i-1
Y =x"+h Y Ap@K. 6 €0l
k=1

These piecewise interpolants 7"(t) agree with x" at the collo-
cation points t = { jh}lj\;l and define the piecewise continuous
polynomial function 7. For Equation (1.1) with history function
@ and step size h computed up to t,,, the local error function is
given by

E(a!tm7q0) = ||77(tm +a)_x(tm+a)”’ ae [Oah']
The uniform order of a FCRK method is intrinsically related to

this local error function [21] as the maximal error incurred over a
single time step.

Definition 2.2 (Uniform order). Let d be a positive integer
and let n be the approximation of the solution x of an IVP
with sufficiently smooth right-hand side obtained using an FCRK
method with step size h. The FCRK method has uniform order d
if

max E(ah,t,, p) = O(hd+).

ae(0,1)

Conversely, the discrete order of an FCRK method is the error
incurred at the collocation points t = jh, which corresponds to
a = h in the definition of E.

Definition 2.3 (Discrete order). Let d be a positive integer
and let n be the approximation of the solution x of an IVP
with sufficiently smooth right-hand side obtained using an FCRK
method with step size h. The FCRK method has discrete order d
if

E(h, t,, @) = O(h*).

The global order of the numerical method is the absolute
error incurred throughout the simulation when considering the

solution x and 7 as continuous functions on the interval t €
[tO’T]'

Definition 2.4 (Global order). An s-stage method has global
order p if

max In(6) = x|l = O(hP).

If the s-stage method has global order p on [¢,, T], then 7 is a pth
order approximation of x as [17, 26]

max ||n(t) — x(t)|| < ChP.
te(ty,T]

2.1 | Quadrature Approximations of Delayed Term

Existing FCRK methods are, in theory, directly applicable to
the distributed DDE case under the assumption of being able
to accurately calculate the right-hand side of Equation (1.1). In
what follows, we assume that we are using a known, existing
FCRK method of order p, such as those considered in [21]. The
main difficulty in adapting these FCRK methods to distributed
DDEs such as Equation (1.1) is the numerical calculation of the
convolution integral

I(t) = /Tmax x(t — s)k(s)ds. (2.4)

Tmin

At each Runge-Kutta step, we must numerically evaluate this
convolution integral where the integrand explicitly depends
on x(t) over the interval [7,,,y, Tmin]- Now, consider an FCRK
method where the corresponding interpolant 7 is an order p
approximation of the solution x in each stage. As the history
function ¢ is assumed to be evaluated exactly, we calculate

1GC % K)(t,) = (0 % K)(t)] = / T ) = ), — s)ds

b =Tmin

Ip=Tmax
<1x) =16y [

b —Tmin

X k(t, — s)ds

I —Tmax
< Ch? / k(t, — s)ds = ChP.

b =Tmin

Now, if we were to calculate I(t) exactly, then we would evaluate
the right-hand side of Equation (1.1) to order p due to the error
introduced via the Runge-Kutta steps.

However, we do not wish to evaluate the convolution integral
Equation (2.4) exactly. As the numerical solution " is a pth
order approximation of x(t), it is not computationally efficient to
evaluate the convolution integral I(t) to precision beyond order p,
as this additional accuracy is washed-out by the interpolant error.
Rather, a composite quadrature method should be sufficiently
accurate to preserve the global order of the method, but not so
accurate as to be computationally inefficient. To illustrate this
balance, assume that we evaluate I(t) to order q using a composite
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quadrature method with step size h;,;, so
I(t) = 1(t) + O(hl ),

where [(t) denotes the quadrature approximation of the convolu-
tion integral. Then, we use Taylor’s theorem to find

Koy = FOx" L I(t, ) = F( L 1(,-) + O(hy,)

= F(x" L 1(t, 1)) + 0, F(x"1, I(t,_, )O(hL ) + O(h?

int int

=K,, +O(h!), (2.5)

where d, F is the partial derivative of F with respect to the second
argument. Consequently, the first-stage step Y, has the same
accuracy as the quadrature method and we can approximate each
Y; and K; with accuracy O(h/,). Each evaluation of F, and thus
I(t), occurs within the calculation of K,,;, so we therefore gain
an extra order of accuracy due to the factor 4 in Equation (2.2),
where we recall that h is the step size of the FCRK method.
Then, denoting the approximate interpolant obtained via the
quadrature approximation by #, we find

7'(h0) = X"+ h Y b(O)K,; =x"+h Y b(O)K, +O(h x hl,).

i=1 i=1

Therefore, if h] = £hP for some constant &, then O(h x h] ) =
O(hP*1), which implies that the approximation error in 7 does
not influence the accuracy of the method. This analysis suggests
setting h! . = O(hP) to ensure we do not decrease the accuracy of
the FCRK nor perform extra computations through the quadra-
ture approximation of I(t) when using a gth order, composite

quadrature rule.

These quadrature rules typically rely on the integrand being
sufficiently smooth, we must include the simulation mesh points
t, preceding the current step in the quadrature mesh. Therefore,
to ensure the global accuracy of the overall FCRK method, we
divide the integration domain [7,,,y, T,mix] into subintervals of
maximal length h;,, = h that include the simulation mesh points
and any breaking points. We can then utilize results from [17, 21]
to show

Theorem 2.5 (Global order of the FCRK method). Assume
that the right-hand side of Equation (1.1) is four times continuously
differentiable and let (A(6),b(6),c) be an explicit FCRK method
with global pth order. Assume that the simulation mesh includes
all breaking points of the DDE (1.1) and has a maximal step size
hy. If the convolution integral I(t) is calculated using a composite
quadrature rule of order q with maximal subinterval size of h;,, <
hy,, then the resulting FCRK method has global order min(p, q).

2.2 | Convergence of the Resulting FCRK Method

Here, we show that the quadrature approach described in Sec-
tion 2.1is sufficient to maintain the convergence of existing FCRK
methods described in Section 2 and prove Theorem 2.5. We make
extensive use of the results in Section 6 of [21] and Section 7
of [17]. We also recall Definitions 2.2, 2.3, and Definition 4.1 of
[21]. Here, we are considering the influence of using quadrature

approximations in existing FCRK methods which corresponds
precisely to the setting of Section 6 of [21]. There, the authors
considered FCRK methods for the generalized setting of all
approximations of the right-hand side of Equation (1.1), of which
the quadrature method considered here is an explicit example
[21]. In the following analysis, we consider a known FCRK
method and focus on the quadrature method. We follow [21] and
denote the approximated right-hand side of Equation (1.1) with a

tilde
F(x(t), /Tmax x(t — s)k(s)ds,l)

Tmin

~ F<x(t), /Tmax x(t — s)k(s)ds),

Tmin

where 4 € A is a parameter that controls the precision of the
approximation. In our setting, A represents the space of com-
posite quadrature rules with a fixed number M of steps. These
quadrature rules are defined by their weights, o;, and colloca-
tion points, 7; € (Tjax> Tminl- The quadrature rule is therefore
represented by 4 = (o4, ..., 0, Ty, ..., T,,) With

Tmax M
/ xX(t = $)k(s)ds = Y. a,x(t - mk(m;) + O(hL,),

Tmin

where h;,, and q are the step size and order of the composite
quadrature method, respectively. Accordingly, the approximation
of the right-hand side of Equation (1.1) is given by

M M
F(xm, D oix(t - ﬂ,-)k(m),/1> = F(x(t), D ot - m)k(m))
i=1 i=1

(2.6)

For a given continuous function ¢ and quadrature rule 1, we
denote the accuracy of the approximation F by ¢(¢, 1), given by

M
F<§o(t), Y ow(t - m)k(n»,x)

i=1

- F<<p(t), / W qo(t—s)k(s)ds>

Tmin

&(p, ) =

. 2.7)

The following conditions on F to ensure the convergence of the
FCRK method for Equation (1.1) [21]:

Condition 1. F(p(1), ZZI o,;x(t — m)k(m;),A) is uniformly
continuous with respect to A1 and the
derivative with respect to the function ¢,
F'(o(t), Z?; o, x(t — m)k(m;),A) is continuous
with respect to ¢ and uniformly bounded with
respect to 4;

Condition 2. There exists a continuous function
p: CO([Tmax’Tmin]) — R such that
M
F<¢<r>, D opx(t - m)k(m),l) < p(@)
i=1

for all P E CO([Tmam Tmin]) and 1 € A;

4 0f12

Studies in Applied Mathematics, 2025

85UB0| 7 SUoWILLD 8AIeaID 3|qeol(dde ay} Aq peu.enob are sajolfe YO ‘8sn Jo Sajni 10} AreiqIT8UIIUO AB]I UO (SUOTPUOD-PUeR-SWLBH W00 A | 1M ATe.q 1 [BuJUO//SAIY) SUORIPUOD Pue SWB | 8U} 885 *[5202/90/2T] uo AriqiTauliuo A8|Im ‘88 L AQ 69002 Wdes/TTTT OT/I0p/woo 3| 1M Afeiq1ul|uo//Sdny wouy papeo|umod ‘9 ‘GZ0Z ‘0656.9%T



Condition 3. F(p,1) is of class C? with respect to ¢ for
all 2 € A and both the derivatives are bounded
uniformly with respect to 1.

To state the convergence result in Theorem 6.1 of [21], let 7 >
t, be the largest value t such that the IVP (1.1) has a unique
solution with initial data ¢ over the interval [¢,, f] and denote the
simulation mesh by A = {ti}fi , With corresponding step size h,.
Finally, let the approximation of the solution x, obtained using
a FCRK method with mesh A given by #". Then, Maset et al. [21]
prove

Theorem 2.6 (Theorem 6.1 of [21]). Assume that an FCRK
method (A(0),b(6),c) of uniform order g, discrete order p, with
p.q € {1,2,3,4}, and such that c; € [0,1],i =1,...,s, is applied
to the distributed DDE (1.1) for the computation of x(t) through
(ty, @) € R X Cy([T1ax> Tminl)- Furthermore, assume that:

A: Y b(0)=6foro €[0,1]and zj,zl A, ;(6) = 0 foralli with
8 €[0,¢];

B: Conditions 1, 2, and 3 hold;

C: The approximation error (2.7) satisfies e = O (hzlm(qﬂ’p ) );

D: x(t) is five times continuously differentiable.

Then, for a fixed T € [t,, ] and simulation meshes A that include
all possible discontinuity points of x in [t,, f],

mas 17" - x, || = O(K7"07).

telty,T]

We now apply the result of Theorem 2.6 to distributed DDEs
with compact support. As before, we focus on the quadrature
method and only consider existing FCRK methods that satisfy
Assumption A. Furthermore, we assume that F is at least four
times continuously differentiable, globally Lipschitz, and that F
and its derivatives are bounded. Furthermore, we assume that all
possible breaking points are contained in the simulation mesh
A and the solution x(¢) is five times differentiable for t > ¢,. We
discuss breaking points of these distributed DDEs in Section 3.
Thus, Assumption D is satisfied.

To show that F in Equation (2.6) satisfies the Conditions 1, 2,
and 3, we consider arbitrary functions ¢ € Co([Tax> Tminl) and
quadrature rules with bounded weights

M
PEARYe 28)
i=1

for a fixed constant C,. Now, for accurate quadrature methods
and differentiable F, the argument in Equation (2.5) suggests that
Condition 1 should hold. Indeed, the proof in the Appendix of
[20] directly verifies this condition. Similarly, Condition 2 follows
directly from the argument in [20], and both these arguments are
similar to those in Section 6 of [21].

We must now show that F(p, 1) is C? with respect to ¢ for all A.
We recall that F is at least four times continuously differentiable
and note that the integrand is linear in ¢. Therefore, consecutive
applications of the chain rule for Fréchet derivatives gives the

required regularity of F. Furthermore, the quadrature weights
o, satisfy Equation (2.8) and we have assumed that F® for k =
1,2, 3,4 is bounded. Thus, F® for [ = 1,2 is uniformly bounded
with respect to 4 and we conclude that Condition 3, and therefore,
Assumption B hold.

Consequently, it only remains to verify Assumption C. We
consider composite quadrature rules 4 of order g with maximal
step size h;,, to calculate F. Specifically, these quadrature rules
satisfy

M Tmax
Y aux(t - k() - / x(t — s)k(s)ds = O(hl. ).
i=1

Tmin

Adding zero and Taylor expanding the latter expression in
Equation (2.6) gives

F<x(t), Z ox(t— ﬂi)k(ﬂ.'l-)> =F <x(t), / max x(t — s)k(s)ds

Tmin

+ [Z ox(t — m)k(r;) — /Tmax x(t — s)k(s)ds] )

Tmin

= F(x(t), /Tmax x(t — s)k(s)ds>

Tmin
Tmax
2Gin
+ F <x,/ x(t — s)k(s)ds> X hl +O(h M.
Tmin

The boundedness of F’(x, ff T"f” x(t — $)k(s)ds) gives ¢;(p, 1) =
O (k™). In Section 2, we chose hy,, such that © (k") = @ (hY).
It follows that e(p, 1) satisfies Assumption C. We therefore
conclude that Theorem 2.5 holds.

3 | Numerical Implementation and Convergence
Examples

To implement the FCRK method described in the preceding
sections, we must evaluate the quadrature integrals

K6y =) ax(t - mk(m).

Recalling that the kernel k and quadrature method (o;, 7r;) are
assumed to be known, we evaluate x(¢t — ;) to approximate the
distributed delay in Equation (1.1). As the quadrature method
is fixed, the quadrature points 7; correspond to evaluating the
solution x at a fixed time, t — 7; in the past. Consequently,
the numerical method for the distributed DDE is equivalent to
a numerical method for a discrete delay DDE with M delays
corresponding to the collocation points of the quadrature method.

In what follows, we consider the composite Riemann, trape-
zoidal, and Simpson’s quadrature methods with respective orders
1, 2, and 4. We will solve the numerically equivalent multidelay
discrete DDE using the ddesd solver implemented in Matlab [23].
This solver is a continuous Runge-Kutta method, rather than an
FCRK method. However, we do not consider distributed DDEs
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with vanishing delays, so 7,,, > h, where h is the step size of
the Runge-Kutta method, in any of our test problems. Therefore,
there will be no overlapping and the continuous RK method
behaves the same as the FCRK method [21]. Then, leveraging the
discretization of the convolution integral in the FCRK method,
we directly simulate the distributed DDE by

d M
T, (O =F <”hm<f>’2°’i”hm“ ‘”“)k(”“)> R

i=1

Up (S) = §0(S) for se [_Tmax?o]

int

where (o}, ;) is a given quadrature method with step size h;,,, and
we denote the explicit dependence of the solution on the step size

by uy,, ().

To evaluate the accuracy of the numerical scheme, we compare
the numerical solution of Equation (3.1), u,, , against a reference
solution of the distributed DDE Equation (1.1), x(¢t). We evaluate
the accuracy of the FCRK method by computing the L. global
error induced by the quadrature approximation with quadrature
step size h;,;

(). 3.2)

E(hiy) = max |x(t) — uy,,
tel0,T¢]

We obtain the reference solution x(¢) by simulating systems of
discrete DDEs that are equivalent to the distributed DDE (1.1)
for specific choices of distribution kernel k(s). We solve the
equivalent system of DDEs using ddesd with relative and absolute
error tolerances of 10712 solved over the interval ¢ € [0, t;:]. These
equivalent discrete DDESs are typically obtained through variants
of the linear chain technique [9, 20]. The linear chain technique,
which first appeared in [27] and was popularized by MacDonald
[28], consists of writing the convolution integral in Equation (1.1)
as the solution of a system of auxiliary differential equations.
The most used instance of the linear chain technique occurs in
the reduction of an infinite delay distributed DDE to a system
of transit compartment ODEs with possibly variable transit rates
[29]. In recent work, Guglielmi and Hairer [30] used a variant
of this idea and the fact that hypoexponential distributions are
dense in the space of positively supported distributions to propose
a numerical method for general distributed DDEs with infinite
delays. A number of authors [31, 32] have studied the conditions
on the k that permit this reduction to a system of ODEs.

There has been increased interest in developing equivalent
systems of differential equations for distributed DDEs where
the delay has compact support. For example, in the case of
a uniform distribution over the interval [7,,;,, T)uax ], it is well-
known that the resulting distributed DDE is equivalent to a
system of two discrete DDEs [14, 15]. Furthermore, if the kernel
k is a polynomial function, such as in the case of a beta
distribution, Pulch [13] recently derived an equivalent system of
discrete DDEs. We leverage the ideas underlying the linear chain
technique to derive a (to our knowledge) novel equivalent system
of discrete DDEs in the case where the kernel k is a sum of
exponential functions, which generalizes mixtures of exponential
distributions. In each case, the equivalent discrete DDEs can be
solved using existing techniques.

3.1 | Breaking Points

Solutions of DDEs typically have discontinuous derivatives at the
initial time point ¢,, as there is no guarantee that the history
function ¢ satisfies

9'(t;) # F(qo(to), / P(to —s)gi(s)ds> = X'(t;),

where the superscript represents limits from the left and right.
These discontinuity points are called breaking points and typically
propagate throughout higher-order derivatives of the solution
through so-called smoothing. In our numerical simulations, we
use the Matlab code ddesd, which does not explicitly detect
breaking points, but rather implements residual error control
via adaptive step sizes [24]. Thompson [33] remarked that this
error control results in a method that roughly equivalent to a
(3,4) Runge-Kutta pair. As breaking points that are not explicitly
included in the simulation mesh typically result in a lower
effective order of the numerical method, ddesd may exhibit third,
rather than fourth, order convergence when solving DDEs with
breaking points.

As mentioned, the solution of the distributed DDE (1.1) x is
typically not continuously differentiable at t,,. Therefore, breaking
points occur when the delayed argument satisfies t — 7 = ¢, [17].
However, distributed DDEs typically benefit from additional
smoothing due to the convolution integral Equation (2.4). We now
show how this additional smoothing depends on the kernel k(s).
We consider the distributed DDE (1.1) and recall the convolution
integral, I(¢), is given in Equation (2.4). As I(t) is the convolution
of a continuous function, x, with the kernel k, it is continuous.
As the majority of kernels, k, utilized in applications are differen-
tiable, I(t) is typically also differentiable. We now proceed under
the assumption that k, and thus I, are differentiable.

If I(t) is continuously differentiable at t = 7,,;,,, then the solution
x will be twice continuously differentiable at ¢t = 7,,;, since F is
assumed to be five times continuous differentiable. By rewriting
I(t) as

I(t) = / o x(s)k(t — s)ds,

[=Tmax

we calculate
d
al(t) = x(t - Tmin)k(rmin) - x(t - Tmax)k(fmax)

+ / o x($)Kk'(t — s)ds.

[=Tmax

We expect a breaking point at t = ¢, + 7,,;, and t =ty + Tpq, aS X
is not continuously differentiable at the initial time, ¢,. However,
if k(7)) = k(T,0,) = 0, then we find

%I(t) = / o x($)Kk'(t — s)ds,

[=Tmax
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so I'(t), and thus x”(t), is continuous. Then, integrating by parts
and once again using k(7,,;,) = k(T ,q,) = 0 gives

d [=Tmin ,
El(t) = / x'($)k(t — s)ds.

[=Tmax

We can then repeat the same argument for higher-order deriva-
tives of I. Therefore, if k(7,,;,) = k(T;nex) = 0, then 7,,;, and 7,,,,
are not breaking points of any order for the distributed DDE (1.1).
We immediately see, that if k(z,,;,) # 0 (or k(7,,,) # 0) then the
distributed DDE will have a breaking point at ¢t = t, + 7,,;, (or
t =ty + T,uay)- We note that while the Matlab code dde23 does
allow for breaking point detection, it is inefficient for the relative
and absolute error tolerances of 1x 1072 that we use in the
following examples.

3.2 | Example Problems

For each of the three explicit distributions k, we consider two test
problems solved over the interval t € [0, 10]. The first is the linear
distributed DDE

Tmax

d
—x(t)=ax(t)+f x(t — $)k(s)ds
dt [min (3.3)

x(s) =@(s) for s €& [—Tpuy0]

with o = -0.75,8 = —1.25,7,,;, = 1.25, T .0 = 2.95, and a con-
stant history ¢(s) = 1. The second test problem is a delayed
logistic equation

%x(t) = ax(t) + B [ / - o (s)ds] 34

Tmin

X(S) = §0(S) for se [_Tmax3 0]’ y(t) =

witha = 0.35,8 = -0.25, 7,,;, = 1.25, T,,4, = 2.95, and a constant
history ¢(s) = 1. In both cases, we observed similar convergence
results hold for other parameterizations of both problems.

3.2.1 | Uniform Distribution
We begin with the simplest example of a uniformly distributed

delay with support in the interval [7,,;,, Tuax]- In this case, the
kernel k,,;+(s) is given by

L i s € [Ty T
kunif(s) = {Tmax(;'fmin min> “max (3.5)

otherwise.

As mentioned, the distributed DDE (1.1) with k(s) = ky,;7(s) is
equivalent to a system of two discrete DDEs [14, 15]

Theorem 3.1 (Theorem 4.2 [15]). The IVP (1.1) where K, (s)
is the uniform distribution in Equation (3.5) is equivalent to the

system of discrete DDEs

%x(t) = F(x(t), y(1))
(3.6)

d 1
E)’(t) = T—[X(t - Tmin) - x(t - Tmax)]

max — Tmin
with initial data

x(s) =@(s) for s€E[—Tp. 0] and

3(0) = / " (kg (5)ds.

Tmin

We simulate the linear Equation (3.3) and nonlinear Equa-
tion (3.4) test problems using the equivalent system of two
discrete DDEs in Equation (3.6) to obtain the reference solution
x(t). Then, for (o}, ;) corresponding to the composite Riemann,
trapezoidal, and Simpson quadrature methods with step size
hin, we simulate Equation (3.1) to obtain u, (¢) and evaluate
the error E(h;,) in Equation (3.2). In Figure 1A, B, we plot
log(E(h;,;)) as a function of the composite step size h;, to
illustrate the error induced by approximating Equation (3.3)
by the corresponding quadrature approximations. As expected,
we see linear convergence on the log scale with slopes of g =
1 and g =2 in the Riemann and trapezoidal approximations,
respectively. The kernel k,,; is constant and nonzero over the
interval [7,,,, Tmax)» SO there are breaking points at both ¢ — 7,
and ¢ — 7,,,,. As ddesd is roughly equivalent to the (3,4) Runge-
Kutta pair due to the residual error control [33], the third-order
convergence for Simpson’s composite method is dominated by the
error of the Runge-Kutta, rather than the quadrature, method.
Consequently, this example illustrates the loss of accuracy of the
numerical method due to the existence of breaking points.

3.2.2 | Polynomial Kernel

We next consider an nth degree polynomial kernel given by

;s if S € [Thins Tmax
kpoly(s)= IZ(; [ ] (37)

0 otherwise

subject to the conditions k ,,;,(s) > 0and /. e Koy (s)ds = 1. The
corresponding distributed DDE is equivalent to the system of
discrete DDEs [13].

Theorem 3.2 (Theorem 2 [13]). The IVP (1.1) where k ,,;,(s) is
a polynomial distribution defined in Equation (3.7) is equivalent to
the system of discrete DDEs

d n
g0 = F0, 3, ay(0)

%yi(t) = x(t - Tmin)(fmin)i - X(t - I—max)(fmax)i - iyi—l(t)a

i=0,1,2,..,n with y_, =0
(3.8)
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FIGURE 1 | Convergence of the FCRK method for distributed DDEs with compact support and comparison between the solutions x(¢) and u,
for the linear and nonlinear test problems in Equations (3.3) and (3.4). The rows correspond to the uniform, polynomial, and exponential delay kernels,
(£)]) as a function of the quadrature step size log, , (h;,,,) with up,  (£)
obtained from Equation (3.3) with (o}, 77;) corresponding to the Riemman, trapezoidal, and Simpson’s quadrature methods. The slope of this curve gives

int

respectively. The first and third columns show the error log, (max;e(s, 7 |x(£) — uy,

int

the order of the corresponding numerical method and is reported in the legend for each quadrature method. The second and fourth columns show

the reference solution x(¢) plotted against x(f — 7,4,¢) in solid black and uy,, (¢) plotted against uy,  (f — 74.g) for uy, , corresponding to the Simpson’s

composite quadrature method in dashed orange, where 74,5 = 0.5(T;i, + Tinax)- The solutions are obtained using ddesd in Matlab with relative and

absolute error tolerance of 1 x 10712,

with initial data
Tmax
()= p(s) for s€[~Tpan0] and y,0)= / o(=s)s'ds.

We consider the linear uniformly distributed DDE in Equa-
tion (3.3) with

(Tmin - s)(Tmax - S)
_/:”,mx (Tmin - 6)(""max - e)de .

kpoly(s) =

As before, we simulate the linear test problem Equation (3.3)
using the equivalent system of discrete DDEs in Equation (3.8)
and consider (o}, ;) corresponding to the composite Riemann,
trapezoidal, and Simpson quadrature methods with step size
Py for wy, (£). We note that ko, (Tymin) = Kpoiy(Timax) = 0, so the
DDE has no breaking points and we expect ddesd to correspond
to the underlying fourth-order method. In Figure 1C, corre-
sponding to the linear test problem with a polynomial kernel,
we plot log(E(h;,,)) as a function of the composite quadrature
step size h;,,. The composite Riemann quadrature method only
differs from the composite trapezoidal rule due to the inclu-
sion of the end points at 7,,, and 7,,,. Therefore, these two
quadrature methods are identical in the case where ko, (Ti,) =

Koty (Timax) = 0. We therefore expect to gain an extra order of
convergence in the Riemann method, as it is identical to the
trapezoidal case in this case K o1, (Tyin) = Kpoiy(Timax) = 0. Indeed,
we see linear convergence on the log scale with slopes g = 2 and
q = 4 for composite trapezoidal and Simpson approximations.

We next considered the kernel

(0'757min - s)(Tmax - S)
fT”,mX (Tmin - 6)(Tmax - e)de '

Tm

]%poly(s) =

Here, Epoly(rmm) # 0, so the distributed DDE has a breaking
point at ¢t = 7,,;,. We simulate the nonlinear test problem Equa-
tion (3.4) for l%poly using the equivalent system of discrete DDEs
in Equation (3.8) to obtain the reference solution x(t). For
(o;, ;) corresponding to the composite Riemann, trapezoidal,
and Simpson quadrature methods with step size h;,,, we simulate
Equation (3.1) to obtain uy,  (¢). In Figure 1D, corresponding to the
nonlinear test problem, we plot log(E(h;,,)) as a function of the
composite step size h;,;. As expected, we see linear convergence
on the log scale with slopes of g =1 and q = 2 in the Riemann
and trapezoidal quadrature methods. The breaking point at ¢ =
T,in implies that the error of the Runge-Kutta method dominates
the error of the composite Simpson’s quadrature method, which
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results in the third-order convergence and a loss of accuracy of
the method due to the presence of the breaking point.

3.23 | Exponential Kernel

Finally, we consider the kernel given by a sum of exponentially
decaying functions restricted to the domain [7,,,;,,, T,ne, ] and given
by

=0

a; eXp(_Ais) if se [Tmin’fmax]’
; (3.9)

0 otherwise

kexp ()=

subject to the conditions k,,,(s) > 0 for all s and /T :::x k(s)ds =
1. The kernel k,,,(s) is a mixture distribution of exponential
distributions restricted to [, Tmax]) if the coefficients a; are
a convex combination and A; > 0. Thus, Equation (3.9) can be
considered a generalization of this class of distributions. Now,
consider

=Tpin
AO= [ s oA - 9)ds
I=Tmax
so that, after a change of variable,
/ Kexp($)X(t = $)ds = ) a;A,(1).
Tmin i=0

Now, as in the linear chain technique, we derive a system
of auxiliary discrete DDEs for A;(t). Using Leibniz’s rule, we
differentiate A;(t) with respect to ¢ to find

%Ai(t) = x(t - Tmin) exp(_/‘tifmin) - x(t - Tmax) exp(_li‘[max)

- LA (@) for i=1,..,n,

with corresponding initial condition

A,0) = / "ot — ) exp(-A(s)ds.

Tmin

Altogether, we obtain the equivalent system of discrete DDEs

d n
X0 = F(x(r), Z aiAia))

%Ai(t) = X(t - Tmin) exp(_/lifmin) - X(t - Tmax) exp(_lirmax)

- LA @) for i=1,..,n
(3.10)

For the linear test problem Equation (3.3), we consider the kernel

(0.25—e°)(0.85 — e
/:”.lax (0.25 — e~19)(0.85 - e—/lze)e—o,lsedg’

—Azs)e—O.ISS

kexp(s) =

where 1, = —10g(0.25)/7,,;,, and A, = —10g(0.85)/7,,,,, are cho-
sen such that k,.,(Tyin) = Kexp(Tingx) = 0 so the DDE has no
breaking points. We simulate the linear test problem Equa-
tion (3.3) using the equivalent system of discrete DDEs in
Equation (3.10) and consider (o}, ;) corresponding to the com-
posite Riemann, trapezoidal, and Simpson quadrature methods
with step size h,, for u,, (f). In Figure 1E, corresponding to
the linear test problem, we plot log(E(h;,,)) as a function of
the composite step size h;,;. Again, the composite Riemann and
trapezoidal quadrature methods are once again identical in this
case. We see the expected linear convergence on the log scale with
identical slopes of g = 2 for these two methods, indicating a gain
of accuracy for the Riemann method. The composite Simpson’s
rule displays the expected fourth-order convergence.

We next considered the kernel

0.25 — e 415)(0.85 — e™42%)e 015 4. 0.02
( )(

I%exp(s) = Trax .
/.7 (0.25 — e7419)(0.85 — e~420)e~015 +0.02d6

Here, both K, (T,,) # 0 and K, (7,0,) # 0, so the distributed
DDE has a breaking points at t = 7,,;, and t = 7,,,,,.. We simulate
the nonlinear test problem Equation (3.4) for l%exp using the
equivalent system of discrete DDEs in Equation (3.8) to obtain
the reference solution x(t). For (o}, 71;) corresponding to the com-
posite Riemann, trapezoidal, and Simpson quadrature methods
with step size h;,,, we simulate Equation (3.1) to obtain u,,_ (f).
In Figure 1F, corresponding to the nonlinear test problem, we
plot log(E(h;,;)) as a function of the composite step size h;,,,. As
expected, we see linear convergence on the log scale with the
expected slopes of ¢ = 1,2 and g = 3 for the composite Riemann,
trapezoidal, and Simpson’s quadrature methods.

4 | Complexity Collapse in the Mackey-Glass
Equation

Tavakoli and Longtin [10] considered the Mackey-Glass equa-
tion [34] with multiple discrete delays given by

%x(t) = —yx(t) + — Z (4.1)

1+x(t—r)10

where {r;}" is a bounded sequence of delays with mean Tavg =
17. The dynamics of the Mackey-Glass equation have been
extensively well-studied as an example of a DDE that exhibits
chaotic dynamics. Tavakoli and Longtin [10] considered y = 1 and
B = 2 and observed “complexity collapse” where the dynamics of
Equation (4.1) simplify as the number of delays, M, increases. The
authors noted the paradox present in this complexity collapse,
as increasing the number of delays in a discrete DDE typically
increases the complexity of the resulting dynamics. Here, we
resolve this apparent paradox by showing that the multidelay
discrete DDE is numerically indistinguishable from a distributed
DDE, and demonstrate that this complexity collapse is a further
example of distributed DDEs exhibiting less complex behavior
than discrete DDEs.
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To do so, we note that the sum of delays in Equation (4.1) is the
Riemann sum discretization of the convolution integral

18 M_lM 1
:ﬁTMTZ

M&1+ x(t — 1'[)10 o ™M T ox(t - 1'[)10

~ o x(t - s)
" ﬁ/f mkMG(s)dS,

1

M

x(t - 1) x(t —1;)

where k,,; is the uniform distribution over [z, 7;,]. Our preced-
ing analysis has focused on numerical methods for distributed
DDEs where we discretize the convolution integral with an
appropriately accurate quadrature rule and resulting multidelay
discrete DDE and we have shown that these two representations
are numerically indistinguishable. Of course, this relationship
also works in the opposite direction, where the multidelay
discrete DDE is indistinguishable from the distributed DDE:
the multidelay discrete DDE in Equation (4.1) is the Riemann
approximation of the uniformly distributed DDE

x(t —s)

Thx g e®ds  (42)

d Tmax
G o=roes [

where 7, — Tpin = 1.75/4.

To simulate Equation (4.2), we use Leibniz’s rule to write the
convolution integral

Lot = / %km@)ds

Tmin

as the solution of a discrete DDE via

d Lot) = d / max x(s)

ai dt ). Tl =9

— 1 x(t - 7'—min) _ x(t - 7'—max)
Tmax — Tmin \ 1+ x(t - 1'min)w 1+ x(t - Tmax)lo .

Thus, the distributed DDE (4.2) is equivalent to

%x([) = —yx(t) + BIMG(I)

]

1 ( X(t - Tmin) _
Tmax — Tmin \ 1 + X(I - Tmin)lo

x(t - Tmax)
1+ X(t - Tmax)lo >
(4.3)

d
EIMG(t) =

with initial data

x(s)=@(s) for sé&[-7,4.,0] and

e o(_s)
Lyo(0) = / ——

Tmin
This example differs from the linear and nonlinear examples
considered in Section 3 as the integrand is nonlinear in the
solution x(t). We once again simulate the equivalent distributed
DDE (4.3) using ddesd to obtain a reference solution. We simulate
the corresponding discretization of the distributed DDE (4.2)
using the Riemann, trapezoidal, and Simpson discretizations of

the convolution integral I),;. In the prior examples, we used
a constant history function. Here, we consider a nonconstant
history function ¢ defined by the chaotic solution of the Mackey-
Glass equation with a single discrete delay. Specifically, we
defined the history function ¢ by the solution of

(O(S - Taug)
1+ §0(S - Tavg)lo (44)

qo(g) =1 for g € [_Tavg’o]

d
EGD(S) =-yp(s)+p

evaluated for s € (85 — 7,,,,,85). The auxiliary initial condition
in Equation (4.3) is

= [

mkMg(S)dS.

Tmin

In Figure 2, we show the convergence of the multidelay DDEs
corresponding to the discretization of the convolution integral
to the true underlying solution x(t). As the uniform distribution
doesnotvanishatz,,;, or 7,,,,, we expect the existence of breaking
points with corresponding loss of accuracy. However, we observe
linear convergence of the discretized DDE on the log scale with
the slopes of g =1,2 and q =3 for the composite Riemann,
trapezoidal, and Simpson’s quadrature methods. In this example,
it appears that the residual error control implemented in ddesd is
able to handle the breaking point with this nonconstant history
function. We recall that the Riemann quadrature method corre-
sponds precisely to the multidelay DDE considered by Tavakoli
and Longtin [10]. We therefore conclude that the multidelay
complexity collapse observed by Tavakoli and Longtin [10] is due
to convergence of the multidelay DDE (4.1) to the distributed
DDE (4.2) and thus an example of distributed DDEs having
simpler dynamics than discrete delay DDEs, as has been observed
previously [35].

5 | Discussion

In this work, we have utilized the existing framework of FCRK
methods to illustrate how multidelay discrete DDEs can be
used to accurately simulate compactly supported distributed
DDEs. This numerical method relies on combining the conver-
gence framework established by Maset et al. [21] with existing
quadrature methods to discretize the convolution integral in
Equation (1.1). We established the convergence of this numerical
method by explicitly relating the quadrature method with the
Runge-Kutta method by formalizing the intuition that the least
accurate of the quadrature or Runge-Kutta method dominates
the error. In this sense, this result is unsurprising. However,
our results justify the common approach to simulating these
distributed DDE in mathematical models that consists of dis-
cretizing the convolution integral and simulating the resulting
multidelay discrete DDE. As this discretization, which can be
delicate, corresponds to a choice of quadrature method, this
work gives an explicit condition for the number of composite
intervals needed to maintain the overall accuracy of the resulting
numerical method. As such, models with distributed delays can
be simulated by leveraging existing codes without requiring the
development of any problem-specific software and our results
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FIGURE 2 | Convergence of the FCRK method and comparison between the solutions x(t) and uy,,, of the uniformly distributed Mackey-Glass
(1)) as a function of the quadrature step size log, ,(h;,,) with w,  (¢)
obtained from Equation (3.3) with (o}, 77;) corresponding to the Riemman, trapezoidal, and Simpson’s quadrature methods. The slope of this curve gives

equation in Equation (4.2). Panel A shows the error log, (max;¢(, 1] [x(£) — up,,, it
the order of the corresponding numerical method and is reported in the legend for each quadrature method. Panel B shows the reference solution
x(¢) plotted against x(f — 74,g) in solid black and uy, (¢) plotted against uy,  (f — 7Tgyg) for up, corresponding to the Simpson’s composite quadrature

method in dashed orange, where 74,5 = 0.5(in, + Tjnax)- The solutions are obtained using ddesd in Matlab with relative and absolute error tolerance

of 1 x 10712,

may simplify the discretization of distributed DDEs commonly
done during numerical bifurcation studies.

We illustrate our theoretical results through linear and nonlinear
test problems for three specific types of distributions that each
admit equivalent representations as systems of discrete DDEs.
Two of these equivalent representations were known prior to
this work. However, the equivalence between a distributed DDE
where the distribution is a mixture of exponential distributions
with a system of discrete DDEs had not been previously demon-
strated. For these test problems, we used existing numerical
methods for discrete DDEs to simulate the equivalent formulation
and obtain a reference solution which we then compared against
the solution obtained using the FCRK method.

In these numerical tests, we used the Matlab solver ddesd.
This solver uses residual error control to adapt the step size of
the numerical method rather than explicitly detecting breaking
points. This is an important limitation, as our convergence
framework explicitly assumes that all the breaking points of
the DDE are included in the mesh. However, we established
sufficient conditions on the kernel k to ensure that the resulting
distributed DDE does not have breaking points. In the case where
the distributed DDE does not have breaking points, we observed
the expected convergence rates of the resulting FCRK method,
including an additional order of accuracy for the Riemann
method. Conversely, in the case where the distributed DDE
has breaking points, our numerical tests nevertheless indicate
convergence of the FCRK method, however at a lower order than
the FCRK predicts, but consistent with the approximate order of
ddesd [24].

Finally, we used the numerical equivalence between the dis-
tributed DDE and the multidelay discrete DDE to understand
the complexity collapse observed by Tavakoli and Longtin [10].
Our analysis demonstrates that the multidelay DDEs considered
in that work are approximations of the underlying uniformly

distributed DDE. Consequently, our results link the observed
complexity collapse observed for discrete DDEs with many delays
with the common intuition of simpler dynamics in distributed
DDEs. Understanding how the bifurcation structure leading to
chaotic behavior in these multidelay discrete DDEs, such as those
found in Tavakoli and Longtin [36], depends on the quadrature
method is an interesting avenue for future investigation.

Altogether, we have formalized the common approach to sim-
ulating distributed DDEs with compact support by using the
convergence framework of [21] to demonstrate the convergence
of the approximated distributed DDEs to the underlying model.
We showed how to utilize efficient numerical solvers to simulate
these distributed DDEs and gave a precise relationship between
the accuracy of the quadrature method and the underlying
Runge-Kutta method. Our results will therefore allow modelers
to a priori chose the discretization parameters when simulating
a distributed DDE and facilitate the use of more biologically
realistic distributed DDEs throughout mathematical biology.

Data Availability Statement
The data that support the findings of this study are openly available

in Compact_Distributed_DDEs at https://github.com/ttcassid/Compact_
Distributed_DDEs.
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