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Abstract— The Chemical Master Equation (CME) is com-
monly used to describe the stochastic behavior of biomolecular
systems. However, in general, the CME’s dimension is very
large or infinite, so analytical or even numerical solutions may
be difficult to achieve. The truncation methods such as the
Finite State Projection (FSP) algorithm alleviate this issue to
some extent but not completely. To further resolve such a
computational burden, we propose the Enhanced Finite State
Projection (EFSP) algorithm, in which the ubiquitous time-scale
separation is utilized to reduce the dimension of the CME.
Our approach combines the original FSP algorithm and the
model reduction technique that we developed, to approximate
an infinite dimensional CME with a finite dimensional CME
that contains the slow species only. Unlike other time-scale
separation methods, which rely on the fast-species counts’
stationary conditional probability distributions, our model
reduction technique relies on only the first few conditional
moments of the fast-species counts. This is possible because
we apply conditional moment closure to close the fast-species
counts’ dynamics. In addition, each iteration of the EFSP
algorithm relies on the solution of the approximated CME that
contains the slow species only, unlike the original FSP algorithm
relies on the solution of the full CME. These two properties
provide a significant computation advantage. The benefit of
our algorithm is illustrated through a protein binding reaction
example.

I. INTRODUCTION

To analyze the behavior of biomolecular systems, deter-
ministic or stochastic methods can be used [1]. At the single-
cell level, the randomness of molecular events can have
substantial repercussions on an emergent system’s behavior
[2]. Therefore, deterministic models, in many cases, fail to
capture the inherent randomness of biomolecular systems,
so stochastic approaches are often needed. The Chemical
Master Equation (CME) gives the temporal description of the
progression of a system’s state probability distribution [1].
However, when the number of molecular counts is large or
unbounded, the dimension of the CME is large or countably
infinite. Therefore, analytical or computational solutions of
the CME are very difficult to obtain in general.

To obtain sample paths that result from the CME, the
Stochastic Simulation Algorithm (SSA) [3] is used. However,
when the number of reactions increases or especially in the
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presence of multiple time scale, this algorithm can become
computationally expensive, resulting in long simulation time.
To address the simulation time issue, [4] [5] ran the SSA
algorithm only with the slow reactions. These approaches
require an approximation of the fast-species counts as a
function of the slow-species counts, which need considerable
extra computation. For example, [4] approximated the sta-
tionary conditional probability distribution of the fast-species
counts as functions of the slow-species counts. Obtaining
the stationary conditional probability distribution of the fast-
species counts is equivalent to obtaining the fast-species
counts’ stationary conditional moments of all different orders
[6], and the number of conditional moments grow exponen-
tially with the number of the fast-species counts.

Another way to address the CME’s computational issue is
to use the Finite State Projection (FSP) algorithm developed
by [7]. When the number of molecular counts is unbounded,
the system’s state space becomes an infinite set. The FSP
algorithm finds an upper bound to the molecular count of
each species and truncates the system’s state space as a
finite set, so that the truncated finite dimensional system’s
trajectories of probabilities are as close as desired to those of
the original infinite dimensional CME. In several examples,
the FSP algorithm outperforms SSA algorithms in terms of
computational efficiency as well as accuracy [7]. However,
when multiple time scales exist, the FSP algorithm also con-
fronts a computational issue. This is because the algorithm
equally treats the transition rates between states, even though
they typically vary over several orders of magnitude [8].

To handle this problem, Peles [8] combined the FSP algo-
rithm and time-scale separation. In particular, PeleS applied
the FSP algorithm to the approximated CME that contains
the slow species only. To obtain the approximated CME
with the slow species only, the author applied the time-scale
separation technique developed by [9] [6], and approximated
the stationary conditional probability distribution of the fast-
species counts as functions of the slow-species counts as
[4] did. However, the size of the vector of these stationary
distributions grows exponentially with the number of the fast-
species counts.

In this paper, we propose the Enhanced Finite State
Projection (EFSP) algorithm, which combines the original
FSP algorithm and the model reduction technique that we
developed [10] to approximate an infinite dimensional CME
with a finite dimensional CME, which contains the slow
species only. Instead of considering the fast-species counts’
stationary conditional probability distributions, our model re-
duction technique considers the first n conditional moments



of the fast-species counts, where n is an arbitrary (small)
number, which gives a trade off between approximation
accuracy and computational complexity. We assume that
the number of fast-species counts is bounded, which is
reasonable in many biomolecular systems of practical interest
[1], but allow an unbounded number of slow-species counts.

For each iteration of the EFSP algorithm, we use the
truncated state space of the slow species, which is a finite set,
as an input. Then, we write Ordinary Differential Equations
(ODEj) for both the marginal probability distribution of the
slow-species counts, with the truncated state space at that
iteration, and for the first n conditional moments of the
fast-species counts. Next, we apply our model reduction
technique [10] and obtain a low dimensional CME with
the slow species only. We expand the truncated state space
of the slow species until the approximation error between
the original CME and the approximated CME is sufficiently
small, by using the approximated CME that contains the
slow species only. Therefore, for each iteration, unlike the
original FSP algorithm, which relies on the solution of the
full CME, the EFSP algorithm only relies on the solution of
the approximated CME that contains the slow species only.
In addition, different from [8], our method does not require
the slow-species counts’ stationary conditional probability
distribution. These two differences of the EFSP algorithm
provide a significant computation advantage.

II. PRELIMINARIES

In this section, we define notations that are used through-
out this paper. Z>o and R>( are the sets of nonnegative
integers and real numbers, respectively. For any positive in-
teger n, Z%, (RY,) implies the set of n-dimensional vectors
with each entry in Z>o (R>p). Given a nonnegative integer
w and an n-dimensional vector Z = [z1, 29,...,2,]T, we
define ¥,,(Z) to be the vector made up of entries of the
form zlklzgz ...2zp" where k; € Z>o, for i =1,2,...,n,
and ) .| k; = w. For instance, when Z = (21, 22, 23],

\Ill(Z) = [Zlyz27z3]T7

Vs(Z) = [Z127 Z1Z27Z1237222,Z2237232]T.

()]

The I, and [; norms of a vector Z = [z1, 29, ..., 2|
are defined as ||Z||, = max;|z;| and || Z]|; = >, |z,
respectively. For the /., norm, we eliminate the subscript
oo and simply note | Z]| . We call a vector P € RY, a
probability vector when || P||; = 1. The I induced norm of
matrix M is defined as || M| = max; Z?zl |m].

The [; to I, induced norm of matrix M is defined as
[ M, _,_ = max; ; [m;|. We define R[M]; as the i*" row

of M = [m;;] € R™*", which implies that
R[M]z = [mil mi2 mm], for 1 =1,2,...,m.

Now, we consider a biomolecular system with r species,
S1,...,S5,, and K reactions of the form:

d
Pr1S1+ ...+ Prr Sy L qx1S1+. .+ @Sy, E=1,... K,

where qi; — pi; 1S the change in the number of molecules
of S; by the k' reaction and dj, stands for the k' reaction

rate constant. Let s;, for ¢ = 1,2,...,r, be the molecular
count for each species as a discrete random variable and let
s = [s1,52,...,5.]T be the state of the system. Then, for
any s € ZZ, the CME takes the form

OP(s,t)
ot

[—ar(s)P(s,t) + ar(s — ye)P(s = v, )] ()

K
k=
where 7y, is a stoichiometry vector and ay(s) is a propensity
function. When we let pr = [pr1,...,Prr]’ and qp =
[Qk1s- - )T, for k=1,..., K, then vy, = qx — pi.. ax(s)
is proportional to dj and ag(s)dt is the probability that the
k" reaction takes place in an infinitesimal time step dt [11].

Let 25 be the state space of all species, which implies
s € Q. Since (2, is a subset of a countable set Z% , it is
also countable. Let {s;} = {si,s2,...} be an enumeration
of Q, and define S = [s1,s2,...]7. Then according to [7],
when we let P(S,t) = [P(sy,t), P(s2,t),...]T, which is the
probability density state vector at time ¢, (2) can be written
as a single linear expression:

d
@P(S’ t) = MP(S,t), given P(S,ty),where  (3)
— ZkK:l ar (Sj) if 1 = j7
M;; =  ax(s;) if s; = s; — Vi,
0 Otherwise.

In this work, we consider biomolecular systems in which
the chemical reactions take place on two time-scales. Let K
be the number of slow reactions and Ky be the number of
fast reactions where K, + K; = K. We are using a small
positive parameter e(< 1), which quantifies a time-scale
separation between the slow and fast reactions. Then, we can
separate propensity functions as slow reactions’ propensity
functions a(s), for k = 1,2,..., K, and fast reactions’
propensity functions ay(s), for k = Ks+1, K;+2, ..., Ks+
Ky = K. Based on the slow and fast reactions, we can
define the slow and fast species as follow. Upon firing the
fast reactions, slow species counts never change. On the
other hand, for each fast species, there exists at least one
fast reaction that changes the fast-species counts. According
to [12], there exists a proper linear coordinate transformation
that identifies the slow and fast species in the system. Let
Xi,...,X; be the slow species and Y7i,...,Y, be the fast
species, where [ + ¢ = 7. Let x;, for ¢ = 1,2,...,1, y;,
for j = 1,2,...q, be the molecular count for each slow
and fast species, respectively. Let X = [x1, 22, ..., 2|7 and
Yy = [y1,y2,-..,y,7 be the state of the system for each
slow and fast species, respectively. Then s € ZZ, can be
represented as s = (x,y), where x € Z., stands for
the slow-species counts and y € Z%, stands for the fast-
species counts. In addition, for k = 1,2, ..., K, propensity
function a(s) can be written as ay(x,y). Now we make the
following assumptions: ‘

Assumption 2.1: There exist nonnegative integers 7.,
such that 4

0<y; <wyly for j=1,2,....q



Assumption 2.2: All of the propensity functions are poly-
nomial in s [11]. In addition, the order of each polynomial
is less than or equal to 2.

Assumption 2.1 requires that the number of fast species is
bounded, which is reasonable in many biomolecular systems
of practical interest [1]. Gillespie derived that propensity
functions are polynomial under suitable conditions such as
well-mixedness [11]. Assumption 2.2 states that the order of
each polynomial for the propensity function is at most two
because reactions are either uni-molecular or bi-molecular.
This is a standard assumption considering that n-molecular
reactions (n > 2) have low probability compared to a se-
quence of bi-molecular reactions [1]. In addition, propensity
functions can be written as follows [10] [13]:

ak‘(X7 y) = bk(x) + Ck(X)\Ijl(y) + dk\I/2(y), k= 15 23 LR KS7
1
ai(x,y) = — (bs(x) + e (x) U1 (y) + di P2(y)),
k=Ks+1,Ks+2,..., K,
“
where U1(y) and Wo(y) are defined in (I). bi(x) is a

polynomial in x with order less than or equal to 2. ¢, (x) is a
matrix with appropriate dimensions, and each component of
¢k(x) is a polynomial in x with order less than or equal to
1. dj is a constant matrix with appropriate dimension. The
propensity functions of the slow reactions are an order of e
of the propensity functions of the fast reactions.

We let €2, and 2, be the state space of the slow species
and the fast species, respectively. Since each slow-species
counts is unbounded, 2, = Zl>0. On the other hand, because
of Assumption 2.1, Q, C Zq;O and it is a finite set. Then
x and y will be vectors of random variables taking values
in the sets Q, and Q,, respectively. Then, Q5 = Q, X Q,,
which is a subset of ZZ. {2, is a countable set because it
is a finite set, and €2, is also a countable set because it is
a finite product of countable sets. Let {x;} and {y;} be an
enumeration of (2, and 2, respectively.

Then for any x € 2, and y € ,, we can rewrite the
CME as

K

%P(X Y, ) - Z[_ak(xv y)P(X’Yat)
k=1

+ ak(x — Yk ¥ = Yk ) P(X = Yok, ¥ — Yy ko )]

Py

k=K,+1
+ ak(X7 Yy — A/y,k)P(xvy - ’Yy,kv t)]a

where, for k = 1,2,... K, ai(x,y) are propensity functions
for the slow and fast reactions defined in (), and Y,k and
vy, are corresponding stoichiometry vectors, for the slow
species and the fast species, respectively [5]. For the fast
reactions (k= K, +1,...,K), v, is 0, because the slow-
species counts are not changed by the fast reactions.

(&)

ak‘ X y (X7Y7t)

ITI. BASIC SETUP
In this section, we define ODEs for the slow-spcies counts’
marginal probability distribution, P(x,t), and for the fast-
species counts’ first n conditional moments, Y, (x, t), based

on (B). To proceed, we define P(y,t|x) as the conditional
probability distribution of the fast-species counts given the
slow-species counts. Then, these two distributions, P(x,t)
and P(y,t|x), jointly specify the full distribution P(s,t) =
P(x,y,t) via P(x,y,t) = P(x,t)P(y,t|x), by Bayes’
theorem. Then we define

pw(x,1) = B[W,(Y)[x] = Y Tu(y)P(y, tx),
yeQy, (6)
Yn(X, t) = [Nl(x7t)Ta/L2(X7t)T7 --a/"”ﬂ(xvt)T]Ta

for any x € Q,, w € Z>o, 1 < n < |Q,], where i, (x,1)
and Y,,(x,t) denote the fast-species counts’ w'" and first n
conditional moments, respectively. For w = 1,2,...,n, let
fw be a matrix whose multiplication with Y}, (x,t) isolates
L (X, 1), i€

Hw (X’ t) = wan (X7 t)’ (@)

Now we can derive ODEs from () for the slow-species
counts” marginal probability distribution, P(x,t), as in (8):

Proposition 3.1: [10] For the CME in () Wlth Assump-
tions 2.1 and 2.2, given x € €),, we have

{700 = Sl-Blautx Pec.) ©

+ Ela (x — Y25, ¥) X = 72,5 P(X = 725, )]
By using (@), we can further express the conditional expec-

tation of propensity function ay(x,y) as

Zak 7y

= bi(x) + c(x )Ml(X7 t) + dp2(x,t),

for given x and 1 < k < K. When we let X =
[X1,Xo,...,]T, according to Munsky [7], the slow-species
counts’ marginal probability distribution in (8) can be written
as a single linear expression:

Elax(x, y)[x] = P(y, tlx)

(©)]

%p()@ #) = A(Ya(x,8))P(X, 1), given P(X,t0),  (10)

where, P(X,t) = [P(Xht),P(X27t)7~~~7P(Xi7t),-~~]T (11

is the slow-species counts’ marginal probability distribution
vector at time ¢ and

= Y Blaw(xy, y)xg] if i =,
Elax(x;,y)[x;] if x; =x; —
0 Otherwise.

Aij =

(12)
In (I0), P(X,t) is an infinite dimensional vector, because
Q,, the state space of the slow species is infinite. We can
also derive ODEs from (5) for the fast-species counts’ first
n conditional moments, Y;,(x, t), as in ([3):
Proposition 3.2: [10] For the CME in (3) with Assump-
tions 2.1 and 2.2, for x € Q, and 1 <n < ||, we have

Ly, (x) =

pm C(x)Yn(x

(1) +e1(x) + copnt1(x,t) + €G(2).
13)
To proceed further, let us define some notations. Let I, =
{i1,42,...,iq} and I, = {i1,ia,...,4} denote a finite or-
dered index set for all species and slow species, respectively.

Vz,lﬁl S k S Ks7



Then, for given Iy and I,, we can define a truncated finite
state space, 2% and Ql=, as follows:

Qgs = {Si1 ySigs -+ : aXib}'

For any matrix A and a given ordered index set I, let A;
denote the principal submatrix of A, in which both rows and
columns have been chosen and ordered according to I. For

. ,Sia}, Qi“" = {Xil,XiQ,..

1 2 3
example, when A = |4 5 6|, I = {2,3}, then A =
7 8 9
5 6 .. .
8 9l In addition, for any vector X, X is the vector

of those elements of X indexed by I. For example, when
X =[0.3,0.7,0.1]7, I = {3, 2}, then X; = [0.1,0.7]%.

Based on (EI), and a given finite ordered index set I, we
define P!+(S,t) as solutions of

%Pls (37 t) = MIPIS (57 t)v PIS (S7 t()) = PIs (S7 t0)7 (14)
where P’s(S,t) is the approximated finite dimensional prob-
ability distribution. Also, based on (10), and a given finite

ordered index set I, we define P'=(X,t) as solutions of

d

dt (15)

where P!=(X,t) is the approximated finite dimensional
marginal probability distribution of the slow-species counts.

Although, we are not assuming that the slow species’ count
is finite, we iteratively truncate the space space of the slow
species to I, and compute the error due to such a truncation.
If the error is larger than a desired value, we enlarge [, and
repeat the procedure. This process is streamlined in Section
7, where we propose the EFSP algorithm. Therefore, for now,
we assume that I, is a given finite set. Then, for the given
I, let X400 be

APl (X, t) = [A(Ya(x, )], PT* (X, 1),
Strue 1§ € Yn(x,t) = C(x)Yn(x,t) + c1(x) (16)
+eapint1(x,t) + G (1),

for any x € Q. When n = |Qy], E¢rue is closed,
because (i,,+1(xX,t) can be represented as an affine function
of Y;,(x,t) [5]. However, in general, when 1 < n < |, |, the
dynamics of the fast-species counts’ conditional moments are
not closed, because i, +1(x,t) is not a function of Y;,(x,t)
anymore. To solve this problem, we apply a robust condi-
tional moment closure method to approximate fi,,+1(x, ) as
a function of Y, (x, ) to close the dynamics. The next section
proposes the robust moment closure technique developed by
[13], and it can be applied to the conditional moments.

IV. ROBUST CONDITIONAL MOMENT CLOSURE

The Robust Moment Closure (RMC) was originally devel-
oped by [13] for the moments dynamics. Here we modify it
so to make it applicable to the dynamics of the conditional
moments. For any x € Qfg, we define the fast-species
counts’ conditional probability distribution as

PY\X(X7t) = [P(yht‘x)v'-~7P(yj7t|x)7~--7P(y‘Qy|7t‘x)}T'

7PII (X7t) = [A(}/Q(xv t))]IzPII(Xv t)7PIl(X7tO) = Plz(X7 tO),

Then for each ,,41(x,t) and Y, (x,t), there exists unique
H,, and V,, that satisfy

,LLn+1(X7t) = I’.’}L}Dy‘x(x7 t), Yn(X, t) = Vnpyp((x, t)

For example, when ¢ = 1,

Hy=1[0 1 2nt (12,1, (17)
001 2 ... Q)

V= = ) (18)
0 1" 20 1, "

Our objective is to approximate fi,+1(x,t) as a function of
Y, (x,t), so that becomes closed, denoted as

g1 (X, 1) = O(Yn(x,1)),

where ¢(.) can be a nonlinear function. Since the condi-
tional probability distribution, Py|x (x, ), is not known, ¢(.)
should be chosen such that the worst-case error between
tnt1(x,t) and @(V;,(x,t)) is minimized. Therefore, the
following min-max problem:

inf sup |1 (x,t) — p(Yau(x, 1))l (19)

® Py x(x,t)EP

should be solved. According to [13], without a pri-
ori information on the conditional probability distribution,
Py x(x,1), a solution for is obtained when ¢(Y,,(x,1))
is an affine function of Y}, (x,t), which can be written as

d(Yn(x,1)) = KY,(x,t) + Ko.

In addition, we can obtain K and K by solving the linear
program

min 7y
Ko, K (20)
s.t. — 1T < R[H, — (KVi + Ko1T)]; <17

for ¢+ = 1,2,...,p, where p is the number of rows in H,.

Let the linear program in (20)’s object value be p,,. When n
is fixed, p, is a constant. Then

1%, 1) = ¢(Ya(x,1))]| =
|| Ho Py x (x, 1) — (K Vi, Py x (%, 1) + Ko)||

s

which is the approximation error between fi,1(x,t) and
#(Yn(x,t)), is bounded by p,, for any Py |x(x,1).

On the right-hand side of 3., we substitute K'Y,,(x,t)+
Ky for p,4+1(x,t), and obtain

LPTe(X,t) = [A(YS (x,0)]1, PT= (X, t) = A(t) PT= (X, )
Yelosed : { 6%?}5()5, t) = C(X)Y;$(x,t) + e1(x)
+e2(KY; (x,1) + Ko) + €G(t).

ey
Let us define /i<, (x,t) = f, Y (x,1).

Remark 4.1: If C(x) + coK is a stable matrix, the ap-
proximation error between (1., (X, t) and [, (x, t) is bounded.
To ensure the stability by construction, we can augment
(20) with a linear matrix inequality and conduct an iterative
algorithm. This procedure is in [10]. Here we assume that
C(x) + c2 K is a stable matrix.



V. TIME-SCALE SEPARATION

We can check that (21) is written in standard singular
perturbation form [9]. Let Y, (x) be the solution of

C(x)Y) (%) + c1(x) + e2 (K'Y, (x) + Ko) = 0, (22)

which can be obtained by letting € = 0 in I)). Since C'(x)+
co K is a stable matrix, f’,f (x,t) converges exponentially fast
to Y.(x) [9]. By replacing Y (x,t) with Y,(x) on the right-
hand side of @) we can obtain

Furthermore, there exist A, > 0 and ¢* > 0 such that
SUDsefto¢] |t (X, 1) = fin (X)]] < Ac + O(e) for all x €
Qs e € (0,¢*) and w = 1 or 2.

B. Marginal Probability Distribution of the Slow-Species
Counts

Next, we quantify the approximation error of the slow-
species counts’ marginal probability distribution by using
Theorem 6.1. In X;,,;, We construct a positive system by

Sreduced : { L P (X,t) = [A(YS (x))]r, P™ (X, t) = AP'=(X,t).making A Metzler and stable matrix. Now, let us regard

(23)
Yreduced 18 composed of the slow species only, because
we approximate the conditional moments of the fast-species
counts, YQE(x,t), as functions of the slow-species counts,
YQO(X). Yreduced 1S a positive system if and only if A is
a Metzler matrix [14]. However, this is not guaranteed in
general. Because of (9) and (12)), any off-diagonal element

of A has the form
b (%) + cx (%) /31 (%) + difiz (%), (24)

where [0 (x) = f,Y9(x), for w = 1,2. Therefore, A is
a Metzler matrix if and only if (24) is non-negative for all

x € Qls. For a given x € Qs and k = 1,2,...,K,, we
define a linear program
. n -0 + -0
ey 26 = GO + o) = Az (25)
s.t. b (X) + ¢k (X)h1 (X) + drho (X) > 0.

Let the optimal solution to (23) be hi(x) = j1(x) and
ha(x) = fi2(x) and the object value be A*. By replacing
ﬂ(lJ(x) and ﬂg(x) with /ll (X) and ﬂQ(X) in 2Tecluced, we
obtain

Spinat + { &P (X, 1) = [A(Va(x))]r, P (X, ) = AP"s e,
where Ya(x) = [ (x)7, i2(x)T]T. In @8), 2 finar is a
positive system because A is a Metzler matrix, which is
guaranteed by (23)). Furthermore, A is a stable matrix and
both ||fi1(x) — i (x)|| and H/lg(x) - ﬁg(x)H are bounded
by A\*.
Remark 5.1: [10] When n = |Q,|, both p,, and A* are 0.
Now the approximation errors for both the fast-species
counts’ conditional moments and the slow-species counts’
marginal probability distribution should be quantified.

VI. ERROR QUANTIFICATION
A. Conditional Moments of the Fast-Species Counts

Here, we first consider the fast-species counts’ conditional
moments. The following theorem derives the approximation
error between the fast-species counts’ conditional moments
of Lirue, Huw(xX,t), and those of X inar, fluw(X).

Theorem 6.1: [10] Given ty > %3 > 0 and x € QL
for a sufficiently small ¢, the approximation error between
L (X, 1) and fi,(x) satisfies

Supte[to,tf] H/J,w(X, t) - ,&w(X)H < Az;,s + A+ 0(6)7
for w = 1,2, where,

Al = [if [[fwexp{H(C() + 2 K) (b5 — 7)}||dr 22 |ca].

Y final as our nominal system and @]) as the perturbed sys-
tem. Then we can express the perturbed system as follows:

A pla(x,4) = (A + A1 (1) P (X, 1),

dt @7

where
Aq(t) = [A(Ya(x, )1, — A.

By using Theorem 6.1, we can prove that [; — [, norm of
Aq(t) is bounded.
Lemma 6.2: [10] There is a constant k; such that

[A1D)1, 1, < F1Ae+O(e).

Now we can qunatify the approximation error between the
slow-species counts’ marginal probability distribution of the
original CME, P+ (X, ), and those of Y finals Pl (X,t), as
follows:

Theorem 6.3: [10] Given ty >ty > 0, the approximation
error between P+ (X, t) and Pl=(X,t) satisfies

SUP:eltg,t ] ) Pl (X,t) - pl (X, t)H
<k f:of Hexp A}(tf - 7')Hd7'A6 + O(e).

Corollary 6.4: [10] As € — 0, the right-hand side of the

inequality in Theorem 6.3 goes to kA, where
k=k fttof Hexp{/l(tf - 7')}Hd7',
Ao = lime_0 Ae = Supwe{lz},xeﬂim( w0+ AT), and A, 5 =
limeo A% = [ [[fu exp{(C(x) + c2 )t} [dtpullea]).

Remark 6.5: When n = |Q,|, the right-hand side of the
inequality in Theorem 6.3 goes to O(¢). This is because when
n = |Q,], both p, and A* go to 0 by Remark 5.1, so A,
goes to 0.
Corollary 6.4 and Remark 6.5 show that the approximation
error between the slow-species counts’ marginal probability
distribution of the original system and those of the approx-
imated system decreases as e decreases. Now we should
discuss about how to find I, that approximate the infinite
dimensional CME as a finite dimensional CME that contains
the slow species only.

VII. THE FSP AND THE EFSP ALGORITHMS

In this section, we first illustrate the FSP algorithm de-
veloped by [7] in general, for Z)) and (3). Then we propose
the EFSP algorithm which can be applied to (T0), where two
time-scale exists.



A. The FSP algorithm in general

The FSP algorithm provides a systematic method to find
a finite ordered index set I, so that the approximated
probability distribution, P%s(S,t) in (T4), is sufficiently close
to the original infinite-dimensional probability distribution,
P(S,t). In particular, the solution of (I4) for ¢ € [to,ty] is

PTs(8,t) = exp(Mr,t)P% (S, to).
According to [7], for any pair of index sets, I; 1 C I, 2,

lexp(Mi, ,)]1,., > exp(Mr,,) > 0. (28)

Since the probability density vector P(S,t) is always non-
negative, guarantees that

lexp(Mr, 5t5)]1., PT (S, t0) > exp(Mi, 1) P (S, to).
(29)
This result assures that when we gradually expand ordered
index set I, ; (as I,y C I;2... C I, ;...), the approxima-
tion monotonically improves.
In addition, for given § > 0, ty > 0 and I, if

HeXP(Mlstf)PI(S, to) = 1" [exp(Mi,t)P" (S,t0)] > 1-6

ls,1

(30)
is satisfied then exp(M; t;) P (S, to) 31)
< P (S, tf) < eXp{(M]S)tf}PIS (S, to) + 01
is guaranteed [7]. (B0) and imply that the

approximate solution, P%:(S,t;) = exp(M ts)P(S,t0)
never exceeds the actual solution, Py (S,t), and
|| Pr, (S, tg) = P1<(S,ts)|| < &, when (B0) is satisfied.

We can depict the underlying idea of the FSP algorithm,
by representing all possible states as nodes on an infinite 7-
dimensional integer lattice, where r is the number of species
in the biomolecular system and each node corresponds to
distinct state, s;. Fig. 1 (Top) of [7] shows a lattice for
r = 2. Here, infinite lattice is projected onto the finite
subset enclosed by the gray square, that corresponds to an
index set I;. This projected state space is shown in Fig.
1 (Bottom) of [7], where I, represents the truncated state
space, and I; represents the complement of I, where [ ; is
aggregated to a single point. (T4) illustrates the truncated
CME with the index set I,. (I4) reflects transitions between
states within I, as well as reactions that starts from I, and
end in [, ; However, the equation ignores reactions that begin
in I, and end in I, or I,. shows that as the index
set I increases, more trajectories are maintained and the
probability of remaining in I, increases. (31)) shows that the
probability that the original infinite dimensional system is
currently in I, must be larger than or equal to the probability
that the system has stayed in I, for all times, ¢ € [to,¢f].

Now we can apply the FSP algorithm to (3) to find a finite
ordered index set I that truncates the original infinite state
space to a finite state space such that the error

| P (S,t) — Pr.(S,t)|| < 6.
x The Finite State Projection Algorithm

Step O.
Choose the final time of interest, ¢;.

Specify the acceptable error, § > 0.
Choose an initial finite set of states, Iy for the FSP.
Initialize a counter, 7 = 0.
Step 1.
Get F[S’j = ITPISJ (S, tf) = ILT eXp(M1S7jtf)PIS'j (S, to).
Step 2.
It Ty, , >1—90: Iy = I j, Stop.
P!:(S,t;) approximates Py, (S,t;) within error 6.
Else: Go to Step 3.
Step 3.
Add more states to I ; and obtain I, ;.
Increment j as j + 1 and return to Step 1.

In Step 0, Iy can be determined based on the initial
probability distribution P(S,t). In Step 3 of the FSP
algorithm, a method to expand I, ; to I, ;41 is not explicitly
stated. There may be many methods to expand the state
space, and [7] illustrates one way to perform the expansion,
called NN-step reachability. Let I be the initial state and
define I, ; inductively. Let I, ;1 contain all states in I ;
combined with all states which can be reached from I ;
in 1 reaction. Then, I, ; denotes the set of all states which
can be reached from the initial state in j or fewer reactions.
This is how the algorithm expands the state space in Step
3. Munsky showed that for sufficiently large j, I'y,, =
17 exp(MIs‘jtf)PIw'(S,to) > 1 — 0 is satisfied [7]. In
addition, for I that we find in the FSP algorithm, we have
that

| Pr.(S,t) — P (S,t)|| <4,

for ¢ € [to,ty] is guaranteed.

However, when multiple time scales exist, the FSP al-
gorithm suffers from computational issues for two reasons.
First, when the algorithm expands I, ; in Step 3, it equally
treats the transition rates between states, even though tran-
sitions by the fast reactions are much more probable than
transitions by the slow reactions. Second, to compute I'y, ,
in Step 1, the algorithm has to solve the full CME at t = t,
to obtain P’ (S, ), which contains both slow and fast
species. To handle these problems, we propose the EFSP
algorithm, when two time-scale exists. In Step 3 of the
EFSP algorithm, we aggregate the fast species and apply
the N-step reachability to the slow species, by using the
fact that transitions by the fast reactions are much more
probable than transitions by the slow reactions. In Step 1 of
the EFSP algorithm, we use the model reduction technique
to approximate the original CME as X t;,,4;, Which contains
the slow species only, and solve the approximated CME at
t=ty.

B. The EFSP algorithm where two time-scale exists

The EFSP algorithm provides a systematic method to find
a finite ordered index set I, so that the approximated slow-
species counts’ marginal probability distribution, P’ (X, 1)
in 26), is sufficiently close to the original slow-species
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Fig. 1: Here, we visualize a two dimensional lattice, when
one slow species (X7) and one fast species (Y1) exist. Based
on the fact that moving vertically is much more probable
then moving horizontally, we aggregate the fast species and
apply the N-step reachability to the slow species.

counts’ marginal probability distribution, P(Xt), which is
an infinite dimensional vector.
x The Enhanced Finite State Projection Algorithm
Step 0.
Choose the final time of interest, ;.
Specify the acceptable error, § > 0.
Choose an initial finite set of states, I o for the FSP.
Initialize a counter, 7 = 0.
Step 1.
Get Ty, , = 17Phi(X,t;) =17 eXp(AIz,itf)pII*i(X7 o).
Step 2.
IfI'y,, >1—0: I, = I, Stop.
Pl=i (X, t) approximates Py (X,t) within error 4.
Else: Go to Step 3.
Step 3.
Add more elements to I, ; and obtain I ;1.
Increment ¢ as ¢ + 1 and return to Step 1.

In Step 3 of the EFSP algorithm, a method to expand
I.; to I;;11 is not explicitly stated. Fig. |I| shows a
two-dimensional integer lattice when only one species
for both slow (X;) and fast species (Y7) exist. Based on
the fact that moving horizontally (by the fast reactions)
is much more probable than moving vertically (by the
slow reactions), we aggregate all state, that have the same
slow-species counts, as a single state, and apply the N-step
reachability procedure to the slow species only. It solves the
first computational issue of the original FSP algorithm.

In Step 1, unlike the original FSP algorithm, which has
to calculate original CME that contains both fast and slow
species, the EFSP algorithm relies on the approximated
CME, Xfinq, that contains the slow species only. It
solves the second computational issue of the original FSP
algorithm. To obtain P=i (X, t;) at 7" iteration, we have to
approximate Y, (x,t) as Y, (x) for all x € QL. However,
Y, (x) for x € Q' is already calculated at (i — 1)t
iteration, so we additionally need to calculate Y;,(x) only
for x € Qi“” \ Qi“’l. In addition, unlike other time-scale
separation methods, which rely on the fast-species counts’

stationary conditional probability distributions, our model
reduction technique relies on only the first few conditional
moments of the fast-species counts, which provides
significant computational advantage. Approximation error
occurs by the model reduction and the truncation of the
state space. Corollary 6.4 and Remark 6.5 assure that the
approximation error by the model reduction is small enough
for sufficiently small e. In addition, [7] shows that for
sufficiently large projection space, approximation error by
truncating the state space is sufficiently small. Therefore,
even though there is no guarantee that the EFSP algorithm
converges, we expect that this algorithm will converge for
sufficiently small € and large truncated state space. To show
the utility of our algorithm, we consider a protein binding
example.

VIII. EXAMPLE

In this section, we consider a protein binding reaction to
show the utility of our method. We can write the chemical
reactions as follows [1]:

P& X, X+R2C, (32)
b d

where X, R, C is protein, promoter and complex, respec-
tively, and k, b, a, d is protein’s production and decay rate,
promoter’s binding and unbinding reaction rate, respectively.
In (32), there exists a constant R; that satisfies Ry = R+ C,
because the total concentration of the promoter is conserved.
We know that aR;, d > b, k, because the protein and the
promoter’s binding and unbinding reactions are much faster
than the protein’s decay and production reactions. Therefore,

.. . . k
we can divide reactions in two groups: ) = X are two slow
b

reactions and X + R é C' are two fast reactions. When we

define X; = X+C, wedcan find out that X is a slow species

and C' is a fast species which is bounded by R;, because

count of X7 is never changed and count of C is changed

by the fast reactions. When we define € = g, which satisfies

0<e<landletk =b, aR; = g, s = [x1,c]T, we can

derive the following propensity functions and corresponding

stoichiometries for both fast and slow reactions as

ai(z1,¢) = b,y = [+1,0]7,

az(z1,¢) = b(x1 —¢),v2 = [—1,0]

as(x1,c) = %2va (z1 — ¢)(Rt — ¢),y3 = [0,+1]7,
a4(m1,

T
5

t
¢) = Lbe,ya = [0, —1]",

where, V' is the volume.

The state space of the fast species is €, =
{0,1,2,..., R;}, which is a finite set, and the state space
of the slow species is Q, = {0,1,2,...,} which is an
infinite set. Based on the above propensity functions and
stoichiometries, for 1 € Q, and ¢ € ), we can derive
ODEs for the slow-species counts’ marginal probability
distribution and the fast-species counts’ first 2 conditional
moments as follows:

d
ap(l'h t) = —b$1p($1,t) + b(l‘l + 1)P($1 + 1,t)

—bpa (21 + 1,8)P(z1 + 1,1) + bpa (21, 1) P21, )
- bP(Jm,t) + bP(.II1 — 1,t),

(33)



d
GfYQ(!’El,t) =

dt
—b— b(z1+Ry) b
2VR, 2VR, Ya(a1,t)
b(2bxy Ry—bxy —bRy) b—2bxzy —2bR; | * 2\ D
b+ : 2VRt1 —2b+ zle,,
bxy 0
+ [l?mvl} + [ b }M3($17t)+0(€)
2V VR

= C((El)YQ(QIJl,t) + Cl(.’tl) + Czﬁbg(xl,t) + 0(6),

Here, p3(x1,t) is not a function of Ys(x1,t). Therefore, to
close the dynamics, we need to approximate us(x1,t) as an
affine function of Y2(x1,t) as follows:

us(z1,t) &~ Ksaua(z1,t) + Ksipi(z1,t) + Kso.
By solving the linear program in (20), we can obtain
K32 = 15, K31 = —56, Kgo = 30 and p2 = 30.

When we substitute p3(x1,t) with ¢(Ya(z1,t)) in (33), we
can check that ODEs for the fast-species counts first 2
conditional moments are closed. To approximate Y3 (z1,t)
as functions of the slow-species counts, we let ¢ = 0 in
Yelosed, and obtain
~0
C /-fl ($1)
(=) sz’(wl) @)
+ o (K323 (x1) + Ks1fif (x1) + K30) = 0.
By solving (34)), we can obtain ji3(z1) = Ka1 % (x1) + Kao,
ax1 Ry + 2aK3p

QQRt + 2(1:61 — 2CLK32 —a+ QdV’

Ko — 2ax1 Rt — aRt — ax1 + 2aK31 +dV (35)
217 T24R: + 2ax1 — 2aK32 —a + 2dV

(34)

where Ko =

aKoo + ax1 Ry

aR: +axi — aKo1 +dV°
We can obtain the CME with the slow species only, by
substituting 1 (z1,t) as ji{(z1) in (B3). Now we should
apply the EFSP algorithm to the original CME to find I,.

Let b = 0.4[min"!], Ry = 10[molecules], V = 1[um?],
to = O[min], ¢t; = 30[min], X7 (o) = 10[molecules], C(ty) =
2[molecules], Qb0 = {0,1,..., X1(t0) + C(tg) = 12}
and the EFSP error § = 1073. When we apply the EFSP
algorithm, Ty, = 17Plo(X,t;) = 0.8859 < 1 — 4.
After some iterations, when QL= = {0,1,2,...,15}, 'y, =
17 P+ (X,0) = 0.99989 > 1 — §. This implies we succeed
to truncate Q, as Q= = {0,1,..., 15}, which is a finite set.

Fig. PJa) compares P(X; = 5) of the original CME with
10~ error bound (which can be obtained by original FSP
algorithm) with e = 0.1,0.01, 0.001 and those of X ¢;,,4; With
n=2 0k =1{0,1,2,...,15} and § = 10~3. Fig.|[2(b) is the
extended view of Fig. [J(a). The simulation result shows that
P(X; = 5) of the original CME with ¢ = 0.001 is almost
the same as those of X ;,,;, which is obtained by the EFSP
algorithm. Therefore, we can conclude that as ¢ — 0, our
approach gives a valid result.

it (z1) =

IX. CONCLUSION

In this paper, we proposed the EFSP algorithm, by com-
biging the FSP algorithm and our model reduction technique.
The EFSP algorithm can be useful for the analysis and design
of biomolecular systems.

Approximated with error bound vs original
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(a) Comparing P(X; = 5) of the original CME with
e = 0.1 to 0.001 and those of Xyine with n = 2,
QL ={0,1,...,15}, § = 0.001.
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(b) Extended view of the above graph.

Fig. 2: For this simulation, ¢ = 0.1 to 0.001, n = 2, b =
0.4[min~'], V = 1[um?], R; = 10[molecules] are used.
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